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1. The Gram-positive cell wall 
Based on the way they stain when using the staining technique of Gram (74), the eubacteria 

have been divided into two distinct groups: the Gram-positive and Gram-negative bacteria. 

The basis of the difference in staining of both groups is the difference in the structure of their 

cell envelopes. Gram-negative bacteria are enclosed in a cytoplasmic membrane, which is 

surrounded by a thin layer of peptidoglycan and an outer-membrane. The cell envelope of a 

Gram-positive bacterium consists of a cytoplasmic membrane and a cell wall. In both Gram-

positive and Gram-negative bacteria the cellular envelope functions as a protective coat of the 

protoplast, since it helps to resist turgor and is needed to maintain the shape of the cell. It is 

also important for enabling interactions of the cell with its environment. Furthermore, the cell 

wall influences the speed of movement of materials between the cytoplasmic membrane and 

the environment (5). 

The cell wall of Gram-positive bacteria, which is composed of peptidoglycan, secondary 

polymers such as teichoic acids, proteins and carbohydrates (Fig. 1), is the subject of this 

Introduction.  

 

 

 

 

 
1.1 Peptidoglycan 

Peptidoglycan is the major cell wall component of Gram-positive bacteria and constitutes up 

to 50% of the cell wall mass. Peptidoglycan consists of sugar polymers, glycan chains, which 

Figure 1: Schematic representation of the Gram-positive cell wall. The cell wall consists of a thick 

layer of peptidoglycan forming a network that surrounds the cell. (Lipo)teichoic acids, proteins and 

polysaccharides are also present. 
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are cross-linked through tetrapeptides and interpeptide bridges connecting the tetrapeptides 

(Fig. 2). The glycan chains consist of alternating N-acetylglucosamine and N-acetylmuramic 

acid residues, coupled via β-1,4 linkages (Fig. 2) (68, 69). The length of the glycan chain is 

species-dependent; in general glycan contains 5 to 30 subunits (82, 202). The tetrapeptide is 

bound at its N-terminus to the carboxyl group of muramic acid initially as a pentapeptide 

precursor, and consists of alternating L- and D-amino acids (80). The C-terminal D-Ala is 

removed when the interpeptide bridge is formed. The unusual D-amino acids are a typical 

feature of peptidoglycan. The D-isomers of the amino acids necessary for peptidoglycan 

synthesis are formed by specialized enzymes, e.g. in many bacteria D-Ala is formed from L-

Ala by interconversion by the enzyme alanine racemase (Alr) (236). In many bacterial species 

this enzyme is therefore essential; Alr deletion mutants of Lactococcus lactis and 

Lactobacillus plantarum are only able to grow when the growth medium is supplemented 

with D-Ala (84, 85). 

In most bacteria the tetrapeptide consists of the amino acid sequence L-Ala-D-Glu-X-D-Ala. 

The third amino acid (X) is a species-specific L-diamino acid, like L-Lys (e.g. L. lactis and 

other members of the lactic acid bacteria (73)) or Meso-diaminopimelic acid (e.g. Bacillus 

subtilis). Tetrapeptides on different glycan chains are connected through a bond of D-Ala of 

one tetrapeptide with the diamino acid in position three of the other tetrapeptide, either 

directly (e.g. B. subtilis peptidoglycan) or via an interpeptide bridge (80). The composition of 

the interpeptide bridges differs greatly among bacteria. In the case of L. lactis the interpeptide 

bridge consists of D-Asp (73). Staphylococcus aureus has an interpeptide bridge that consists 

of three to five glycine residues. The cross-linked peptidoglycan forms a rigid sacculus 

around the cell, which is needed to maintain cell shape and protects the cell against osmotic 

shocks. 

The peptidoglycans of L. lactis, B. subtilis and S. aureus are typical examples of A-type 

peptidoglycans. However, some bacteria, e.g. members of the corynebacteria family, have a 

peptidoglycan that differs in some aspects from A-type peptidoglycan. This B-type 

peptidoglycan is also cross-linked via tetrapeptides but the tetrapeptides have a different 

amino acid composition. The first amino acid, L-Ala in A-type peptidoglycan, is most often 

L-Gly in B-type peptidoglycan. Another striking difference is the interpeptide bridge, which  
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Figure 2. 

A: Structure of the glycan chain of peptidoglycan, which consists of repeating N-acetylglucosamine 

and N-acetylmuramic acid, coupled through β(1-4) linkages. The lactyl moiety of N-acetylmuramic 

acid can be substituted with tetrapeptides. 

B: Structure of chitin. Chitin consists of repeating N-acetylglucosamine sugar units, connected via 

β(1-4) linkage 

C: Structure of A-type peptidoglycan. The tetrapeptide linked to N-acetylmuramic acid consists of L-

Ala-D-Glu-X-D-Ala, in which X is a species-specific L-diamino acid. In the case of L. lactis shown 

here the diamino acid is L-Lys. Cross-linking of the tetrapeptides is achieved via a “bridge” amino 

acid (D-Asp in the case of L. lactis) that links D-Ala of one tetrapeptide to the free amino group of L-

Lys of another tetrapeptide. 

D: Structure of Curtobacterium flaccumfaciens B-type peptidoglycan. The first amino acid is not L-

Ala as in A-type peptidoglycan, but L-Gly. Crosslinking takes place via D-Ala and the second amino 

acid in another tetrapeptide (D-Glu in C. flaccumfaciens peptidoglycan). 
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is formed between amino acid residues two and four and not via amino acid residues three and 

four as in A-type peptidoglycan (See Fig. 2). The interpeptide bridges can contain unusual 

amino acids such as ornithine, as is the case for Curtobacterium flaccumfaciens B-type 

peptidoglycan (186).  

Peptidoglycan can be modified in several ways (213). Resistance of peptidoglycan to 

lysozymes of animal origin is obtained by O-acetylation of the N-acetylmuramic acid in the 

glycan chain (29). Furthermore, peptidoglycan can be modified by attachment of teichoic 

acids and carbohydrates, and by phosphorylation. 

 

1.2. (Lipo) Teichoic acids.  

Teichoic acids are polymers of 16 to 40 phosphodiester-linked glycerophosphate residues 

(e.g. in B. subtilis) or poly-ribitol-phosphates (e.g. in Listeria ssp.) (Fig. 3). They can be 

attached to peptidoglycan (wall teichoic acids, WTA) or be linked to the membrane via lipids 

(lipoteichoic acids, LTA) (3). In Bacilli teichuronic acids (TUA) have also been identified 

(Fig. 3) (231). In contrast to teichoic acids TUA chains are phosphate-free: sugar subunits are 

directly linked by glycosidic bonds. TUA chains are directly bound to peptidoglycan. WTA 

are linked to peptidoglycan via a linkage unit, which in many cases consists of the 

disaccharide N-acetylmannosaminyl β(1-4)glucosamine followed by a glycerolphosphate (2). 

This linkage unit seems to be well conserved, despite the great diversity between the WTA of 

bacterial species. WTA and LTA are present together in the cell walls of many bacterial 

species. In most cases they have completely different structures. L. lactis subsp. cremoris and 

Lb. casei only contain LTA (143, 219).  

Teichoic acids have been shown to be involved in many cellular processes, such as binding of 

cations and proteins, and are suggested to be involved in the control of autolysin activity (17, 

58), in determining the electrochemical properties of the cell wall (153), in establishing a 

magnesium ion concentration (4, 83, 92, 116), and in the physicochemical properties of the 

cytoplasmic membrane (78). WTA have been shown to be involved in binding of cell wall 

degrading enzymes in Streptococcus pneumoniae (86). The teichoic acids in this species are 

modified with choline moieties, which are recognized by repeat domains in the peptidoglycan 

hydrolases (as discussed below in section 4.3). Teichoic acids are species-specific decorations 

of the cell wall, by which bacterial species can be distinguished, although their peptidoglycan 
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structures are exactly the same (142). WTA have been reported to be uniformly present in the 

cell wall (218). By contrast, it has been shown recently that LTA are not uniformly distributed 

in L. lactis ((205) and this thesis, chapter 2). 

 

 

 

 

 

Besides the already mentioned choline substitutions in S. pneumoniae, LTA and WTA can be 

decorated with various sugars and amino acid residues (57, 162). Sugar substitution has been 

implicated in bacteriophage absorption or resistance (194, 242). An Lb. plantarum mutant that 

was unable to attach glucose to its WTA was resistant to phage attack (51). L. lactis SK110 

Figure 3: Structure of polyglycerolphosphate lipoteichoic acid (a), polyglycerolphosphate teichoic acid 

(b), polyribitolphosphate teichoic acid (c) and teichuronic acid (d). R: D-Ala, glucose or choline 

substituent. Linkage to N-acetylmuramic acid in peptidoglycan of the teichoic and teichuronic acids is 

also depicted. 
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has been shown to be resistant to phage sk11G because of its highly galactosylated LTA 

(194). The resistance mechanism involved was shown to be plasmid-encoded.  

LTA can also be substituted with D-Ala, which is bound via an ester linkage with the free 

hydroxyl group of the glycerolphosphate (3). Several functions of D-alanylation of LTA have 

been proposed: the positive charge of the free amino group of D-Ala neutralizes the negative 

charge of the phosphate groups in LTA, thereby altering the physicochemical properties of the 

cell wall (158). Recently, it has been shown that a lack of D-alanylation of the LTA in B. 

subtilis downregulates the secretion stress response via the two-component regulator system 

CssR/CssS (94). As a result, transcription of the htrA gene is also lowered. The htrA gene 

encodes the extracellular protease HtrA (147). Heterologous proteins expressed in B. subtilis 

mutants affected in D-Alanylation of LTA are, therefore, more stable than those expressed in 

the wildtype strain (95). HtrA activity in L. lactis has also been shown to be affected by 

reduced D-Ala levels in the LTA in the cell wall, resulting in reduced breakdown of the 

autolysin AcmA (this thesis, Chapter 4). 

 

1.3. Cell wall carbohydrates 

Polysaccharides can be covalently bound to peptidoglycan or loosely associated to the cell 

wall (41, 72). Coupling to peptidoglycan occurs through a phosphodiester linkage between the 

reducing end of the sugar and the C6 of N-acetylmuramic acid (139). The polysaccharides 

form complex structures. Differences between species are found in the sugar monomers 

present, the way they are linked, the kind of substitutions they carry and whether they branch 

or not. The function of the cell wall polysaccharides is unclear. In S. mutans, polysaccharides 

seem to be involved in the resistance of the cell to acidic pH as a mutation in gluA, the 

product of which is responsible for glucose decoration of polysaccharides, leads to higher 

sensitivity to acidic pH. The sugars act as aggregation acceptors for the formation of dental 

plaque in oral streptococci (239). 

It is generally believed that the polysaccharides mediate interactions with components of the 

environment. Furthermore, polysaccharides will influence the physicochemical properties of 

the cell wall, thus affecting the interaction with inert surfaces (157). They could also be 

involved in adhesion to other microorganisms or to eukaryotic cells (e.g. colonization of the 
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gut (76)). Also, phage adsorption has been shown to depend on the presence of specific 

polysaccharides (51, 219). 

 

1.4. Cell wall proteins.  The Gram-positive cell wall is the site of attachment of proteins and 

enzymes that interact with the environment or that are needed for cell wall synthesis and 

breakdown. Proteinases and cell wall hydrolases are attached covalently or non-covalently to 

peptidoglycan, teichoic acids or other cell wall components. Besides these enzymes, 

pathogenic bacteria have virulence factors bound to their surface (98). These virulence factors 

play an important role in the recognition or invasion of the host cell. 

Many members of the Bacteria, but also of the Archaea, posses a surface layer (S-layer) of 

proteins as the outermost structure of the cell envelope. S-layer proteins function as cell shape 

determinants, protective coats, promoters for cell adhesion and surface recognition and as 

molecular ion traps. However, no general function can be ascribed to S-layers, thus far (16, 

182, 196). S-layers are composed of regularly arranged protein subunits of a single protein or 

glycoprotein, which form a 2-dimensional layer that completely covers the cell (197). S-layer 

proteins can represent 10 to 15 % of the total protein content of a bacterial cell (23). The 

molecular masses of the monomeric proteins range from 40 to 170 kDa (182). The S-layer 

proteins show great variety in primary structure and there is little homology between the 

different proteins. The S-layer covers the cell during all stages of growth. A high content of 

hydrophobic and acidic amino acids and a low pI are typical features of S-layer proteins 

(196). In contrast, very high pI's have been described for the S-layer proteins from several 

Lactobacillus spp. and Methanothermus (23, 27, 226). The various groups of cell wall bound 

proteins will be discussed in detail in the next sections. 

 

2. Peptidoglycan hydrolases of Gram-positive bacteria 

To be able to grow and divide bacteria have to express peptidoglycan hydrolases that open up 

the rigid peptidoglycan sacculus (174, 214). Several types of enzymes have been investigated 

and they are summarized in Fig. 4. Two types of glucosidases, which cleave the β(1,-4) bonds 

between N-acetylglucosamine and N-acetylmuramic acid in the glycan chain, are known. N-

acetyl-glucosaminidases liberate free reducing groups of N-acetylglucosamine, while N-

acetyl-muramidases can cleave the bond between glucosamine and muramic acid, liberating 
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free reducing groups of muramic acid. N-acetylmuramoyl-L-alanine amidases (amidases) 

hydrolyze the bond between the glycan chain and the peptide side chain. Endopeptidases have 

varying specificities: e.g L-alanoyl-D-glutamate endopeptidases cleave the bond between L-

Ala and D-Glu, while γ-glutamyl-diamino acid endopeptidases cleave the bond between D-

Glu and the diamino acid present at position 3 in the peptide part of peptidoglycan. Some 

endopeptidases cleave within the interpeptide bridge. 

Peptidoglycan hydrolases are called autolysins when their activity results in damage of the 

integrity and protective properties of the structure of the peptidoglycan, such that it results in 

lysis of the cell (191). Therefore, carboxypeptidases, which cleave between the diamino acid 

and the terminal D-Ala of the tetrapeptide, are not autolysins. 

It is thought that autolysis of cells is the result of the uncontrolled action of peptidoglycan 

hydrolases when cell wall assembly and/or repair are inhibited (192). Because autolysins are 

potentially lethal enzymes, their activity has to be tightly regulated. Regulation can occur at 

the transcriptional and at the translational level, but it mostly operates at the posttranslational 

level. Examples of the latter mechanisms include enzyme activation by changes in substrate 

structure, topological restriction of enzyme distribution in the cell wall, and proteolytic 

activation or inactivation (192, 232). It has been shown that the proton motive force is 

involved in the regulation of some autolytic enzymes (102). The C-terminal peptidoglycan-

binding domain of the lactococcal autolysin AcmA is involved in determining the site of 

binding of the enzyme to the cell wall, thereby possibly controlling the potentially lethal 

activity of AcmA (discussed below, paragraph 4.2). 

 

 

 

 

 

 

 

 

 

 Figure 4: 

Sites of action of peptidoglycan hydrolases of bacteria. 
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Peptidoglycan hydrolases are involved in a variety of processes (174, 192, 214, 232):  

 peptidoglycan turnover and recycling 

 cell division and separation 

 transformation of competent cells 

 liberation of mature spores from the mother cell (sporulation) and hydrolysis of the 

unique cortical peptidoglycan upon spore germination 

 motility 

 cell lysis 

 pathogenicity 

 enlargement of the peptidoglycan sacculus by acting as space-making enzymes  

 

The autolysin complement of B. subtilis, the paradigm of the Gram-positive bacteria, has been 

reviewed in detail by Smith et al. (200). By analyzing the genome sequence of B. subtilis 168, 

35 genes encoding (putative) peptidoglycan hydrolases were identified, involving 

representatives of all known classes of peptidoglycan hydrolases. In contrast, when the same 

analysis was performed on the genome of L. lactis subsp. lactis IL1403, only 5 genes were 

found, of which 4 encode glucosidases (acmA, acmB, acmC and acmD) and one specifies a 

putative DL-endopeptidase (yjgB) (21). These genes have also been identified in the genome 

of L. lactis subsp. cremoris MG1363 (A. Zomer et al, unpublished). The difference in the 

number of peptidoglycan hydrolases reflects the differences in life styles of both organisms. 

B. subtilis requires autolysins not only for growth and cell separation, but also for motility, 

genetic competence and sporulation (200). More than one peptidoglycan hydrolase seems to 

be present for each of these processes. L lactis has a simpler life style and is expected to use 

autolysins only for cell growth, cell separation and for peptidoglycan turnover during growth. 

The autolysins of several Gram-positive bacteria will be discussed here, with a focus on the 

lysins with cell wall binding domains. 

AcmA is the major cell wall hydrolase of L. lactis. An acmA deletion strain of L. lactis grows 

and divides normally (32). However, long chains of cells are formed, showing that AcmA is 

involved in cell separation after cell division. Stationary phase lysis is almost completely 

abolished in this strain and AcmA, therefore, seems to be solely responsible for cellular lysis 

(32). The enzyme consists of two domains, an N-terminal glucosaminidase domain and a C-
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terminal peptidoglycan-binding domain. The C-terminal region, containing so-called LysM 

(161) domains, directs the enzyme to the poles and septum of the cell, the site at which 

autolysis has been shown to start (138, 205). The LysM domains will be further discussed in 

section 4.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the homology with muramidase-2 of Enterococcus hirae, AcmA, and later also 

acmB, acmC and acmD, were initially classified as muramidases (32, 90). However, RP-

HPLC studies with AcmA (this thesis, Chapter 3), AcmB (91), and AcmC (90) have shown 

that all three enzymes are in fact N-acetyl-glucosaminidases. AcmB, AcmC and AcmD of L. 

lactis have the same active site as AcmA, but there are differences in their modular 

organization (Fig. 5). N-terminally from the active site, AcmB contains a putative substrate 

binding domain that is homologous to the surface attachment domain of the 

fructosyltransferase of S. salivarius (91).  C-terminally from the active site domain a Zinc-

binding motif is present with sequence similarity to Zinc-binding motifs in zinc-

metalloproteases (165) of which the function is unknown. AcmC is the smallest enzyme of 

the three and only contains an active site domain. AcmD has the same modular organization 

as AcmA and its C-terminal domain will be discussed below (section 4.2). YjgB is a putative 

Figure 5: Schematic representation of the peptidoglycan hydrolases of L. lactis IL1403. Molecular masses 

(MM) and pI's of the enzymes are also given. Black bar: signal sequence; dashed bar: N-acetyl-

glucosaminidase domain; grey bar: LysM domain; white bars: putative active site domains, cell wall binding 

domains (CWB) and Zn-binding domain (Zn-binding).  
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endopeptidase cleaving the bond between L-Ala and D-Glu in the peptidoglycan tetrapeptide. 

The genes acmA, acmB, acmC, acmD and yjgB have all been overexpressed in L. lactis and 

their products have been shown to have cell wall lytic activity in vivo (this thesis, Chapter 6). 

His-tagged variants of the enzymes have been purified from E. coli and the activity of the 

purified enzymes has been evidenced in vitro using zymograms (90). The purified enzymes 

are only active at acidic pH's, which has been correlated with their low pI 's (Fig.5). Northern 

analysis has shown that acmA, acmB, acmC, acmD and yjgB are all transcribed. The relative 

abundance of the transcripts of the five peptidoglycan hydrolases varied during growth, but 

was in all cases maximal in the early exponential phase (90).  

The enzymatic specificities of AcmB and AcmC have been characterized in more detail. Like 

AcmA, these enzymes are glucosaminidases (91, 90). AcmB is not involved in cell 

separation, but a knockout mutant lyses to a lesser extent, indicating that it is involved in 

autolysis. (91). A strain of L. lactis IL1403 in which acmD has been deleted grows in longer 

chains than the wildtype, showing that AcmD is involved in cell separation (Buist et al, 

unpublished).  

As mentioned above, at least 35 peptidoglycan hydrolases are encoded by the chromosome of 

B. subtilis, some of which have been studied in detail (200). LytC and LytD are the major 

vegetative autolysins of B. subtilis. LytC, also called CwlB, is a 50-kDa N-acetylmuramoyl-

L-alanine amidase; LytD is an endo-β-N-acetylglucosaminidase of 90 kDa. Both enzymes 

have been cloned and characterized. LytC and LytD have a role in cell wall turnover, motility, 

antibiotic-induced cell lysis and cell separation (126, 19). LytC also has a general cell lysis 

function (19). LytC is present during sporulation, but its transcription has been shown to only 

take place during vegetative growth and ceases early in sporulation (201). Site-directed 

mutagenesis studies of LytC revealed that two glutamic acids function as active site residues. 

EDTA addition resulted in loss of activity of LytC, while addition of the cations Zn2+, Mn2+ 

and Co2+ restored enzyme activity (190). The DL-endopeptidases LytE and LytF are minor 

autolysins that function in the vegetative stage of the life cycle of the bacterium. Both are 

believed to be involved in cell separation, as strains carrying a mutation in either of the genes 

form extra long chains of cells (127, 128). Recently, it has been shown by using GFP-fusions 

to the binding domains of the enzymes, that LytE and LytF are localized at cell separation 

sites and cell poles (238). LytC is uniformly distributed over the cell surface of B. subtilis and 
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is not involved in cell separation. LytG is a glucosaminidase responsible for the structural 

determination of peptidoglycan during growth, as was shown by detailed structure analysis of 

wildtype and mutant peptidoglycans (88). LytH has a role in the determination of the structure 

of the spore-cortex. It seems to be an L-Ala-D-Glu endopeptidase: a lytH mutant has a 

reduced number of muramic acid residues substituted with L-Ala and an increased number of 

tetrapeptide bridges (87). The action of LytH results in low cross-linking of the spore-

peptidoglycan, a process that is involved in building up the heat-resistance of spores. Spores 

of a lytH mutant of B. subtilis are less heat-resistant than wildtype spores (87). 

Peptidoglycan hydrolases are also thought to play a role in the pathogenicity of some 

pathogenic Gram-positive bacteria, among which Staphylococcus, Streptococcus and Listeria. 

The enzymes of S. aureus are believed to be involved in β-lactam-induced lysis and could be 

targets for antibacterial treatments (209). The Atl enzyme of S. aureus has been characterized 

in great detail. Atl is synthesized as a large precursor of 1256 amino acid residues with an N-

terminal signal sequence for secretion (152). Pro-Atl is subsequently cleaved behind residues 

198 and 775, resulting in a small N-terminal protein with unknown function, a mature 

amidase of 62 kDa and a glucosaminidase of 51 kDa (152). Pro-Atl is, thus, a bifunctional 

enzyme; Pro-Atl is active in zymograms, as are the mature amidase and glucosaminidase 

(152). 

Three repeat domains are located in the middle of Pro-Atl (10). When Pro-Atl is cleaved at 

residue 775, repeats 1 and 2 are in the C-terminal part of the amidase, while repeat 3 ends up 

in the N-terminal part of the glucosaminidase (10). By fusing the repeat domains to a reporter 

protein it was shown that the domains are involved in directing the protein to the equatorial 

surface ring, which marks the future division site (10). An atl mutant of S. aureus grows in 

clusters of non-separating cells. The mutation did not affect the peptidoglycan structure, but 

pleiotropic effects were observed, e.g. complete inhibition of turnover of peptidoglycan, 

rough outer cell wall surface and a decreased amount of non-covalently-bound cell wall 

proteins (210).  It has been proposed that the repeat domains recognize a specific receptor 

positioned at the equatorial ring in the cell wall (10). 
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3. Modular design of peptidoglycan hydrolases  

As described above for e.g. AcmA and Atl, nearly all of the bacterial peptidoglycan 

hydrolases contain, besides an active site domain, a cell wall binding domain. Often these cell 

wall binding domains are comprised of repeated amino acid sequences. Substrate absorption, 

which precedes cell wall hydrolysis and involves the insoluble substrate peptidoglycan, is 

likely to be a general step in the functioning of these enzymes (237). The cell wall binding 

domains do not have peptidoglycan-degrading activity, as was shown e.g. for the binding 

domain of AcmA of L. lactis (this thesis, Chapter 2) and LytA of S. pneumoniae (178). The 

purified C-terminal domains of both enzymes recognized lactococcal and pneumococcal cell 

walls, respectively, indicating that the two domains function independently of their respective 

catalytic domains (178). The activities of the enzymes with truncations around the active site 

domains were lower than those of the wildtype enzymes, suggesting that the acquisition of a 

substrate-binding domain represents an advantage for peptidoglycan hydrolases, by allowing 

them to achieve a higher catalytic efficiency (62). A similar result was obtained for AcmA of 

L. lactis when its peptidoglycan-binding domain was removed (this thesis, Chapter 2). 

Some peptidoglycan hydrolases do not contain cell wall-binding domains, e.g. AcmC of L. 

lactis, Mur of Leuconostoc citreum and Mur1 of S. thermophilus (21, 39, 93). Activity of 

these enzymes has been evidenced (this thesis, Chapter 6 and (39, 93)) but their function is 

unknown. Mur1 has been shown to be cell associated (93). The absence of repeats suggests 

that they are not directed to a specific site in the cell wall, but are present and active over the 

entire surface. A fusion protein of Mur and the binding domain of AcmA was able to 

complement an acmA mutation in L. lactis: cells separated normally when the chimera was 

expressed in the mutant (39). 

A change of substrate binding domains results in a switch of enzyme specificity: whereas Lyc, 

a Clostridium muramidase, is unable to hydrolyse pneumococcal cell walls, a chimera of the 

N-terminal catalytic domain of Lyc and the C-terminal cell wall binding domain of the 

pneumococcal phage hydrolase Cp11 was capable of hydrolysing pneumococcal cell walls in 

a choline-dependent way (42). A chimera of the N-terminal amidase domain of the 

pneumococcal amidase LytA and the C-terminal domain of Lyc exhibited amidase activity: it 

hydrolyzed Clostridium cell walls with an efficiency 250 times higher than on pneumococcal 

cell walls, indicating that the C-terminal domain of Lyc is the substrate recognition domain 
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(43). LytC and CwlC of B. subtilis have very similar active site domains but have very 

different substrate specificities: LytC only hydrolyses cell walls of vegetative cells, whereas 

CwlC also is capable of hydrolyzing spore cortices (60). The difference in cell wall binding 

domains could explain this difference in specificity. 

The above shows the importance of the co-operation of the two domains in the enzymes in 

cell wall degradation.  The cell wall binding domains are also involved in directing the 

enzyme to the site of action, as was shown for AcmA, LytE, LytF and Atl (10, 205, 238). This 

is an important feature of these domains, as it prevents the potentially lethal activity of the 

enzymes at unwanted sites.  

 

4. Modes of cell wall attachment of proteins; cell wall binding domains in L. lactis 

By screening the lactococcal genome for cell wall binding domains several (putative) proteins 

were found that contain at least one domain shown to be putatively involved in cell 

attachment (21). The cell wall anchors and their mode of cell wall attachment, when known, 

will be discussed below. 

 

4.1 Covalent binding: the LPXTG motif 

Proteins that are covalently attached to peptidoglycan in the cell wall contain a so-called 

sorting signal (59). Staphylococcal protein A is the model protein used to study the covalent 

cell wall anchoring of proteins (188). The domain responsible for anchoring resides in the C-

terminal part of the protein (187). The sorting signal consists of the LPXTG motif, in which X 

can be any amino acid, a hydrophobic domain and a charged tail. Four steps are 

distinguishable in the anchoring process (142): (i) the full-length precursor is exported from 

the cytoplasm via an N-terminal leader peptide, (ii) the charged tail and hydrophobic domain 

prevent release of the protein in the extracellular environment (this part stays in the 

membrane), (iii) the protein is cleaved between the Thr and Gly residues by the sortase 

enzyme, and (iv) the free carboxyl group of Thr is covalently bound by sortase to the amino 

group at the end of a tetrapeptide in peptidoglycan. The sorting signal desribed above is 

present in proteins of many bacteria (142). Three such proteins have been experimentally 

identified in L. lactis, namely CluA, NisP and PrtP, while nine other putative substrates have 

been found by in silico analyses ((21, 71, 193, 223), and G. Buist pers. comm.). When fused 
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to the C-terminus of staphylococcal enterotoxin B, β-lactamase or alkaline phosphatase, the 

sorting signal was sufficient to obtain cell wall anchoring of these reporter proteins in S. 

aureus (187, 188). 

 

4.2. Peptidoglycan binding: The LysM domain. 

The Lysin Motif or LysM domain is a 45-amino-acid domain originally described for 

bacterial lysins (161). Now that many genomes have been sequenced, it has also been found 

in proteins other than bacterial lysins e.g. in bacteriophage proteins or in proteins of 

eukaryotes (12). Up to now, no LysM domains have been found in archaeal proteins. This 

would suggest that the LysM domain has been acquired by eukaryotes through horizontal 

gene transfer (161). The LysM domain is present in three lactococcal proteins: AcmA, AcmD 

and TagH. TagH is involved in (lipo)teichoic acid synthesis and is a membrane protein. The 

protein contains one C-terminal LysM domain. The number of LysM domains present in 

bacterial lysins differs. Some lysins contain only one domain (e.g. XlyA of B. subtilis), but 

also 2 (YaaH of B. subtilis), 3 (AcmA) or 4 (LytF of B. subtilis) LysM domains have been 

found in a single protein (32, 113, 123, 127). In Enterococcus muramidases 5 (E. faecalis) or 

6 (E. hirae) LysM domains are present (100). Another striking feature of LysM domains is 

their varying positions in proteins. The domains can be present in the N-terminal part of 

proteins (e.g. LytF of B. subtilis), in the C-terminal domain (AcmA) but they are also found in 

the middle of proteins (XlyA of B. subtilis). In the latter case, the domain seems to connect 

two lysin domains with different specificities (123). This flexibility in the number and 

position of LysM domains has also been observed in proteins other than lysins, e.g. in NlpD 

and MltD in Gram-negative bacteria (12) and the Listeria invasion-associated protein IAP 

(108). 

The function of most eukaryotic proteins containing LysM domains is unknown. However, in 

Caenorhabditis elegans the domain is present in chitinases. The LysM domains of C. elegans 

have some striking sequence differences with their bacterial counterparts: the presence of 

cysteine residues in the former suggests that disulphide bridges are used to maintain protein 

structure (12). In mammals, including Homo sapiens, the LysM domain is found in a number 

of putative proteins. Recently, LysM domains have been identified in the extracellular 

domains of receptor kinases in plants (121). The legume Lotus japonicus has two LysM-type 
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serine/threonine receptor kinases, NFR1 and NFR5, which enable the plant to recognize its 

symbiont Mesorhizobium loti (125, 164). Sym2 of M. trunculata contains 7 LysM domain-

containing receptor-like kinases. The authors speculate that also in this species the LysM 

domains are involved in recognition of the symbiont (121). These symbiotic bacteria secrete 

Nod-factors, which are peptidoglycan- and chitin-resembling compounds thought to bind to 

the LysM domains of the plant receptors. Eventually this would lead to the engulfment of the 

bacterium by the plant cells and to nodulation in the plant roots.  

The structure of one of the LysM domains of the MltD protein of E. coli has been resolved 

using NMR (12): the domain has a βααβ structure. Sequence alignment of all domains 

revealed two highly conserved glycin residues that act as tight turns between the β-strands and 

the α-helices. A conserved Asp also has this function. In most LysM domains residue 12 is a 

Ser or a Thr and this residue functions as an N-cap of the first helix. The preceding residue 11 

is usually an Asp or a Glu, but the function of this acidic residue in the LysM domain is 

unknown (12). LysM domains contain a conserved Tyr and G residues in the amino acid 

sequences that are also conserved in so-called YG repeats (217). These YG repeats are present 

in carbohydrate- or cell wall-binding domains of streptococcal glucosyltransferases, and 

LysM and YG repeats, therefore, seem to function similarly since they both recognize 

carbohydrates as ligands (217). 

The LysM domains cluster in two separate pI groups: those with high pI (around 10) and 

those with a low pI (around 4). The B. subtilis proteins XlyA and XlyB are highly 

homologous. Each has a centrally located LysM domain, which are also homologous and 

differ only in their pI values as a consequence of the substitution of charged residues in the 

domain. The L. lactis AcmA homologue AcmD has the same active site and also 3 LysM 

domains in its C-terminal region. However, the 3 LysM domains of AcmD have a pI of 

around 4 while those of AcmA have a pI of around 10. Besides that, the intervening regions 

between the LysM domains are shorter than those of AcmA. AcmD, or a fusion protein 

between the C-terminal domain of AcmD and a reporter protein, is not able to bind to the cell 

wall at pH 6. Only at a pH below the pI of the binding domains is binding observed (Buist, 

Steen et al, unpublished). The exact function of LysM domains with this low pI is unknown, 

but they are observed in proteins of several bacteria.  
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Early studies suggested that LysM domains are used to attach proteins to the cell wall (18, 89, 

100, 123). Partially purified muramidase-2 of E. hirae binds to peptidoglycan fragments of 

the same strain (101). A derivative of AcmA lacking the LysM domains was not able to bind 

to cell walls (this thesis, Chapter 2).  A fusion of a Malaria parasite surface antigen and the 

LysM-containing C-terminal domain of AcmA (cA) bound specifically to cell walls via cA. 

Not only was binding to cell walls of L. lactis observed but also binding to cell walls of other 

bacterial species (this thesis, Chapter 2). Immunofluorescence studies have shown that 

binding of the cA domain to the bacterial surface is highly localized at specific sites: near the 

poles and septum of L. lactis (this thesis, Chapter 2). The same has been shown for LytE and 

LytF of B. subtilis, which also contain LysM domains (3 and 5 LysM domains, respectively, 

in the N-terminal domain) (238). 

By performing binding studies with cA to chemically treated cells and cell walls, 

peptidoglycan was identified as the cell wall component to which the LysM domain binds 

(205). The LysM domains of AcmA bind to A-type as well as B-type peptidoglycan with the 

same efficiency. As glycan is the only part of the peptidoglycan that is common to all 

peptidoglycan types, it is likely that the LysM domain binds to glycan (this thesis, Chapter 2). 

The presence of LysM domains in chitinases in some eukaryotes suggests that these LysM 

domains bind chitin, a polymer that resembles the glycan chain of peptidoglycan (Fig 2). 

Chitin is a polymer of N-acetyl-glucosamine, while glycan is a polymer of alternating N-

acetyl-glucosamine and N-acetyl-muramic acid. The striking sequence differences between 

LysM domains of chitinases and of those of the bacterial cell wall-hydrolyzing enzymes could 

account for the specificity of the former for chitin, since the LysM domains of AcmA do not 

bind chitin (this thesis, Chapter 2). The already mentioned Nod factors secreted by Rhizobium 

species and recognized by the LysM domains of plant receptors also resemble chitin (67, 120). 

The number of LysM domains in AcmA seems to be optimal for lactococcal cell wall 

degradation. Derivatives containing 1, 2 or 4 repeats bound less efficiently to L. lactis cells, 

resulting in reduced lysis of the cells (this thesis, Chapter 3). Apparently, as the number of 

LysM in enzymes of one bacterial species (e.g. B. subtilis) can vary, the number of domains is 

optimized for each protein. 
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4.3. Teichoic acid binding: Choline binding domains 

The cell surface of S. pneumoniae contains an unusual surface molecule, i.e. phosphocholine. 

It is covalently bound to cell wall teichoic acid and lipoteichoic acid (215). PspA, one of the 

main surface proteins of pneumococci, binds non-covalently to the cell wall via these 

phosphocholine moieties (241). The C-terminal domain of PspA contains a choline-binding 

region (CBR), which consists of 10 highly conserved 20-amino-acid repeats (240). Surface 

binding has also been shown for the major autolysin LytA and the choline binding adhesin 

protein A (CbpA) (63, 175). LytB and LytC of S. pneumoniae have a CBR domain in their N-

termini and, thus, have a modular organization that differs from that of the other CBR-

containing proteins (124). The CBR of LytB consists of 18 imperfect repeat motifs of which 

the last nine are highly similar to the canonical CBR motif of LytA, while the others exhibit a 

higher number of amino acid replacements (44). A fusion protein consisting of the CBR of 

LytB and The Green fluorescent protein (GFP) bound specifically to the poles of S. 

pneumoniae cells, which is in agreement with the observation that LytB functions as an 

enzyme that separates the cells in the chains (44). Binding was observed to choline- as well as 

ethanolamine-containing cell walls. A similar fusion of GFP with the CBR of LytA bound to 

the equatorial regions of the cell, and only to cell walls that contain choline, indicating that 

the binding sites of LytB and LytA differ (44).  

