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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.  




