
 

 

 University of Groningen

Functional characterisation and cell walll interactions of peptidoglycan
Steen, Anton

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2005

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Steen, A. (2005). Functional characterisation and cell walll interactions of peptidoglycan. [Thesis fully
internal (DIV), University of Groningen]. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/74c73b7d-6984-4d47-9906-dac897801402


 

 115

 

 

Chapter 5 

 

 

Reduced lysis upon growth of Lactococcus 

lactis on galactose is a consequence of 

decreased binding of the autolysin AcmA 
 

Anton Steen, Girbe Buist, Oscar P. Kuipers and Jan Kok 

 



Chapter 5 
___________________________________________________________________________ 

116 



Growth on galactose and lysis 
___________________________________________________________________________ 

 117

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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