The structure of the CBR of LytA was elucidated using X-ray crystallography. The domain 

consists exclusively of β-hairpins stacked in such a way that a helix is formed, a structure that 

is called a β-spiral staircase (54). The C-terminal hairpin is responsible for homodimer 

formation. A mutant lacking this C-terminal hairpin is not able to dimerize and activity of the 

enzyme decreases dramatically (55). 

Fifteen different proteins containing these repeats are specified by the genome of S. 

pneumoniae. The CBR motif is also present in the surface proteins of other bacteria such as C. 

acetobutylicum, C. difficile, S. mutans and S. downei (237). It is also present in the putative 

glucosyl-S-transferases PspA and PspB of L. lactis although phosphocholine has never been 

observed in lactococcal cell walls. 
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4.4. Cpl-7 cell wall binding domain. 

The product of cpl7, the lysin gene of bacteriophage Cp-7 of S. pneumoniae, has 3 repeats in 

its C-terminus that are different from the choline-binding repeats usually present in S. 

pneumoniae cell wall-bound proteins (64). The N-terminal lytic domain of Cpl7 is 

homologous to phage lysins that contain choline binding domains (64). Similar repeats are 

present in the L. lactis protein YrbB (1 repeat in the N-terminal domain) and Lb. gasseri 

(unidentified protein, 2 domains in C-terminal domain). The CPL7 enzyme has been shown 

not to depend on the presence of choline in the streptococcal cell wall: it also degrades cell 

walls of cells grown on ethanolamine and which do not contain choline (64).  

 

4.5. Frucosyltransferase cell wall-binding domain 

The fructosyltransferase of S. salivarius binds to the cell wall via its C-terminal domain (168). 

A homologue of this domain is present in the N-terminal part of AcmB of L. lactis (91). The 

domain is rich in proline residues. When sucrose, the substrate of fructosyltransferase, is 

present in the culture medium the enzyme is released from the surface into the culture 

medium (137). When the enzyme was expressed in S. gordonii, the same sucrose-induced 

release was observed (168). 

 

5. Other cell wall binding domains not present in lactococcal proteins. 

5.1. GW domain 

The InlB protein of L. monocytogenes is involved in pathogenicity of this bacterium since it 

plays a role in the invasion of epithelial and endothelial cells and hepatocytes (40). The 

protein contains three so-called GW domains of 80 amino acid residues, each starting with the 

GW (Gly-Trp) motif, in its C-terminal region (24). The C-terminal domain of InlB is 

necessary and sufficient for anchoring of the protein to the cell wall (24). InlB also bound to 

cell walls when it was added to bacteria from the outside (24). When more GW repeats were 

added to the C-terminal domain of InlB, anchoring of the protein to the cell wall was 

improved (24).  

The GW domains specifically bind to LTA in the cell wall (99) and they also interact with 

components of the host. Interaction with glycosaminoglycans of eukaryotic cells is needed for 

InlB-mediated L. monocytogenes invasion of the host cell. InlB also binds to protein gC1q-R 
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of the host cell. The exact role of gC1q-R in invasion is not known (25). The structure of the 

GW repeats of InlB has been determined (129): it resembles that of the so-called SH3 

domains present in eukaryotic and viral transduction proteins, which are able to bind proline-

rich peptides (114). In the GW domain, however, the potential proline binding sites are 

destroyed or blocked as a consequence of differences in intramolecular interactions compared 

to the SH3 homologues (129). The GW domain is also present in other surface-associated 

proteins in Listeria, e.g. Ami, which has 8 of these domains (136). The three repeat domains 

of the already discussed Atl protein of S. aureus are also GW domains. The GW domains of 

Atl bind specifically to the equatorial ring, suggesting that LTA is only present at those sites 

(10). It is also possible that the GW domains bind to a component that is associated with or 

bound to LTA and which is only present at the equatorial ring. The GW module seems to be 

common in Staphylococci and Listeria. Also, choline-binding domains, such as those found in 

LytA of S. pneumoniae, contain G and W residues in their primary sequences but the overall 

similarity between the GW and choline-binding domains is very low.  

 

5.2. S-layer homology (SLH) domains 

Despite the low homology in the primary sequences of surface (S)-layer proteins of different 

bacterial species, all S-layer proteins have two morphological domains in common, each 

probably with a different function (13, 184). The conserved S-layer homology (SLH) domain 

consists of approximately 55 amino acid residues and is present in 1 to 3 copies (26, 53, 130, 

135). SLH domains bind to a secondary cell wall component that contains N-

acetylglucosamine and N-acetylmannosamine and do not bind to peptidoglycan (132, 172). 

Besides its effect on binding, the secondary polymer is important for assembly of a monolayer 

of S-layer proteins on the cell surface where it protects the protein against proteolysis by 

shielding a potential proteolytic cleavage site (181). It has been shown that teichuronic acids 

are involved in binding of SLH domains in B. sphaericus (96).  

Although S-layers have been described for many species of the genus Lactobacillus, S-layer 

protein genes have only been cloned from Lactobacillus brevis and the closely related species 

Lb. acidophilus, Lb. helveticus and Lb. crispatus (22, 35, 195, 226). Lactobacillus S-layer 

proteins do not contain SLH domains. A highly conserved domain in the C-terminal part of 

the S-layer protein of Lb. acidophilus was recently shown to mediate binding of the protein to 
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cell walls. A fusion protein of the C-terminal 123 residues of the Lb. acidophilus S-layer 

protein with GFP bound efficiently to S-layer-stripped Lb. acidophilus cells (198). The 

domain has strong homology with the C-terminal regions of the cell wall proteinases PrtH of 

Lb. helveticus (156) and PrtB of Lb. delbrueckii  (70) suggesting that these proteinases are 

cell wall-anchored via these domains (198). The Lb. acidophilus S-layer protein seems to bind 

specifically to teichoic acids with this domain (198).  

 

5.3. B. subtilis LytC cell wall binding domain 

Three direct repeats that differ from LysM domains are present in the N-terminal region of the 

B. subtilis major autolysin LytC. A fusion of the repeat domain with lipase B of B. subtilis 

was active and could be extracted from the cell surface with LiCl (105). LytC, tagged with a 

so-called FLAG epitope (DYKDDDDK), was shown to be distributed over the whole surface 

of B. subtilis cells (238).  

 

5.4. CBD domains in Listeria bacteriophage endolysins 

The Listeria bacteriophages A118 and A500 express endolysins (Ply118 and Ply500, 

respectively) with identical active site domains in their N-termini (122). The phages absorb to 

serovar-specific sugars on the bacterial cell surface. The C-terminal domains of the endolysins 

do not share any homology. To investigate whether the C-terminal domains can bind to cell 

walls, they were fused to GFP. The Ply500 C-terminal domain directed GFP to the whole 

surface of L. monocytegones. Cell poles were normally stained whereas septa seemed to be 

stained to a somewhat lesser extent.  The C-terminus of Ply118, however, preferably bound to 

the poles and the septa of all strains tested (122).  

The binding behavior of the fusion proteins and the lysins correlated with the serovar-specific 

phage absorption. The binding ligand is most likely a carbohydrate covalently attached to the 

cell surface since differences between serovars are also determined by carbohydrates in the 

cell wall. The ligand for lysin binding, however, is not the phage receptor as phage resistant 

strains that are unable to bind the phage still bind the lysin::GFP fusion protein. The same was 

true for bacterial mutants that were impaired in teichoic acid glycosylation: this did not affect 

the binding of the fusion protein, showing that the glucose on TA is not involved in lysin 

binding (122). Ply118 does not bind to LTA: LTA is uniformly distributed in the cell surface 
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while Ply118 is not. Moreover, Ply118 still binds to delipidized cells, which are believed to be 

devoid of LTA (122). 

 

6. Application of knowledge on cell wall binding domains: surface display of epitopes on 

Gram-positive bacteria and the use in vaccination.  

The different mechanisms by which proteins in Gram-positive bacteria are bound to the cell 

wall provide ways to express and display foreign antigens on bacterial cells, and to use these 

cells e.g. in vaccines. Lactic acid bacteria are often used in these kinds of studies because L. 

lactis and Lactobacillus species are generally regarded as safe and can be used as life carriers 

of antigens in e.g. mucosal immunization studies. L. lactis does not reside in the gastro-

intestinal tract, in contrast to some Lactobacillus species that have been reported to persist 

there and in the urogenital tract for several days or even weeks (65, 160). Furthermore, some 

Lactobacillus are reported to have beneficial (probiotic) health effects (224).  

The LPXTG sorting signal of protein A from S. aureus has been used to display streptavidin 

on the surface of L. lactis. The cells could subsequently be immobilized on a biotinilated 

surface (207). The N- and C-terminal ends of the S. pyogenes M6 protein, the latter of which 

contains an LPXTG motif, were used to anchor tetanus toxin fragment C (TTFC) on the cell 

wall of Lb. plantarum. The strain was used for subcutaneous, intranasal and intragastric 

immunizations, leading to a strong response in all cases. In immunizations with Lb. plantarum 

cells expressing TTFC on the surface, lower doses were needed for a good immune response 

than with cells expressing TTFC in the cytoplasm, or secreting it. However, production in the 

cytoplasm resulted in the highest antibody titres (170).  

Lb. brevis S-layer protein SlpA has been used to display foreign antigenic epitopes. A 

poliovirus epitope of 10 residues was inserted at 4 different sites in SlpA.  The antigen was 

displayed uniformly over the Lb. brevis cells and this study was the first in which a structural 

and functional S-layer was maintained with each protein subunit carrying an epitope (8, 9). 

Levansucrase of B. subtilis was fused to the SLH domain of B. anthracis S-layer protein. The 

fusion protein was present on the surface of B. anthracis and was active and antigenic (133, 

134).  

LysM domains, such as present in the L. lactis autolysin AcmA, possess properties that are of 

use in surface display. By making fusions with antigens, L. lactis, or for that matter any 
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bacterium, could produce and secrete the fusion protein in its medium. The recombinant 

producer can be separated from the culture medium containing the protein of interest by 

centrifugation or filtration, after which the antigens can be bound to non-recombinant bacteria 

by simply mixing the cells with the protein (118). Since LysM domains bind all types of 

peptidoglycan (205), fusion proteins are able to bind, in principle, to all Gram-positive 

bacteria except those with S-layers, since S-layers block peptidoglycan (205). By chemical 

treatment of such cells, however, the fusion protein is able to bind. Moreover, acid treatment 

of cells increases the binding capacity of the cells for LysM fusion proteins dramatically 

(205).  

 

7. Outline of this thesis. 

This thesis deals with the characterization of the peptidoglycan hydrolases of L. lactis and 

their interaction with the bacterial cell wall. In Chapters 2 and 3 the modular structure of 

AcmA is described and the function of its two modules is investigated. The C-terminal 

domain is shown to bind specifically to peptidoglycan. Binding is only observed to the poles 

and septum of the lactococcal cell, which is caused by the presence of specific carbohydrates 

at the other sites. The N-terminal domain of AcmA is a glucosaminidase and not a 

muramidase as has been postulated previously on the basis of homology with other bacterial 

muramidases. The C-terminal domain of AcmA is investigated further in Chapter 3. Deletion 

variants containing one or two LysM domains are constructed as well as an AcmA variant 

containing 4 LysM domains. Binding studies show that three LysM domains are optimal for 

cell wall binding, resulting in the highest lysis efficiency when the protein is expressed in L. 

lactis.  

Chapter 4 describes the effect of deletion of the alanine racemase gene alr of L. lactis on 

cellular lysis. L. lactis (alr) depends on exogenous D-Ala in order to survive: when D-Ala is 

depleted the mutant starts to lyse. The observed increase in lysis is only partially caused by 

AcmA. When the dltD gene is mutated, reduced amounts of D-Ala are present in LTA, which 

also leads to increased lysis, but in this situation it is fully AcmA-dependent. Binding of 

AcmA is not affected in L. lactis (∆dltD), but HtrA-mediated breakdown of AcmA is reduced.  

Chapter 5 shows that lysis of L. lactis is reduced when the cells are grown on galactose. 

Growth on galactose affects the cell wall in such a way that less AcmA binds. The affected 
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cell wall component is most likely a cell wall carbohydrate that hinders binding of AcmA 

(discussed in Chapter 2). When this, as yet unknown, component is removed from cells grown 

on galactose or on glucose by TCA treatment, similar levels of AcmA are able to bind to the 

cell walls. 

Chapter 6 describes the functional overexpression of four other peptidoglycan hydrolases of 

L. lactis. The activities of AcmB, AcmD and YjgB seem to depend on the presence of AcmA. 

LytR, AcmD and AcmA were used in a foodgrade expression system and the potential of the 

first enzyme in cheese making was assesed. LytR overexpression results in increased lysis in 

cheese of both the producing strain and the acid-producing strain used. Finally, Chapter 7 

gives an overview of the results of this thesis and the conclusions are put in perspective. 

Novel directions for future research are also discussed.  
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Summary 
 

The C-terminal region (cA) of the major autolysin AcmA of Lactococcus lactis contains three 

highly similar repeated regions of 45 amino acid residues (LysM domains), which are 

separated by nonhomologous sequences. The cA domain could be deleted without destroying 

the cell wall-hydrolyzing activity of the enzyme in vitro. This AcmA derivative was capable 

neither of binding to lactococcal cells nor of lysing these cells while separation of the 

producer cells was incomplete. The cA domain and a chimaeric protein consisting of cA fused 

to the C terminus of MSA2, a malaria parasite surface antigen, bound to lactococcal cells 

specifically via cA. The fusion protein also bound to many other Gram-positive bacteria. By 

chemical treatment of purified cell walls of L. lactis and Bacillus subtilis, peptidoglycan was 

identified as the cell wall component interacting with cA. Immunofluorescence studies 

showed that binding is on specific locations on the surface of L. lactis, Enterococcus faecalis, 

Streptococcus thermophilus, B. subtilis, Lactobacillus sake, and Lactobacillus. casei cells. 

Based on these studies, we propose that LysM-type repeats bind to peptidoglycan and that 

binding is hindered by other cell wall constituents, resulting in localized binding of AcmA. 

Lipoteichoic acid is a candidate hindering component. For L. lactis SK110, it is shown that 

lipoteichoic acids are not uniformly distributed over the cell surface and are mainly present at 

sites where no MSA2cA binding is observed. 



Chapter 2 
___________________________________________________________________________ 

 38

Introduction 

 

The major autolysin AcmA of Lactococcus lactis subsp. cremoris MG1363 is a peptidoglycan 

hydrolase that is required for cell separation and is responsible for cell lysis during stationary 

phase (31). The 40.3-kDa secreted mature protein is subject to proteolytic degradation (33, 

163) resulting in a number of activity bands in a zymogram of the supernatant of a lactococcal 

culture. Bands as small as that corresponding to a protein of 29 kDa were detected, all 

representing products of AcmA (32). From experimental data and homology studies, we 

inferred that AcmA consists of two domains: an active site domain and a C-terminal region 

containing three highly homologous repeats of 45 amino acids (cA), which might be involved 

in cell wall binding. Since the smallest active protein is 29 kDa, it was proposed that the 

protein undergoes C-terminal proteolytic breakdown (31, 32). Nearly all cell wall hydrolases 

seem to consist of a catalytic domain and usually, but not always, a domain containing a 

number of specific amino acid repeats (50, 100). Mur1 of Streptococcus thermophilus and 

Mur, the N-acetyl-muramidase of Leuconostoc citreum, do not contain such repeats (39, 93). 

Peptidoglycan hydrolysing activity of Mur could be detected in vitro, but Mur on its own was 

not able to complement an acmA mutation in L. lactis. However, expression of a Mur-cA 

fusion protein was able to play the role of AcmA in cell separation after cell division in L. 

lactis acmA (39).  

Cell wall hydrolases of various bacteria and bacteriophages contain repeats similar to those 

present in AcmA. These repeats are also called LysM (lysin motif) domains, since they were 

originally identified in bacterial lysins (18).  The presence of the LysM domains is not limited 

to bacterial proteins. They are also present in a number of eukaryotic proteins, whereas they 

are lacking in archaeal proteins (12). 

A cell wall binding function has been postulated for a number of proteins containing LysM 

domains (18, 89, 100, 123). Partially purified muramidase-2 of Enterococcus hirae, a protein 

similar to AcmA and containing six LysM domains, binds to peptidoglycan fragments of the 

same strain (101). The p60 protein of Listeria monocytogenes contains two LysM domains 

and was shown to be associated with the cell surface (176). The γ-D-glutamate-meso-

diaminopimelate muropeptidases LytE and LytF of Bacillus subtilis have three and five 
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repeats, respectively, in their N termini and are both cell wall-bound (97, 127, 128, 151). 

However, which particular parts of these enzymes entailed the binding capacity has not been 

examined in any of these studies. 

Some spore-specific proteins in B. subtilis also contain LysM domains. His tag fusions of the 

spore proteins YdhD, YkuD and YkvP (containing one LysM domain) were produced during 

sporulation and could be detected in mature spores (106, 107). SafA (YrbA), a protein 

involved in spore assembly, localized to the outer rim of the cortex and is apparently targeted 

to the spore by its N-terminal LysM domain (154). When the signal sequence of β-lactamase 

was replaced by the two N-terminal LysM domains of the spore protein YaaH, β-lactamase 

assembled in spores. The authors speculated that the LysM domain functions as a kind of 

signal sequence involved in assembly on forespores (106). 

The structure of one of the two LysM domains of the Escherichia coli lytic transglycosidase 

MltD has been resolved by NMR studies (12). The domain has a βααβ structure. In the same 

study also a potential substrate-binding site could be identified. A loop, present between β-

strand 1 and α-helix 1 lies at the end of a shallow groove on the surface of the domain. A 

conserved aspartate or glutamate in this shallow groove could be involved in the interaction 

with the ligand (12). 

In this paper, we describe that the LysM domains bind directly to peptidoglycan. The binding 

is not species-specific; the domain binds to many Gram-positive bacteria with different 

peptidoglycan structures. Using immunofluorescence microscopy, we show that the domain 

binds to specific loci on the cell surface. Specific chemical treatments of cells and cell walls 

indicate that a cell wall component, extractable with trichloroacetic acid, is responsible for 

hindering of AcmA binding, thereby causing this localized binding.  
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Results  
 

AcmA is a modular protein containing an N-terminal cell wall degrading domain. 

We have previously analyzed the amino acid sequence of the L. lactis autolysin AcmA using 

Blast algorithms and PFAM and reported that mature AcmA probably consists of two 

domains (32). The N-terminal domain is predicted to contain the active site, whereas the C-

terminal domain contains a putative cell wall binding domain. This cell wall binding domain 

consists of 3 homologous so-called LysM domains (18), separated by nonhomologous amino 

acid sequences (Fig.1A). To investigate whether the N-terminal domain of AcmA indeed 

carries the active site, a deletion variant lacking the putative cell wall binding domain was 

created by introducing a stop codon downstream of the codon for Ser218. The gene encoding 

truncated AcmA variant (A1-218; see Fig.1A) is expressed from the acmA promoter in the 

vector pGKAL5. The AcmA-negative strain L. lactis MG1363acmA∆1 was transformed with 

pGKAL1, encoding wildtype AcmA, or pGKAL5 and was plated on plates containing cell 

walls of M. lysodeicticus. Cells expressing acmA produced a clear halo around their colonies, 

whereas colonies of cells producing A1-218 did not. Cells containing pGKAL5 formed long 

chains, resulting in culture sedimentation, as has also been shown for the AcmA-negative 

strain L. lactis MG1363acmA∆1 (32). Autolysis was substantially reduced upon deletion of 

the C-terminal domain. Whereas a 36.7% reduction of the absorbance at 600 nm was 

observed for L. lactis MG1363acmA∆1 (pGKAL1) after 60 h of incubation at 30˚C, only 

15.6% of A600 reduction was observed for L. lactis MG1363acmA∆1 expressing A1-218. This 

reduction was similar to that of L. lactis MG1363acmA∆1 (15.2%) (Table 1). Only 0.3 

arbitrary units (AU) of the intracellular peptidase PepX were present in the supernatant of the 

two AcmA-defective strains, whereas 19.8 AU were present in an equal volume of 

supernatant of the AcmA producing culture L. lactis MG1363acmA∆1 (pGKAL1).  

Zymographic analysis of the cell fractions of overnight cultures of these three strains showed 

that AcmA and A1-218  are active (Fig. 1B). The truncated AcmA variant A1-218 is less active 

than AcmA, but expression of both proteins is equal, as is shown using Western analysis with 

anti-AcmA antibodies (Fig. 1B). In the supernatant of cultures producing full-length AcmA or 

A1-218, lytic activities could be detected corresponding to the calculated molecular weights of 

the processed, secreted forms of the respective proteins (40.3 and 17.1 kDa) (results not 
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shown). These data show that the N-terminal domain of AcmA is active in vitro and, thus, 

contains the active site of the enzyme. This truncated form of AcmA is not able to lyse cells 

or separate chains in vitro, suggesting that the C-terminal domain of AcmA is required for 

both of these processes.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. A: Schematic representation of pGKAL1 (expressing AcmA), pDEL, pGKAL5 (expressing A1-218), 

pNG304 (expressing MSA2*), pNG3041 (expressing MSA2cA), and pPA3 (expressing PA3). SS (black), signal 

sequence of AcmA; SS (grey), signal sequence of Usp45 of L. lactis. Rx (dark grey), repeats; light grey, Thr-, 

Ser- and Asn-rich intervening sequences (32); ppPrtP (black), signal and pro-sequence of the lactococcal 

proteinase PrtP (32, 110). The AcmA active site domain is shown in white, and the Plasmodium falciparum

antigen MSA2 is indicated by a striped bar. pDEL is a pBluescriptSK+ derivative containing the SacI/EcoRI 

fragment of the PCR-products obtained with primers ALA-4 and REPDEL in the corresponding sites of 

pBluescriptSK+. The PflMI/EcoRI fragment of pGKAL1 was replaced by the PflMI/EcoRI fragment of pDEL, 

resulting in plasmid pGKAL5.  

B: Left panel: Western analysis using AcmA-specific antibodies of AcmA antigen present in cell fractions of the 

equivalent of 1 ml of end-exponential-phase cultures of MG1363acmA∆1 containing either pGKAL1, encoding 

AcmA, or pGKAL5, encoding the AcmA derivative lacking all repeats (A1-218). Right panel: zymographic 

analysis of AcmA activity in a renaturing SDS-10% polyacrylamide gel containing 0.15% M. lysodeikticus

autoclaved cells of the same samples and the same amount of sample used in the left panel. 
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Table 1. Properties of L. lactis MG1363acmA∆1 expressing AcmA derivatives 

Plasmid 

In acmA∆1 

AcmAa % Reduction 

in A600
b 

PepX activityc Halod Sedimentatione AcmA activityf 

sup         cfe 

Cell bindingg 

 pGK13 - 15.2 0.3 0 + -            - - 

 pGKAL1 + 36.7 19.8 5.0 - +            + + 

 pGKAL5 A1-218 15.6 0.3 0 + +            + - 

 
a) A1-218: AcmA lacking all three LysM repeats 
b) The A600 reduction was calculated using the formula: [(Amax.-A60hours)/Amax.]x100%. 
c) Activity is in arbitrary units measured as the increase of absorption at 405 nm in time. 
d) The sizes of the halos were measured in millimeters from the border of the colony after 45 h of incubation at 

30°C. 
e) Analyzed by visual inspection of standing G½M17 cultures after overnight growth in test tubes. 
f) In zymograms of samples from end-exponential phase G½M17 cultures; sup: supernatant fraction; cfe, cell-

free extract. 
g) Binding of AcmA derivatives in supernatants of end-exponential phase G½M17 cultures to end-exponential 

phase cells of L. lactis MG1363acmA∆1 after 20 min of incubation at 30°C (see 'Experimental Procedures' for 

details). 

 

The results obtained for the Reduction in A600, PepX activity and halo formation are the average of two 

independent experiments. 

___________________________________________________________________________ 

 

The C-terminal domain of AcmA is required for cell wall binding and can target a 

heterologous protein to lactococcal cells. 

Proof that the C-terminal domain (cA) of AcmA is required for cell binding was obtained by 

mixing supernatant fractions of end-exponential phase cultures containing AcmA or A1-218 

with cells of L. lactis MG1363acmA∆1. After incubation, cells and supernatant were 

separated and examined for the presence of lytic activity using zymographic analysis. AcmA 

was mainly present in the cell fraction, whereas A1-218 was still present in the supernatant, 

indicating that the latter had lost its cell binding abilities (results not shown). The breakdown 

products of AcmA were also capable of binding to the lactococcal cells (data not shown). As 

shown by Poquet et al (163), these breakdown products of AcmA are generated by the 

housekeeping surface protease HtrA. To investigate whether cA is capable of targeting 
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heterologous proteins to the cell surface of L. lactis, a fusion protein containing the human 

malaria parasite Plasmodium falciparum surface antigen MSA2 and cA was constructed.  The 

entire fusion protein was produced by nisin induction using the pNZ8048 (112) derivative 

pNG3041 (Fig. 1A) in L. lactis NZ9000. The fusion consists of the 184-amino acid prepro-

sequence of the lactococcal proteinase PrtP for proper secretion in L. lactis, followed by 

MSA2 (223 amino acid residues) and cA (Fig.1A). MSA2cA is secreted as a 62.5-kDa 

protein. L. lactis NZ9000 (pNG304) expresses a fusion protein containing the prepro-

sequence of PrtP and the MSA2 protein, without cA (MSA2*). 

The supernatants of cells secreting MSA2cA or MSA2* upon nisin induction were mixed 

with cells of L. lactis MG1363acmA∆1. After incubation, cells and supernatants were 

separated and examined for the presence of MSA2 antigen by Western immunoblotting. As 

shown in Fig. 2, MSA2* was mainly present in the supernatant, whereas MSA2cA 

fractionated with the lactococcal cells, showing that cA is capable of specifically targeting 

MSA2 to the cell surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Western blot analysis of binding of MSA2* and MSA2cA to whole lactococcal cells. Stationary 

phase cells from 1 ml of culture were mixed with the supernatant of induced cultures of L. lactis NZ9000 

(pNG304), expressing MSA2*, and L. lactis NZ9000 (pNG3041), expressing MSA2cA. After allowing 5 min 

of binding, cells were collected by centrifugation. Proteins bound to cells and proteins in supernatant fractions 

were separated by SDS-10% PAGE and blotted onto polyvinylidene difluoride membranes. MSA2 antigen 

was visualized using MSA2-specific antisera and subsequent chemiluminescence detection. d: degradation 

products of MSA2* and MSA2cA. 
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A whole-cell-binding assay was performed to examine whether AcmA and MSA2cA are 

capable of binding to other Gram-positive bacteria. Washed cells of several bacterial species 

were mixed with AcmA or MSA2cA. Protein binding was examined using zymographic 

analysis (AcmA) and Western immunoblotting (MSA2cA). AcmA and MSA2cA were both 

capable of binding to cells of B. subtilis, E. faecalis, S. thermophilus, L. casei, L. sake, Lb 

buchneri, Lactbacillus plantarum, Listeria inocua and Clostridium beijerinckii (results not 

shown, but see below). The C-terminally truncated variant of AcmA, A1-218, and MSA2* did 

not bind to cells of these bacteria (data not shown). 

 

Binding of cA to cells of Gram-positive bacteria is localized 

After incubation with cells of L. lactis, E. faecalis, S. thermophilus, L. casei, L. sake and B. 

subtilis, MSA2cA could be detected on the cell surface by immunofluorescence microscopy 

using anti-MSA2 antibodies and a fluorescent secondary antibody. MSA2cA was present at 

specific locations on the cell surface in all cases (Fig. 3A). MSA2cA clearly binds at the poles 

of L. casei cells. In the case of the cocci L. lactis, E. faecalis, and S. thermophilus, the protein 

binds around the septum. Binding to B. subtilis is at spots all over the cell surface, whereas 

MSA2cA binds to the entire cell surface of L. sake but not to the poles.  

 

The cA domain binds to peptidoglycan  

Binding of cA to the cells of several different Gram-positive bacteria implies that the LysM 

repeats bind a cell wall component present in all of these cells. The localized binding 

observed above suggests either that this component is only present at specific loci or that it is 

present all over the surface but shielded at certain sites. To determine to which component cA 

binds, equal aliquots of lactococcal cell walls were treated with SDS to remove cell wall-

associated proteins, or with trichloroacetic acid, which is believed to remove peptidoglycan-

associated polymers, among which are carbohydrates such as (lipo)teichoic acids (73). 

Treated cell walls were subsequently incubated with a supernatant containing MSA2cA, 

followed by Western analysis. Fig. 4 shows that MSA2cA binds to both SDS- and 

trichloroacetic acid -treated cell walls, which suggests that it binds to the peptidoglycan of the 
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cell wall. Similar results were obtained with chemically treated cell walls from B. subtilis 

(Fig.4).  

 

 

  
 

 

 

 

 

 

 

 

 

 

Figure 3. A: Localization of MSA2cA protein on several Gram-positive bacteria. Cells of overnight 

cultures of L. lactis, E. faecalis, S. thermophilus, L. casei, L. sake and B. subtilis were mixed with 

supernatant of L. lactis NZ9000 (pNG3041) containing MSA2cA protein. Surface-bound protein was 

subsequently detected by immunofluorescence microscopy using anti-MSA2 rabbit polyclonal antibodies 

and anti-rabbit antibodies conjugated with the fluorescent probe Oregon Green (Molecular probes, Inc., 

Eugene, OR). Bound MSA2cA protein is visible as bright green patches on the cell surfaces. 

B: Localization of MSA2cA on chemically treated cells. Cells from L. lactis and L. casei were boiled for 15 

min in 10% trichloroacetic acid. L. helveticus cells were boiled for 15 min in 10% SDS. The boiled and 

washed cells were mixed with MSA2cA-containing supernatants from L. lactis NZ9000 (pNG3041). 

MSA2cA protein was visualized using immunofluorescence as in A. 
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Figure 4. Binding of MSA2cA to chemically treated cell walls of L. lactis and B. subtilis. Cell walls were 

isolated as described under 'Experimental Procedures'. Equal amounts of cell walls were boiled in water, 10% 

SDS or 10% trichloroacetic acid and washed extensively with water. Subsequently, 1 ml of supernatant of an 

induced culture of L. lactis NZ9000 (pNG3041) containing MSA2cA protein was incubated for 5 min with the 

cell walls (0.5 mg). Subsequently, cell walls were subjected to centrifugation and were loaded onto an SDS-

10% polyacrylamide gel. After electrophoresis, the MSA2 antigen was detected by Western immunoblotting 

using anti-MSA2 antibodies.  

Figure 5. A: MSA2cA binds to purified peptidoglycan from S. aureus. Purified peptidoglycan (0.5 mg) 

isolated from S. aureus (Fluka) was mixed with supernatants from nisin-induced cultures of L. lactis NZ9000 

(pNG304), containing MSA2* protein, and L. lactis NZ9000 (pNG3041), containing MSA2cA. After 5 min of 

incubation, the peptidoglycan was subjected to centrifugation. Peptidoglycan and supernatant fractions were 

analyzed by Western immunoblotting using anti-MSA2 antibodies. PG: peptidoglycan (bound fraction), sup: 

supernatant after incubation with peptidoglycan (non-bound fraction). 

B: MSA2cA binds to A- and B-type peptidoglycan. MSA2cA protein was diluted 100, 20, 10, 4 or 2 times in 

MG1363acmA∆1 supernatant. Also, undiluted protein (U) was used. The diluted protein was mixed with 50 µg 

of peptidoglycan isolated from M. luteus or C. flaccumfaciens and bound protein was analyzed using Western 

immunoblotting 
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Next, purified peptidoglycan from S. aureus was incubated with MSA2cA or MSA2* and 

pelleted by centrifugation. Fig. 5A shows that MSA2cA associates with peptidoglycan, 

whereas MSA2* is solely present in the supernatant. The bacteria mentioned above all have 

A-type peptidoglycan. To test whether MSA2cA was able to bind to B-type peptidoglycan, 

increasing amounts of MSA2cA (from supernatant) were added to 50 µg of peptidoglycan 

isolated from M. luteus (a typical A-type peptidoglycan) or C. flaccumfaciens (B-type), and 

bound protein was analyzed by Western immunoblotting. M. luteus and C. flaccumfaciens 

were shown to bind similar amounts of MSA2cA. Breakdown products of the protein are also 

able to bind, as is visible in Fig. 5B.  

MSA2cA binding on trichloroacetic acid -treated cells of L. lactis and L. casei was examined 

by immunofluorescence microscopy. Fig. 3B shows that MSA2cA is able to bind to the entire 

cell surface and not only to the poles of the trichloroacetic acid -treated cells. SDS treatment 

did not alter the localization of the bound protein (results not shown). 

Binding of AcmA or MSA2cA to L. helveticus is very inefficient (results not shown). The 

strain used for these experiments (L. helveticus ATCC 15009) is known to produce an S-layer 

(225). After boiling of the cells in SDS to remove the S-layer (198), binding of MSA2cA was 

more efficient and occurred over the whole L. helveticus cell surface (Fig. 3B). This result 

indicates that S-layer proteins hinder binding of MSA2cA. 

For all of the above mentioned binding experiments, we used L. lactis supernatant containing 

the MSA2cA protein. L. lactis PA1001 (pPA3) contains a pNZ8048 derivative that expresses 

the cA domain (amino acids 220-437). Its secretion is driven by the signal sequence of the 

lactococcal USP45 protein (220) (see Fig. 1A for a diagram of PA3 protein). To exclude a 

role for an unidentified component present in the growth medium in binding to peptidoglycan, 

pure cA protein (PA3) was used in binding studies. PA3 was shown to fractionate with 

trichloroacetic acid-pretreated L. lactis cells, showing that the cA domain itself binds to 

peptidoglycan (Fig. 6, lane 2). No PA3 protein was found in the supernatant fraction (Fig. 6, 

lane 4). The smear in lane 2 of Fig. 6 is caused by the (partly) degraded proteins in the 

trichloroacetic acid-pretreated cells (unpublished observation). When the same amount of 

PA3 was centrifuged without adding any trichloroacetic acid-pretreated cells, a small amount 

of PA3 protein was found in the pellet (Fig. 6, lane 1), probably representing aggregates of 
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PA3. However, since similar PA3 samples were used in both experiments, all soluble proteins 

(Fig. 6, lane 3) specifically bound to TCA-pretreated cells (Fig. 6, compare lanes 3 and 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 7. A: Localization in L. lactis SK110 cells of 

lipoteichoic acids substituted with galactosyl units. Cells 

were mixed with fluorescein-labeled RCA120 (10 µg/ml), 

washed and examined by fluorescence microscopy. 

B: MSA2cA binding to cells of L. lactis SK110 as 

visualized by immunofluorescence microscopy. 

 

Figure 6. Binding of purified PA3 protein to 

trichloroacetic acid-treated cells of L. lactis. PA3 was 

purified as described under 'Experimental Procedures' and 

mixed with trichloroacetic acid-treated cells. After 

centrifugation, cell and supernatant fractions were 

analyzed for the presence of PA3. As a control, samples 

without cells were analyzed. A PA3 protein sample was 

centrifuged, and the pellet (PA3 aggregate; lane 1) and the 

supernatant (non aggregated PA3; lane 3) were analyzed 

on a Coomassie-stained gel. The same amount of PA3 

protein was mixed with trichloroacetic acid-treated cells, 

and after centrifugation the pellet (bound PA3; lane 2) and 

supernatant fraction (unbound PA3; lane 4) were analyzed 

on the same gel. 
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Lipoteichoic acids are localized in L. lactis cell walls. 

L. lactis subsp. cremoris SK110 contains galactosyl residues in its lipoteichoic acids (LTA). 

Sijtsma et al. (194) have shown that the galactosyl moiety obstructs the attachment of 

bacteriophage to its binding site in the cell wall. Strain SK112, a derivative of SK110 lacking 

galactosyl residues in its LTA, is phage sensitive. The lectin RCA120, which is specific for 

terminal galactosyl units, binds specifically to the LTA isolated from SK110 and not to LTA 

from SK112 (194). Fluorescein-labeled RCA120 binds to those regions in the cell surface of 

SK110 that are not bound by MSA2cA (Fig.7). Since galactosyl residues are only present in 

LTA (194), this would indicate that LTA in the cell wall of L. lactis SK110 is present only at 

the nonpolar sites. After boiling of the cells in 10% trichloroacetic acid, no galactosyl-

containing polymers could be detected in the cell wall of SK110 using the RCA120 binding 

assay (results not shown), whereas MSA2cA binds to the entire surface of these 

trichloroacetic acid-treated SK110 cells. RCA120 did not bind to cells of MG1363.  
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Discussion 
 

In this paper, we show that AcmA is a modular enzyme consisting of an N-terminal active site 

domain and a C-terminal substrate-binding domain, containing three repeated LysM domains. 

A repeatless AcmA mutant was constructed and shown to be active on M. lysodeikticus cell 

walls, albeit with severely reduced efficiency. Cells expressing this derivative grew in long 

chains, sedimented, and did not autolyze. These results indicate that, although the N terminus of 

AcmA contains the active site, the presence of the C-terminal domain is needed for the enzyme 

to retain appreciable activity. It is tempting to speculate that this apparent increase in catalytic 

efficiency of AcmA is caused by the repeat domain by allowing the enzyme to bind to its 

substrate, the peptidoglycan of the cell wall. As was postulated by Knowles et al. (104) for the 

cellulase binding domains in cellobiohydrolases, such binding would increase the local 

concentration of the enzyme. The repeats could be involved in binding alone or could be 

important for proper positioning of the catalytic domain toward its substrate.  

The C-terminal domain cA consists of three LysM domains separated by nonhomologous 

sequences. The hypothesis that the LysM domains of AcmA are involved in cell binding (32) 

was corroborated in this study. First of all, we show that AcmA is indeed capable of binding to 

bacterial cells. To prove that it was the C terminus of AcmA that facilitated binding and not 

some intrinsic cell wall binding capacity of the N-terminal domain, both the active site domain 

and the cA were separately produced in L. lactis. The active site domain A1-218 did not bind to 

lactococcal cells, whereas the cA domain did bind to these cells when added from the outside. 

Cell wall binding was also obtained for the fusion protein MSA2cA in which the repeat domain 

was fused to the human malaria parasite antigen MSA2*, whereas MSA2* did not bind to 

lactococcal cells. In a previous study, Buist et al. (31) have shown that AcmA can operate 

intercellularly; AcmA-free lactococcal cells can be lysed when grown together with cells 

producing AcmA. Combining this observation with the results presented above allows us to 

conclude that AcmA does not only bind when confronting a cell from the outside but, indeed, is 

capable of hydrolyzing the cell wall with concomitant lysis of the cell.  

LysM domains are present in proteins of many different bacteria and also of eukaryotes (12). 

The presence of similar repeats in proteins of different bacterial species strongly suggests that 

they recognize and bind to a cell wall component that is common to these bacteria. We show 
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here that the LysM domains of AcmA bind specifically to peptidoglycan, the major cell wall 

component in bacteria. Binding is observed to many different bacteria and to different 

peptidoglycan types, suggesting that the LysM domains recognize a part common in all 

peptidoglycans. The peptidoglycans used in this paper have different structures; L. lactis, S. 

aureus, B. subtilis and M. luteus peptidoglycans belong to the A-type peptidoglycan. 

Although there are differences in the composition of the peptide part, the A-type 

peptidoglycans all have L-Ala as the first amino acid, which attaches the peptide to the glycan 

chain. Besides that, the cross-link in this type of peptidoglycan is always between the fourth 

(D-Ala) and the third amino acid (always a diaminoacid, such as meso-diaminopimelic acid 

(e.g. B. subtilis) or L-Lys (e.g. S. aureus)) (186). C. flaccumfaciens peptidoglycan is a B-type 

peptidoglycan; the first amino acid residue is not L-Ala but L-Gly. Cross-linking of the 

peptidoglycan is achieved by formation of a bond between D-Ala in fourth position and the 

second amino acid (D-Glu) in the other peptide chain (186). The only moiety that A-type and 

B-type peptidoglycans have in common is the N-acetyl-glucosamine-N-acetyl-mureine polymer 

(glycan) (186). Furthermore, these structural differences between the peptidoglycans tested in 

this study, like amino acid composition and mode of cross-linking, did not seem to influence the 

efficiency of binding (Fig. 5B). Hence, we postulate that the LysM domain binds to glycan. The 

exact binding site in peptidoglycan is currently under study. 

Although peptidoglycan is present on the entire cell surface of Gram-positive bacteria, the 

MSA2cA protein was not able to bind to the whole cell surface of L. lactis, L. casei, L. sake 

and B. subtilis, as was shown by immunofluorescence microscopy studies. Apparently, other 

cell wall constituents prevent binding of a protein containing LysM domains, allowing 

binding only to those sites on the cell surface where this component is absent. These notions 

of localized binding fit with a very early observation that lysis in L. lactis starts at a specific 

locus, the equatorial ring (138). The sensitivity of the assay does not allow us to exclude that 

low amounts of protein can bind to the whole surface of the lactococcal cell, but the acid 

treatment clearly shows that removal of cell wall components increases the binding capacity 

of the cell surface significantly. When AcmA-specific antibodies were used in 

immunofluorescence microscopy studies, no signal could be detected on the cell surface of L. 

lactis cells expressing AcmA. Expression of AcmA is likely too low to perform such a study 

(1). 
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The S. aureus autolysin Atl is specifically targeted to the cell division site by a repeat domain 

(10). The three repeats in Atl are not homologous to LysM domains, but they serve the same 

function in directing the enzyme to its site of action. Baba et al. (10) conclude that site-

specific targeting of muralytic enzymes cannot be achieved by enzyme-substrate interactions, 

because the substrate peptidoglycan is present on the whole cell surface. In their view, 

localized binding could only be achieved by using a localized cell wall component. Here we 

show, however, that LysM domains do bind peptidoglycan. Mur of L. citreum and Mur1 of S. 

thermophilus are devoid of substrate binding domains and only contain an active site domain. 

Nevertheless, they have been shown to bind to the cell wall of the producing strains. A clear 

function of the cell wall binding domain of a peptidoglycan hydrolase is to direct the enzyme 

to its site of action, to the poles of the cell in the case of AcmA. Mur and Mur1 probably bind 

less specifically to the cell wall, probably even to the whole cell surface, which was already 

suggested for Mur (39). 

HtrA is responsible for breakdown of AcmA (163) and also the fusion protein MSA2cA 

(unpublished results). The protease cleaves in cA (30) and the breakdown products still retain 

cell binding ability (Fig. 5B), showing that not all three LysM domains are necessary for 

binding. 

The component(s) that prevent the LysM domains from binding all over the cell surface are 

removed by boiling cells or cell walls in trichloroacetic acid; after this treatment, the cell 

walls bind more MSA2cA (Fig. 4), and binding takes place over the entire cell surface (Fig. 

3B). Trichloroacetic acid is believed to remove cell wall-associated molecules (e.g. teichoic 

acids and polysaccharides) from the cell wall (73). The highly localized binding of AcmA 

also strongly suggests that the component hindering the binding of the enzyme is not present 

everywhere on the lactococcal cell surface. Chemical treatment of cell walls, especially 

extraction with trichloroacetic acid, has been used to identify bacteriophage receptors in the 

lactococcal cell wall. Extraction with trichloroacetic acid of cell walls from L. lactis strains 

F7/2, Wg2-1, and E8 resulted in a strong reduction of phage binding (73, 185). The reduction 

of phage binding correlated with the release of significant amounts of carbohydrates and 

phosphorus-containing material. The hypothesis that a carbohydrate cell wall component 

covalently linked to peptidoglycan was the phage receptor in L. lactis E8 was confirmed by 

lectin binding studies. When lectins that specifically bind galactose or glucosamine where 
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mixed with cells of this strain, they prevented binding of phages. This revealed that galactose 

and glucosamine were required for the adsorption of the phages.  

L. lactis SK110 contains LTA with galactosyl units and is resistant to phage attack (194). 

Using the fluorescein-labeled lectin RCA120, we show that galactosyl-decorated LTA is not 

uniformly distributed over the cell wall of strain SK110 and seems to be present at those sites 

to which MSA2cA does not bind; whereas MSA2cA mainly binds to the poles and the 

septum, RCA120 binds to the entire cell except the poles and septum. Assuming that all LTA 

is decorated with galactosyl residues in this strain, this would suggest that LTA is present at 

specific sites on L. lactis cells and that LTA is involved in the hindering of binding of 

MSA2cA to the cell surface. The galactosyl moiety of LTA is not involved in this 

phenomenon, since no galactosyl residues could be detected on the cell surface of MG1363, 

whereas MSA2cA binds to MG1363 cells at the same specific loci as seen in SK110. LTA, a 

decoration other than galactosyl residues, or a cell wall carbohydrate associated with LTA 

present in both MG1363 and SK110 is probably involved in hindering of LysM domain 

binding to peptidoglycan. The exact nature of this component is currently under study.  

We have shown in this paper that L. lactis regulates the binding of AcmA by allowing the 

autolysin to bind only there where it is needed. In doing so, L. lactis protects itself against the 

potentially lethal activity of its autolysin.  
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Experimental procedures 
 

Bacterial strains, Plasmids, Media, and Growth conditions 

The bacterial strains and plasmids used in this study are listed in Table 2. 

Lactococcus lactis was grown at 30ºC in 2-fold diluted M17 broth (Difco) containing 0.5% 

glucose and 0.95% β-glycerolphosphate (G1/2M17) or in undiluted M17 containing 0.5% 

glucose (GM17) when indicated. L. lactis subsp. cremoris SK110 was grown in M17 

containing 0.5% lactose (LM17). For plasmid selection, chloramphenicol (Sigma) or 

erythromycin (Sigma) was added (5µg/ml). Lactobacillus strains, S. thermophilus, and E. 

faecalis were grown in MRS medium (45) at 37ºC; Lactobacillus sake was grown at 30ºC.  E. 

coli and B.  subtilis were grown aerobically in TY broth (Difco) at 37ºC. For plasmid 

selection in E. coli, erythromycin (Sigma) or ampicillin (Sigma) was added at 100 µg/ml. 

 

Chemicals and Enzymes 

All chemicals used were of analytical grade and, unless indicated otherwise, obtained from 

Merck. Enzymes for molecular biology were purchased from Roche Applied Science and 

used according to the supplier’s instructions. Purified peptidoglycan from Staphylococcus 

aureus was obtained from Fluka Chemie (Zwijndrecht, the Netherlands). Peptidoglycan from 

Micrococcus luteus and Curtobacterium flaccumfaciens were kind gifts of Prof. Dr. S.J. 

Foster (University of Sheffield). 

 

Enzyme Assays and Optical Density Measurements. 

AcmA activity was visualized on G½M17 agar plates containing 0.2% autoclaved lyophilized 

Micrococcus lysodeikticus ATCC 4698 cells (Sigma) as halos around L. lactis colonies after 

overnight growth at 30°C. X-prolyl dipeptidyl aminopeptidase (PepX) was measured as 

described by Buist et al. (33). Absorbance was measured in a Novaspec II spectrophotometer 

(Amersham Biosciences) at 600 nm. Autolysis of L. lactis was analyzed by following the 

absorbance at 600 nm of a 100-fold diluted overnight culture in fresh G½M17 medium for 6 

days at 30°C. 
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Table 2. Bacterial strains and plasmids used in this study. 

 

Strain or plasmid Relevant phenotype(s) or genotype(s) Source or 

reference 

L. lactis strain   

MG1363 Lac-; PrtP-; Plasmid-free derivative of NCDO712 (66) 

MG1363acmA∆1 Derivative of MG1363 carrying a 701-bp SacI/SpeI deletion in acmA (32) 

NZ9000 MG1363 pepN::nisRK (112) 

NZ9700 Nisin producing transconjugant containing the nisin-sucrose transposon 

Tn5276 

(111) 

PA1001 Derivative of NZ9000 carrying a 701-bp SacI/SpeI  deletion in acmA 

and a deletion in htrA 

Lab collection 

SK110 Phage resistant, contains galactosyl in LTA (194) 

other bacteria used   

Lb. sake NCBF2714 wildtype Lab collection 

Lb. helveticus ATCC 

15009 

 ATCC 

Lb. casei ATCC393 type strain ATCC 

E. faecalis wildtype Lab collection 

S. thermophilus 

 

wildtype Lab collection 

B. subtilis 168 trpC2 (113) 

E. coli NM522 supE, thi, ∆(lac-proAB), ∆hsd5 (r -,m -) [F’, proAB,laclq lacZ∆M15] Stratagene (La 

Jolla, CA.) 

Plasmids   

pNG304 Cmr, pNZ8048 derivative containing the pre-pro sequence of prtP and 

msa2 under control of PnisA 

Lab collection 

pNG3041 Cmr, pNZ8048 derivative containing the pre-pro sequence of prtP and 

msa2 and the C-terminal domain of acmA under control of PnisA 

Lab collection 

pBluescript SK+ Apr, general cloning vector Stratagene 

pGK13 Emr, Cmr, pWV01-based lactococcal cloning vector (109) 

pGKAL1   Emr, Cmr, pGK13 containing acmA under control of its own promoter 

on a 1942-bp SspI/BamHI insert 

(32) 

pGKAL5 Emr, Cmr, pGKAL1 derivative expressing A1-218 This work 

pDEL Apr, pBluescript SK+  with 348-bp SacI/EcoRI fragment of acmA 

obtained by PCR with primers ALA-4 and REPDEL-3 

This work 

pPA3 Cmr, pNZ8048 derivative containing the repeat domain of acmA under 

control of PnisA 

Lab collection 
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DNA Manipulations and Transformations. 

Molecular cloning techniques were performed essentially as described by Sambrook et al. 

(177). Electrotransformation of E. coli and L. lactis was performed by using a gene pulser 

(Bio-Rad) as described by Zabarovsky et al. (244) and Leenhouts et al. (119), respectively. 

Minipreparations of plasmid DNA from E. coli and L. lactis were obtained by the alkaline 

lysis method as described by Sambrook et al. (177) and Seegers et al. (189), respectively. 

PCR products were purified using the High Pure PCR purification kit (Roche Applied 

Science). 

 

Construction of AcmA Derivatives. 

A stop codon and EcoRI restriction enzyme site (italics and underlined in oligonucleotide 

REPDEL, respectively) were introduced in acmA at the end of the sequence specifying the 

active site domain. This was done by PCR using the primers REPDEL (5’-

CGCGAATTCCTTATGAAGAAGCTCCGTC) and ALA-4 (5’-

CTTCAACAGACAAGTCC), annealing within the sequence encoding the signal peptide of 

AcmA and pGKAL1 as the template. The PCR product was digested with SacI and EcoRI and 

cloned into the corresponding sites of pBluescriptSK+, leading to pDEL. Subsequently, the 

1187-bp PflMI/EcoRI fragment of pGKAL1 (32) was replaced by the 76-bp PfMI/EcoRI 

fragment of pDEL, resulting in pGKAL5, which was obtained in L. lactis MG1363acmA∆1.  

 

SDS-PAGE, Detection of AcmA Activity, Western Blotting, and Immunodetection. 

L. lactis cell and supernatant samples were prepared as described before (33). AcmA activity 

was detected by a zymogram staining technique using SDS-polyacrylamide (12.5% or 17.5%) 

gels containing 0.15% autoclaved, lyophilized M. lysodeikticus ATCC 4698 cells (Sigma) as 

described before (32). The standard low range and prestained low and high range SDS-PAGE 

molecular weight markers of Bio-Rad were used as references. SDS-polyacrylamide gels 

were stained with Coomassie Brilliant Blue (Bio-Rad). 

Proteins were transferred from SDS-polyacrylamide (10%) gels to polyvinylidene difluoride 

membranes (Roche Applied Sciences) as described by Towbin et al. (216). MSA2 antigen 

was detected with 10,000-fold diluted rabbit polyclonal anti-MSA2 antiserum (166); AcmA 

was detected with 3000-fold diluted rabbit polyclonal anti-AcmA antiserum (laboratory 
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collection), using horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies 

(Amersham Biosciences) and the ECL Chemiluminescent detection system and protocol 

(Amersham Biosciences). 

 

Cell Wall Isolation and Chemical Treatment. 

Cultures of L. lactis and B. subtilis (50 ml each) were pelleted, and cells resuspended in 5 ml 

of water were broken by vigorous shaking in the presence of glass beads (221). Nonbroken 

cells were removed by centrifugation (5 min, 2000 x g). The cell walls were isolated from the 

resulting supernatant by centrifugation (15 min, 20.800 x g). Cell walls were washed several 

times with water and lyophilized. Equal aliquots of cell walls (0.1 mg) were resuspended in 1 

ml of water, 10% SDS or 10% trichloroacetic acid (TCA) and boiled for 15 min. 

Subsequently, the cell walls were washed, once with 1 ml of phosphate-buffered Saline (PBS; 

75 mM NaPi, pH 7.3, 68 mM NaCl), and four times with 1 ml of water. L. lactis and 

Lactobacillus casei cells were treated with trichloroacetic acid by boiling 25 µl of cell culture 

in 1 ml of 10% trichloroacetic acid. Lactobacillus helveticus was treated with SDS by boiling 

25 µl in 10% SDS. The cells were washed as described for the chemically treated cell walls. 

 

Purification of PA3. 

L. lactis PA1001 containing plasmid pPA3 was grown overnight at 30oC in GM17 

supplemented with 5 µg/ml chloramphenicol.  Subsequently, the cells were diluted 100-fold 

in 1 liter of fresh GM17 and induced with 1 ml of nisin-containing supernatant of an 

overnight culture of L. lactis NZ9700. The cells were cultivated for 24 h at 30oC. Cells and 

supernatant were separated by centrifugation for 20 min at 10,000 rpm, after which the latter 

was filter-sterilized and concentrated with Vivaflow 200 (molecular weight cut-off of 10 kDa) 

to 20 ml and buffered with 80 ml of 25 mM  sodium phosphate buffer, pH 5.8. To lower the 

salt concentration in the sample, 100 ml of H2O were added. The sample was loaded on a 5 ml 

prepacked AKTA-prime SP-sepharose column (Amersham Biosciences), which was 

equilibrated with 25 mM  sodium phosphate buffer, pH 5.8. The column was washed with 25 

mM  sodium phosphate until the absorbance measured at 214 nm did not change anymore. 

Subsequently, bound proteins were eluted with a 200-ml NaCl gradient from 0 to 0.5 M. 

Fractions of 4 ml were collected. The fractions containing highly pure PA3 were collected and 



Chapter 2 
___________________________________________________________________________ 

 58

desalted using a high-trap desalting column (Amersham Biosciences). The protein was kept in 

H2O at –20oC at concentrations ranging from 0.4-0.8 mg/ml. 

 

Binding of Proteins to Lactococcal Cells, Cell Walls and Purified Peptidoglycan. 

The cells of 2 ml of exponential phase cultures of MG1363acmA∆1 were collected by 

centrifugation and gently resuspended in an equal volume of supernatant of similarly grown 

MG1363acmA∆1 carrying either plasmid pGK13 (empty vector), pGKAL1 (expressing 

acmA), or pGKAL5 (expressing truncated acmA) and incubated at 30°C for 20 min. 

Subsequently, the mixtures were centrifuged. Of the supernatants, 0.4 ml was dialyzed against 

three changes of 1 liter of demineralized water, after which they were lyophilized and 

dissolved in 0.2 ml of denaturation buffer (14). The cell pellets were washed with 2 ml of 

fresh medium, after which cell-free extracts were prepared in 1 ml of denaturation buffer. 

Binding of the MSA2cA fusion protein was studied by growing L. lactis NZ9000 containing 

pNG304 or pNG3041 until an A600 of 0.4 was reached. The cultures were induced with nisin 

(by adding one-one thousandth volume of the supernatant of the nisin producer L. lactis 

NZ9700) and incubated for 2 h. The cells of 1 ml of MG1363acmA∆1 culture, 0.1 mg of cell 

walls or 0.5 mg of peptidoglycan were resuspended in 1 ml of supernatant of either of the two 

induced cultures. Then the suspensions were spun down, the pellets were washed with 1 ml of 

fresh M17 medium, resuspended in 100 µl of denaturation buffer (14), boiled for 5 min, and 

subjected to SDS-10% PAGE followed by Western blot analysis. The supernatant fractions, 

containing non-bound proteins, were concentrated 10 times using phenol and ether extraction 

(183). The concentrated supernatants were diluted with 1 volume of SDS sample buffer and 

subjected to SDS-10% PAGE.  

To study the binding efficiency of MSA2cA to different peptidoglycan types, 50-µg samples 

of peptidoglycan isolated from M. luteus and C. flaccumfaciens were mixed with the protein. 

A dilution range of the protein was prepared by diluting the supernatant containing MSA2cA 

in supernatant of an L. lactis MG1363acmA∆1 culture. 

To study binding of PA3, 15 µg of purified PA3 was added to 70 µl of trichloroacetic acid -

pretreated L. lactis cells (described above) in a total volume of 1 ml in 20 mM Tris-HCl, pH 

8.0 (1010 cells/ml). The samples were incubated for 20 min on a blood cell suspension mixer 

at room temperature. Subsequently, the samples were spun down (3 min, 20.000 x g), and 
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unbound proteins in the supernatant were precipitated with 5% trichloroacetic acid for 1 h on 

ice and subsequently centrifuged for 20 min at 20.000 x g. Precipitated proteins were washed 

with acetone, air-dried and resuspended in SDS-sample buffer. The cell pellets were washed 

with 1 ml of 20 mM Tris-HCl, pH 8.0, and resuspended in SDS-sample buffer. Samples were 

analyzed by SDS-PAGE and Coomassie staining. 

 

Immunofluorescence Microscopy 

Samples (25 µl) of bacterial cultures or the chemically treated bacterial cells were pelleted 

and washed once with 1 ml of water. The pellets were resuspended in L. lactis NZ9000 

(pNG3041) culture supernatant containing MSA2cA and incubated for 5 min at room 

temperature. The cells were washed once with 1 ml of 1/2M17 and subsequently incubated for 

10 min at room temperature in 100 µl PBS containing 4% Bovine serum albumin. 

Subsequently, the cells were resuspended in 100 µl PBS containing anti-MSA2 antibody 

(diluted 1:400) with 2% Bovine serum albumin for 1 hr. After three washing steps with 1 ml 

of PBS containing 0.1% Tween-20 (Sigma) (PBST), the cells were incubated for 1 hr in 2% 

Bovine serum albumin in PBS, containing a 1:400 dilution of Oregon Green anti-rabbit 

antibody (Molecular probes, Eugene, OR). Subsequently, the cells were washed three times 

with 1 ml of PBST and transferred to a poly-L-lysine coated microscopic slide (Omnilabo, 

Breda, The Netherlands) which was air-dried at ambient temperature. Vectashield (Vector, 

Burlingame, CA.) was added, a cover slip was mounted, and fluorescence was visualized with 

a Zeiss microscope (Carl Zeiss, Thornwood, CA) and an Axion Vision camera (Axion 

Technologies, Houston, TX). 

 

Lectin Binding Studies. 

Fluorescein-labeled Ricinus communis agglutinin I lectin (RCA120) (Vector) was diluted to 

10 µg/ml in lectin binding buffer (10 mM HEPES, pH 7.5, 0.15 M NaCl). L. lactis cells from 

100 µl of overnight culture were spun down, and the pellet was resuspended in 100 µl of the 

diluted lectin. The suspension was incubated for 10 min on ice, and the cells were washed 

once in lectin binding buffer (100 µl) and resuspended in the same volume. Samples (5 µl) 

were spotted onto microscopic slides for fluorescence microscopy as described above. 
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Summary 
 

AcmA, the major autolysin of Lactococcus lactis MG1363 is a modular protein consisting of 

an N-terminal active site domain and a C-terminal peptidoglycan-binding domain. The active 

site domain is homologous to that of muramidase-2 of Enterococcus hirae, however, RP-

HPLC analysis of muropeptides released from Bacillus subtilis peptidoglycan, after digestion 

with AcmA, shows that AcmA is an N-acetylglucosaminidase. In the C-terminus of AcmA 

three highly similar repeated regions of 45 amino acid residues are present, which are 

separated by short nonhomologous sequences. The repeats of AcmA, which belong to the 

lysine motif (LysM) domain family, were consecutively deleted, removed, or, alternatively, 

one additional repeat was added, without destroying the cell wall-hydrolyzing activity of the 

enzyme in vitro, although AcmA activity was reduced in all cases. In vivo, proteins containing 

no or only one repeat did not give rise to autolysis of lactococcal cells, whereas separation of 

the producer cells from the chains was incomplete. Exogenously added AcmA deletion 

derivatives carrying two repeats or four repeats bound to lactococcal cells, whereas the 

derivative with no or one repeat did not. In conclusion, these results show that AcmA needs 

three LysM domains for optimal peptidoglycan binding and biological functioning. 
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Introduction 
 

In order to be able to grow and divide, bacteria produce several types of enzymes that can 

hydrolyze bonds in the peptidoglycan of the cell wall (174). Two types of enzymes known as 

glycosidases hydrolyze the β(1,4) bonds between the alternating N-acetylmuramic acid and 

N-acetylglucosamine residues of the glycan chains in peptidoglycan. A lysozyme-like 

enzyme, β-N-acetylmuramidase (muramidase), hydrolyses N-acetylmuramyl,1,4-β-N-

acetylglucosamine bonds, whereas the other, a β-N-acetylglucosaminidase (glucosaminidase), 

liberates free reducing groups of N-acetylglucosamine. Besides these glycosidases bacteria, 

produce amidases, hydrolyzing the bond between the glycan chain and the peptide side chain, 

and peptidases of varying specificity. 

AcmA is the major autolysin of the Gram-positive bacterium Lactococcus lactis ssp. cremoris 

MG1363. AcmA is required for cell separation and is responsible for lysis in stationary phase 

(31, 32). The 40.3 kDa secreted mature AcmA is subject to proteolytic degradation resulting 

in a number of activity bands in a zymogram of the supernatant of a lactococcal culture (33, 

163). Bands as small as that corresponding to a protein of 29 kDa have been detected (32). As 

no activity bands are produced by an L. lactis acmA deletion mutant, all bands represent 

products of AcmA (32). Poquet et al. (163) have shown that the major surface housekeeping 

protease of L. lactis IL1403, HtrA, is capable of degrading AcmA. No AcmA degradation 

products were found in an htrA knockout mutant, in which HtrA is not expressed.  

AcmA consists of an active site domain, followed by a C-terminal region (cA) containing 

three highly homologous repeats of 45 amino acids each, also called lysin motif (LysM) 

domains (32, 161). The active site domain is homologous to that of muramidase-2 of 

Enterococcus faecalis, suggesting that AcmA is also a muramidase (32). However, the AcmA 

homologs AcmB (91), AcmC (90) and LytG (88) have been shown to be glucosaminidases. 

Amino acid substitutions in the AcmA homolog FlgJ of Salmonella typhimurium have shown 

that two conserved amino acid residues, aspartyl and glutamyl, which are also preserved in 

AcmA, muramidase-2 and LytG, are part of the putative active center of this peptidoglycan 

hydrolase that is essential for flagellar rod formation (141). In the sequence of the genome of 

L. lactis IL1403 genes putatively encoding cell wall hydrolases with an active site 

homologous to that of AcmA are present (acmB, acmC and acmD). AcmD, like AcmA, 
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contains three LysM domains, AcmB contains another cell-wall-binding motif, whereas 

AcmC does not contain a cell-wall-binding motif (21).  

The C-terminal LysM domains of AcmA are involved in cell wall-binding (30). Localization 

studies with the repeats have shown that the protein binds the cell surface of Gram-postive 

bacteria in a highly localized manner. The protein binds mainly at and around the poles of L. 

lactis and Lactobacillus casei. A derivative of AcmA lacking all three LysM domains did not 

bind to cells (205).  

The repeats in cA are called LysM domains, since they were originally identified in bacterial 

lysins (161). Cell wall hydrolases of various bacterial species and of bacteriophages contain 

repeats similar to those present in AcmA. LysM domains are also present in bacterial 

virulence factors and in a number of eukaryotic proteins, but not in archaeal proteins (12). 

From an analysis of proteins containing LysM domains it is clear that the number of domains 

and their position in the proteins differs greatly (12). Many proteins contain only one LysM 

domain, for example, the prophage amidase XlyA of Bacillus subtilis (123).  Examples of 

proteins with more than one LysM domain are the cell wall-bound γ-D-glutamate-meso-

diaminopimelate muropeptidases LytE and LytF of B. subtilis (respectively three and five 

repeats in their N-termini) (97, 127, 128, 151) and muramidase-2, a homologue of AcmA 

produced by Enterococcus hirae (six LysM domains) (38).  

The aim of this study was to investigate the modular structure of AcmA. This was done by 

consecutively deleting or adding C-terminal LysM domains. Furthermore, the specificity of 

the active site domain was investigated using RP-HPLC analysis of muropeptides released by 

AcmA from peptidoglycan. Although AcmA is highly homologous to muramidase-2, we 

show here that AcmA is an N-acetylglucosaminidase. 
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Results 

 
Two of the three repeats in AcmA are sufficient for cell separation and autolysis of cells. 

Several mutant AcmA derivatives were constructed to investigate the function of the three 

LysM domains in the C-terminus of AcmA. Because expression of AcmA in Escherichia coli 

results in growth problems followed by severe lysis (32), cloning and expression were 

performed in L. lactis MG1363. A stop codon was introduced behind the codon for Thr287 

(pGKAL4) or Ser363 (pGKAL3), (Fig. 1B). Plasmid pGKAL4-specified AcmA (A1) only 

contains the first (most N-terminal) of the three repeats, whereas pGKAL3 specifies an AcmA 

variant (A2) carrying the first two repeats. pGKAL5 encodes an AcmA derivative lacking all 

repeats (A0) due to the introduction of a stop codon after Ser218. AcmA specified by 

pGKAL6 contains one and a half repeats (A1.5) owing to the presence of a stop codon behind 

the Ser339 codon. From pGKAL7 an AcmA mutant (A4) is produced which carries an 

additional (fourth) repeat as the result of a duplication of the polypeptide from Ser263 to 

Thr338. All proteins were expressed from the acmA promoter in the AcmA-negative strain L. 

lactis MG1363acmA∆1. The various deletion derivatives of AcmA were examined with 

respect to the following properties: (a) their effect on halo formation on plates containing cell 

wall fragments of Micrococcus lysodeicticus; (b) the chain length of the cells expressing the 

mutant enzymes, and sedimentation of the cells in standing cultures; (c) their enzymatic 

activities, both in the cell and supernatant fractions; and (d) autolysis of producer cells.  

Halo formation 

On a G1/2M17 plate containing cell wall fragments of M. lysodeikticus, halos were absent 

when MG1363acmA∆1 carried pGK13 or pGKAL5. All other strains produced a clear halo 

that differed in size. Halo size was correlated with the number of full-length repeats, although 

the addition of an extra repeat resulted in a reduced halo size (Table 1). Apparently exactly 

three repeats are required for optimal cell wall lytic activity of AcmA. 

Cell separation and sedimentation  

Deletion of two and all three repeats had a clear effect on the chain length and sedimentation 

of the cells after overnight growth (Table 1). Thus, efficient cell separation requires at least 

two repeats in AcmA. 

Enzyme activity  
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Cells and supernatants of overnight cultures of all strains were analyzed for AcmA activity by 

SDS/PAGE. No activity was detected in the cell fractions of cells expressing A0, even after 1 

week of renaturation of the protein (Table 1). Of the other derivatives, two major activity 

bands were present in the cell fraction. In each case their positions corresponded to proteins 

with the calculated molecular masses of the unprocessed and the processed forms. As shown 

in Fig.1B, all AcmA derivatives, except A0, were still active in the supernatant fractions. 

AcmA produced the characteristic breakdown pattern as determined previously (32). All 

AcmA derivatives except A0 and A1 showed a distinct and highly reproducible degradation 

pattern. Two additional breakdown products were visible in the A4 and A1.5 preparation after 

prolonged renaturation (results not shown). Upon prolonged incubation of the zymogram, 

AcmA derivative A2 also showed this double band (result not shown). The cleavage sites in 

the C-terminal domain of AcmA that are responsible for this breakdown product are likely 

more easily accessible in the derivatives with 1.5 and 4 repeats. These data indicate that 

removal of the repeats does not destroy AcmA activity on M. lysodeicticus cell walls in vitro.  

Autolysis  

To analyze the effect of the repeats on autolysis of L. lactis during stationary phase, overnight 

cultures of all strains were diluted 100-fold in G1/2M17 and incubated at 30˚C for 6 days 

while following the decrease in attenuance (D600). All cultures exhibited similar growth rates, 

reached the same maximal absorbance and did not lyze during the exponential phase of 

growth. After ≈ 60 h of incubation maximal reduction in D600 was reached in all cases. The 

results are presented in Table 1 and show that autolysis is optimal when three LysM domains 

are present. Deletion or addition of LysM domains results in reduced lysis. To investigate 

whether the decrease in D600 really reflected autolysis, the activity of the intracellular enzyme 

X-prolyl dipeptidyl aminopeptidase (PepX) was measured. After 60 h of incubation, PepX 

activity in the culture medium was also maximal in all samples, decreasing in all cases upon 

further incubation. Even though a considerable reduction in absorbance was obtained, hardly 

any PepX activity was detected in the supernatant of L. lactis MG1363acmA∆1 and in 

cultures producing A0, A1, or A1.5. The reduction in absorbance might be due to cell 

morphological and/or intracellular changes influencing light scattering (31) or to activity of 

the other cell wall hydrolases not resulting in cell lysis. In contrast, a considerable quantity of 

PepX was released into the supernatant of cultures producing A2 and A3. Thus, two repeats in 
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AcmA are sufficient for autolysis of L. lactis. A2 and A4 production led to reduced lysis of 

producer cells. PepX was released from MG1363acmA∆1 cells only when they were 

incubated in supernatants of cultures producing the AcmA derivatives A3 or A4. At least 

three repeats should therefore be present to obtain lysis in trans (results not shown). Taken 

together, these results indicate that the repeats in AcmA determine the efficiency of cell 

autolysis and are required for cell separation. 
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Binding properties of the AcmA derivatives 

To investigate whether the differences in autolysis and separation of cells expressing the 

various AcmA derivatives are caused by differences in cell wall binding of the AcmA 

mutants, direct binding studies were performed. Antibodies were raised against the active site 

of AcmA to be able to do Western hybridization studies. The active site in the N-terminal 

domain of AcmA (amino acids 58 to 218 of AcmA) was fused to the thioredoxin using 

plasmid pET32A. As the fusion protein, which comprises 326 amino acids, does not have cell 

wall hydrolasese activity (Fig. 2B) overexpression in E. coli was successful. A protein with 

the expected molecular mass (35 kDa) was isolated from a culture of E. coli BL21(DE3) 

(pETAcmA) (Fig. 2). By cleavage with enterokinase, the protein was split into a thioredoxin 

part of 17 kDa and an AcmA domain of 18 kDa. The 18 kDa AcmA active site was active 

after prolonged incubation as was shown on a zymogram containing M. lysodeicticus 

autoclaved cells (Fig. 2B).  The AcmA domain was subsequently used to raise anti-AcmA 

antibodies in rabbits. 

Figure 1. A: Detail of plasmid pAL01. Black box, signal sequence of AcmA; gray boxes, LysM domains; light 

gray boxes, linker regions preceding LysM domains. Restriction sites used to construct AcmA derivatives are 

depicted. PCR products REP4A/REP4B, ALA-4/REPDEL-1, ALA-4/REPDEL-2, AcmAFsca/AcmArevnru, 

AcmArep2F/AcmAreveco and AcmArep3F/AcmAreveco that were used to construct plasmids expressing 

AcmA derivatives A4, A2, A1, A2(R2&3) and A1(R3), respectively, are indicated by lines. B: Lane 1: 

zymographic analysis of AcmA activity in supernatant fractions of end-exponential-phase culture of MG1363 

containing pGK13. Lanes 2-8: L. lactis MG1363acmA∆1 containing either pGK13, not encoding AcmA (2), 

pGKAL1, encoding enzyme A3 (3), pGKAL3, encoding enzyme A2 (4), pGKAL4, encoding enzyme A1 (5), 

pGKAL5, encoding enzyme A0 (6), pGKAL6, encoding enzyme A1.5 (7), or pGKAL7, encoding enzyme A4 

(8). Cell extracts and supernatant samples were separated in an SDS/(12.5%)PAA gel containing 0.15% M. 

lysodeikticus autoclaved cells, and the proteins were subsequently renatured by washing the gel in a buffer 

containing Triton X-100. AcmA activity is visible as clearing zones in the gel. Molecular masses (kDa) of 

standard proteins (lane M) are shown in the left margin. Below the gel the lower part of lanes 5, 6 and 7 of the 

same gel is shown after 1 week of renaturation. The right half of the figure gives a schematic representation of 

the various AcmA derivatives. SS (black), signal sequence; Rx (dark gray), repeats; light gray, Thr, Ser and 

Asn-rich intervening sequences (32). The active site domain is shown in white. MW, expected molecular sizes 

in kDa of the secreted forms of the AcmA derivatives. The numbers of the AcmA derivatives correspond with 

the lane numbers above the gel.  
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As shown in Fig. 1, AcmA is subject to degradation when expressed in L. lactis 

MG1363acmA∆1. HtrA, a cell surface protease from L. lactis, is responsible for the specific 

degradation of AcmA (163). An htrA mutant of L. lactis NZ9000acmA was therefore used to 

produce the AcmA derivatives and to analyze their binding in the absence of a background of 

degradation products. The supernatant of L. lactis NZ9000 acmA∆1 ∆htrA carrying either 

pGKAL1, pGKAL3, pGKAL4 or pGKAL7 was analyzed for AcmA activity. As shown in 

Fig. 3A, breakdown products of AcmA are indeed absent when the enzyme was expressed in 

this double mutant. Halo-formation, cell sedimentation, autolysis and cell separation were 

comparable to the equivalent MG1363acmA∆1 strain (results not shown).  

Binding of the AcmA derivatives to cells was subsequently studied using the anti-AcmA IgG. 

Equal amounts of MG1363acmA∆1 cells were resuspended and incubated in 1 ml of 

supernatants of L. lactis NZ9000 acmA∆1 ∆htrA cultures containing the various AcmA 

derivatives. The suspensions were centrifuged and the cell pellet (cell-bound AcmA) and the 

supernatant (nonbound AcmA) analyzed for the presence of AcmA by western hybridization. 

Binding was only observed for AcmA derivatives A4, A3 and A2 (Fig. 3B). Of these three, 

A2 and A4 bound much weaker to the cells than A3, the wildtype enzyme. The results are 

consistent with the lysis results (Table 1).  

Enzyme A1 does not bind to lactococcal cells. This can be explained in two ways: first, the 

LysM domain is not sufficient to bind AcmA to cells, or this LysM domain is not functional.  

Figure 2. Overexpression and purification of the active-

site domain of AcmA. A: SDS/12.5% PAGE of cell 

extracts of 10 µl of E. coli BL21(DE3) (pETAcmA) (lane 

3) induced for 4 h with IPTG. Lane 2: 10 µl of purified 

fusion protein isolated from 25 µl of induced E. coli

culture. Lane 1: 10 µl of the enterokinase cleaved protein.

B: Renaturing SDS/12.5% PAGE with 0.15% M. 

lysodeikticus autoclaved cells using the same amount of 

the samples 1 and 2 shown in part A. Molecular masses 

(kDA) of standard proteins are shown on the left of the 

gel. Before loading, the samples were mixed with an 

equal volume of 2x sample buffer (115). 
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Figure 3. A: Expression of AcmA derivatives A1, 

A2, A3 and A4 in the L. lactis NZ9000 mutants 

acmA∆1 and acmA∆1 ∆htrA, visualized by 

zymographic analysis of culture supernatants of 

cells expressing the AcmA variants.  

B: Binding of the AcmA derivatives A1, A2, A3 

and A4 to L. lactis cells. Stationary phase cells 

from 1 ml of L. lactis MG1363acmA∆1 culture 

were mixed with the supernatant of stationary 

phase cultures of L. lactis NZ9000 acmA∆ ∆htrA 

expressing A1, A2, A3 or A4. After allowing 5 

min of binding, cells were collected by 

centrifugation. Proteins bound to cells were

separated by SDS/(12.5%)PAGE and blotted onto 

PVDF membranes. AcmA antigen was visualized 

using the AcmA-specific polyclonal antibodies 

and subsequent chemoluminescence detection. 

The asterisk indicates L. lactis protein that reacts 

with the AcmA antibodies due to an impurity in 

the antibody preparation (data not shown). 

C: Localization of AcmA and its derivatives on 

the cell surface of Lb. casei. Cells of overnight 

cultures of Lb. casei were mixed with supernatant 

of L. lactis NZ9000 acmA∆1 ∆htrA containing 

A1, A2, A3 or A4 protein. Surface bound protein 

was subsequently detected by 

immunofluorescence microscopy using anti-

AcmA rabbit polyclonal IgG and anti-rabbit IgG

conjugated with the fluorescent probe Oregon 

Green (Molecular Probes). Bound AcmA protein 

is visible as bright green patches on the cell 

surface.  
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Furthermore, enzyme A2 binds more weakly to cells than enzyme A3, which may be because 

LysM domain 3 is the best binding LysM domain of AcmA. Removing LysM 3 would, 

therefore, result in decreased binding of AcmA. To address this, two additional derivatives of 

AcmA were constructed. In variant A2(R2&3), the region containing LysM domains 2 and 3 

was fused directly downstream of the linker region that connects the active site domain and 

the first LysM domain in wildtype AcmA. In variant A1(R3) only the third LysM domain was 

fused to that region. The new AcmA variants were expressed in L. lactis MG1363acmA∆1 

and cell fractions and supernatant samples were analyzed on a zymogram. A2(R2&3) and 

A1(R3) were both active and no differences were observed when compared to cell fractions 

and supernatants of enzymes A2 and A1 (results not shown). Cell lysis upon expression of the 

two new AcmA variants was compared with lysis by variants A2 and A1 by measuring the 

amounts of PepX released after 48 h. Approximately the same amounts PepX were released 

upon expression of A2 and A2(R2&3) (Fig. 4A). Expression of variant A1(R3) resulted in 

very low amounts of PepX released, as is the case with AcmA variant A1. Cell binding of 

A2(R2&3) was compared with binding of A2: same amounts were able to bind to cells (Fig. 

4B).  A1(R3) did not bind to cells, and behaves therefore like enzyme A1. 

 

 

 

Figure 4:  

A: PepX release upon expression of AcmA 

derivatives A3, A2, A2(R2&3), A1 and A1 (R3). L. 

lactis MG1363acmA∆1 expressing the AcmA 

derivatives were grown for 48 h and subsequently 

the amount of PepX present in the supernatant was 

determined. The amount of PepX released by 

expression of A3 was set to 100%. The results 

shown are the averages of 2 parallel experiments.  

B: Binding of AcmA derivatives A2, A2(R2&3), 

A1 and A1(R3) to L. lactis MG1363acmA∆1.  The 

experiment was performed as described in the 

legend to Fig. 3B. 
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Localization of AcmA and its derivatives on the cell surface  

Using the anti-AcmA IgG and immunofluorescence microscopy, the AcmA derivatives used 

in this study were examined for their ability to bind to bacterial cell surfaces when added from 

the outside. Binding of AcmA on the lactococcal surface was very inefficient and 

fluorescence was hardly detectable (results not shown). The AcmA derivatives A2, A3 and 

A4 could be detected on the cell surface of Lb. casei (Fig. 3C). AcmA binding is highly 

localized at the poles of these cells. Binding of A2 and A4 was less efficient than A3 as was 

evidenced by the lower fluorescence intensity.  

 

Isolation of mature AcmA and determination of its specificity 

The N-terminus of AcmA is homologous to several other peptidoglycan hydrolases, among 

which muramidase-2 of Ent. hirae and FlgJ of S. typhimurium. Based on this homology and 

early biochemical data of lactococcal autolysins, AcmA has been named a muramidase (32). 

Its hydrolytic activity, however, has not been studied thoroughly. To be able to investigate the 

activity of AcmA, the enzyme was concentrated by making use of its peptidoglycan-binding 

properties. L. lactis MG1363acmA∆1 cells were treated with 10% (w/v) SDS and 10% (w/v) 

TCA to increase their AcmA binding capacity (205) and were subsequently mixed with the 

supernatant of an L. lactis MG1363 culture. The suspension was pelleted and the 

peptidoglycan-bound proteins were extracted using 8M LiCl. After dialysis AcmA activity 

could be detected as a decrease in A600 when the extract was mixed with autoclaved cells of 

M. lysodeicticus (results not shown). Peptidoglycan binding proteins isolated in the same way 

from the supernatant of an L. lactis MG1363acmA∆1 culture did not show lytic activity 

(results not shown). 

AcmA is active against peptidoglycans of different structural types including that of B. 

subtilis. B. subtilis peptidoglycan was hydrolyzed with the partially purified, concentrated 

AcmA preparation. The mixture was centrifuged, after which the supernatant (containing all 

the soluble (released) peptidoglycan fragments) was reduced with borohydride and resolved 

using RP-HPLC. The chromatogram shows two major peaks, indicated with numbers in Fig. 

5A. No peaks were observed in the chromatogram of peptidoglycan treated with the 

peptidoglycan-binding protein preparation of the supernatant of L. lactis MG1363acmA∆1, 

which doesn’t express AcmA (results not shown). These peaks were compared to the peaks  
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Figure 5: Identification of the hydrolytic specificity of AcmA by RP-HPLC of muropeptides.  

A: RP-HPLC elution pattern of muropeptides released by AcmA from B. subtilis peptidoglycan. 

Purified AcmA-digested peptidoglycan samples were separated on an octadecylsilane column, and 

the A202 of the eluate was monitored. Numbers indicate the two major AcmA-specific peaks in the 

eluate. 

B: RP-HPLC chromatogram of Cellosyl digested muropeptides that were released from B. subtilis

peptidoglycan by AcmA. B. subtilis peptidoglycan was incubated with AcmA, the soluble 

peptidoglycan fragments were subsequently incubated with Cellosyl and reduced with borohydride. 

C: RP-HPLC chromatogram of muropeptides released from B. subtilis peptidoglycan by Cellosyl.  

D: Structure of glucosaminidase-specific muropeptides (6, 88). Numbers refer to peaks in Figs 4A, 

4B and C. 
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obtained by hydrolysis of Bacillus peptidoglycan with the muramidase Cellosyl (Fig. 5C) (6). 

The AcmA-specific peaks were not identical to the major muramidase peaks.  

To investigate whether the muropeptides released from peptidoglycan by AcmA could be 

hydrolyzed by Cellosyl, they were incubated with Cellosyl and subjected to RP-HPLC 

analysis. The AcmA-specific peaks had disappeared and new peaks appeared in the trace (Fig. 

5B). Since the muropeptides released by AcmA could apparently be hydrolyzed by a true 

muramidase, AcmA is not a muramidase. 

To examine whether the AcmA-specific muropeptides are products of glucosaminidase 

activity, the HPLC-traces were spiked with muropeptides obtained by hydrolysis of 

peptidoglycan with the B. subtilis glucosaminidase LytG, a homolog of AcmA (88). These 

LytG-specific muropeptides have been analyzed by RP-HPLC like the AcmA-specific 

muropeptides. The structures of the LytG muropeptides were determined using NMR (88). 

The retention times of muropeptides released from the peptidoglycan by AcmA were identical 

to those of the muropeptides released by LytG (results not shown), identifying AcmA as an 

N-acetylglucosaminidase. The structures of the glucosaminidase-specific muropeptides 

(numbered peaks in Fig. 5A and 5B) are given in Fig. 5D. AcmA releases muropeptides with 

N-acetylglucosamine at the reducing terminus (muropeptides 1 and 2 in Fig. 4D). These N-

acetylglucosamines can be a substrate for Cellosyl, resulting in muropeptides 3, 4 and 5.  The 

trace of small soluble peptidoglycan fragments generated by the incubation of isolated 

peptidoglycan with Cellosyl did not change after incubation of these fragments with partially 

purified AcmA (results not shown), suggesting that small muropeptides are not substrates for 

AcmA. 
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Discussion 

 

We studied the modular organization of AcmA, an enzyme which consists of two separate 

domains (32). The overproduced and purified N-terminal region, from amino acid residue 58 

to 218 in the preprotein, is active on M. lysodeicticus cell walls and, thus, contains the active 

site of the enzyme. This is in agreement with the finding that the repeatless AcmA mutant A0 

can still hydrolyze M. lysodeicticus cell walls, albeit with severely reduced efficiency (205). 

Prolonged renaturation was needed to detect the activity of the enzyme in vitro, whereas 

colonies producing the protein did not form a halo on plates containing M. lysodeicticus cell 

walls.  

The sequence of the N-terminal active site domain of AcmA is homologous to that of 

muramidase-2 of Ent. hirae. In this study we show, however, that AcmA is not a muramidase 

but a glucosaminidase. Various methods to determine the hydrolytic specificity of 

glycosidases have been published. Peptidoglycan fragments obtained after hydrolysis with 

muramidase-2 of Ent. hirae were reduced with radioactive borohydride. Samples were 

analyzed after complete acid hydrolysis by ion-exchange chromatography. As the single 

labeled product that was detected had the same behavior as standard reduced muramic acid, 

Mur-2 was shown to be a muramidase (11). Pesticin, a bacteriocin produced by Yersinia 

pestis has been shown to be a muramidase by analyzing the products released from 

peptidoglycan by RP-HPLC and comparing the products with the products released by the 

muramidase lysozyme (228). In the same study the radioactive borohydride method has also 

been used to confirm that pesticin is a muramidase.  

The RP-HPLC analysis we used in this study to determine the specificity of AcmA relies on 

extensive knowledge of the muropeptides released from B. subtilis peptidoglycan (6, 88). 

From each peak in the chromatogram of a muramidase digest of the vegetative peptidoglycan 

the exact structure of the constituting muropeptide is known. Using this method the AcmA 

homologs AcmB (91), AcmC (90) and LytG (88) have been shown to have glucosaminidase 

activity. This method also proved to be a powerful tool in the analysis of AcmA specificity. 

AcmA is not capable of hydrolyzing small muropeptides, in our case peptidoglycan fragments 

released by the muramidase Cellosyl from B. subtilis peptidoglycan. This can be explained by 

the suggestion that AcmA is not able to bind small peptidoglycan parts, as binding is 
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necessary for activity of AcmA. Also the active site domain of AcmA could be dependent on 

big peptidoglycan parts as a substrate. 

The C-terminal domain of AcmA with the three LysM domains was analyzed by deleting and 

addition of LysM domains. Enzymes A1, A2 and A4 had in vitro activities, as determined in a 

zymogram, which were nearly the same as that of the wild-type protein, although in the plate 

assay A1 produced a smaller halo than A2, which, in turn, was smaller than that produced by 

the wild-type A3. Also, A4 produced a smaller halo than wild-type AcmA. Taken together 

these results indicate that, although the N-terminus of AcmA contains the active site, the 

presence of at least one complete repeat is needed for the enzyme to retain appreciable 

activity in vitro, whereas optimal activity is obtained with three repeats. A similar result was 

obtained for the active site domain of the FlgJ protein of S. typhimurium, a muramidase-like 

enzyme involved in flagellar rod formation (141). The N-terminal half of FlgJ is dispensable 

for peptidoglycan-hydrolyzing activity in vitro, but the truncated protein does not support 

cellular flagellation. 

A strain producing A1 grows in longer chains than a strain expressing A2 and, in contrast to 

A2 producing cells, sedimented and did not autolyse. Only cultures producing AcmA with 

two or more full-length repeats are subject to autolysis and produce chains of wild-type 

length. Binding studies, using antibodies raised against the active site domain of AcmA, with 

the AcmA derivatives supported the lysis and cell separation results. To prevent degradation 

of AcmA by HtrA, the AcmA derivatives were expressed in the HtrA-negative mutant 

NZ9000 (acmA∆1 ∆htrA). AcmA derivative A1 was not able to bind to cells when it was 

added from the outside. A2 and A4 were able to bind to cells, albeit with lower efficiencies. 

The highest efficiency was obtained when three repeats were present in AcmA, i.e. with the 

wild-type enzyme. Enzymes A1 as well as A1(R3) do not bind to cells, which shows that one 

repeat in AcmA is not enough for cell wall binding. The lower binding efficiency of variant 

A2 could suggest that the third LysM domain of AcmA is the most important domain for 

binding. However, enzyme A2(R2&3) binds with the same efficiency to cells as A2 and 

expression in L. lactis MG1363acmA∆1 results in approximately the same degree of lysis for 

both enzyme A2 as enzyme A2(R2&3). These results show that LysM domains 1 and 3 are 

equally functional, despite the amino acid differences. In conclusion, the number of LysM 



Glusosaminidase activity of AcmA 
___________________________________________________________________________ 

 79

domains present in the protein determines the binding efficiency of the protein, with optimal 

binding when three LysM domains are present. 

The results of the binding studies are in full agreement with the results on cell separation and 

autolysis: the number of repeats in AcmA affects the binding efficiency and, consequently, 

the in vivo activity of the enzyme. The B. subtilis glucosaminidase LytD has a duplication of 

two types of direct repeats in the N-terminus of the protein. Serial deletions from the N-

terminus of the glucosaminidase revealed that the loss of more than one repeating unit 

drastically reduces the lytic activity of LytD toward cell walls (167). The major 

pneumococcal LytA amidase has six repeating units in its C-terminus that recognize choline 

in (lipo) teichoic acids in the cell wall. Biochemical analyses of truncated LytA mutants 

showed that the amidase must contain at least four units to efficiently recognize the choline 

residues (62). The loss of an additional unit dramatically reduces its hydrolytic activity as well 

as its binding capacity, suggesting that catalytic efficiency of LytA can be considerably 

improved by keeping the protein attached to the cell wall substrate. 

A fusion protein consisting of the antigen MSA2 and the C-terminus of AcmA binds to 

specific locations on the cell surface of Gram-positive bacteria (205). No AcmA could be 

detected by immunofluorescence on the cell surface of L. lactis MG1363acmA∆1 cells 

incubated with the AcmA deletion derivatives. Also, no AcmA is detectable on wildtype 

MG1363 cells or on L. lactis cells overproducing AcmA (results not shown). Apparently, the 

amount of AcmA present on the cell surface is not enough to allow detection with the anti-

AcmA IgG. Using more cells in Western hybridisation does show that AcmA binds to the cell 

surface. Deletion or addition of LysM domains altered only the binding efficiency of the 

AcmA derivatives, not the distribution on the cell surface of Lb. casei.  

In a separate study (31) we showed that AcmA can operate intercellularly: AcmA-free 

lactococcal cells can be lysed when grown together with cells producing AcmA. Combining 

this observation with the results presented above allows us to conclude that AcmA not only 

binds when confronting a cell from the outside but, indeed, is capable of hydrolysing the cell 

wall with concomitant lysis of the cell. A minimum of three repeats is needed for this to 

occur: derivative A2, containing two LysM domains is not able to lyse cells in trans, whereas 

derivative A4 is.  Lysis does occur in cells expressing derivatives A2 and A4, although in this 
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case A2 is more active than A4. This shows that the number of repeats in AcmA clearly 

affects the action of AcmA.  

It is tempting to speculate that the apparent increase in catalytic activity concomitant with an 

increase in the number of repeats is caused by the repeat domains, allowing the enzyme to 

bind to its substrate, the peptidoglycan of the cell wall, more efficiently. As was postulated by 

Knowles et al. (104) for the cellulose-binding domains in cellobiohydrolases, such binding 

would increase the local concentration of the enzyme. The repeats could be involved in 

binding alone or could be important for proper positioning of the catalytic domain towards its 

substrate. Moreover, it could allow ‘scooting’ of the enzyme along its polymeric substrate. 

The increase in AcmA activity with an increasing number of repeats to up to three in the wild-

type enzyme, suggests an evolutionary process of repeat amplification to reach an optimum 

for proper enzyme functioning. The presence of five and six repeats in the very similar 

enzymes of Ent. faecalis and Ent. hirae, respectively, may reflect slight differences in cell 

wall structure and/or the catalytic domain, requiring the recruitment by these autolysins of 

extra repeats for optimal enzyme activity.  The number of LysM domains present in different 

proteins from the same organism is not necessarily constant. In the B. subtilis genome genes 

encoding proteins with one (e.g. XlyA), two (e.g. YaaH), three (LytE), four (YojL) and five 

(LytF) LysM domains are found (97, 113, 123, 127, 128, 151).  This suggests that for each 

protein the number of LysM domains is optimized. 
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Experimental procedures 
 

Bacterial strains, plasmids and growth conditions.  

The strains and plasmids used in this study are listed in Table 2. L. lactis was grown at 30°C 

in twofold diluted M17 broth (Difco Laboratories, Detroit, Mich.) containing 0.5% glucose 

and 0.95% β-glycerophosphate (Sigma Chemical Co., St. Louis, Mo.) as standing cultures 

(G1/2M17). Agar plates of the same medium contained 1.5% agar. Five µg/ml of erythromycin 

(Roche, Mannheim, Germany) was added when needed. Escherichia coli and B. subtilis were 

grown at 37°C with vigorous agitation in TY medium (Difco), or on TY medium solidified 

with 1.5% agar. When required, the media contained 100 µg of ampicillin (Sigma), 100 µg 

erythromycin or 50 µg kanamycin (both from Roche) per ml.  Lb. casei was grown in MRS 

medium (45) at 37°C. 

Isopropyl-beta-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-beta-D-

galactopyranoside (X-gal) were used at concentrations of 1 mM and 0.002%, respectively. 

 

General DNA techniques and transformation.  

Molecular cloning techniques were performed essentially as described by Sambrook et al. 

(177). Restriction enzymes, Klenow enzyme and T4 DNA ligase were obtained from Roche 

and were used according to the instructions of the supplier. Deoxynucleotides were obtained 

from Pharmacia (Pharmacia LKB Biotechnology AB, Uppsala, Sweden) or BDH (Poole, 

UK). Electrotransformation of E. coli and L. lactis was performed using a gene pulser (Bio-

Rad Laboratories, Richmond, Calif.), as described by Zabarovsky and Winberg and by 

Leenhouts and Venema, respectively (119, 244). Plasmid DNA was isolated using the Qiagen 

plasmid DNA isolation kit (Qiagen GmbH, Hilden, Germany) or by CsCl-ethidiumbromide 

density gradient centrifugation. DNA fragments were isolated from agarose gels using the 

Qiagen gel extraction kit and protocols from Qiagen. 
 



Chapter 3 
___________________________________________________________________________ 

82 

Table 2. Bacterial strains and plasmids used in this study.      
     

Strains or plasmids Relevant phenotype(s) or genotype(s) Reference 
Strains   

L. lactis subsp. cremoris   
MG1363  Plasmid-free strain (66) 
MG1363acmA∆1  Derivative of MG1363 carrying a 701-bp SacI/SpeI  deletion in 

acmA 
(32) 

NZ9000 acmA∆1 ∆htrA Derivative of NZ9000 (112) carrying a 701-bp SacI/SpeI  
deletion in acmA, a deletion of htrA  and a chromosomal 
insertion of nisRK in the pepN locus     

lab collection 
 

E. coli   
NM522    supE thi ∆(lac-proAB) ∆hsd5(rK- mK-)[F' proAB lacIqZM15] Stratagene 
BL21(DE3)  F- ompT rB

-mB
- int; bacteriophage DE3 lysogen carrying the T7 

RNA polymerase gene controlled by the lacUV5 promoter  
(208) 

Other strains   
B. subtilis 168  trpC2   (113) 
Lactobacillus casei  
ATCC393 

type strain   ATCC 

 
  

Plasmids 
  

pET32A  Apr, vector for high level expression of thioredoxin fusion 
proteins 

Novagen 

pUK21  Kmr, general cloning vector  (227)  
pBluescript SK+  Apr, general cloning vector Stratagene  
pAL01   Apr, pUC19 carrying a 4137-bp lactococcal chromosomal DNA 

insert with acmA gene 
(32) 

pDEL1 Apr, pBluescript SK+  with 785-bp SacI/EcoRI fragment of 
acmA obtained by PCR with primers ALA-4 and REPDEL-1  

This work  
 

pDEL2  Apr, pBluescript SK+  with 554-bp SacI/EcoRI fragment of 
acmA obtained by PCR with primers ALA-4 and REPDEL-2  

This work  
 

pDEL3  Apr, pBluescript SK+  with 348-bp SacI/EcoRI fragment of 
acmA obtained by PCR with primers ALA-4 and REPDEL-3 

This work 

pGKAL1 Emr, Cmr, pGK13 containing acmA under control of its own 
promoter on a 1942-bp SspI/BamHI insert  

(32) 
 

pGKAL3  Emr, Cmr, pGKAL1 derivative expressing A2   This work 
pGKAL4 Emr, Cmr, pGKAL1 derivative expressing A1  This work 
pGKAL5  Emr, Cmr, pGKAL1 derivative expressing A0 (205) 
pGKAL6  Emr, Cmr, pGKAL1 derivative expressing A1.5  This work 
pGKAL7 Emr, Cmr, pGKAL1 derivative expressing A4  This work 
pGKAL8 Emr, Cmr, pGKAL1 derivative expressing A2(R2&3) This work 
pGKAL9 Emr, Cmr, pGKAL1 derivative expressing A2(R3) This work 
pETAcmA  Apr, pET32A expressing active site domain of AcmA from 

residues 58 to 218 fused to thioredoxin 
This work 
 

 

Primer synthesis, PCR, and DNA sequencing.  

Synthetic oligo deoxyribonucleotides were synthesized with an Applied Biosystems 392 

DNA/RNA synthesizer (Applied Biosystems Inc., Foster City, CA.). The sequences of the 

oligonucleotides are listed in Table 3.  
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PCR were performed in a Bio-Med thermocycler 60 (Bio-Med GmbH, Theres, Germany) 

using super Taq DNA polymerase and the instructions of the manufacturer (HT 

Biotechnology Ltd., Cambridge, UK). PCR fragments were purified using the nucleotide 

removal kit and protocols of QIAGEN. Nucleotide sequences of double-stranded plasmid 

templates were determined using the dideoxy chain termination method (180) with the T7 

sequencing kit and protocol (Pharmacia) or the automated fluorescent DNA sequencer 725 of 

Vistra Systems (Amersham Life Science Inc., Buckinghamshire, UK). Protein homology 

searches against the SWISSPROT, PIR, Genbank databases were carried out using the 

BLAST program (1). 
 

 

Table 3: Oligonucleotides used in this study. The indicated restriction enzyme (R/E) sites are underlined while 

stop codons are shown in italic. 

   

 

Name Nucleotide sequence (5’ → 3’) R/E site 

REPDEL-1 CGCGAATTCAGATTATGAAACAATAAG EcoRI 

REPDEL-2 CGCGAATTCTTATGTCAGTACAAGTTTTTG EcoRI 

REPDEL-3 CGCGAATTCCTTATGAAGAAGCTCCGTC EcoRI 

ALA-4  CTTCAACAGACAAGTCC  

REP4A  AGCAATACTAGTTTTATA SpeI 

REP4B  CGCGAATTCGCTAGCGTCGCTCAAATTCAAAGTGCG NheI 

ACMHIS AGGAGATCTGCGACTAACTCATCAGAGG  BglII 

AcmArevnru GCATGAATTCATCGCGAACTGCTATTGGTTCCAG NruI 

AcmAFsca GGTACTGCCGGGCCTCCTGCGG  

AcmArep2F ACAACTGTTAAGGTTAAATCCGGAGATACCCTTTGGGCG  

AcmArep3F TCAATTCATAAGGTCGTTAAAGGAGATACTCTCTGG  

AcmAreveco AGCGGAATTCAATAATTTATTTTATTCGTAGATACTGACC EcoRI 

 

Construction of AcmA derivatives 

A stop codon and an EcoRI restriction enzyme site were introduced in acmA at the end of 

nucleotide sequences encoding repeat one and the same was done at the end of repeat two by 

PCR using the primers REPDEL-1 and REPDEL-2, with plasmid pAL01 as a template. 

Primer ALA-4, annealing within the sequence encoding the signal peptide of AcmA, was used 
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in all cases as the upstream primer. See Fig. 1A for details on the position of primers ALA-4 

REPDEL-1 and REPDEL-2 and the restriction sites used for the construction of the AcmA 

derivatives.The two PCR products were digested with SacI and EcoRI and cloned into the 

corresponding sites of pBluescript SK+ leading to pDEL1 and pDEL2. Subsequently, the 

1,187-bp PflMI-EcoRI fragment of pGKAL1 (see Fig. 1A) was replaced by the 513 and 282-

bp PflMI-EcoRI fragments of the inserts of pDEL1 and pDEL2, respectively. The proper 

plasmids specifying proteins containing one or two repeats (pGKAL4 and pGKAL3, 

respectively) were obtained in L. lactis MG1363acmA∆1. pGKAL1 was cut with SpeI (see 

Fig. 1A). The sticky ends were flushed with Klenow enzyme and self-ligation introduced an 

UAG stop codon after the Ser339 of acmA. The resulting plasmid was named pGKAL6. A 

DNA fragment encoding half of the first repeat until the SpeI site in the middle of the second 

repeat was synthesized by PCR using primers REP4A and REP4B. The NheI and SpeI sites at 

the ends of the 250-bp PCR product were cut and the fragment was cloned into the unique 

SpeI site of pGKAL1, resulting in plasmid pGKAL7.  

AcmA variants A2(R2&3) and A1(R3) were cloned as follows: the active site domain plus the 

linker region between the active site domain and the first LysM domain of AcmA was 

amplified using primers AcmAFsca (upstream of the ScaI site in pGKAL1, see Figure 1A) 

and AcmArevnru. The reverse primer inserted an NruI site in the linker region upstream of 

the first LysM domain, which resulted in a nonsense mutation of codon 242. The PCR 

product was subsequently digested with NruI, which digests blunt directly behind codon 242. 

The region containing LysM domain 2 and 3, and the region containing LysM 3 were 

subsequently amplified using primers AcmArep2F and AcmArep3F, respectively as forward 

primers and primer AcmAreveco as reverse primer. The resulting PCR products were directly 

ligated in the blunt NruI site of the active site/linker PCR, resulting in an in frame fusion, and 

the ligated products were amplified using primers AcmAFsca and AcmAreveco. The resulting 

PCR products were subsequently digested with ScaI and EcoRI and cloned in the 

corresponding sites of plasmid pGKAL1, resulting in plasmids pGKAL8 and pGKAL9.     

 
Overexpression and isolation of the AcmA active site domain.  

A DNA fragment encoding the active site domain of AcmA was obtained using the primers 

ACMHIS and REPDEL-3 with plasmid pAL01 as a template. The 504-bp PCR fragment was 
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digested with BglII and EcoRI and subloned into the BamHI and EcoRI sites of pET32A 

(Novagen R&D systems Europe Ltd., Abingdon, UK). The proper construct, pETAcmA, was 

obtained in E. coli BL21(DE3) (208). Expression of the thioredoxin/AcmA fusion protein was 

induced in this strain by adding IPTG (to 1mM final concentration) at an OD600 of 0.7. Four 

hours after induction the cells from 1 ml of culture were collected by centrifugation and the 

fusion protein was purified over a Talon (tm) metal affinity resin (Clontech Laboratories inc., 

Palo Alto, Calif.) using 8 M urea-elution buffer and the protocol of the supplier. The eluate 

(200 µl) was dialyzed against a solution containing 50 mM NaCl and 20 mM Tris (pH 7) after 

which CaCl2 was added to a final concentration of 2 mM. One unit of enterokinase (Novagen) 

was added and the mixture was incubated at room temperature (RT) for 20 hrs. The protein 

mixture was dialyzed against several changes of demineralized water before SDS-PAGE 

analysis. The thioredoxin part of the fusion protein was removed from the protein mixture 

with a Talon (tm) metal affinity resin, as described above. Polyclonal antibodies were 

produced by Eurogentec (Ougrée, Belgium).  

 

Binding of AcmA and its derivatives to lactococcal cells. 

The cells of 2 ml of exponential phase cultures of MG1363acmA∆1 were gently resuspended 

in an equal volume of supernatant of similarly grown NZ9000 (acmA∆1,∆htrA) carrying 

either plasmid pGKAL1, 3, 4 or 7 and incubated at RT for 5 min. Subsequently, the mixtures 

were centrifuged. The supernatants were concentrated using phenol and ether extraction 

(183). The pellets, containing cell-bound AcmA, were washed once with fresh G1/2M17 

medium and subsequently resuspended in 100 µl SDS-PAGE Sample buffer (115). Bound 

protein was released from the cell by boiling the samples for 5 min. The samples were 

subjected to SDS-12.5% PAGE followed by Western hybridisation analysis as described 

below.  

 

SDS-polyacrylamide gel electrophoresis (PAGE) and detection of AcmA activity.  

SDS-PAGE was carried out according to Laemmli (115) with the protean II minigel system 

(Bio-Rad) and gels were stained with Coomassie brilliant blue (Bio-Rad). The standard low 

range and prestained low and high range SDS-PAGE molecular weight markers of Bio-Rad 

were used as references. 
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AcmA activity was detected by a zymogram staining technique using SDS-PAGE (12.5%) 

gels containing 0.15% autoclaved, lyophilised Micrococcus lysodeikticus ATCC 4698 cells 

(Sigma) as described before (32). After electrophoresis, proteins were renatured using the 

AcmA renaturation solution (14). 

 

Western blotting and immunodetection 

Proteins were transferred from SDS-PAA gels to BA85 nitrocellulose membranes (Schleicher 

and Schuell, Dassel, Germany) or PVDF membranes (Roche) as described before (216). 

AcmA antigen was detected with 5000-fold diluted rabbit polyclonal anti-AcmA antibodies 

and horseradish peroxidase conjugated goat anti-rabbit antibodies (Pharmacia) using the ECL 

detection system and protocol (Amersham). 

 

Enzyme assays and optical density measurements 

AcmA activity was visualized on G1/2M17 agar plates containing 0.2% autoclaved, 

lyophilized M. lysodeikticus cells as halo’s around the colonies after overnight growth (O/N) 

at 30°C. X-prolyl dipeptidyl aminopeptidase (PepX) was measured using the chromogenic 

substrate Ala-Pro-p-nitroanilid (BACHEM Feinchemicalien AG, Bubendorf, Switzerland), as 

described previously (33). 

 

Immunofluorescence microscopy 

Samples (25 µl) of L. lactis MG1363acmA∆1 or Lb. casei ATCC393 were pelleted and 

washed once with 1 ml of water. The pellets were resuspended in L. lactis NZ9000 (acmA∆1, 

∆htrA) supernatant of overnight cultures containing the AcmA derivatives A1, A2, A3 or A4 

and incubated for 5 min at RT. The cells were washed once with 1 ml of 1/2M17 and 

subsequently incubated for 10 min at RT in 100 µl Phosphate Buffered Saline (PBS; 75 mM 

NaPi, pH 7.3, 68 mM NaCl) containing 4% BSA. Subsequently, the cells were resuspended in 

100 µl PBS containing anti-AcmA antibody (diluted 1:400) with 2% BSA for 1 hr. After three 

washing steps with 1 ml of PBS containing 0.1% Tween-20 (Sigma) (PBST), the cells were 

incubated for 1 hr in 2% BSA in PBS, containing a 1:400 dilution of Oregon Green anti-rabbit 

antibody (Molecular Probes, Eugene, Ore.). Subsequently, the cells were washed three times 

with 1 ml of PBST. The cells were transferred to a poly-L-lysine coated microscope slide 
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(Omnilabo, Breda, the Netherlands), which was air-dried at ambient temperature. Vectashield 

(Vector, Burlingame, Calif.) was added, a cover slip was mounted and fluorescence was 

visualized with a Zeiss microscope (Carl Zeiss, Thornwood, NY) and an Axion Vision 

camera (Axion Technologies, Houston, Tex.). 

 

Isolation of AcmA from the supernatant of L. lactis cultures. 

The cells of 100 ml of L. lactis MG1363acmA∆1 were boiled in 20 ml of 10% SDS for 15 

min, washed 6 times with water and subsequently boiled in 20 ml of 10% TCA and washed 

again 6 times with water. Subsequently the cells were mixed with the supernatant of an O/N 

culture of L. lactis MG1363, containing AcmA. The mixture was stirred for 10 min at RT, 

centrifuged and the pellet was washed once with 50 ml of water. The pellet was resuspended 

in 10 ml 8M LiCl and the pH was adjusted to 11.0 with NaOH. The suspension was incubated 

on ice for 15 min while vortexing every 3 min and subsequently centrifuged (15 min, 

13.000g). The supernatant, containing AcmA was dialyzed 3 times against 2 L of water and 

the dialyzed enzyme extract was stored at –20°C.  Using the same method peptidoglycan-

binding proteins were isolated from the supernatant of L. lactis MG1363acmA∆1. 

 

Determination of the hydrolytic activity of AcmA using RP-HPLC analysis 

B. subtilis peptidoglycan was isolated as described before (6). Purified peptidoglycan (10 mg) 

was incubated with partially purified AcmA in 1 ml 50 mM KPi buffer (pH 5.5) and incubated 

overnight at 37°C. As a control the same amount of peptidoglycan was incubated with the 

peptidoglycan-binding protein preparation isolated from the supernatant of L. lactis 

MG1363acmA∆1. The suspensions were centrifuged (15 min at 20,000g) and the supernatants 

were split into pellet and supernatant fractions. To the pellets Cellosyl was added (250 µg/ml) 

and the suspensions were incubated overnight at 37°C and reduced with borohydride as 

described previously (6). The supernatants were split in two: one 0.5 ml was reduced with 

borohydride, to the other portion Cellosyl was added (250 µg/ml) and the suspension was 

incubated overnight at 37°C, after which the mixture was centrifuged and the supernatant was 

reduced with borohydride. Reduced muropeptide samples were separated using a Waters 

HPLC system and a Hypersil octadecylsilane column from Sigma (4.6 by 250 mm; particle 
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size, 5 µm) as previously described (6, 7). Traces were spiked with purified muropeptides (88) 

by addition to the reduced muropeptide samples described above. 

To determine whether AcmA could hydrolyze small, soluble peptidoglycan fragments, 

peptidoglycan fragments released from B. subtilis peptidoglycan by Cellosyl were incubated 

with AcmA as described above. The sample was reduced with borohydride as described 

above and the muropeptides were resolved by RP-HPLC. 

 

 

Acknowledgements 
 

We would like to thank Kees Leenhouts for supplying L. lactis NZ9000 acmA∆1 ∆htrA and 

Abdel Atrih and Jonathan Hansen for technical assistance. AS was in part supported by a 

2001-1 FEMS Fellowship. 

A. Steen and G. Buist contributed equally to the completion of this work. 



 

 89

Chapter 4: 

 

 

Autolysis of Lactococcus lactis is increased 

upon D-alanine depletion of peptidoglycan 

and lipoteichoic acids 
 

Anton Steen, Emmanuelle Palumbo, Marie Deghorain, Pier Sandro Cocconcelli, 

Jean Delcour, Oscar. P. Kuipers, Jan Kok, Girbe Buist and Pascal Hols 

 

 
 
 
 
 
 
 
 
 
 
 

This chapter has been published in the Journal of Bacteriology (2005), 187:114-24. 



Chapter 4 
___________________________________________________________________________ 

90 



Autolysis of alr and dltD mutants of L. lactis 
___________________________________________________________________________ 

 91

Summary 

 

Mutations in genes encoding enzymes responsible for the incorporation of D-Ala into the cell 

wall of Lactococcus lactis affect autolysis. An L. lactis alanine racemase (alr) mutant is 

strictly dependent on an external supply of D-Ala to be able to synthesize peptidoglycan and 

to incorporate D-Ala in the lipoteichoic acids (LTA). The mutant lyses rapidly when D-Ala is 

removed at mid-exponential growth. AcmA, the major lactococcal autolysin, is partially 

involved in the increased lysis since an alr acmA double mutant still lyses, albeit to a lesser 

extent. To investigate the role of D-Ala on LTA in the increased cell lysis, a dltD mutant of L. 

lactis was investigated, since this mutant is only affected in the D-alanylation of LTA and not 

the synthesis of peptidoglycan. Mutation of dltD results in increased lysis showing that D-

alanylation of LTA also influences autolysis. Since a dltD acmA double mutant does not lyse, 

the lysis of the dltD mutant is totally AcmA dependent. Zymographic analysis shows that no 

degradation of AcmA takes place in the dltD mutant, whereas AcmA is degraded by the 

extracellular protease HtrA in the wildtype strain. In L. lactis, LTA has been shown to be 

involved in controlled (directed) binding of AcmA. LTA lacking D-Ala has been reported in 

other bacterial species to have an improved capacity for autolysin binding. Mutation of dltD 

in L. lactis, however, does not affect peptidoglycan binding of AcmA; neither the amount of 

AcmA binding to the cells, nor the binding to specific loci is altered. In conclusion, D-Ala 

depletion of the cell wall causes lysis by two distinct mechanisms. First, it results in an altered 

peptidoglycan that is more susceptible to lysis by AcmA and also by other factors, e.g. one or 

more of the other (putative) cell wall hydrolases expressed by L. lactis. Second, reduced 

amounts of D-Ala on LTA results in decreased degradation of AcmA by HtrA, which results 

in an increased lytic activity. 
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Introduction 
 
AcmA, the major autolysin of Lactococcus lactis MG1363, is responsible for stationary phase 

cellular lysis and is involved in cell separation of this organism (32). The enzyme consists of 

two domains: the N-terminal region contains an N-acetyl-glucosaminidase active site domain 

((32, 204)) whereas the C-terminal region contains three so-called LysM domains, with which 

it specifically binds to peptidoglycan of L. lactis and of other Gram-positive bacteria (205). 

Peptidoglycan, the major cell wall component in bacteria and the substrate of AcmA, consists 

of glycan strands crosslinked by peptide side chains. The peptide chain contains alternating L- 

and D-amino acids. D-Alanine (D-Ala) is incorporated into the peptidoglycan peptide moiety 

as a D-Ala-D-Ala dipeptide, where it is involved in crosslinking of adjacent peptidoglycan 

strands. In many bacteria alanine racemase is responsible for the synthesis of D-Ala from L-

Ala, the naturally occurring alanine isomer (236). Bacillus subtilis expresses at least one 

alanine racemase: Dal (56). A dal mutant is dependent on D-Ala supplementation to be able 

to grow in a rich medium; cells start to lyse in the absence of D-Ala (15, 56, 81). In minimal 

medium the mutant is D-Ala dependent when L-Ala is supplemented, suggesting that a 

second, L-Ala-repressible racemase is present (15, 56). Lactobacillus plantarum probably 

expresses only one alanine racemase, as an alr mutant is totally dependent on D-Ala for 

growth (84). D-Ala deprivation of an alr mutant of Lb. plantarum resulted in growth arrest, a 

rapid loss of cell viability and an aberrant cell morphology (155). Electron microscopy 

analyses showed that mainly the cell septum is affected in this mutant. Like Lb. plantarum 

alr, L. lactis alr is totally dependent on the addition of D-Ala to the growth medium (85), 

when D-Ala was removed from the growth medium when the cells were in exponential 

growth phase L. lactis alr growth was impaired and the culture started to lyse (75). The alr 

gene was used as a food-grade plasmid selection marker in the alr mutants of Lb. plantarum 

and L. lactis, complementing the D-Ala auxotrophy (28). Moreover, the alr mutants of Lb. 

plantarum and L. lactis were used in a mucosal vaccination study, in which these two mutants 

were shown to enhance the mucosal delivery of the Tetanus toxin Fragment C (TTFC) model 

antigen in mice (75). 

Although peptidoglycan covers the whole surface of L. lactis, AcmA binds to lactococcal 

cells at specific loci, namely around the poles and septum of the cell, exactly those places 
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where cell lysis has been shown to start (138, 205). Trichloroacetic acid treatment of cells 

causes binding of AcmA over the whole cell surface. Lipoteichoic acid (LTA) is a candidate-

hindering component that is removed by this treatment, as it seems to be present in L. lactis at 

those positions where AcmA is not able to bind (205). LTA is a secondary cell wall polymer 

suggested to be involved in the control of autolysin activity (17, 58), in determining the 

electrochemical properties of the cell wall (153), in establishing a magnesium ion 

concentration (4, 83, 92, 116), and in determining the physicochemical properties of the 

cytoplasmic membrane (78). LTA can be modified by various compounds, such as glycosyl 

residues (58) and D-Ala esters (3).  

In Gram-positive bacteria, the products of the dlt operon are involved in D-alanylation of 

LTA. The operon comprises four genes: dltA, encoding D-alanine:D-alanine carrier protein 

ligase (Dcl), the product of which is an activated D-Ala; dltC, specifying the D-alanyl-carrier 

protein (Dcp); dltB, which encodes a putative transmembrane protein involved in the secretion 

of the activated D-alanine; and dltD, encoding a protein that facilitates the binding of Dcp and 

Dcl for ligation with D-Ala and has thioesterase activity for mischarged D-alanyl-acyl carrier 

proteins (48, 103, 145). A link between D-alanylated LTA and autolysin activity has been 

reported earlier: Autolysis of B. subtilis dltA, dltB, dltC or dltD mutants was enhanced and the 

bacteria were more susceptible to methicillin, which resulted in accelerated cell wall lysis, a 

faster loss of cell viability and a slower recovery of the cells in the post-antibiotic phase (233). 

Furthermore, the absence of D-Ala in LTA of a dltB as well as a dltD mutant of B. subtilis 

causes an increase in the net negative charge of the cell wall, resulting in an increase in the 

rate of post-translational folding of some exported proteins (95). In the absence of D-

alanylation, the yield of secreted recombinant anthrax protective antigen was increased 2.5-

fold (212). B. subtilis cell growth, basic metabolism, cellular content of phosphorus 

containing compounds, cell separation and surface charge were not altered (233). Insertional 

mutagenesis in the dlt operon of Staphylococcus aureus resulted in methicillin resistance and 

an increased autolysis (140). In L. lactis subsp. lactis IL1403 the dlt operon comprises four 

genes: dltA, dltB, dltC and dltD (21). An L. lactis dltD mutant was obtained by random 

insertion mutagenesis and screening for UV-sensitive mutants (52). Apart from its UV-

sensitivity, the dltD mutant was characterized by having a lower plasmid transfer rate during 

conjugation and it was possible to make the mutant electrocompetent without addition of 
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glycine to the growth medium (52). Insertion mutagenesis of dltA of L. lactis resulted in 

secretion defects of the staphylococcal nuclease, which was used as a reporter for secretion. 

The secretion defect is most probably caused by an entrapment of the reporter protein in the 

cell wall, which could be the result of interaction of the positively charged nuclease with the 

expected negatively charged cell wall of the dltA mutant (148). 

In this paper we show that mutations in the alr and dltD genes of L. lactis differentially affect 

autolysis and we investigate the role of the major autolysin AcmA therein. 
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Results 

Mutation of alr in L. lactis increases autolysis. 

The stable isogenic L. lactis NZ3900 alr deletion mutant L. lactis PH3960 (∆alr) is only able 

to grow when D-Ala is present in the growth medium (75, 85). When D-Ala is removed from 

the growth medium in exponential phase by washing the culture with fresh medium and 

resuspending the culture in medium without D-Ala, the growth of L. lactis PH3960 (∆alr) is 

impaired and cell lysis starts ((75)  and see Fig. 1A). Depletion of D-Ala did not affect L. 

lactis NZ3900 with respect to growth and autolysis. L. lactis PH3960 (∆alr) behaved like the 

control strain L. lactis NZ3900 in the presence of D-Ala (Fig. 1A).  

When glycine is added to the growth medium, it will be incorporated in the peptidoglycan in 

place of D-Ala, affecting the peptidoglycan crosslinking and resulting in a destabilized cell 

wall (79). Indeed, when glycine was added to the growth medium, more lysis was observed 

than when no glycine was added, both for the wildtype L. lactis NZ3900 and for strain 

PH3960 (∆alr) (Table 1). However, strain PH3960 (∆alr) is more sensitive to glycine and 

lyses to a greater extent than strain NZ3900, even when grown in the presence of D-Ala 

(Table 2). When D-Ala is depleted, addition of glycine (1% as well as 2%) increases the lysis 

of strain PH3960 (∆alr); lysis of strain PH3960 (∆alr) under these conditions was almost 

complete after 22 h, as evidenced by a very low OD600 (Table 1). To examine whether 

osmotic stabilizers could reduce lysis of L. lactis PH3960 (∆alr), sodium chloride or sucrose 

were added at 0.5 M during D-Ala starvation. An effect on lysis was observed, as the OD600 

of the cultures grown in the presence of the osmotic stabilizers was higher than when no 

osmotic stabilizers were present (Fig. 1B). Protoplast formation was observed in the presence 

of 0.5M NaCl after D-Ala starvation using a light microscope (data not shown). The 

morphology of strain PH3960 (∆alr) during D-Ala starvation was studied using transmission 

electron microscopy; a thinner septum cell wall compared to the wildtype (compare Fig. 2A 

and 2B) and, occasionally, holes were observed in the septal region (Fig. 2C). 

The major autolysin AcmA of L. lactis MG1363 binds around the septal region of the cell 

(205). To study the possible involvement of AcmA in the lysis of L. lactis PH3960 (∆alr), an 

isogenic acmA alr double mutant was constructed. In the absence of D-Ala, L. lactis GB3960 

(∆alr, acmA∆1) still lyses and releases intracellular proteins into its medium, albeit to a much  
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Figure 1. Effect of D-Ala depletion on growth and lysis of L. lactis PH3960. 

A: Growth and lysis, as measured by following the OD600, of L. lactis strains NZ3900 (control) and PH3960 

(∆alr) in the presence and absence of D-Ala. The strains were grown in GM17 supplemented with 2 mM D-

Ala until an OD600 of 0.6 was reached. Subsequently, the cultures were split: one half was grown in GM17 

with 2 mM D-Ala while the other half was grown without D-Ala.  

B: Growth and lysis of PH3960 (∆alr) after D-Ala depletion and in the presence of 0.5 M sucrose or 0.5 M 

NaCl. Similar results were obtained in independent experiments. 

In both A and B the identity of the curves is given in the inserts. 
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Table 1: Effect of glycine on lysis of L. lactis NZ3900 (control) and L. lactis PH3960 (∆alr) in the presence or 

absence of 2 mM D-Ala. Strains were grown until an OD600 of 0.5 was reached, after which the cultures were 

split in two, centrifuged, washed once with an equal volume of fresh medium and resuspended in fresh medium. 

D-Ala (2 mM) and/or glycine (1% or 2%) were added and growth was followed during 22 hrs.  

 

 

 

 

 

 

 

Table 2: Cell wall and septum thickness (nm) of the strains used in this study.  Measurements on L. lactis 

NZ3900 (control), L. lactis MG1363acmA∆1, L. lactis MG1363 (dltD) and L. lactis MG1363 (dltD, acmA∆1) 

were performed on exponentially growing cells. L. lactis PH3960 (∆alr) and L. lactis GB3960 (∆alr, acmA∆1) 

were depleted for D-Ala for 5 hrs before measurements were performed. 

For measurement the Standard Deviations are given. 

 
strain Cell wall Septum 

MG1363 39.9 +/-   8.5 51.9 +/- 3.8 
MG1363acmA∆1 34.8 +/- 11.6 33.2 +/- 4.5 
MG1363 (dltD) 29.4 +/-   3.9 55.4 +/- 3.0 
MG1363 (dltD,acmA∆1) 29.0 +/-   2.0 37.8 +/- 3.1 
PH3960 (∆alr) 32.6 +/-   8.9 43.8 +/- 2.9 
GB3960 (∆alr, acmA∆1) 33.9 +/-   6.5 33.3 +/- 0.8 

 

 

lesser extent than strain PH3960 (∆alr) (Fig. 3). After 20 h of D-Ala starvation, the OD600 of 

strain GB3960 (∆alr, acmA∆1) was approximately 2 times higher (Fig. 3) than that of strain 

PH3960 (∆alr). Total protein release from strain GB3960 (∆alr, acmA∆1) is 2 times lower 

than that from strain PH3960 (∆alr) upon D-Ala starvation (Fig. 3). In an acmA∆1 mutant of 

L. lactis MG1363, the isogenic parent of all strains used in this study, neither lysis nor an 

OD600 decrease were observed (see Fig. 4A) (32).  

Strain  % 
glycine 
added 

% of maximum OD600  

  + D-Ala -D-Ala 
NZ3900 0 98 94 
NZ3900 1 94 97 
NZ3900 2 89 84 

PH3960 (∆alr) 0 99 30 
PH3960 (∆alr) 1 83     5.7 
PH3960 (∆alr) 2 60      5.9 
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The thickness of the septum and cell wall (excluding septum) of the mutant strains were 

measured. Global cell wall thickness of strains PH3960 (∆alr) and GB3960 (∆alr, acmA∆1) 

are not affected by the absence of D-Ala. The septum of strain PH3960 (∆alr) is a bit thinner 

than that of strain NZ3900. Strain GB3960 (∆alr, acmA∆1) has a thinner septum than strain 

PH3960 (∆alr), which is an effect of the absence of AcmA (Table 2 and see below).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Effect of D-Ala depletion on 

the cell integrity. 

A: Electron microscopy image of L. 

lactis NZ3900 in stationary phase.  

B: Electron microscopy image of L. 

lactis PH3960 (∆alr) after 5 hrs of D-

Ala depletion. Arrows show the thinner 

cell wall around the septum. 

C: Electron microscopy image of L. 

lactis PH3960 (∆alr) after 2 hrs of D-

Ala depletion. The white rectangle 

shows where release of cytoplasmic 

material occurs. 
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A mutation in dltD affects growth and autolysis of L. lactis. 

A mutation in alr affects both peptidoglycan synthesis and LTA decoration with D-Ala, while 

a mutation in dltD only affects decoration of LTA with D-Ala (144). In L. lactis MG1363 the 

organization of dltA, dltB, dltC and dltD and their surrounding genes is identical to that in L. 

lactis IL1403. L. lactis MG1363 dltD was obtained by insertion of ISS1 in the dltD gene (52) 

and this mutant was used to investigate the effect of changes in LTA on AcmA activity. 

Growth and lysis of L. lactis MG1363 (dltD) were followed in time (Fig. 4A). L. lactis 

MG1363 (dltD) grows slower and lyses to a greater extent than strain MG1363, releasing 

more intracellular protein in the culture supernatant when stationary phase is reached, as 

attested by an increase in the supernatant of activity of the cytoplasmic enzyme lactate 

dehydrogenase (Fig. 4A).  

As the mutation in dltD clearly affects autolysis, the role of AcmA in this phenomenon was 

investigated by constructing an isogenic dltD acmA double mutant. Growth and lysis of L. 

lactis strains MG1363acmA∆1 and MG1363 (dltD, acmA∆1) are similar and no proteins are 

released (Fig. 4A), which is a clear indication that AcmA is responsible for the increased lysis 

of MG1363 (dltD). L. lactis MG1363 (dltD) is more sensitive to incubation with Triton X-100 

(a lysis inducer) than L. lactis MG1363 (dltD, acmA∆1) (Fig. 4B). The OD600 of L. lactis 

MG1363 (dltD) drops dramatically in the first 30 min of incubation compared to the control 

Figure 3: Growth (OD600, continuous 

lines) and release of cytoplasmic proteins 

(dashed lines) by L. lactis PH3960 (∆alr) 

and L. lactis GB3960 (∆alr, acmA∆1). The 

two strains were grown in GM17 medium 

with 2 mM D-Ala until exponential phase 

after which D-Ala was removed from the 

growth medium by centrifugation and cells 

were resuspended in fresh GM17 broth 

without D-Ala.  
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strain L. lactis NZ3900 and more proteins are released into the supernatant. Only limited lysis 

is observed for strains MG1363 (dltD, acmA∆1) and MG1363acmA∆1 with low amounts of 

proteins being released under these circumstances. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. A: Effect of AcmA on growth and lysis of L. lactis NZ3900, MG1363acmA∆1, MG1363 

(dltD) and MG1363 (dltD, acmA∆1). The OD600 of GM17 cultures of L. lactis was followed for 24 hrs 

(continuous lines). Lactate dehydrogenase release in culture supernatant of the same strains was 

measured at t=7 and t=22 hrs (dashed lines). The data are from a single experiment that was 

representative of two independent analyses in which similar results were obtained. 

B: Effect of TritonX-100 on lysis of cell suspensions of L. lactis NZ3900 (control), MG1363 acmA∆1, 

MG1363 (dltD) and MG1363 (dltD, acmA∆1). Cells were harvested, washed, resuspended in phosphate 

buffer supplemented with 0.05 % Triton X-100 and incubated at 37°C. The OD600 of the cell 

suspensions was followed for 5 hrs (continuous lines). Total protein release in the supernatant of the 

cell suspensions was measured at t=0, t=0.5 and t=5 hrs (dashed lines). The data are from a single 

experiment that was representative of two independent analyses in which similar results were obtained.
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The mutation of dltD does not affect septum and cell wall thickness (Table 2) and cell shape 

(not shown). By contrast, the septa of L. lactis MG1363acmA∆1 and L. lactis MG1363 (dltD, 

acmA∆1) are thinner than that of L. lactis NZ3900. Apparently, AcmA is involved in the 

synthesis of the septum.  

 

AcmA binding to dltD mutant cells is not affected. 

AcmA has to bind to the peptidoglycan of the lactococcal cell wall to be able to lyse the cell 

(205). It is an enzyme with a high pI of approximately 10 and is, therefore, positively charged 

at the pH of the medium (pH 6.8). During growth of L. lactis the pH drops due to the 

production of lactate. L. lactis MG1363 (dltD) contains a 5-fold reduced amount of D-Ala on 

its LTA compared to MG1363 (5.8 %, D-Ala:GroP ratio in L. lactis MG1363 (dltD) 

compared to 28.5 %,D-Ala:GroP ratio in L. lactis MG1363, N. Kramer, S. Morath, T. 

Hartung, E.J. Smid, E. Breukink, J. Kok, and O.P. Kuipers, Nisin-resistance in Gram-positive 

bacteria results in major changes in lipoteichoic acid and an increase in septum thickness, 

manuscript in preparation) 

LTA of D-Ala depleted L. lactis MG1363 (dltD) is expected to have an increased net negative 

charge, which could possibly allow this mutant to bind, via electrostatic interactions, more 

AcmA at the pH of the medium than the wildtype strain. To investigate whether an increase in 

binding of AcmA could explain the increase in lysis of L. lactis MG1363 (dltD), equal 

amounts of exponential phase cells of L. lactis MG1363acmA∆1 and L. lactis MG1363 (dltD, 

acmA∆1) were mixed with an AcmA-containing supernatant of an L. lactis MG1363 culture. 

After mixing, the cell-AcmA suspensions were centrifuged and the supernatants, containing 

non-bound AcmA, were mixed with M. lysodeikticus autoclaved cells. The resulting decrease 

in OD600 was taken as a measure of the amount of AcmA present in the supernatants with the 

original AcmA-containing supernatant set at 100%. Equal amounts of AcmA bound to the 

cells of L. lactis MG1363 (dltD, acmA∆1) and L. lactis MG1363acmA∆1 (Table 3), and lysis 

of both strains, as was measured by the release of the intracellular marker enzyme PepX, was 

the same (results not shown). 

AcmA binds with its C-terminal domain (cA) to specific loci on the lactococcal cell surface, 

namely around the septum and at the poles of the cell (205). To examine whether a mutation 

in dltD affects the localization of AcmA and, consequently, influences its activity,  
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Table 3: Quantification of AcmA-binding to L. lactis MG1363acmA∆1 and L. lactis MG1363 (dltD, acmA∆1). 

The percentage of AcmA activity from 1 ml supernatant samples that bound to cells from 1 ml culture samples 

was determined as described in Materials and Methods. Samples containing AcmA were incubated with M. 

lysodeikticus cells for 30 min. Similar results were obtained in independent experiments. 

 

 

 

 

___________________________________________________________________________ 

 

immunofluorescence studies were performed. The MSA2cA protein, which is a fusion of the 

reporter protein MSA2 of the malaria parasite Plasmodium falciparum and the cA domain of 

AcmA (205), bound to the same loci on the cell surface of strains MG1363 (dltD, acmA∆1) 

and MG1363acmA∆1 (Fig 5), indicating that the distribution of AcmA over the cell surface is 

not altered by the inactivation of dltD. Western hybridization analysis with MSA2-specific 

antibodies showed that equal amounts of MSA2cA were bound to cells of L. lactis 

MG1363acmA∆1 and L. lactis MG1363 (dltD, acmA∆1) (Fig. 5A).  

 

A dltD mutation reduces the breakdown of AcmA 

From studies in B. subtilis, it is known that D-alanylation of LTA affects the stability and 

breakdown of several heterologous proteins (95). To examine whether the stability of AcmA 

of L. lactis is affected by a mutation in dltD, supernatants of stationary phase cultures of L. 

lactis strains MG1363 and MG1363 (dltD) were analyzed on a zymogram containing M. 

lysodeikticus cell wall fragments (Fig. 6). Next to mature AcmA several smaller bands of 

activity of breakdown products of AcmA were observed in the supernatant of L. lactis 

MG1363, as was previously published (32). In the supernatant of L. lactis MG1363 (dltD) 

only full-size AcmA was detectable.  

 

 

 

 

 

Cells added OD600 reduction Bound AcmA 
activity (%) 

No cells 0.053 0 
MG1363acmA∆1 0.032 40 

MG1363 (dltD, acmA∆1) 0.031 42 
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Figure 5: A: MSA2cA binding to cells. Equal amounts of cells of overnight cultures of  L. lactis strains 

MG1363acmA∆1 and MG1363 (dltD, acmA∆1) were mixed with MSA2cA, a fusion protein consisting of the 

Plasmodium falciparum protein MSA2 and the C-terminal cell wall binding domain of AcmA. The suspensions 

were incubated for 5 min and centrifuged. The cells were washed once and cell-bound protein was visualized using 

western-hybridization with anti-MSA2 antibodies. Lane 1: MSA2cA bound to L. lactis MG1363 (dltD, acmA∆1), 

lane 2: MSA2cA bound to L. lactis MG1363acmA∆1. 

B: Localization of MSA2cA on the cell surface of L. lactis. MSA2cA was visualized on cells of L. lactis strains 

MG1363acmA∆1 and MG1363 (dltD, acmA∆1) by immunofluorescence microscopy using anti-MSA2 antibodies 

and a fluorescently labeled secondary antibody. 

Figure 6: Zymographic analysis of AcmA activity in the supernatant of L. lactis MG1363 and L. lactis 

MG1363 (dltD) after culturing for 16 h or 48 h in G1/2M17 at 30°C. dAcmA: breakdown products of AcmA, 

generated by the protease HtrA. 

 



Chapter 4 
___________________________________________________________________________ 

104 

Discussion 
D-Ala is essential for L. lactis: an L. lactis alr mutant, which does not synthesize D-Ala from 

L-Ala, starts to lyse upon D-Ala depletion. This mutant is expected to be defective in cross-

linking of the glycan strands, necessary for the rigid structure of peptidoglycan, since D-Ala 

in the disaccharide pentapeptide precursor of peptidoglycan plays an important role in the 

cross-linking process. In addition, D-alanylation of the LTA in this mutant will be affected 

since this process also depends on the formation of D-Ala from L-Ala. In an analysis of the 

lysis of the alr mutant, we show that cell lysis increases when glycine is added to the growth 

medium, even in the presence of D-Ala, showing that glycine and D-Ala compete: it has been 

shown that during the biosynthesis of the peptidoglycan precursor (disaccharide 

pentapeptide), glycine can replace D-Ala in e.g. Lb. plantarum and S. aureus (79). While L. 

lactis Alr+ is able to synthesize D-Ala from L-Ala, the L. lactis alr mutant depends on the D-

Ala that is added to the culture growth medium. When the D-Ala concentration becomes 

limiting for the alr mutant, the glycine incorporation into the peptidoglycan will increase. The 

alr mutant of L. lactis is therefore more sensitive to the addition of glycine than L. lactis Alr+. 

Analysis of L. lactis cell morphology using electron microscopy confirms that mutation of alr 

affects cell wall synthesis; cell wall defects are observed, mainly in the septal region of the 

cell. The major autolysin AcmA is involved in cell separation and has been shown to bind and 

act in this region (205). We show here that, indeed, AcmA is involved in the increased lysis of 

L. lactis (alr). To our knowledge, this is the first time that an autolysin is shown to be directly 

involved in the lysis of mutants defective in peptidoglycan precursor biosynthesis.  

The lysis observed in the alr mutant is not fully AcmA-mediated: an L. lactis alr acmA 

double mutant still lyses, albeit to a lesser extent than L. lactis alr. Other factors, e.g. the 

activity of one or more other cell wall hydrolases, could be involved. Indeed, genes for 3 

homologues of AcmA (AcmB, AcmC and AcmD) and a putative lytic endopeptidase (YjgB) 

are present in the genome of L. lactis (21), and recently activity of these peptidoglycan 

hydrolases has been shown in vitro (90). AcmB has autolytic activity, since an acmB mutant 

of MG1363 lyses to a lesser extent than its parent (91). Lytic activity of AcmB, however, 

depends on the presence of AcmA as MG1363 (acmA∆1, acmB) lyses to the same extent as 

MG1363acmA∆1 (91). AcmB is, therefore, not expected to be involved in the lysis of L. lactis 

GB3960 (∆alr, acmA∆1) observed in this study.  



Autolysis of alr and dltD mutants of L. lactis 
___________________________________________________________________________ 

 105

Since mutating alr will not only affect peptidoglycan synthesis but also the D-alanylation of 

LTA, we also investigated whether a reduction of the D-alanyl substitution level of LTA 

could stimulate autolysis. A dltD mutant of L. lactis was examined with respect to lysis 

behavior, since a mutation in the dlt operon is expected to affect only the D-alanylation of 

LTA, and not the peptidoglycan cross-linking (144).  

D-Ala substitution on LTA is strongly reduced in the dltD mutant of L. lactis; a 5-fold 

reduced amount of D-Ala on its LTA compared to the wildtype L. lactis MG1363 is observed 

(5.8 %, D-Ala:GroP ratio for the dltD mutant compared to 28.5 %,D-Ala:GroP ratio for the 

wildtype strain, N. Kramer, S. Morath, T. Hartung, E.J. Smid, E. Breukink, J. Kok, and O.P. 

Kuipers, Nisin-resistance in Gram-positive bacteria results in major changes in lipoteichoic 

acid and an increase in septum thickness, manuscript in preparation). We show here that this 

strong reduction in D-Ala substitution on LTA results in increased lysis of L. lactis. Also a 

slower growth rate of the mutant is observed. The same phenomena have been observed in B. 

subtilis (233). A dltD acmA double mutant of L. lactis does not lyse anymore and growth is 

completely restored; the increased lysis and the effect on growth of L. lactis MG1363 (dltD) 

are, therefore, dependent on the presence of AcmA. LTA lacking D-Ala substitutions is 

expected to be more negatively charged. Fischer et al. (58) have reported in S. aureus that 

acidified LTA, due to a lack of D-Ala, has an improved capacity for binding of the S. aureus 

autolysin. The possibility that the increased lysis of L. lactis (dltD) was the result of increased 

binding of AcmA to the cell wall was investigated, since autolysins, including Atl of S. 

aureus and AcmA are positively charged enzymes. Mutation of dltD in L. lactis, however, did 

not influence the binding of AcmA: similar amounts of AcmA bound to cells of L. lactis 

MG1363acmA∆1 and L. lactis MG1363 (dltD, acmA∆1), and the binding was at the same loci 

in both strains. Also lysis of both strains upon external addition of AcmA was identical; 

indicating that lysis activity of AcmA remained unchanged and is not influenced by D-

alanylation of LTA. In a previous study (205) we have shown that LTA is likely to be 

involved in hindering of AcmA binding to cells. Since D-Ala on LTA has no effect on AcmA 

binding, the present study allows concluding that D-Ala on LTA is not involved in hindering 

AcmA binding.  

Although the quantity and location of AcmA binding are not affected in L. lactis (dltD), the 

strain lyses to a higher extent than its parent. Cell wall and septum thickness are not affected 
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by the dltD mutation, occluding the possibility that the lysis increase of L. lactis (dltD) is a 

consequence of a thinner cell wall. On the other hand, a direct correlation between mutation 

of AcmA and a thinner septum was observed, indicating that AcmA is important for the 

development of a normal septum.  

The cell wall of L. lactis MG1363 (dltD) does seem to be weaker than that of the wildtype 

strain: when lysis is induced with Triton X-100, L. lactis MG1363 (dltD) lyses to a greater 

extent than its parent. Triton X-100 induced lysis of L. lactis MG1363 (dltD, acmA∆1) and L. 

lactis MG1363acmA∆1 is of the same low level. Incubation of stationary phase cells of L. 

lactis MG1363acmA∆1 or L. lactis MG1363 (dltD, acmA∆1) with AcmA does not result in 

increased lysis of the double mutant, which indicates that AcmA, only when expressed in L. 

lactis MG1363 (dltD) during growth, results in a weaker cell wall.  

D-alanylation of LTA has been shown previously to be an important factor in the stability of 

secreted proteins: a dlt mutant of B. subtilis showed an increase in the rate of post-

translational folding of exported proteins, especially those proteins that are susceptible to 

proteolytic degradation (95). In the absence of D-alanylation, the yield of secreted 

recombinant anthrax protective antigen was increased 2.5-fold (212). The protease that is 

involved in this phenomenon has not been identified. Here we show that in L. lactis a 

mutation in the dltD gene also stabilizes a secreted protein, i.e. AcmA. Zymographic analysis 

of AcmA activity in supernatants of L. lactis MG1363 and its dltD mutant revealed that HtrA-

mediated breakdown of AcmA (163), which can be seen in MG1363, is not detectable in the 

mutant.  

L. lactis HtrA cleaves AcmA in the C-terminal peptidoglycan-binding domain (30, 163). The 

AcmA breakdown products are still active (see Fig. 6), but will bind less strongly to the 

lactococcal cell wall and, as a consequence, they have a lower lytic ability ((30, 204)). HtrA 

degradation of AcmA could be a way for the cell to modulate the activity of this potentially 

lethal enzyme. This control mechanism on AcmA-activity is absent in L. lactis (dltD) and 

could result in the weakening of the peptidoglycan sacculus by the hydrolytic action of 

AcmA, resulting in increased lysis.  

The mutation in dltD could influence the stability of AcmA in two ways. First, HtrA activity 

could be decreased by the altered physicochemical properties of the cell wall. Second, since 

folded proteins are expected to be less prone to degradation by HtrA, the folding of AcmA 
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could be faster, due to the proposed increase of cation concentration in the cell envelope (92), 

a factor known to influence the folding rate of secreted proteins (95, 212). The exact 

mechanism in the case of AcmA is unknown.  

Interestingly, B. subtilis expresses autolysins which contain peptidoglycan binding domains 

homologous to that of AcmA (127, 128), as well as homologues of HtrA (146, 147). It would 

be interesting to investigate the role of HtrA in the stability of autolysins and other secreted 

proteins in dlt mutants of B. subtilis, as it is known that mutation in the dlt operon increases 

cell lysis in B. subtilis (233), 

In conclusion, whereas in the dltD mutant the increased lysis is caused by an effect of reduced 

D-alanylation levels of LTA on HtrA activity, cell lysis of the alr mutant of L. lactis is likely 

a combined effect of a defective peptidoglycan synthesis and a reduced D-alanylation level of 

LTA (see Fig. 7 for a schematic representation of the conclusions). Since a dltD acmA double 

mutant of L. lactis does not lyse, D-alanylation of LTA only affects cell lysis when AcmA is 

expressed; D-alanylation of LTA is therefore not involved in the observed lysis of the alr 

acmA double mutant. The lysis of this double mutant is most likely caused by the defective 

peptidoglycan synthesis, which makes the cell wall more sensitive to other factors, among 

which e.g. one or more of the (putative) cell wall hydrolases other than AcmA. 
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Figure 7: Schematic representation of the main conclusions of this paper. In L. lactis MG1363 (and, for that 

matter, L. lactis NZ3900) (panel A), AcmA (depicted with 'A' in the panels) hydrolyses peptidoglycan, 

resulting in cell lysis and subsequent protein release. AcmA is degraded by HtrA ('H') in the C-terminal 

domain which contains the LysM motifs (small black ovals). AcmA degradation results in a less active 

enzyme. Since no AcmA is present in the acmA mutant of L. lactis MG1363 (panel B), no lysis and protein 

release are observed for this strain. In the dltD mutant of L. lactis (panel C), the reduction of D-alanylation of 

LTA results in a strong reduction of degradation of AcmA by HtrA. As a result, increased cellular lysis and 

protein release are observed. When AcmA is deleted in this dltD mutant, no lysis is observed (not shown in 

this figure, but compare with panel B). An alr acmA double mutant, however, lyses, although AcmA is not 

present in this strain (panel D). The lysis of this strain is caused by an unknown factor. The high cellular lysis 

of the alr single mutant is most likely a combination of the reduced degradation of AcmA by HtrA, as shown 

in panel C and the AcmA-independent lysis as shown in panel D. 
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Experimental procedures 
Bacterial strains, plasmids, media and growth conditions. 

The bacterial strains and plasmids used in this study are listed in Table 4. 

L. lactis was grown at 30ºC in M17 broth (Difco Laboratories, Detroit, Mich.) or on two-fold 

diluted M17 (1/2M17) containing 0.5% glucose (GM17 or G1/2M17, respectively). When 

appropriate D-Alanine was added to 2 mM end concentration. For plasmid selection in L. 

lactis, chloramphenicol or erythromycin (Sigma-Aldrich, St. Louis, Miss.) were added (each 

to 5µg/ml). For plasmid selection in E. coli erythromycin or ampicillin (Sigma-Aldrich) were 

used at 100 µg/ml. 

 

Chemicals and enzymes. 

All chemicals used were of analytical grade and were, unless indicated otherwise, obtained 

from Merck (Darmstadt, Germany). Enzymes for molecular biology were purchased from 

Roche Molecular Biochemicals (Mannheim, Germany) and used according to the supplier’s 

instructions. 

 

DNA manipulations and transformation. 

Molecular cloning techniques were performed essentially as described by Sambrook et al. 

(177). Electrotransformation of E. coli and L. lactis was performed by using a gene pulser 

(Bio-Rad laboratories, Richmond, Calif.) as described by Zabarovsky et al. (244) and 

Leenhouts et al. (119), respectively. Mini-preparations of plasmid DNA from E. coli and L. 

lactis were obtained by the alkaline lysis method as described by Sambrook et al. (177) and 

Seegers et al. (189), respectively. PCR products were purified using the Roche High Pure 

PCR purification kit (Roche Molecular Biochemicals). 

 

Construction of an alanine racemase-deficient mutant and acmA knockouts in L. lactis. 

The suicide plasmid used to generate the alr disruption was constructed as follows. A 0.68-kb 

PCR product was amplified from MG1363 chromosomal DNA using primers derived from 

the L. lactis IL1403 genome sequence (LLALR3: 5'-

CCTGTCGAAAATATTTATAAAGCTG and LLALR4: 5'-

CGAGGATCCCCAAATTTCCGCATTAGGGTGAATATG [BamHI underlined]). This  
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Table 4: strains and plasmids used in this study  
strain or plasmid genotype or description reference 

L. lactis strains:   

MG1363 Plasmid-free and prophage-cured derivative of 

NCDO712 

(66) 

NZ3900 MG1363 derivative, used as wild-type control (�lacF 

pepN::nisRnisK) 

(46) 

PH3960 NZ3900 derivative carrying a deletion in alr (�alr) This study 

GB3960 PH3960 derivative carrying a deletion in acmA (�alr, 

acmA�1) 

This study 

MG1363acmA∆1 MG1363 derivative carrying a deletion in acmA 

(acmA�1) 

(32) 

MG1363 (dltD) MG1363 derivative carrying an ISS1 insertion in dltD 

(dltD::ISS1) 

(52) 

MG1363 (dltD, acmA∆1) MG1363 (dltD) derivative carrying a deletion in acmA 

(dltD::ISS1, acmA�1) 

This study 

NZ9000 MG1363 pepN::nisRK (112) 

NZ9700 Nisin producing transconjugant of NZ9000 containing 

the nisin-sucrose transposon Tn5276 

(111) 

Plasmids:   

   pINTAA Integration plasmid used for the introduction of a 701-

bp deletion in acmA; Emr 

(32) 

   pGIP011 PJDC9 derivative containing an internal fragment of 

alr from MG1363; Emr 

(85) 

   pGIP016 PGIP011 derivative containing an in frame deletion of 

alr from MG1363, Emr 

This study 

   pNG3041 Plasmid used for the nisin induced overexpression of 

MSA2cA; Cmr 

Lab collection 
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DNA fragment was restricted with PstI and BamHI and cloned into the corresponding sites of 

the pBLUESCRIPT SK+ (Stratagene GmbH, Heidelberg, Germany) plasmid. The DNA 

fragment was next recovered as a SalI-BamHI fragment and cloned into the corresponding 

sites of the suicide plasmid pGIP011 (described in (85)) to generate pGIP016. The resulting 

plasmid contains an in-frame deletion of the alr gene (30 nucleotides) resulting in the removal 

of the pyridoxal-P binding site of the Alr enzyme. The stable alr mutant was constructed by 

two successive crossover events. First-step integrant candidates of strain NZ3900 (isogenic to 

MG1363) resulting from a single crossover recombination of the pGIP016 suicide vector at 

the alr locus were selected on GM17 plates containing both erythromycin and D-Ala. Three 

D-Ala auxotroph candidates were obtained and were grown in GM17 (+ D-Ala) without 

erythromycin during 120 generations in order to allow excision of the plasmid through 

intrachromosomal recombination. 1500 colonies (GM17 + D-Ala) were examined by replica 

plating on GM17 containing both D-Ala and erythromycin or on GM17 without D-Ala. 27 

Erythromycin sensitive candidates were obtained, of which one was D-Ala auxotroph. This 

mutant strain (named PH3960) was retained for detailed phenotypic analysis following further 

validation by PCR amplification and Southern blotting (data not shown). 

The acmA deletion derivatives of L. lactis MG1363 (dltD) and L. lactis PH3960 (�alr) were 

obtained by replacement recombination with plasmid pINTAA, replacing acmA with the 

acmA∆1 gene which has an internal deletion, as described by Buist et al. (32). 

 

Enzyme assays and optical density measurements. 

AcmA activity was visualized on G½M17 agar plates containing 0.2% autoclaved lyophilized 

Micrococcus lysodeikticus 4698 cells (Sigma-Aldrich) as halos around L. lactis colonies after 

overnight growth at 30°C. 

X-prolyl dipeptidyl aminopeptidase (PepX) was measured as described by Buist et al. (33). 

Similar patterns were obtained in three independent experiments. Optical densities of cell 

cultures were measured in a Novaspec II spectrophotometer (Pharmacia, Uppsala, Sweden) at 

600 nm (OD600).  

To study lysis caused by AcmA, 1 ml of an overnight culture of L. lactis MG1363acmA∆1 or 

L. lactis MG1363 (dltD, acmA∆1) was mixed with 1 ml of AcmA-containing supernatant of 
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an overnight L. lactis MG1363 culture. After overnight incubation at 37˚C the amount of 

PepX released from the cells was measured as described above.  

Lactate dehydrogenase activity in the supernatant was determined using pyruvate as substrate 

as previously reported (85). Aliquots of the culture (1 ml) were withdrawn at various time 

points, cells were removed by centrifugation at 12,000 X g for 5 min and the supernatant was 

stored immediately at –20 °C until enzyme assays were performed. One unit of activity 

corresponds to the oxidation of 1µmol of NADH per min. Total protein concentration was 

measured with the BioradTM protein assay method (Biorad laboratories, Richmond). 

 

Triton X-100 induced lysis under non-growing conditions. 

The procedure of Triton X-100 induced lysis was performed as described previously (169) 

with the following modifications. Cells were grown in GM17 for 16 h at 30 °C, harvested by 

centrifugation (12,000 X g, 5 min, room temperature), washed three times with an equal 

volume of a Potassium-Sodium Phosphate (K-NaPO4) buffer (10 mM, pH 6.5) and 

resuspended in K-NaPO4 buffer (200mM, pH 6.5) containing 0.05 % Triton X-100 (vol/vol). 

The cell suspension was incubated at 37°C under agitation, and autolysis was monitored by 

the decrease in OD600 in time.  

 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE), AcmA zymograms and Western 

hybridization. 

L. lactis cell and supernatant samples were prepared as described before (33). AcmA activity 

was detected by a zymogram staining technique using SDS-PAA (12.5% or 17.5%) gels 

containing 0.15% autoclaved, lyophilized M. lysodeikticus ATCC 4698 cells as described 

before (32). The standard low range and prestained low and high range SDS-PAGE molecular 

weight markers of Bio-Rad were used as references. Proteins were transferred from SDS-PAA 

(10%) gels to PVDF membranes (Roche Molecular Biologicals) as described by Towbin et al. 

(216). MSA2 antigen was detected with 10.000-fold diluted rabbit polyclonal anti-MSA2 

antiserum (166), and HRPO-conjugated goat anti-rabbit secondary antibodies (Pharmacia) 

using the ECL chemiluminescent detection system and protocol (Amersham, Piscataway, 

USA). 
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Binding of MSA2cA and AcmA to L. lactis cells. 

Binding of the MSA2cA fusion protein was studied by growing L. lactis NZ9000 (pNG3041) 

at 30°C until an OD600 of 0.4 was reached. L. lactis NZ9000 (pNG3041) was induced with 

nisin by adding 1/1000 volume of the supernatant of the nisin producer L. lactis NZ9700, and 

incubated at 30˚C for 2 hrs. The cells of 1 ml of L. lactis MG1363acmA∆1 or L. lactis 

MG1363 (dltD, acmA∆1) culture were resuspended in 1 ml of supernatant of the induced L. 

lactis NZ9000 (pNG3041) culture. The suspensions were incubated for 5 minutes at room 

temperature and spun down after which the cells were washed with 1 ml of fresh ½M17 

medium and resuspended in 100 µl denaturation buffer (14). After boiling for 5 min the 

samples were subjected to SDS-(10%) PAGE followed by Western hybridization using anti-

MSA2 antibodies. Binding of AcmA to lactococcal cells was studied by mixing the cells of 1 

ml of an overnight culture of L. lactis MG1363acmA∆1 or L. lactis MG1363 (dltD, acmA∆1) 

with 1 ml of AcmA-containing supernatant of an L. lactis MG1363 culture. The suspensions 

were incubated for 5 min at room temperature and centrifuged. The supernatant (0.5 ml) was 

mixed with 0.5 ml of an M. lysodeikticus suspension (0.2% in 100 mM potassium phosphate 

buffer, pH 5.4). The OD600 of the suspensions was measured at t=0 and t=30 min. To 

determine the maximal amount of AcmA activity present in the MG1363 supernatant, 0.5 ml 

of L. lactis MG1363 supernatant was mixed with the M. lysodeikticus cells (control 

suspension). The ∆OD600 of the M. lysodeikticus suspensions with MG1363 supernatant 

preincubated with wildtype or mutant cells was calculated as a percentage of the ∆OD600 of 

the control suspension, resulting in the percentage of AcmA that did not bind to the cells. The 

unbound percentage was then subtracted from 100% to give the bound percentage. 

 

Immunofluorescence microscopy, electron microscopy and measurement of cell wall and 

septum thickness.  

Immunofluorescence studies to localize MSA2cA on the cell surface of L. lactis were 

performed as described before (205) using anti-MSA2 antibodies and Oregon green-labeled 

secondary antibody (Molecular Probes, Oregon). 

Samples for transmission electron microscopy (TEM) were prepared as follows. Cells (mid-

exponential or stationary phase) were harvested by low speed centrifugation (3,000 X g, 

5 min). The cells were washed twice in sodium cacodylate buffer (200 mM, pH 7.3), pre-fixed 
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in 2.5% (wt/vol) glutaraldehyde and fixed with 1% (wt/vol) OsO4. The samples were 

embedded in Epon resin (Fluka Chemie, Buchs, Switzerland) and thin sections were prepared 

using a Reichert-Jung Ultracut microtome (Milton Keynes, UK). The sections were stained 

with 4% (wt/vol) uranyl acetate and then with 0.4% (wt/vol) lead citrate, and examined with a 

JEOL JEE 1200 EXII electron microscope at 100 kV. Cell wall and septum thickness were 

measured using the software XL Docu v. 3.0 (Soft Imaging System GmbH, Munster, 

Germany). 
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Abstract 
When Lactococcus lactis is grown on a medium with galactose as the carbon-source, the 

culture lyses to a lesser extent in stationary phase than when it is grown on a medium 

containing glucose. Whereas expression of AcmA, the autolysin of L. lactis, is not influenced 

by the carbon-source, binding studies with a fusion protein consisting of the MSA2 protein of 

Plasmodium falciparum and the C-terminal peptidoglycan-binding domain of AcmA revealed 

that cells grown on galactose bind less AcmA than cells grown on glucose. Cells grown on 

glucose and galactose treated with trichloroacetic acid prior to AcmA binding, bind similar 

amounts of AcmA. In conclusion, growth on galactose changes the cell wall composition such 

that less AcmA is able to bind productively to the peptidoglycan, resulting in a decrease in 

cell lysis. 
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Introduction 

The autolysin AcmA is responsible for stationary phase lysis of Lactococcus lactis and is 

involved in cell separation of this bacterium (32). AcmA comprises two domains: an N-

terminal domain with N-acetyl glucosaminidase activity (204) and a C-terminal domain with 

three LysM Motif (LysM) modules (32). The enzyme binds to the peptidoglycan of the cell 

wall via these LysM domains. Although peptidoglycan is present all over the lactococcal cell 

surface, AcmA binding occurs only at specific sites, predominantly around the septum and 

poles of the cell (205). Binding of exogenously added AcmA occurs at the whole cell surface 

when cells are boiled in trichloroacetic acid (TCA) prior to AcmA addition. A cell wall 

component that can be extracted from the cell wall by the TCA treatment, possibly 

lipoteichoic acid (LTA), is involved in hindering of AcmA binding such that AcmA only 

binds at the mentioned sites (205). Indeed, for L. lactis SK110 it was shown that the LTA of 

this strain are present at those sites in the cell wall where AcmA does not bind. 

 

Growth of L. lactis on galactose results in lower stationary phase lysis than growth on 

glucose. 

Riepe et al. observed that, when the highly autolytic L. lactis strains CO and 2250 were 

grown on a medium containing lactose or galactose as the sole carbon source, the reduction of 

the OD600 during the stationary phase of growth was less than when the strains were grown in 

a medium containing glucose (171). To investigate the effect of growth on galactose on 

autolysis of L. lactis MG1363 (66), L. lactis MG1363 was grown in M17 medium (Difco 

Laboratories, Detroit, Mich.) supplemented with 0.5% glucose, 0.5% galactose or a 

combination of both sugars (0.25% of each sugar) for 48 hrs. The release of the intracellular 

enzyme X-prolyl dipeptidyl aminopeptidase PepX was taken as a marker for cellular lysis of 

the three different cultures by measuring the activity present in the culture supernatant as a 

function of time using the chromogenic PepX substrate Ala-Pro-pNA (Bachem 

Feinchemicalien AG, Bubendorf, Switzerland) in a spectrophotometric assay (33). 

Significantly lower PepX activities were measured in supernatants of cultures grown on 

galactose, compared to cultures grown on glucose after 25 and 48 hrs of growth (Fig. 1). 

When both sugars were present in equal amounts in the growth medium, an intermediate level 

of lysis was observed. Comparable results were obtained with L. lactis subsp. Lactis IL1403 
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(37) and L. lactis subsp. cremoris SK110 (194) (results not shown). PepX expression is not 

influenced by the carbon source, since cell extracts of cells grown on glucose or galactose 

contained equal amounts of PepX activity (results not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar amounts of AcmA were present in supernatants of cultures grown on glucose, 

galactose or on the sugar combination, as was attested with a zymogram assay (32). 

Supernatant samples of cultures grown on glucose and galactose were separated on SDS-PAA 

gels containing 0.2% M. lysodeicticus autoclaved cells (Sigma-Aldrich). AcmA was 

subsequently renatured by incubating the gel in a Tris-HCl buffer (pH 7.0) containing 1% 

Triton X-100. No differences in the clearing zones, resulting from AcmA activity, were 

observed between samples taken from cultures grown on glucose or galactose (results not 

shown). AcmA expression is, therefore, not influenced by the carbon-source and is not the 

cause of the observed reduced lysis. 

To further examine whether growth on glucose or galactose influences cell lysis by AcmA, 

the acmA mutant L. lactis MG1363acmA∆1 (32) was grown on glucose and the cells were 

mixed with supernatants from L. lactis MG1363 cultures grown on glucose, galactose or the 

sugar mixture. Lysis was determined by measuring the OD600 decrease of the cell suspensions 

and by measuring the amount of PepX in the supernatants after 96 hrs of incubation. Similar 

amounts of PepX were released in each case, independent of the supernatant used, confirming 

Figure 1: Lysis of L. lactis during growth on different carbon sources.  

L. lactis MG1363 was grown in M17 medium supplemented with 0.5% glucose, 0.5% galactose or 

a combination of 0.25% glucose plus 0.25% galactose, as indicated in the inset. Lysis was 

followed by measuring PepX activity (in Arbitrary Units) released into the culture supernatants 

after 25 and 48 hrs. Similar patterns were obtained in three independent experiments. 
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that similar amounts of AcmA are present in the supernatants of cultures grown on glucose 

and/or galactose (Table 1). Subsequently L. lactis MG1363acmA∆1 was grown on glucose, 

galactose or the mixture of both sugars until stationary phase. Cells were spun down and 

equal amounts of cells were mixed with the supernatant of overnight cultures of L. lactis 

MG1363 grown on glucose, galactose or the sugar mixture. Cell lysis was subsequently 

determined by measuring the amount of PepX released (Table 1). L. lactis MG1363acmA∆1 

grown on galactose released less PepX in the supernatant after incubation with AcmA than L. 

lactis MG1363acmA∆1 grown on glucose, independent of the source of AcmA. L. lactis 

MG1363acmA∆1 grown on a mixture of both sugars showed an intermediate extent of lysis. 

In conclusion, cells grown on galactose are less susceptible to lysis by AcmA than cells 

grown on glucose.  
 

Table 1: Lysis of L. lactis MG1363acmA∆1 grown on glucose and/or galactose* after incubation with L. lactis 

MG1363 supernatants 

C-source cells 
(MG1363acmA∆1) 

C-source supernatant 
(MG1363 culture) 

% lysis# (OD600 
decrease) +/- S.D. 

PepX release (A.U.) 
+/- S.D. 

Glucose Glucose 42+/-0.2 27+/- 0.2 
Glucose Galactose 42+/-0.4 30+/- 1.4 
Glucose Glucose/Galactose 44+/-1.7 31+/- 2.2 
Galactose Glucose 28+/-0.6 21+/- 0.9 
Galactose Galactose 30+/-1.0 22+/- 1.4 
Galactose Glucose/Galactose 29+/-2.0 23+/- 1.2 
Glucose/Galactose Glucose 32+/-2.0 24+/- 2.1 
Glucose/Galactose Galactose 35+/-0.4 25+/- 2.9 
Glucose/Galactose Glucose/Galactose 32+/-1.8 27+/- 2.9 

  
*Glucose concentration: 0.5%, galactose concentration: 0.5%, glucose/galactose: 0.25% of each 

# % lysis was determined using the formula (100%*OD600 96 hrs/maximum OD600 ) 

S.D.: Standard deviation 

A.U.: Arbitrary Units 

 

Cell separation is not affected by growth on galactose. 

AcmA is involved in cell separation of L. lactis (32). Microscopic analysis of the cultures 

grown on glucose or galactose shows that, with galactose as the carbon source, L. lactis 

MG1363 grows in slightly longer chains than when it is grown on glucose. After prolonged 

incubation, however, the average length of the chains is comparable to that of the chains in a 

culture grown on glucose (results not shown). To study cell separation further, L. lactis 
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MG1363acmA∆1 was grown on glucose or galactose and when the cultures reached stationary 

phase, an AcmA-containing supernatant from an overnight culture of L. lactis MG1363 was 

added to the cells. The typical long chains of L. lactis MG1363acmA∆1 (32), which are 

formed both upon growth on glucose or on galactose, were separated in short chains and 

single cells after treatment with the AcmA-containing supernatant (Fig. 2). Thus, cell 

separation does not seem to be influenced by growth on galactose.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Growth of L. lactis on galactose does not affect cell separation 

Typical pictures are shown for L. lactis MG1363acmA∆1 grown on glucose (top pictures) or galactose 

(bottom pictures). Cells were mixed with the supernatant of an overnight culture of L. lactis

MG1363acmA∆1 (-AcmA, left pictures) or L. lactis MG1363 (+AcmA, right pictures). The cells were 

incubated for 3 hrs and the chain length was visualized using a Zeiss light microscopewith and a Zeiss 

digital camera.  
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Binding of AcmA to cells grown on galactose is reduced. 

A deletion derivative of AcmA lacking the C-terminal peptidoglycan-binding domain is not 

able to lyse L. lactis in vivo (205), suggesting that peptidoglycan binding is important for 

activity of AcmA. To investigate whether binding of AcmA is involved in the decreased lysis 

of cells grown on galactose, binding studies were performed with the C-terminal domain of 

AcmA. For this purpose MSA2cA (205), a fusion of the human malaria parasite Plasmodium 

falciparum antigen MSA2 (166) and the C-terminal cell wall-binding domain of AcmA, was 

used. The protein was mixed with same amounts (according to the OD600 of the cultures) of L. 

lactis MG1363acmA∆1 cells grown on either glucose or galactose. After incubation for 5 min 

at room temperature the cells were spun down and the MSA2cA that fractionated with the 

cells was analysed using Western hybridisation with anti-MSA2 antibodies (166). As shown 

in Fig. 3A less MSA2cA bound to the cells grown on galactose compared to cells grown on 

glucose. The same is true for the cell walls isolated from these cells: cell walls from 

galactose-grown cells bind less MSA2cA (Fig. 3B). However, when the cell walls were first 

boiled in TCA, a treatment that increases the MSA2cA binding efficiency (205), the cell walls 

of the cells of both cultures bound equal amounts of MSA2cA (Fig. 3B). This result indicates 

that the difference in binding, effectuated by the AcmA cell wall–binding domain, is caused 

by a difference in a hindering carbohydrate component, most likely LTA, which is removable 

by TCA treatment, and not by a difference in peptidoglycan structure in cells grown on 

galactose.  

 

 

 

 

 

 Figure 3: Effects of growth of L. lactis on different carbon-sources on the binding of AcmA 

A: MSA2cA binding to lactococcal cells grown on glucose or galactose. Equal amounts of L. lactis 

MG1363acmA∆1 cells grown on glucose or galactose (as calibrated from the OD600 of the cultures) were mixed 

with equal amounts of MSA2cA (205), incubated at room temperature for 5 min and pelleted. The pellets (cell 

bound MSA2cA fraction) were analyzed by Western hybridization (216) using anti-MSA2 antibodies (166). d: 

degradation product of MSA2cA which is able to bind to the cells (still containing LysM domains). 

B: MSA2cA binding to cell walls isolated from cells grown on glucose or galactose. Equal amounts of cell walls, 

isolated as described by Steen et al. (205) were boiled in water (lanes marked with –TCA) or in 10% TCA (lanes 

marked +TCA) and used for an MSA2cA binding assay as described in panel A. 
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In conclusion, growth of L. lactis on galactose changes the carbohydrate structure or the 

amount of this component in the cell wall such that AcmA binding is decreased compared to 

growth on glucose, resulting in decreased cellular lysis. This decreased AcmA binding does 

not result in reduced cell separation in stationary phase, since cells grown on galactose still 

separated (see above). Electron microscopy analysis of the acmA mutant of L. lactis MG1363 

showed that the cells of this strain are connected via peptidoglycan bridges with a density 

different from that of the cell wall itself (G. Buist, unpublished). These peptidoglycan bridges 

seem to be hydrolyzed by AcmA during cell separation, since separating, wildtype L. lactis 

cells do not show this structure. The chemical composition of this bridge is apparently not 

influenced by growth on galactose, in contrast to the chemical composition of the cell wall 

itself.  From an earlier study it is known that LTA are not present at the poles and septum of 

the lactococcal cell (205). As a consequence of this, AcmA is only present at the poles and 

septum of the cell (205). Growth on galactose could change the chemical composition of the 

lactococcal cell wall. L. lactis uses the Leloir pathway to metabolize galactose (77). Via the 

same Leloir pathway UDP-glucose and UDP-galactose are formed from galactose and/or 

glucose. The UDP-sugars are, besides intermediates in the degradation of galactose to lactate, 

building blocks of the cell wall sugars (e.g. in neutral polysaccharides and as substitutions of 

LTA) (49). We presume that growth of L. lactis on galactose leads to differences in the 

amounts or the ratio of UDP-glucose and UDP-galactose available for use in these cell wall 

components, but not in peptidoglycan, relative to growth on glucose. As a result, the amount 

or composition of the AcmA-binding hindering component in the cell wall, most likely LTA, 

may be changed such that less AcmA is able to bind to the cell wall. Since LTA are not 

present at the septum and the cell poles, cell separation is not influenced by growth on 

galactose. The validity of this assumption should be tested by chemical analysis of the cell 

walls of cells grown on glucose or galactose to reveal these differences.  

LTA are, besides substituted with sugars, also substituted with D-Alanine in L. lactis. 

Recently it has been shown that D-alanylation of LTA influences autolysis in L. lactis: an L. 

lactis mutant, which has reduced levels of D-Alanine on its LTA, lyses more than wildtype L. 

lactis, because in the mutant HtrA-mediated degradation of AcmA is reduced (206). In this 

paper we show evidence that LTA also have a more direct effect on autolysis by modulating 

the binding of AcmA via sugar substitutions. 
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Abstract 
In the genome of Lactococcus lactis IL1403 five genes for peptidoglycan hydrolases are 

present: four encoding (putative) glucosaminidases (acmA, acmB, acmC, and acmD) and one 

encoding an endopeptidase (yjgB). Besides these lysins also genes for prophage lysins have 

been identified, e.g. the gene for the lysin of the IL1403 prophage bIL309 and lytR of the 

lactococcal prophage r1t. To determine to which extent these lactococcal peptidoglycan 

hydrolases are able to lyse L. lactis upon induced expression, the genes were cloned 

downstream of the nisin inducible promoter in L. lactis NZ9000. All expressed genes encode 

lysins since upon nisin induction increased lysis of the expressing strain was obtained in all 

cases. Most lysis was obtained with AcmC and the prophage lysins. Only expression of 

AcmC and the phage lysins resulted in cell lysis of an L. lactis NZ9000 acmA mutant, 

showing that the lysis by AcmB, AcmD and YjgB depends on the presence of the autolysin 

AcmA. 

Subsequently, lytR and acmD were expressed in a foodgrade manner.  Moreover, acmD was 

coexpressed by creating an operon-like structure with acmA. Overexpression of lytR or the 

combination acmA/acmD resulted in increased lysis in Gouda-type cheese compared to the 

reference culture. Overexpression of lytR resulted also in increased lysis of the acidifying L. 

lactis strain 13M and high release of LDH into the cheese matrix. A slight improvement in 

overall sensory quality of the cheese, but no change in bitterness, was observed.    
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Introduction  
To be able to grow and divide, bacteria express enzymes that hydrolyze the peptidoglycan of 

their cell wall. The Gram-positive bacterium Lactococcus lactis produces AcmA, an N-

acetylglucosaminidase that is responsible for cell separation and is involved in stationary 

phase lysis. A deletion mutant of acmA did not lyse, showing that AcmA is the major 

autolysin of L. lactis (32). The autolysin consists of two domains: an N-terminal active site 

domain and a C-terminal peptidoglycan-binding domain (32, 204, 205). Three homologues of 

AcmA are encoded by the genome of L. lactis subsp. lactis IL1403: AcmB, AcmC and 

AcmD. All four enzymes have similar active site domains, but there are differences in the 

modular structures of the proteins (21, 91). Next to these (putative) glucosaminidases a fifth 

putative lysin is present in the chromosome of L. lactis IL1403: yjgB (21). YjgB is 

homologous to γ-D-glutamyl-L-diamino acid endopeptidases (21, 199). The enzymes were 

overexpressed and purified from E. coli and shown to be functional in vitro. Northern analysis 

revealed that all their genes are transcribed in L. lactis MG1363 (90). 

AcmB of the closely related L. lactis MG1363 has been characterized recently and comprises 

three domains (91): the N-terminal domain resembles a cell wall binding domain and is 

followed by the N-acetyl-glucosaminidase active site domain. A third, C-terminal domain has 

an unknown function but shows homology to known cell wall bound proteins and contains a 

zinc-binding motif (the modular structures of AcmA and its homologues, as well as those of 

the other peptidoglycan hydrolases used in this study are summarized in Fig. 1). Inactivation 

of acmB revealed that AcmB doesn’t influence the chain length of L. lactis but may be 

involved in cellular lysis since the acmB mutant lyses to a lesser extent than its parent L. lactis 

MG1363. The effect of acmB deletion on cellular lysis is not observed in an acmA mutant of 

MG1363 (91). AcmC of L. lactis IL1403 has also been studied: the enzyme consists of an N-

acetyl-glucosaminidase active site domain without any additional domains. Zymographic 

analysis of purified AcmC-his revealed that the enzyme is active at pH 4, 5 and 6 (90). 

Analysis of the inferred amino acid sequences of AcmD and YjgB reveals that these enzymes 

also have a modular structure. AcmD has the same modular organization as AcmA, although 

its overall pI (4.3) is lower than that of AcmA (10.2) (21).  

Besides the genes for the aforementioned peptidoglycan hydrolases, six prophages are present 

in the genome of L. lactis IL1403 (21). In contrast to the lactococcal peptidoglycan hydrolases 
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mentioned above, the phage lysins do not have signal sequences for secretion. Holin genes 

therefore often flank the lytic genes in the prophage DNA. The holins are thought to form 

pores in the cytoplasmic membrane, enabling release of the phage lysins and subsequent host 

cell lysis from without (243).  

L. lactis is widely used in the manufacture of cheese, a process in which cell lysis plays an 

important role. Casein in the cheese curd is degraded by proteinases and peptidases expressed 

by L. lactis. The products of proteolysis play an important role in the development of the 

flavor of cheese. The peptidases and a number of other enzymes of L. lactis involved in flavor 

development are located intracellularly and these enzymes are released in the cheese curd 

matrix by cell lysis (117). Indeed, cheese made with L. lactis AM2, which lyses fast, 

developed higher levels of amino nitrogen and lower levels of bitterness than with the slow 

lysing strain L. lactis NCDO 763 (36, 211). 

Increasing the rate of lysis of starter strains, thereby improving the release of proteolytic 

enzymes, can be achieved by selection of fast lysing starter strains, using thermoinducible 

strains, and by bacteriophage-assisted or bacteriocin-induced lysis (150, 61). Overexpression 

of the autolysin AcmA resulted in increased lysis and release of intracellular enzymes in vitro 

(31). Mitomycin C induced lysis was observed in L. lactis cells carrying a plasmid in which 

acmA was placed behind the mitomycin-inducible promoter of the lactococcal phage r1t (31). 

(Induced) expression of lysins to increase starter lysis in cheese is, therefore, an option but it 

requires a foodgrade method of cloning in order to be able to use it in cheese industry. De 

Ruyter et al. (47) used a foodgrade nisin-inducible expression system to express lytic genes 

from the lactococcal bacteriophage phi US3. The lysin and holin of the phage were expressed, 

resulting in efficient lysis and concomitant release of the debittering intracellular 

aminopeptidase N. The most efficient lysis was shown to be dependent on the presence of the 

phage holin. A chloride inducible expression system was used to overexpress the holin and 

lysin of the lactococcal prophage r1t and acmA in L. lactis. Release of the intracellular marker 

PepX was highly increased by the addition of salt in vitro, while the presence of NaCl also 

seemed to stabilize the cells (179). 

In this paper, we describe the overexpression in L. lactis of the peptidoglycan hydrolases 

encoded in the lactococcal genome as well as of two phage-derived lysins, which were 

expressed without their corresponding holins. Expression of all peptidoglycan hydrolases in 
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L. lactis resulted in increased cell lysis, although some lysins appeared to be dependent on the 

presence of the major autolysin AcmA. Moreover we show that overexpression in L. lactis of 

phage lysins without their corresponding holins can result in efficient cell lysis. 

AcmD, in combination with AcmA, and the phage r1t lysin LytR were subsequently 

overexpressed in a foodgrade way and cheeses were made with the cell wall hydrolase-

producing strains. In this paper we show that cellular lysis in cheese was accelerated and 

increased using these strains, which resulted in a slight improvement in overall organoleptic 

quality. However, no change in bitterness was observed.  



Foodgrade induced lysis of L. lactis 
___________________________________________________________________________ 

 131

Results  
Overexpression of lactococcal peptidoglycan hydrolases in L. lactis results in cell lysis. 

Sequencing of the genome of L. lactis IL1403 revealed that this lactic acid bacterium 

contains, next to the gene for the autolysin AcmA, at least four other putative peptidoglycan 

hydrolase genes (21). L. lactis IL1403 also contains prophage sequences in which lytic genes 

are present. Each prophage lytic gene is accompanied by a holin gene. To examine whether 

the lactococcal lysins are able to lyse lactococcal cells in vivo, the L. lactis IL1403 

chromosomal genes acmB, acmC, acmD (encoding glucosaminidases) and yjgB (specifying a 

putative endopeptidase) were cloned downstream of the nisin inducible promoter PnisA of 

plasmid pNG8048e in L. lactis NZ9000 (see Fig. 1 for an overview of the lysins used in this 

study). In addition, the lysin gene of the lactococcal prophage r1t, lytR, and that of the IL1403 

prophage bIL309 (both coding for putative amidases) were cloned in pNG8048e without their 

respective holin genes.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Subsequently, the strains containing the pNG8048e derivatives were grown in GM17 medium 

and expression of the lysins was induced by the addition of nisin at the mid-exponential 

growth phase. Cell extracts of cultures expressing the lysins were analyzed in zymograms 

(Table 1). SDS-PAA gels containing M. lysodeicticus cell walls were renatured at pH 4, pH 5, 

Figure 1: Modular organization of the lactococcal peptidoglycan hydrolases. Glucosaminidase active 

site domains are in dark grey, peptidoglycan binding domains containing LysM domains in light grey. 

Signal sequences are in black. Putative active site domains, cell wall binding domains (CWB) and Zn-

binding domain (Zn-binding) are indicated in white. 
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Table 1. SDS-PAGE analysis of expression and activity of the L. lactis (phage) lysins. Zymograms containing 

M. lysodeicticus autoclaved cells were renatured at pH 4, pH 5, pH 6 and pH 7 in buffer containing 0.1% Tritin-

X100 and hydrolase activity was scored as clearing zones in the gel. +: clearing zone detectable. +++: large 

clearing zone, -: no clearing zone. 

 

Enzyme pH 4 pH 5 pH 6 pH 7 CBB stain# 
      
Control (AcmA) + + + + - 
AcmB - - - - - 
AcmC + +++ + - +(cell extract) 
AcmD - - - - + (supernatant) 
YjgB - - - - + (supernatant) 
LytR + + + + - 
bIL309 lysin* ND ND + ND - 

* bIL309 lysin was tested on M. lysodeicticus cells, but the enzyme is only active in gels with L. lactis cell walls 

as substrate. 

ND: not determined 
#Detection of overexpression by Coomassie Brilliant Blue staining (CBB) 

 

pH 6 or pH 7. At all the tested pH values LytR activity could be detected. AcmC activity was 

detected at pH 4, 5 and 6, with highest activity at pH 5. Activity of AcmB, AcmD, YjgB and 

Bil309 lysin could not be detected on these zymograms. When culture supernatant samples 

were analyzed on zymograms containing M. lysodeicticus cell walls, only LytR activity was 

detected. All samples were also analyzed in zymograms containing boiled L. lactis cells as 

cell wall hydrolase substrate. Besides LytR and AcmC, Bil309 lysin activity was detectable 

on this substrate when the gel was renatured at pH 6. Anti-AcmA antibodies raised against the 

active site of AcmA were used to try to detect the AcmA homologues AcmB, AcmC and 

AcmD in Western blots, since these proteins have extensive amino acid sequence similarities 

with AcmA. Only AcmC could be detected using this assay (results not shown). Using 

Coomassie Brilliant Blue staining, YjgB and AcmD could be detected in the culture 

supernatant of cells expressing the enzymes. AcmC was only detected in cell extracts and not 

in the supernatant (Table 1).  

Growth and lysis of the strains expressing the lysins were followed by measuring the OD600 of 

the cultures (not shown) and by determining the release of intracellular X-prolyl dipeptidyl 

aminopeptidase (PepX) activity in the cultures growth medium after 24 hrs (Fig. 2). Induction 

of expression of AcmB and AcmD resulted in a small increase in cellular lysis while moderate 

lysis was obtained by expression of AcmC or YjgB. Surprisingly, most lysis was obtained 
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upon expression of LytR and the lysin of prophage bIl309, although their corresponding 

holins were not expressed. This is in contrast to earlier studies on expression of phage lysins, 

which report that cell lysis by phage lysins largely depends on the presence of the holins (47).  

Cells in which expression of AcmC or LytR was induced stopped growing within two to three 

hours after nisin addition. The other strains continued to grow with comparable rates as that of 

the control strain and reached the same maximal OD600 as the control, L. lactis NZ9000 

(pNG8048e), after which lysis started (results not shown). 

AcmA is responsible for stationary phase lysis of L. lactis (32). The activity of AcmB has 

been suggested to be dependent on the activity of AcmA (91). The pNG8048e derivatives 

containing the different lytic genes were introduced in the acmA mutant of L. lactis NZ9000 

to investigate the requirement of AcmA activity for lysis by the other lysins. Only very small 

amounts of PepX were released after nisin induction of AcmB, AcmD, and YjgB in the 

AcmA-negative background (Fig. 2). Lysis was detected when AcmC, LytR and the bIl309 

lysin were expressed in the acmA mutant of L. lactis, but lower than when expressed in L. 

lactis NZ9000. The highest amount of PepX was released upon induced expression of the 

phage lysins. From these results we conclude that cell lysis by AcmB, AcmD and YjgB 

apparently depends on the activity of AcmA. 

Figure 2.  Determination of cell lysis upon induced expression of lactococcal peptidoglycan 

hydrolases in L. lactis. 

PepX release 24 hrs after nisin induction of L. lactis NZ9000 (dark grey bars) or L. lactis

NZ9000acmA∆1 (light grey bars) cultures containing pNG8048e derivatives. The cultures were grown 

until an OD600 of 0.5 was reached, after which expression was induced by addition of nisin. After 24 

hrs the culture supernatants were analyzed for the presence of activity of the intracellular peptidase 

PepX (in arbitrary units).  
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Foodgrade overexpression of acmA, acmD and lytR. 

AcmA, AcmD and LytR were selected for further analysis on the basis of their relatively high 

lytic acivities: they were cloned in a foodgrade way using lactose selection and growth (47), 

to be able to use the lysin producing strains in cheese manufacture. AcmA is known to be 

effective in increased lysis of L. lactis (31). AcmD has the same modular structure as AcmA, 

i.e. it consists of an N-terminal glucosaminidase domain and a C-terminal peptidoglycan-

binding domain (Fig. 1), but its overall pI is 4.3, whereas that of AcmA is 10.2. This suggests 

that AcmD is active at a lower pH than AcmA, a property that would be beneficial under 

cheese making conditions. The results described above show that expression of AcmD results 

in increased lysis in AcmA-expressing cells. To examine whether induced expression of both 

AcmA and AcmD could enhance the lysis of L. lactis, acmD was cloned in an operon-like 

structure with acmA. For proper expression, the ribosome binding site of acmA was inserted 

upstream of acmA. Since LytR is also very effective in lysing L. lactis cells without 

depending on AcmA (see above), this enzyme was also used in this study to monitor its 

behaviour in a cheese model. 

Cell lysis, as measured by the reduction of the OD600 and the release of PepX into the culture 

medium was followed before and after nisin induction of L. lactis NZ3900 containing either 

of the plasmids pNZ8148F (control), pNZlytR, pNZacmD, pNZacmA or pNZacmDacmA. All 

cultures were grown in the presence of 0.5% lactose and were induced with nisin at an OD600 

of 0.5. Induced expression of AcmA, AcmD or the combination of both did not change the 

growth rates of the cultures (Fig. 3A). As expected, overexpression of AcmA resulted in 

increased lysis. Surprisingly, overexpression of AcmD led to a decrease in cellular lysis. 

Stationary phase lysis of the culture overexpressing both AcmA and AcmD was increased 

compared to the culture overexpressing AcmA alone (Fig. 3B). Interestingly, growth rate and 

cell lysis were delayed upon overexpression of LytR, but after prolonged incubation an 

increase in the release of PepX was observed (Fig. 3A and B).  

Overexpression of AcmA was evident from zymographic analysis of cell and supernatant 

samples taken at two hrs after nisin induction (Fig. 3C). LytR activity was detected in cell 

extracts, not in the supernatant: at the time the samples for zymographic analysis were taken, 

the LytR expressing strain does not yet lyse (Fig. 3B). AcmD activity could not be detected in 

cell and supernatant samples of L. lactis NZ3900 (pNZacmD) and L. lactis NZ3900 
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(pNZacmDacmA) by zymographic analysis, not even at pH 4, a pH below the pI of AcmD.  

 

 

 

 

 

 

 

 

 

 

 

Lysin-overproducers as starter strains 

To examine the behavior of the lysin producing strains in cheese, the foodgrade lysin-

overproducing strains (except the AcmA overproducer) were each used as starter strains in 

combination with the nisin-immune acidifying L. lactis strain 13M in cheese making trials. 

Nisin (4 µg/L) was added to the cheese milk for induction of lysin-overexpression in the curd. 

Overexpression of LytR resulted in a reduced viability of the producer strain compared to the 

Figure 3.  Foodgrade expression of acmA, acmD and lytR. 

A: Growth in LM17 of L. lactis NZ3900 containing, as indicated in the inset, either pNZ8148F, 

pNZacmD, pNZacmA, pNZacmDacmA or pNZlytR. The OD600 of the cultures were followed in time; 

the cultures were induced with nisin at an OD600 of ~0.5. 

B: PepX activity (in A.U. per OD600) released into the culture medium after nisin induction of the 

cultures described in panel A. 

C: zymographic analysis of cell extracts and supernatants of the cultures in (A) 2 hrs after nisin 

induction. Samples were separated in a 10% SDS-PAA gel containing 0.2% M. lysodeicticus

autoclaved cells. The gel was renatured at pH 7. 
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control (Fig. 4A). The viability of the acid-producing strain L. lactis 13M was also measured: 

only LytR decreased the viability of this strain (Fig. 4B). Lysis of the cells in the cheese 

matrix was examined by measuring the release of lactate dehydrogenase (LDH) (Fig. 5A) or 

by using the CSLM live/dead staining technique (Fig. 5B). In the cheese made with the LytR-

expressing strain more lysis is observed than in the control cheese, whereas lysis of the LytR-

overproducer resulted in increased lysis of the acidifying culture (lysis in trans). Also, in the 

cheese made with L. lactis NZ3900 (pNZlytR) increased release of intracellular LDH was 

observed as a result of lysis of the total culture (Fig. 5A) 

When the cheeses were tested by a certified taste panel, only modest effects on flavor 

formation were observed (Table 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Viability of lysin- and acid-

producing strains during cheese manufacture 

A: Viability of the lysin producing L. lactis

NZ3900 strains indicated in the insert. 

Viability is expressed as colony-forming 

units (cfu) per gram of cheese.  

B: Viability of the acid-producer L. lactis

13M in cheese made in the presence of L. 

lactis NZ3900 carrying the indicated 

plasmids. 
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Table 2. Organoleptic and bitter score of cheese made with the foodgrade lytic strains used in this study.   

The organoleptic score was on a scale of 4 (very poor) to 8 (excellent), the bitter score was on a scale of 0 

(absent) to 4  (very strong). 

Autolysin strain Organoleptic score (3-8) Bitter score (0-4) 
 6 weeks 12 weeks 6 weeks 12 weeks 
     
pNZ8148F 5.4 6.0 1.4 1.0 
pNZ81lytR 5.8 5.5 1.3 1.3 
pNZ81acmD 5.2 5.8 1.4 1.3 
pNZ81acmDacmA 5.4 6.1 1.6 1.0 

Figure 5. 

Lysis and number of dead cells in cheeses 

made with the lysin producing strains. 
A: Total cell lysis in cheese measured by the 

release of lactate dehydrogenase (LDH). 

Release of LDH activity after 44 hrs in the 

cheese in which L. lactis NZ3900 (pNZlytR) 

expressing LytR was present as the adjunct 

strain was set at 100%. 

B: Percentage dead cells in the cheeses 

presented in (A) after 44 hrs by counting 

living and dead cells using the CSLM 

live/dead staining technique. 
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Discussion 
We show here that overexpression of each of the cell wall hydrolases specified by the genome 

of L. lactis IL1403 results in increased lysis of the L. lactis NZ9000 producer cells compared 

to the control strain, suggesting that all lysins have cell wall lytic activity in vivo. This 

confirms the results of Huard et al., who showed in vitro activity of His-tagged variants of the 

enzymes produced intracellularly in E. coli. In our studies differences in the extent of cellular 

lysis were observed: overexpression of AcmC and YjgB resulted in high release of 

intracellular PepX, while overexpression of AcmB and AcmD resulted in low levels of PepX 

release. Apart from AcmA, the only other enzyme active in zymograms was AcmC, and only 

so when cell extracts of AcmC expressing cells were analyzed. No AcmC activity was 

detected in supernatant samples. AcmC is active in the range of pH 4 to pH 6, with maximum 

activity at pH 5; no activity was observed at a pH of 7 or higher. AcmC has, therefore, an 

activity pattern different from that of its homologue AcmA, which is active at all pH values 

tested, with similar activities.  

Although activity of AcmD and YjgB was not seen on zymograms, the proteins in 

concentrated supernatants samples were detectable in CBB-stained PAA gels. Both proteins 

are, therefore, secreted and released in the culture supernatant, but trans- lysing activity is not 

detectable: when supernatants containing the proteins were mixed with L. lactis 

MG1363acmA∆1 cells, the cells did not lyse (results not shown). AcmC activity was present 

in cell extracts but the enzyme could not be detected in concentrated supernatants of the 

overproducing strain, although it has a consensus signal sequence for secretion (229). AcmC 

does not contain a cell wall binding domain, as is present in AcmA, AcmB and AcmD. The 

close association of this enzyme with the cell must therefore be caused by a high affinity of 

the active site domain for peptidoglycan. AcmB is not detectable in zymograms or in CBB-

stained gels, although increased lysis is obtained in the strain in which the gene was induced 

with nisin, presumably because the expression level of AcmB is too low. Huard et al. (90) 

have shown activity of the lactococcal lysins in zymograms. However, in their studies the 

enzymes were overexpressed in and purified from E. coli, resulting in high protein 

concentrations. Apparently in our studies the amounts of AcmB, AcmD and YjgB produced 

are too low to be able to detect their activities in gels.  

By expressing the various lysins in an AcmA-negative background it was shown that lysis by 
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AcmB, AcmD and YjgB depends on the presence of AcmA: no cellular lysis is obtained with 

any of the three enzymes when AcmA is not expressed. For AcmB this phenomenon has been 

described in an earlier study, in which acmB and acmB acmA mutants of L. lactis were 

examined (91). Why and how AcmB, AcmD and YjgB depend on AcmA is unclear, but 

probably AcmA changes the peptidoglycan in such a way that it facilitates activity of the 

other cell wall hydrolases. It is also possible that activity of these cell wall hydrolases results 

in a peptidoglycan that is more susceptible to hydrolysis by AcmA.   

Although we show here that all the lactococcal lysins known to date are able to lyse 

lactococcal cells, the precise function of each cell wall hydrolase in L. lactis is not clear. Only 

very low amounts of PepX are released from L. lactis NZ9000acmA∆1 in stationary phase, 

indicating that under normal conditions the lactococcal cell wall hydrolases other than AcmA 

hardly contribute to cell lysis. Indeed AcmC, of which we have shown that nisin-induced 

expression in an acmA mutant results in lysis, is only expressed early in the exponential phase 

and not in stationary phase, as was evidenced by Northern analysis (90).  Transcripts of acmB 

and acmD were detected in stationary phase but since AcmB and AcmD activities depend on 

the presence of AcmA, expression of these enzymes does not result in lysis in the L. lactis 

acmA mutant. Mutants of AcmC, AcmD and YjgB would give more evidence on the function 

of these enzymes during growth of L. lactis. AcmB is not necessary for normal growth since 

L. lactis acmB grows normally and has a normal cell morphology (91) 

Besides the IL1403 chromosomal genes, also the lysins of the L. lactis R1 prophage r1t and 

the L. lactis IL1403 prophage bil309 were expressed in this study. These phage-encoded 

lysins used in this study do not contain a signal sequence for secretion and are not secreted via 

the secretion apparatus of the cell. In fact both amidases are expected to be specifically 

released by their respective holins (21, 222). The fact that expression of the lysins in L. lactis 

NZ9000 without their holins results in cell lysis is most easily explained by assuming that the 

enzymes are released through AcmA-mediated cell lysis. However, lysis by the phage lysins 

is also obtained in L. lactis acmA. This is presumably because in the genome of L. lactis 

MG1363 holin genes are present (A. Zomer et al, manuscript in preparation), which might 

facilitate the secretion of LytR. It is also possible that the acmA mutant is still subject to some 

residual lysis, enough to release some phage lysin, thereby starting a lysis chain reaction. This 

would explain why, when LytR is expressed, lysis is first slow, but increases rapidly after 
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prolonged incubation.  

The observation that most cell lysis was obtained upon expression of the phage lysins LytR or 

the bIl309 lysin in L. lactis NZ9000 may be explained by assuming that phage lysin activities 

are not tightly regulated and are, therefore, responsible for less controlled lysis. AcmA seems 

to be regulated via its C-terminal peptidoglycan binding domain, which binds only at very 

specific places in the cell wall due to hindering by other cell wall components, most likely 

lipoteichoic acids (205). LytR and the bIl309 lysin, but also AcmC have not been shown to 

have a wall-binding domain. AcmC also has a significant effect on cell lysis, like the phage 

lysins, again pointing out that cell wall binding domains are involved in controlling the extent 

of lysis. Second, LytR and bIL309 lysin are amidases: together with AcmA, a 

glucosaminidase, the effect on lysis could be bigger than when two glucosaminidases are 

expressed together.  

Earlier studies on foodgrade expression of phage lysins show that the enzymes are useful in 

cheese manufacture (36, 47) . In all cases efficient lysis was only obtained when the proper 

holin was also expressed. We show here that expression of LytR alone has some desirable 

effects on lysis: it delays lysis of the expressing strain: this could prevent lysis of starter cells 

in the curd taking place too rapidly, which would otherwise result in an early loss of total 

proteolytic activity. Furthermore, the cells are expected to be metabolically active longer, 

which would increase the stability of enzymes desirable in cheese manufacture. The stability 

of PepX and a number of intracellular marker enzymes was studied by Wilkinson et al. (234), 

who found that PepX activity is quite unstable: only 15% of initial activity remained after 24 

hrs in a cheese slurry system (pH 5.17). The other enzyme activities studied (glucose-6-

phosphate dehydrogenase and lactate dehydrogenase) were also relatively unstable. In 

contrast, Chapot-Chartier et al. (36) reported that PepX and PepC/N activities were stable in 

an extract of St. Paulin cheese (pH 5.8).  

Besides causing delayed cell lysis, LytR is able to lyse cells in trans. This is also an important 

feature of the enzyme, since the LytR-producing strain could be used to lyse other (non-

recombinant) starter strains in the cheese matrix. When only lysis of the lysin-producing 

strain is desired, the AcmB, AcmC, AcmB or YjgB enzymes are more suitable since they are 

not able to lyse cells in trans (not shown). 

Although the in vitro results with overexpression of LytR were promising, the cheese tasting 
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results were rather disappointing. Only a very small improvement in overall quality of the 

cheese was obtained. The acidifying strain used in this study is a bitter-producing strain and 

lysis of this strain is not expected to improve the taste of the cheese. By choosing a less bitter 

producing acidifier we hope to be able to improve the overall quality of cheese with the LytR 

strain. 
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Experimental Procedures 
Bacterial strains, plasmids, media and growth conditions 

The bacterial strains and plasmids used in this study are listed in Table 3. 

L. lactis was grown at 30ºC in M17 broth (Difco Laboratories, Detroit, Mich. USA) 

containing 0.5% glucose (GM17) or 0.5% lactose (LM17). When needed for plasmid 

selection, chloramphenicol (Sigma-Aldrich, St. Louis, Miss. USA) was added (5µg/ml).  

 

Chemicals and enzymes 

All chemicals used were of analytical grade and, unless indicated otherwise, obtained from 

Merck (Darmstadt, Germany). Enzymes for molecular biology were purchased from Roche 

Molecular Biochemicals (Mannheim, Germany) and used according to the supplier’s 

instructions. 

 

DNA manipulation and transformation 

Molecular cloning techniques were performed essentially as described by Sambrook et al. 

(177). Electrotransformation of L. lactis was performed by using a gene pulser (Bio-Rad 

laboratories, Richmond, Calif.) as described by Leenhouts et al. (119). Mini-preparations of 

plasmid DNA from L. lactis were obtained by the alkaline lysis method as described by 

Seegers et al. (189). PCR products were purified using the Roche High Pure PCR purification 

kit (Roche Molecular Biochemicals). 

 

Cloning of the peptidoglycan hydrolase genes. 

The primers used to clone lytR, acmB, acmC, acmD, yjgB and bIl309 lysin gene are presented 

in Table 4. DNA isolated from bacteriophage r1t was used as a template to obtain lytR and 

chromosomal DNA of L. lactis IL1403 was used as a template to obtain the other 

peptidoglycan hydrolases. Primers R1tLytR1 and R1tLytR2 were used to amplify lytR. The 

830-bp PCR fragment was digested with NcoI and EcoRI and cloned into the corresponding 

sites of pNG8048e. Primers PACMB1 and PACMB2 were used to clone AcmB. The 1440-bp 

PCR fragment was digested with NcoI and HindIII and cloned into the corresponding sites of 

pNG8048e, resulting in pNGacmB. AcmC was cloned using primers PACMC1 and 

PACMC2; the 645-bp fragment was digested with RcaI and HindIII and cloned in the NcoI 



Foodgrade induced lysis of L. lactis 
___________________________________________________________________________ 

 143

Table 3: Strains and plasmids used in this study. 

 

 

L. lactis strains Characteristics Reference 

NZ9000 MG1363 pepN::nisRK (112) 

NZ9000acmA∆1 Derivative of NZ9000 carrying a 701-bp SacI/SpeI  deletion in 

acmA 

Lab 

collection 

NZ3900 MG1363 derivative, used as wild-type control (�lacF 

pepN:nisRnisK) 

(46) 

NZ9700 Nisin-producing transconjugant containing the nisin-sucrose 
transposon Tn5276 

(111) 

13M Nisin immune transconjugant of L. lactis SK110 (131) 

plasmids   

pNG8048e Derivative of pNZ8048 carrying EmR marker  Lab 

collection 

pNZ8148F lacF+ NIZO 

pNGacmB pNG8048e derivative carrying acmB This study 

pNGacmC pNG8048e derivative carrying acmC This study 

pNGacmD pNG8048e derivative carrying acmD This study 

pNGyjgB pNG8048e derivative carrying yjgB This study 

pNGbil pNG8048e derivative carrying bil from prophage bIL309 This study 

pNGlytR pNG8048e derivative carrying lytR from prophage r1t This study 

pNZacmA pNZ8148 derivative carrying acmA This study 

pNZacmD pNZ8148 derivative carrying acmD This study 

pNZacmDacmA pNZ8148 derivative carrying acmD and acmA This study 

pNZlytR pNZ8148 derivative carrying lytR This study 
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and HindIII sites of pNG8048e. The 1112-bp PCR fragment obtained with primers PACMD1 

and PACMD2 was digested with RcaI and SacI and cloned into the NcoI and SacI sites of 

pNG8048e, resulting in plasmid pNGacmD. YjgB was amplified using primers PYJGB1 and 

PYJGB2; the 595-bp fragment was digested with RcaI and HindIII and cloned in the NcoI and 

HindIII sites of pNG8048e. The phage lysin bil was cloned using primers BIL1 and BIL2: the 

816-bp PCR fragment was digested with RcaI and PstI and cloned in the NcoI and PstI sites 

of pNG8048e. To clone lytR in a foodgrade way, pNGlytR was digested with PstI and NcoI 

and the 832-bp fragment was isolated from an agarose gel. Subsequently the fragment 

containing lytR was ligated in pNZ8148F cut with PstI and NcoI.  

For foodgrade expression of AcmA and AcmD, the corresponding genes were cloned in 

plasmid pNZ8148F. The acmA gene was amplified by PCR using primers pACMAB and 

ACMA.rev with L. lactis MG1363 DNA as the template. The acmD gene was obtained by 

PCR with primers ACMD1 and ACMD2 using L. lactis IL1403 chromosomal DNA as the 

template. Plasmid pNZ8148F, digested with NcoI and PstI, and the PCR containing acmD cut 

with RcaI and PstI were ligated; the resulting plasmid, pNZ8148FacmD, was digested with 

PstI and XbaI and the PCR fragment containing acmA with NheI and PstI. The digested DNA 

fragments were ligated to obtain pNZacmDacmA. Plasmid pNZ8148F was digested with PstI 

and XbaI and the PCR fragment containing acmA, cut with NheI and PstI, were ligated, 

resulting in plasmid pNZacmA.  

 

Nisin induction, enzyme assays and optical density measurements 

L. lactis NZ9000 (112) and L. lactis NZ9000acmA∆1 containing pNZ8048e derivatives were 

grown in GM17 broth containing chloramphenicol, while L. lactis NZ3900 (46) containing 

pNZ8148F derivatives were grown in LM17 medium. The cultures were grown until an OD600 

of 0.5 was reached, after which they were induced with nisin by the addition of 1/1000 

volumes of a supernatant of a culture of the nisin-producing strain L. lactis NZ9700.  

X-prolyl dipeptidyl aminopeptidase (PepX) activity was measured using the chromogenic 

substrate Ala-Pro-p-nitroanilid (BACHEM Feinchemicalien AG, Bubendorf, Switserland) as 

described earlier (33). Optical densities were measured in a Novaspec II spectrophotometer 

(Pharmacia, Uppsala, Sweden) at 600 nm (OD600). 

 



Foodgrade induced lysis of L. lactis 
___________________________________________________________________________ 

 145

Table 4: Nucleotide sequences of primers used to clone the peptidoglycan hydrolase genes used in this study. 

name Sequence 5'-3' * gene Enzyme(s) 

PACMB1 CATACCATGGAGGATTAAC acmB NcoI 

PACMB2 CGCAAGCTTATTTAGGTTGAATATAAG acmB HindIII 

PACMC1 CCTGTCATGAAATATAAAACTCGACGAAG acmC RcaI 

PACMC2 CGCAAGCTTTTAAATACTTGAACTTTTATC acmC HindIII 

PACMD1 CCTGTCATGAAACAGAAACATAAATTAGCGC acmD RcaI 

PACMD2 CGCAAGCTTCTGCAGAGCTCTTAGATTCTAATTGTTT

GTCCTGG 

acmD SacI/PstI 

PYJGB1 CATGTCATGATGAAAAAAATAATTATTTCTGCAGC yjgB RcaI 

PYJGB2 CCCGGATCCAAGCTTAATACTCTAATGCAAAATCAG

C 

yjgB HindIII 

PBIL1 GCGCGAGCTCGGAGGCGAATCATGAGTAGTATTGAA

AATATG 

bil RcaI 

PBIL2 CGCAAGCTTCTGCAGTTATAATTTATTCGCATTTAAT

C 

bil HindIII 

R1tLytR1 GAATCCATGGCAATTTACGACAAAACGTTCC lytR NcoI 

R1tLytR2 ATATTGAATTCTTATCCTTTTGAAATGTCACG lytR EcoRI 

pACMAB AAAACTGCAGTTAGAAAGGTAATTATTTATGCC acmA NcoI 

ACMA.rev TTGGATCCGAATTCGCTAGCGGAATGTCAGAACCGA

CCCG 

acmA EcoRI 
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE), AcmA zymograms and Western 

hybridization. 

L. lactis cell and supernatant samples were prepared as described before (33). Supernatants 

were concentrated using phenol and ether as described earlier (183). AcmA activity was 

detected by a zymogram staining technique using SDS-PAA (12.5%) gels containing 0.15% 

autoclaved, lyophilized Micrococcus lysodeikticus ATCC 4698 cells (Sigma-Aldrich) or 

0.15% autoclaved L. lactis MG1363acmA∆1 cells, as described previously (32). Zymograms 

were renatured at pH 4, 5, 6 or 7 as described by Huard et al. (91). The standard low-range 

and prestained low and high-range SDS-PAGE molecular weight markers (Bio-Rad 

laboratories) were used as references. Proteins were transferred from SDS-PAA (10%) gels to 

PVDF membranes (Roche Molecular Biologicals) as described by Towbin et al. (216). AcmA 

antigen was detected with a 10,000-fold diluted rabbit polyclonal anti-AcmA antiserum and 

HRPO-conjugated goat anti-rabbit secondary antibodies (Pharmacia, Uppsala, Sweden) using 

the ECL chemiluminescent detection system and protocol (Amersham, Piscataway, USA). 

 

Cheese manufacture. 

Gouda-type cheese was manufactured using a standard procedure (230). Milk was pasteurized 

(10 s, 74°C) and inoculated with strain 13M (acid producing strain) and with L. lactis NZ3900 

carrying plasmid pNZ8148F, pNZacmD, pNZacmDacmA or pNZlytR. To induce lysin 

expression from the plasmid nisin was added to the milk (4 µg/l).  

 

Analysis of viability and lysis of starter cultures in cheese. 

Viability of L. lactis 13M and L. lactis NZ3900 carrying the lysin producing plasmids was 

measured by counting colony forming units.  

Total cell lysis in the cheese was measured with two different methods. The amounts of 

lactate dehydrogenase released in the cheese were measured as described previously (235). 

Numbers of living and dead cells in the cheese were measured using the LIVE/DEAD 

staining in combination with CSLM as described by Bunthof et al.(34). 
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Summary of this thesis. 
Like all other Gram-positive bacteria, the lactic acid bacterium Lactococcus lactis is 

surrounded by a prominent cell wall. Peptidoglycan is the major component of this cell wall 

and forms a network that surrounds the cellular membrane. To be able to grow and divide, 

Gram-positive bacteria express specialised enzymes, so-called peptidoglycan hydrolases, 

which are able to break bonds in the peptidoglycan network. When the activity of such an 

enzyme results in cellular lysis it is called an autolysin. This thesis describes various aspects 

of the lactococcal cell wall, its degradation and biosynthesis, and the role of the cell wall in 

anchoring of peptidoglycan hydrolases and other proteins. Moreover, peptidoglycan 

hydrolases of L. lactis are characterized, with the main focus on AcmA, the major autolysin of 

L. lactis (32).  

AcmA is a modular enzyme that consists of two domains: the N-terminal domain contains the 

active site, while the C-terminal domain of AcmA contains three LysM motifs. These 

domains are characterized in Chapters 2 and 3. The active site domain is homologous to that 

of several bacterial muramidases; AcmA was, therefore, initially believed to be an N-acetyl-

muramidase. However, characterization of the cell wall lytic specificity of AcmA revealed 

that it is actually an N-acetyl-glucosaminidase (Chapter 3).  

The C-terminal domain of AcmA is necessary for activity of the enzyme in vivo: a derivative 

of AcmA lacking it is not able to lyse the cell. AcmA binds specifically to its substrate, 

peptidoglycan, via the LysM domains in its C-terminus. Although peptidoglycan is present 

over the whole surface of the lactococcal cell, the enzyme binds only to the region around the 

septum and cell pole. Cell wall carbohydrates, possibly lipoteichoic acids (LTA), are present 

at the sites where AcmA does not bind. AcmA binds to the whole surface of the cell when the 

carbohydrates are removed by treatment of the cells with trichloroacetic acid. The cell wall 

carbohydrates, apparently, hinder AcmA binding, allowing binding of the enzyme only to the 

specific loci (Chapter 2).  

D-Ala has been reported in some Gram-positive bacteria to be involved in cell lysis. It was 

discovered, using an L. lactis dltD mutant in which D-alanylation of LTA is hampered, that 

reduced levels of D-Ala in LTA lead to reduced degradation of AcmA by the extracellular 

protease HtrA, resulting in increased cell lysis (Chapter 4). HtrA cleaves AcmA between its 

LysM domains (30, 163). Degradation of AcmA results in decreased hydrolytic activity, as 
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was attested with AcmA derivatives containing one or two LysM domains (Chapter 3). The 

AcmA derivatives have lower lytic activities in vivo and bind less efficiently to cells. Contrary 

to what has been described for B. subtilis (233) and S. aureus (159), no effect on binding of 

the positively charged AcmA to the cell was observed in the dltD mutant. An alanine 

racemase mutant of L. lactis is not able to convert L-Ala into D-Ala and as a consequence is 

defective in peptidoglycan crosslinking, since D-Ala is involved in that process. L. lactis (alr) 

starts to lyse upon removal of D-Ala from the growth medium, a process in which AcmA is 

involved but only partially so, since an L. lactis acmA alr double mutant still lyses, but to a 

lesser extent than the alr single mutant.  

When L. lactis is grown on a medium with galactose as the sole carbon source, less AcmA is 

able to bind to these cells than to cells grown on glucose, resulting in reduced cell lysis. The 

decreased binding is caused by changes in the composition of the cell wall (Chapter 5).  

In addition to the characterization of AcmA, a characterization of other peptidoglycan 

hydrolases of lactococcal origin is described in this thesis. The AcmA homologues AcmB, 

AcmC and AcmD, the putative endopeptidase YjgB, the prophage-encoded putative amidase 

LytR and the amidase of the prophage of Bil309 are all able to lyse lactococcal cells, although 

only AcmC and both phage lysins are able to do so in an acmA mutant. LytR was expressed in 

a foodgrade way and was used in a cheese trial. It was shown that LytR is able to lyse other L. 

lactis strain in trans in the cheese matrix (Chapter 6). 

 

LysM substrate specificity. 

LysM domains are present in proteins of many bacteria and eukaryotes. The wide distribution 

of these domains in nature raises the question whether they all bind similar substrates. Since 

the bacterial LysM domains are found in cell wall-associated proteins and all bacterial cell 

walls contain peptidoglycan, bacterial LysM domains most likely bind to peptidoglycan, a 

supposition which has been demonstrated so far only for the LysM domains of AcmA 

(Chapter 2). The LysM domains of AcmA are not specific for the type of peptidoglycan 

prevalent in L. lactis (A3α), because they can bind to other A- but also to B-type 

peptidoglycans. It would be interesting to examine whether LysM domains in proteins from 

other bacterial species share this feature or whether during evolution LysM domains have 

evolved that are more specific towards certain types of peptidoglycan. 
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In some eukaryotes LysM domains are present in chitinases, e.g. in the nematode 

Caenorhabditis elegans and in the green algae Volvox carteri. These LysM domains are 

expected to bind the substrate of the enzyme: chitin. Chitin is a polymer found in e.g. fungi 

and arthropods and resembles the glycan chain of peptidoglycan: it consists of a polymer of 

N-acetylglucosamine while glycan consists of a polymer of alternating N-acetylglucosamine 

and N-acetylmuramic acid residues. The LysM domains of AcmA, however, do not bind to 

chitin (Chapter 2). LysM domains are not present in Archaeal proteins, which suggests that 

eukaryotes obtained the LysM domain via horizontal gene transfer (161). After the transfer of 

the domain from bacteria to eukaryotes, it must have evolved such that it could bind to chitin. 

Besides in chitinases, LysM domains are also present in some membrane proteins of plants. 

The LysM domains have been shown in legumes to be involved in inducing the symbiosis of 

the plant root with Rhizobium, resulting in the nodules that the plant needs for nitrogen 

fixation. During nodulation, the plant LysM domains interact with Nod-factors, which are 

messengers between the bacterium and the plant root cells and are secreted by Rhizobium. 

Upon binding of the Nod-factor by the LysM domains in receptor kinases, a transduction 

signal cascade is started in the plant root cell that eventually leads to nodulation (121, 125, 

164). Nod-factors consist of a short chain of N-acetylglucosamine moieties decorated with 

other compounds and, therefore, resemble chitin (120, 173). Non-nodulating plants (e.g. 

Arabidopsis thaliana) also have membrane proteins with LysM domains. These plants do not 

interact with bacteria to form nodules, but plants might use these LysM domains for 

interaction with mycorrhiza-forming fungi, which contain chitin in their cell walls. Since the 

LysM domains of higher plants are homologous to those of chitinases of other eukaryotes, it 

may be postulated that all plant LysM domains originally bound chitin. Later in evolution the 

interaction of legumes by Rhizobium could have been established by the secretion of chitin-

like compounds by the plants. 

The plant only recognizes the Nod-factors of specific bacterial species; the LysM domain-

containing membrane proteins seem to bind only Nod-factors with a specific structure. Nod-

factors differ in the decoration of the chitin backbone. Assuming that plant LysM domains 

bind the chitin part of Nod-factors this would suggest that the specificity towards specific 

Nod-factors is caused by a part of the membrane protein other than the LysM domain itself.  
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LysM domains are also present in some putative animal proteins. Up to now the function of 

most of these proteins is unknown as is the nature of the substrate to which the LysM domains 

may bind. It has, however, been suggested that the LysM domains in animal proteins function 

in the recognition of bacteria by the immune system (203). The LysM domain-containing 

proteins in animals could interact with kinases in the cell membrane that share homology with 

plant kinases involved in nodulation and interaction with mycorrhizal fungi (203).   

Since the LysM domains of AcmA of L. lactis bind to A- and B-type peptidoglycan and as the 

glycan chain is the only part that A- and B-type peptidoglycans have in common, it is 

assumed that LysM domains bind to the glycan chain (Chapter 2). As mentioned above, the 

LysM domains of AcmA do not bind to chitin, suggesting that at least the N-acetylmuramic 

acid in peptidoglycan plays an important role in the binding. Binding studies with derivatives 

of peptidoglycan should reveal to which part the bacterial LysM domains bind. Preliminary 

results were obtained with an L. lactis strain expressing the bacteriophage r1t amidase LytR. 

LytR is expected to hydrolyse the bond between the L-Ala of the tetrapeptide and N-

acetylmuramic acid, resulting in ‘naked’ glycan strands. The LysM domains of AcmA do not 

bind to peptidoglycan isolated from the LytR-expressing lactococcal strain (A. Steen et al, 

results not shown in this thesis), suggesting that not only the muramic acid residue is 

important but also (part of) the tetrapeptide is needed for AcmA binding, although the 

structure and amino acid composition of the tetrapeptide do not seem to matter (Chapter 2). 

The same kind of studies could be performed with lytic endopeptidases. Cell walls of L. lactis 

could be incubated with purified DL- or LD-endopeptidases. The peptidoglycans thus 

hydrolysed, are expected to have shorter peptides in the peptidoglycan (e.g. only L-Ala-D-Glu 

in the case of expression of a DL-endopeptidase or only L-Ala in the case of an LD-

endopeptidase, see also Fig. 4 in Chapter 1). The structure of the peptidoglycan could be 

confirmed through RP-HPLC and NMR analysis of muropeptides. Binding studies with the 

LysM domains and the hydrolysed peptidoglycans could reveal what part of a tetrapeptide 

should be present in the peptidoglycan for a LysM domain to be able to bind. 

The 3D structure of one of the two LysM domains of the MltD protein of E. coli was resolved 

using NMR (12). The results concerning the exact binding site in peptidoglycan and 

modelling studies of the LysM domain together with its substrate should reveal with which 

part of the latter the LysM domain interacts. These studies might also show what amino acid 
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sequences in eukaryotic and bacterial LysM domains determine the specificity of binding to 

chitin, Nod-factors or peptidoglycan.  

Cell wall binding domains are used to display antigens on the surface of Gram-positive 

bacteria (118). LysM domains exhibit some desirable features for use in surface display. 

Fusion proteins, like that of the LysM domains of AcmA and the MSA2 protein of the malaria 

parasite Plasmodium falciparum, which has been used in the work described in this thesis, can 

be produced by recombinant lactococci. The fusion protein is secreted well and, although part 

of the protein binds the producing cell, the major portion is present in the culture supernatant 

(Chapter 2). This supernatant can be mixed with non-recombinant bacterial cells, which bind 

the protein and display the antigen. Prior TCA-treatment of the non-recombinant cells 

increases the amount of protein that can be bound to the cell surface (Chapter 2). The result 

could lead to a safe, non-recombinant bacterial vaccine. 

 

The role of LTA in AcmA binding 

Localization studies with cell wall hydrolases of several Gram-positive bacteria have revealed 

that some of these enzymes are not evenly distributed over the cell surface, but are present at 

specific sites. Electron microscopy studies with Atl of S. aureus showed that this autolysin 

forms a ring surrounding the staphylococcal cell. For other peptidoglycan hydrolases, e.g. 

LytE and LytF from B. subtilis, binding to the cell poles has been reported. One of the main 

conclusions of this thesis is that AcmA of L. lactis binds only around the poles and septum of 

the lactococcal cell. The enzyme also distributes unevenly over the surface of some other 

Gram-positive bacteria, among which Lb. casei, Lb. sake and B. subtilis, when it is applied to 

these cells from the outside. Moreover, in this thesis it is concluded that LTA are not 

uniformly distributed over the cell surface of L. lactis (Chapter 2): they are not present at 

those sites of the cell at which AcmA binds (Fig. 1). The specific localization of AcmA on the 

surface of the other aforementioned bacteria suggests that cell wall components in these 

bacteria are also not evenly distributed.  Direct proof that LTA are the carbohydrates that 

hinder the binding of AcmA to cell walls of L. lactis is not given in this thesis: further 

analysis of the lactococcal cell wall is needed to clarify this point. It could turn out to be LTA 

itself, a decoration of LTA, or a cell wall component closely associated with LTA, possibly a 

carbohydrate. This could be studied by chemical analysis of cell walls treated with or without 
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TCA, since TCA treatment removes the hindering component (Chapter 2). In addition, the 

localization of cell wall components, especially LTA, should be further studied. Using the 

fluorescently labelled Ricinis communis agglutinin lectin RCA120, which binds to galactosyl 

substitutions of LTA, LTA were localized indirectly and only so in L. lactis strain SK110, 

which has an unusually highly galactosylated LTA. Detection of LTA in L. lactis MG1363 is 

not possible with this lectin: it does contain galactose (N.E. Kramer, personal 

communication), but the galactose levels are apparently too low, or galactose is not accessible 

for RCA120. The location in the cell wall of LTA and other cell wall components could be 

studied e.g. by using fluorescent lectins with specificities different from that of RCA120, or by 

using cell wall binding domains with known binding substrates, e.g. LTA. For this reason, the 

lactococcal PspA protein, which contains domains homologous to the choline binding 

domains of Streptococcus pneumoniae, was fused to the C-terminus of the Plasmodium 

falciparum protein MSA2. Only very little binding to cells and cell walls was observed and 

localization studies using immunofluorescence were not successful (results not shown). It is 

not clear whether L. lactis has choline in its cell wall while it could also be that the L. lactis 

choline-binding domain is not functional.  

The studies with the alr and dltD mutants of L. lactis have shown that D-Ala on LTA is not 

involved in the hindering of AcmA binding, since no differences in AcmA binding were 

observed between the wildtype strain and the dltD mutant. Charge of LTA is, therefore, not 

involved, since LTA of a dltD mutant is more negatively charged than that of wildtype L. 

lactis. The only condition, described in this thesis, that seems to influence AcmA binding, 

was growth in a medium with galactose as the sole carbon source (Chapter 5). When L. lactis 

is grown on galactose, less AcmA is able to bind to the cell wall, and it is hypothesized that 

growth on galactose results in a change in the amount or composition of LTA, compared to 

growth on glucose (Fig. 1). Cell wall chemical analyses should reveal to what extent the cell 

wall is changed upon growth with galactose instead of glucose as the sole carbon source. L. 

lactis employs the Leloir pathway to be able to grow on galactose. Intermediates of this 

pathway, UDP-glucose and UDP-galactose, are precursors of cell wall carbohydrates and are 

responsible for the sugar substitution of LTA. Phosphoglucomutase (Pgm) is a key enzyme 

between glycolysis and the Leloir pathway, and is involved in determining the amount of 

UDP-sugars available for cell wall synthesis. Boels et al. (20) have shown that overexpression 
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of E. coli PgmU in L. lactis in a medium with glucose leads to higher concentrations of UDP-

glucose and UDP-galactose. An L. lactis strain overproducing L. lactis Pgm (obtained from 

W. Pool and A.R. Neves, pers. Comm.) and grown on glucose lyses to a lesser extent than the 

wildtype strain (results not shown), most likely because of reduced AcmA binding. This 

suggests that sugar substitutions on LTA or cell wall carbohydrates associated to LTA are 

involved in hindering of binding of AcmA to the cell wall.  

It has been observed recently that a B. subtilis dltA mutant expresses very little of the protease 

HtrA (94). It is also known that heterologous, secreted proteins are less prone to proteolytic 

degradation in such a mutant (95). The two-component CssR/S system of B. subtilis is 

involved in induction of expression of htrA. Reduced D-alanylation of LTA influences the 

CssR/S system in such a way that it is not able to induce expression of htrA (94). The CssR/S 

system is involved in a process called ‘secretion stress control’. When the cell is under 

‘secretion stress’, extracellular proteases (e.g. HtrA) are expressed to degrade the proteins that 

cause the stress. The fact that the dltD mutant of L. lactis has no HtrA activity, suggests that a 

secretion stress system similar to CssR/S is also present in L. lactis (Fig.1). To prove this, 

transcription of htrA in L. lactis and L. lactis dltD should be studied by Northern or DNA 

microarray analyses. The latter assay could also point out which other genes are affected by 

mutation of dltD. When transcription of htrA is affected, this would strongly suggest that a 

CssR/S system is present.  

The six two-component system homologues present in the L. lactis genome have been studied 

by insertional mutagenesis (149). Two of the systems are necessary for normal cell growth 

and survival and are constitutively expressed. The remaining four systems are involved in 

susceptibility to extreme pH, osmotic or oxidative stress, or regulation of phosphatase 

activity. It would be of great interest to study the contribution of the two-component systems 

to secretion stress in L. lactis. Because it is homologous to CssS, the llrA/llkinA system is the 

main candidate for a lactococcal secretion stress system. 

 

The peptidoglycan hydrolase complement of L. lactis 

In Chapter 6, six lactococcal peptidoglycan hydrolases are examined with respect to their 

ability to lyse L. lactis: the three AcmA homologues AcmB, AcmC and AcmD, the  
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Figure 1: Model of regulation of autolysis of L. lactis and the influence of LTA. The autolysin 
AcmA binds to peptidoglycan in the lactococcal cell wall, but only to those places where LTA is not 
present (top panel). When L. lactis is grown on galactose, less AcmA is able to bind to peptidoglycan, 
possibly due to higher galactosylation levels of LTA.  This results in decreased autolysis compared to 
the situation when L. lactis is grown on glucose (compare middle and top panels). The LysM domains 
of AcmA are cleaved by the membrane-bound protease HtrA (H). C-terminally truncated AcmA binds 
less efficiently to peptidoglycan, resulting in decreased autolysis. By analogy with the B. subtilis
CssR/S system, which senses LTA, htrA of L. lactis could be regulated by an as yet unidentified two-
component system, consisting of a sensor protein (X) and a regulator protein (Y). When the D-
alanylation levels of LTA are low, as in a dltD mutant of L. lactis (lower panel), the sensor protein X 
is unable to phosphorylate the regulator Y and htrA is not expressed. Consequently, AcmA is not 
degraded, resulting in increased autolysis levels compared to the wildtype situation. To the right of 
each panel, the autolysis level is represented by an arrow, of which the thickness is positively 
correlated to autolysis. LTA is represented by wavy lines, gal: galactosyl, A: D-alanine. 
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endopeptidase YjgB, the lysin from the IL1403 prophage bIl309, and LytR from 

bacteriophage r1t. All enzymes are active when expressed in L. lactis. Moreover, all genes are 

transcribed during growth, as has been shown using Northern analysis (90). Transcriptome 

and Northern analysis of L. lactis MG1363 also shows that all lytic genes are expressed (A. 

Zomer, personal comm., (90)). Activity in L. lactis MG1363, however, has never been shown: 

the acmA mutant of L. lactis does not lyse and on zymograms with cell and supernatant 

samples of this strain no lytic bands are detectable (32). Expression of AcmB, AcmC, AcmD 

and YjgB is apparently not detectable under these conditions. AcmC is not dependent on 

activity of AcmA but, since no lysis is observed in L. lactis MG1363acmA∆1, expression is 

too low to result in cellular lysis.  Expression of acmB was studied with lacZ fusions (91). 

The acmB gene is transcribed during growth and expression is regulated during cell growth.  

The differences in modular structure of the AcmA homologues are intriguing and must be 

related to their function. AcmD differs from AcmA in its pI, but its modular structure, with 

three LysM domains in the C-terminal domain of the enzyme, is similar. The low pI of full-

length AcmD suggests that the enzyme is active only at low pH. Indeed, studies with the C-

terminal domain of AcmD show that binding only occurs at a pH below the pI of the protein 

(~4). The function of AcmD is unknown, but it seems to be involved in cell separation, as an 

L. lactis acmA acmD double mutant grows in chains that are longer than those of the acmA 

mutant (G. Buist, personal comm.). Mutation of acmD did not affect growth.  

AcmB is transcribed during growth and seems to be involved in cellular lysis (91). The 

function of AcmC is unknown. Interestingly, enzymes with the same modular structure as 

AcmC, i.e. without a cell wall binding domain, are very common among streptococci and 

other LAB. When overexpressed in L. lactis, AcmC is secreted but not present in the culture 

medium: it is present in the cell wall, where it is detectable by SDS-PAGE. While it is devoid 

of a cell wall binding domain, AcmC is apparently still able to associate with the cell wall. 

The pI of the enzyme is likely responsible for this phenomenon, since AcmC is positively 

charged and will interact with the negatively charged cell wall. Being devoid of a cell wall 

binding domain AcmC is likely present all over the cell wall and could function as a general 

enzyme used to loosen the peptidoglycan during growth. This would mean that mutating 

acmC will affect growth and to test this, an L. lactis acmC mutant should be constructed. 
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AcmB, AcmD and YjgB expression does not result in lysis when AcmA is not expressed. 

This suggests that AcmA is needed to predigest peptidoglycan before the three mentioned 

enzymes are able to hydrolyse peptidoglycan. It is also possible that these enzymes attack the 

peptidoglycan without causing lysis, which could be a means of the cell to make 

peptidoglycan more susceptible to hydrolysis by AcmA. 

  

In conclusion, the work described in this thesis contributes to a better understanding of the 

influence of the composition of the cell wall on cellular lysis and on autolysin (LysM domain) 

binding. AcmA was characterised and LTA were shown to play a key role in the 

posttranslational regulation of this potentially lethal enzyme. This thesis is, however, not only 

of fundamental importance: it also contributes to novel and improved applications of 

autolysins and their cell wall binding domains. The LysM domains can be used as a tool for 

protein delivery, e.g. in vaccines, or other delivery systems in which antigens or other proteins 

have to be bound to an inert surface. Especially the removal of LTA with TCA increases the 

binding capacity of the bacterial surface dramatically. Moreover, the knowledge obtained on 

the different peptidoglycan hydrolases present in L. lactis can be used to improve starter 

cultures for cheese manufacture.  
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De melkzuurbacterie Lactococcus lactis wordt, net zoals alle andere Gram-positieve 

bacteriën, omringd door een stevige celwand. Peptidoglycaan is het belangrijkste bestanddeel 

van de celwand en het vormt een stevig netwerk rondom de onderliggende celmembraan. 

Gram-positieve bacteriën brengen specifieke enzymen, peptidoglycaanhydrolasen, tot 

expressie om te kunnen groeien en delen. Deze peptidoglycaanhydrolasen zijn namelijk in 

staat de verbindingen in het peptidoglycaannetwerk te verbreken. Zodra de activiteit van zo’n 

enzym tot cellulaire lysis leidt noemen we dit proces autolyse en de peptidoglycaanhydrolase 

een autolysine. Dit proefschrift beschrijft verschillende aspecten van de afbraak van 

peptidoglycaan en de rol die de verschillende celwandcomponenten spelen in het verankeren 

van peptidoglycaanhydrolasen en andere eiwitten aan de celwand. Bovendien wordt de 

karakterisering van alle peptidoglycaanhydrolasen van L. lactis beschreven. De nadruk ligt 

daarbij op AcmA, de autolysine van L. lactis. 

AcmA is een modulair enzym dat bestaat uit twee domeinen: het N-terminale domein bevat 

het actieve centrum, het C-terminale domein bevat drie LysM motieven. De karakterisering 

van deze beide domeinen wordt beschreven in hoofdstuk 2 en hoofdstuk 3 van dit 

proefschrift. Het actieve centrum domein is homoloog aan dat van verschillende bacteriële 

muramidasen; van AcmA werd derhalve oorspronkelijk aangenomen dat het ook een N-

acetyl-muramidase zou zijn. De karakterisering van de specificiteit van celwandafbraak 

toonde echter aan dat AcmA een N-acetyl-glucosaminidase is (hoofdstuk 3). 

Het C-terminale domein van AcmA is nodig voor in vivo activiteit van het enzym: een AcmA-

afgeleide zonder dit domein is niet tot cellulaire lysis in staat. AcmA bindt namelijk via de 

LysM domeinen in zijn C-terminus specifiek aan het substraat, peptidoglycaan. Hoewel 

peptidoglycaan over het gehele oppervlak van de cel aanwezig is, bindt AcmA alleen aan de 

gebieden rondom de polen en het septum van de cel. Koolwaterstofverbindingen in de 

celwand, mogelijk lipoteichoïnezuren (LTA), zijn op die plekken aanwezig waar AcmA niet 

bindt. Als de koolwaterstofverbindingen (LTA en polysachariden) verwijderd worden door de 

cellen te behandelen met trichloorazijnzuur, kan AcmA over het gehele oppervlak van de cel 

binden. De koolwaterstofverbindingen verhinderen de binding van AcmA, waardoor het 

enzym alleen op specifieke plaatsen bindt (hoofdstuk 2). 

D-alanine (D-Ala) is in sommige Gram-positieve bacteriën betrokken bij cellulaire lysis. Een 

L. lactis dltD mutant vertoont een verstoorde D-alanylering van LTA en het daardoor ontstane 
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verlaagde niveau van D-Ala in LTA leidt in deze stam tot verminderde afbraak van AcmA 

door de extracellulaire protease HtrA. Dit resulteert in verhoogde lysis (hoofdstuk 4). HtrA 

knipt tussen de LysM domeinen van AcmA. Deze specifieke afbraak van AcmA resulteert in 

een verlaagde hydrolytische activiteit van AcmA, hetgeen is aangetoond met AcmA-

afgeleiden met slechts een of twee LysM domeinen (hoofdstuk 3). Deze AcmA-afgeleiden 

hebben een lagere lytische activiteit in vivo en binden met een lagere efficiëntie aan cellen. In 

tegenstelling tot wat beschreven is voor Bacillus subtilis en Staphylococcus aureus is er geen 

effect op de binding van het positief geladen AcmA aan de meer negatief geladen celwand 

van een dltD mutant. Een alanine racemase (alr) mutant van L. lactis kan L-Ala niet in D-Ala 

omzetten. Deze mutant is daarom defect in de cross-linking van peptidoglycaan, aangezien D-

Ala een rol speelt in dat proces. L. lactis (alr) lyseert zodra D-Ala uit het groeimedium wordt 

verwijderd. AcmA is slechts in beperkte mate betrokken bij deze lysis, aangezien een L. lactis 

acmA alr dubbelmutant nog steeds lyseert, maar in mindere mate dan de alr mutant.  

Wanneer L. lactis gekweekt wordt op een medium met galactose als koolstofbron, bindt er 

minder AcmA aan de cel dan wanneer de cellen zijn gekweekt in aanwezigheid van glucose. 

Cellen die gekweekt zijn op galactose lyseren dan ook minder dan cellen die gekweekt zijn op 

glucose. De verminderde bindingscapaciteit wordt veroorzaakt door veranderingen in de 

samenstelling van de celwand, hoogstwaarschijnlijk in LTA (hoofdstuk 5). 

Naast de karakterisering van AcmA wordt ook de karakterisering van de andere 

peptidoglycaan hydrolasen van L. lactis in dit proefschrift beschreven. De AcmA homologen 

AcmB, AcmC en AcmD, de mogelijke endopeptidase YjgB, de door een profaag gecodeerde 

mogelijke amidase LytR en de amidase van de profaag Bil309 zijn allemaal in staat L. lactis 

te lyseren, hoewel alleen AcmC en de profaaglysines dat ook kunnen in een acmA mutant van 

L. lactis. LytR is vervolgens op een ‘foodgrade’ manier tot expressie gebracht in L. lactis en 

daarna gebruikt voor een test in kaas. LytR is in staat andere L. lactis stammen in de kaas, in 

trans, te lyseren. Dit had echter geen effect op de organoleptische kwaliteit van de kaas 

(hoofdstuk 6). 

 

Het werk dat in dit proefschrift wordt beschreven draagt bij aan een beter begrip van de 

invloed van de samenstelling van de celwand op cellulaire lysis and op autolysine (LysM 

domein) binding. AcmA werd gekarakteriseerd en het is aangetoond dat de LTA een 
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belangrijke rol spelen in de posttranslationele regulering van dit potentieel dodelijke enzym. 

Dit proefschrift heeft echter niet alleen betekenis wat betreft fundamentele kennis, het draagt 

tevens bij aan nieuwe en verbeterde toepassingen van autolysines en 

celwandbindingsdomeinen. LysM domeinen kunnen worden gebruikt in de ontwikkeling van 

o.a. vaccins of andere toepassingen waarbij antigenen of andere eiwitten aan een inert 

oppervlak gebonden moeten worden. Door de celwanden te behandelen met TCA, waardoor 

de LTA uit de celwand verwijderd worden, wordt de bindingscapaciteit van die celwanden 

drastisch verhoogd. Daarnaast kan de kennis die verkregen is door het werken met de 

verschillende peptidoglycaan hydrolasen van L. lactis gebruikt worden om starter culturen die 

gebruikt worden in de kaasbereiding, te verbeteren.  
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Bacteriën zijn overal….. 
Bacteriën zijn overal om ons heen aanwezig. Geregeld zijn deze ‘kleine beestjes’negatief in 

het nieuws, zodra bepaalde soorten bacteriën weer een uitbraak van een ziekte hebben 

veroorzaakt. Denk hierbij bijvoorbeeld maar aan de Legionella bacterie die op veel plekken in 

warmwaterleidingen wordt gevonden en berucht is om het veroorzaken van de 

veteranenziekte. Ook de MRSA bacterie is veelvuldig in het nieuws; deze bacterie is resistent 

tegen bijna alle antibiotica die wij kennen en kan in mensen die toch al ziek zijn, ernstige 

infecties veroorzaken. Veel mensen realiseren zich echter niet dat veel bacteriesoorten met 

ons samenleven zonder ons kwaad te doen. Sterker nog, sommige bacteriesoorten zouden 

zelfs onze gezondheid kunnen bevorderen! Daarnaast worden veel voedselproducten door 

bacteriën gemaakt, in het bijzonder heel veel zuivelproducten zoals kaas, yoghurt en 

karnemelk. Maar ook zuurkool en veel soorten worst worden met behulp van bacteriën 

gemaakt. Veel van de bacteriën die betrokken zijn bij de voedselproductie, maar ook vele 

gezondheidsbevorderende bacteriën, behoren tot één speciale groep van bacteriën: de 

melkzuurbacterien. De bacteriën van deze groep maken allemaal melkzuur, eigenlijk een 

afvalproduct dat gemaakt wordt als deze bacteriën energie uit de afbraak van suikers willen 

halen. Dit melkzuur verzuurt het milieu van deze bacteriën, bijvoorbeeld de melk waarin ze 

groeien. Deze verzuring zorgt ervoor dat andere bacteriesoorten, die we niet zo graag in ons 

eten willen zien, niet kunnen groeien. De melkzuurbacteriën zelf hebben ervoor gezorgd dat 

ze, tot een bepaalde hoogte, goed tegen melkzuur kunnen. Doordat de melk zuur wordt 

scheidt de melk zich in wrongel en wei en kan er kaas gemaakt worden. Daarnaast zorgen 

deze melkzuurbacteriën er ook nog eens voor dat bijvoorbeeld de kaas die ze maken lekker 

gaat smaken. Door eeuwenlange selectie voor de beste smaak hebben wij, de mens, samen 

met deze bacteriën de bekende zuivelproducten ontwikkeld: Goudse kaas, camembert en brie, 

maar ook salami en zuurkool. Zelfs in wijn zorgen deze bacteriën voor extra smaak! Van alle 

verschillende soorten melkzuurbacteriën is Lactococcus lactis voor de Nederlandse economie 

de belangrijkste. Lactococcus lactis wordt namelijk gebruikt in de bereiding van Goudse kaas. 

 

Wat is een bacterie? 
Maar wat is een bacterie, en in het bijzonder een Lactococcus lactis? Een bacterie is een heel 

klein levend wezen; Lactococcus lactis is bijvoorbeeld een paar micrometer groot (1 
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micrometer is 1 duizendste millimeter!). Terwijl wijzelf uit miljarden en miljarden cellen 

bestaan die met elkaar één mens vormen, bestaat een bacterie uit slechts één enkele cel. Deze 

cel ziet er van buiten vaak eenvoudig uit: Lactococcus lactis lijkt bijvoorbeeld op een bolletje, 

niet helemaal rond maar een beetje ovaalvormig. Maar er bestaan ook andere vormen: de 

bodembacterie Bacillus subtilis is bijvoorbeeld staafvormig (zie ook de foto’s op pagina 45 

van dit proefschrift). Met deze ene cel kan een bacterie alles doen om in zijn omgeving te 

kunnen overleven; om zich te kunnen voeden en zich te kunnen vermenigvuldigen. Dat 

vermenigvuldigen doet een bacterie door zich in tweeën te splitsen en daarna de twee 

‘dochtercellen’ weer te laten groeien tot een volwaardige cel. 

 

De celwand van bacteriën. 
Als we wat beter naar de bacteriecel kijken zien we dat de buitenkant van de cel bestaat uit 

een celwand. Deze celwand is een erg belangrijk onderdeel van de bacterie, het beschermt de 

binnenste delen van de cel en bepaalt ook gedeeltelijk de vorm van de cel. De celwand bestaat 

uit een stevig netwerk van een verbinding van eiwitten en suikers, het peptidoglycaan. 

Peptidoglycaan is een heel speciale chemische verbinding en wordt alleen door bacteriën 

gemaakt. Naast dit peptidoglycaan zitten er ook nog andere stoffen in de celwand, 

bijvoorbeeld enzymen, lipoteichoinezuren (zie verderop) en suikers. Het 

peptidoglycaannetwerk is zo stevig dat de cel alleen kan groeien of zich kan delen als het 

peptidoglycaan eerst gedeeltelijk wordt afgebroken. Speciale celwandafbrekende enzymen, te 

vergelijken met schaartjes, zijn verantwoordelijk voor deze afbraak. Dit afbraakproces moet 

echter wel goed in de gaten gehouden worden, het moet zo gebeuren dat deze enzymen alleen 

daar knippen waar ze echt nodig zijn. Ze mogen niet te ver doorknippen, anders raakt de 

celwand zo ‘verknipt’ dat het zijn beschermende functie verliest en dan kan de cel dood gaan.  

 

AcmA 
In dit proefschrift wordt beschreven hoe AcmA, een peptidoglycaan afbrekend enzym van 

Lactococcus lactis, de juiste plek om te knippen vindt en zo in toom wordt gehouden. AcmA 

is verantwoordelijk voor de celwandsplitsing, het laatste stadium in het celdelingsproces. 

Zonder AcmA kan Lactococcus nog wel delen, maar de cellen blijven aan elkaar plakken en 

vormen zo een lange keten van cellen. In het laboratorium van Moleculaire Genetica is het 
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gen voor AcmA in Lactococcus lactis gevonden en is dit enzym verder onderzocht. Het 

enzym AcmA bestaat uit twee delen: een gedeelte dat peptidoglycaan kapot kan knippen met 

daaraan vast het bindingsdomein; dit gedeelte van AcmA bestaat uit drie ‘haakjes’. Het 

AcmA schaartje kan alleen knippen als het eerst met de haakjes aan de celwand van 

Lactococcus wordt gehangen. Het is ons gelukt te laten zien waar de haakjes aan de celwand 

vastzitten, door het fluorescent (lichtgevend) te maken (zie pagina 45 voor een foto van 

Lactococcus en andere bacteriën met de lichtgevende haakjes aan de celwand geplakt). Uit 

deze experimenten, beschreven in hoofdstuk 2, is gebleken dat de haakjes alleen maar op heel 

specifieke plaatsen willen haken: vooral rond de zogenaamde polen, de uiteinden van de cel. 

Dit is juist de plek waar AcmA ook verwacht wordt te knippen, omdat daar ook de 

celsplitsing plaatsvindt!  

Hoe komt het dan dat AcmA alleen daar aan de celwand kan haken? Is de celwand daar 

misschien net even anders dan de rest van de celwand? Als eerste hebben we uitgezocht 

waaraan AcmA haakt. Dat bleek peptidoglycaan te zijn, omdat, als we alle andere 

celwandonderdelen (de al genoemde lipoteichoinezuren en suikers) weghalen, AcmA nog 

steeds aan de celwand kan binden. Sterker nog, als al die andere celwandonderdelen zijn 

weggehaald blijkt ook dat AcmA opeens overal aan de overgebleven celwand kan haken, en 

niet meer alleen rond de al genoemde polen! Hieruit hebben we geconcludeerd dat AcmA 

alleen aan de polen kan binden, doordat in de rest van de celwand ‘iets’ zit dat het binden van 

AcmA verhindert. We hadden het idee dat de bindingverhinderende component misschien wel 

het al genoemde lipoteichoinezuuur zou kunnen zijn. Deze lipoteichoinezuren zijn in veel 

bacteriecelwanden aanwezig, maar de exacte functie is eigenlijk nooit helemaal opgehelderd. 

Het lijkt er vooral op dat in elke bacterie lipoteichoinezuren een heel andere functie kunnen 

hebben. Met een trucje is het ons gelukt te laten zien waar de lipoteichoinezuren in de 

celwand van Lactococcus zitten: tot onze grote verrassing precies daar waar AcmA niet kan 

binden! In Lactococcus zijn lipoteichoinezuren dus kennelijk betrokken bij het regelen van 

AcmA-binding, door te verhinderen dat het op plekken bindt waar het alleen maar kwaad kan 

doen. 
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Lipoteichoinezuren en AcmA. 
Lipoteichoinezuren zijn langgerekte moleculen die dwars door de peptidoglycaanlaag heen 

steken. Lipoteichoinezuren zijn belangrijk voor de lading van de celwand. Een mutant van 

Lactococcus die negatief geladen lipoteichoinezuren heeft in plaats van de meer neutraal 

geladen lipoteichoinezuren van een gewone Lactoccus, maakte het mogelijk te onderzoeken 

of de lading van invloed is op de binding van AcmA. AcmA is namelijk een positief geladen 

enzym en zou dus beter kunnen binden aan een mutant met een meer negatief geladen 

celwand! Deze mutant bleek sneller kapot te gaan dan de gewone Lactococcus en het bleek 

ook nog eens dat AcmA hiervoor verantwoordelijk was. Echter, toen we gingen kijken 

hoeveel AcmA er aan de cel kan binden, bleek dat er helemaal niet meer AcmA aan de cel 

bindt. Wel bleek dat AcmA minder snel wordt afgebroken in deze mutant. We wisten 

ondertussen dat de afbraak van AcmA ook belangrijk is voor de regulering van AcmA. Zoals 

al eerder genoemd, het bindingsdomein van AcmA bestaat uit drie kleine haakjes. Zodra een 

of meerdere haakjes van AcmA worden verwijderd, is het enzym minder actief en kan het 

minder goed de celwand kapot maken (dit staat beschreven in hoofdstuk 3). Door AcmA af te 

breken houdt Lactococcus AcmA dus ook in toom. In de mutant met negatief geladen 

lipoteichoinezuren wordt AcmA echter veel minder snel afgebroken, en het kan dus veel 

makkelijker de celwand kapot maken. Waarom deze mutant AcmA minder snel afbreekt is 

onbekend en zijn we aan het onderzoeken. 

Maar goed, we wilden weten hoe de lipoteichoinezuren ervoor zorgen dat AcmA niet kan 

binden. Het was ook nog mogelijk dat iets dat aan de lipoteichoinezuren vastzit hiervoor 

verantwoordelijk is. Aan lipoteichoinezuren zit namelijk ook glucose en galactose gebonden, 

beide zijn dit suikermoleculen. Nu wisten we van de literatuur dat, als Lactococcus galactose 

te eten krijgt, de afbraak van de celwand minder snel gaat dan wanneer het glucose te eten 

krijgt. Inderdaad bleek ook dat deze ‘galactose’ cellen minder AcmA kunnen binden 

(beschreven in hoofdstuk 5). Momenteel zijn we aan het onderzoeken wat precies het verschil 

is tussen lipoteichoinezuren van galactose cellen en glucose cellen en hoe deze 

lipoteichoinezuren dan binding van AcmA beïnvloeden. 
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Wat kunnen we hier mee? 
Het bindingsdomein van AcmA is niet alleen een interessant onderzoeksobject om te kunnen 

begrijpen hoe het enzym AcmA in toom wordt gehouden. Al voordat ik met dit onderzoek 

was begonnen was het bindingsdomein van AcmA bekend en was ook al het idee geboren het 

te gebruiken voor het ontwikkelen van vaccins. De haakjes van AcmA werden bijvoorbeeld 

vastgemaakt aan eiwitten die aan de buitenkant van de malariaparasiet zitten en vervolgens 

werden deze eiwitten aan Lactococcus cellen “gehangen”. De buitenkant van deze 

Lactococcen lijkt dan dus opeens op de buitenkant van de parasiet, en dan zouden deze 

speciale cellen als vaccin gebruikt kunnen worden. Als eerst de lipoteichoinezuren uit de 

celwand gehaald worden, binden deze parasieteiwitten over het hele oppervlak van de cel, in 

plaats van alleen aan de al genoemde celpolen! Dit zou tot een veel efficiënter vaccin kunnen 

leiden. 

Daarnaast is AcmA ook belangrijk in de productie van kaas. Om een goede smaak in Goudse 

kaas te krijgen moet de Lactococcus cel tijdens het rijpingsproces kapot gaan. In de cel zitten 

namelijk allerlei enzymen die belangrijk zijn voor de smaak van kaas. Het was al bekend dat, 

als je ervoor zorgt dat Lactococcus meer AcmA maakt, de cellen inderdaad eerder kapot gaan. 

Lactococcus heeft echter nog meer celwandafbrekende enzymen, naast AcmA. We waren 

benieuwd of de cellen ook eerder kapot zouden gaan als we meer van deze andere enzymen 

door Lactococcus laten maken. Inderdaad blijkt dat zo te zijn en dit staat beschreven in 

hoofdstuk 6. Dit kapotmaken gaat het beste als je de enzymen neemt die afkomstig zijn van 

Lactococcus virussen. Deze enzymen zijn uiteindelijk ook gebruikt voor het maken van 

testkazen. In deze kazen bleken de Lactococcen inderdaad veel sneller kapot te gaan, maar de 

smaak van de kaas was helaas niet beter. Waarschijnlijk komt dit doordat we de verkeerde 

Lactococcus soorten hebben gebruikt, deze waren eigenlijk niet in staat echt goede kaas te 

maken. 
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Dankwoord 
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Mijn proefschrift begint met de proloog tot een van de beroemdste werken uit de 

literatuurgeschiedenis: de Odyssee van Homerus. Elke AIO zou dit boek eens moeten lezen; 

het lijkt wel een metafoor voor de lange reis die elke AIO van afstuderen tot de verdediging 

van het proefschrift maakt. De Griekse held Odysseus, misschien niet de grootste en sterkste 

held, maar wel de slimste, maakt een lange reis na de verwoesting van Troje naar zijn eiland 

Ithaca, zonder te weten hoe lang die reis zal gaan duren. Vele tegenslagen, maar ook mooie 

momenten maakt hij mee. Door zijn vindingrijkheid, maar vooral door zijn wilskracht 

uiteindelijk zijn einddoel te bereiken, komt het helemaal goed met deze held.  

Nu is het bijna zover, mijn Odyssee loopt ten einde! Net zoals voor Odysseus is het een reis 

geweest die wat langer duurde dan gepland, maar gelukkig waren er niet al teveel eenogige 

reuzen, heksen en allesverslindende monsters op mijn weg. Op naar Ithaca! 

 

Al 8 jaar maak ik deel uit van een fantastische vakgroep: Moleculaire Genetica. Ik ben dan 

ook heel blij dat ik nog wat langer heb mogen blijven en op dit moment zelfs nog een jaar 

voor de boeg heb in deze groep. Gedurende de afgelopen 8 jaar ben ik heel wat mensen tegen 

gekomen. Ieder van hen had zijn/haar eigen invloed op dit eindresultaat! Ik moet dus veel 

mensen bedanken, maar ik wil me op deze plek beperken tot diegenen die een speciale rol 

hebben gespeeld, alle anderen zal ik proberen persoonlijk te bedanken. Laat ik dan maar bij 

het begin beginnen: Gerard Venema, bedankt dat je me hebt aangenomen als AIO, ik vind het 

een eer dat jij oorspronkelijk mijn promotor bent geweest! Dan natuurlijk Jan: bedankt voor 

alles van de afgelopen 8 jaar, de vrijheid die ik heb gehad, het snelle nakijken van de 

manuscripten. Ik heb veel van je geleerd, en ben erg blij dat ik nog een tijdje voor je mag 

werken! Oscar, bedankt voor je enthousiasme en je inzet. De besprekingen die we hebben 

gehad, hebben altijd erg stimulerend gewerkt. Zelf ben ik nog nooit aan de arrays 

toegekomen, maar het is geweldig om te zien dat de plannen, die je had toen je hier als 

professor begon, werkelijkheid zijn geworden. 

Girbe, het simpele feit dat we samen een kamer hebben gedeeld, stond aan het begin van dit 

proefschrift. Al snel in mijn eerste jaar als AIO heb je mij onder je hoede genomen en dat 

heeft uiteindelijk geresulteerd in de switch van Lactobacillus naar AcmA. Je hebt me 

enthousiast gemaakt voor dit geweldige enzym, en dat enthousiasme is altijd gebleven, 

bedankt! Kees, ook bedankt voor je grote inbreng! Ik vind het leuk dat ik een bijdrage heb 
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mogen leveren aan het geweldige vaccin-onderzoek dat je doet binnen Biomade. Simon, I 

want to thank you for a great time in Sheffield. Also from you I learned a lot and I especially 

liked our daily discussions! 

 

Goed, dan zijn er nog een paar vakgroepsleden die ik hier wil bedanken. Elise 

(padam…padam..padam…), Caroline (queen of the lab), Nathalie (I hope we can be t-t-t-

together more often), Rober (eh...jij was mijn excuus, eindelijk kan ik nu ook promoveren!), 

Rasmus (it was a pleasure being your secretary…), Rute (queres um gelado?, I won’t say that 

other word…), Harma (leuk dat we nu samenwerken!), Aldert (jaja, mijn computer is traag) 

en Chris (de volgende?), bedankt voor de geweldige sfeer! Wietske, Naomi en Olivera, onze 

dagelijkse gang naar de BIM was legendarisch, alle drie bedankt voor de vriendschap en 

gezelligheid! Ik hoop jullie nog vaak te zien. Stephanie and Jonathan, the three of us spend a 

lot of time in the lab in Sheffield. I especially enjoyed our daily lunches and the stupid 

computer games (petrol panic…..!). 

Moleculaire Genetica is gezegend met een geweldig team van ondersteunend personeel. Als je 

een tijdje in een ander lab bent geweest, ga je dat nog eens extra waarderen. Emma en 

Mirelle, Arie, Peter en Mozes, bedankt!  

 

Zonder paranimfen geen verdediging: Wietske en Marc, leuk dat jullie mijn paranimfen 

willen zijn, met jullie aan mijn zijde moet het allemaal wel gaan lukken! 

 

Als laatste wil ik jou, Peter, bedanken voor alle steun, geduld enz. enz. Enz. Hoe vaak heb je 

mij niet even naar het lab gebracht in het weekend (of weer opgehaald)! Dit proefschrift is dus 

ook een beetje van/voor jou! 
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Conlaqualconchiusione, non voglio restar d’auertire, che tutta l’importanza del ben 
ballare consiste (oltre la gratia, et agilità che si deue possedere) nello star’ attento con 

l’orecchie al suono, come quello ch’è instrumento del Ballo; et ballar à tempo, et 
misura di quello. 

 
Tot slot wil ik nog eens benadrukken dat bij het dansen, naast de gratie en 
behendigheid die men moet bezitten, het goed luisteren naar de muziek het 

belangrijkst is, aangezien het oor het instrument is van de dans; daarnaast moet men 
ook in de maat dansen. 

 
Fabritio Caroso ‘Il Ballarino’ 1581 
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