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Abstract 

Cellulose, chitin and peptidoglycan are major long chain carbohydrates in living 

organisms and comprise a substantial fraction of the biomass. Characterization of the 

biochemical basis of dynamic changes and degradation of these β,1-4 linked 

carbohydrates is therefore important for both functional studies of biological polymers 

and for biotechnology.  Here, we investigate the functional role of multiplicity of the 

carbohydrate-binding LysM domain that is found in proteins involved in bacterial 

peptidoglycan synthesis and remodelling. The B. subtilis peptidoglycan hydrolysing 

NlpC/P60 D,L-endopeptidase, CwlS, possesses four LysM domains. The contribution 

of each LysM domain is determined by direct carbohydrate binding studies in aqueous 
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solution using Microscale Thermophoresis. We show that bacterial LysM domains have 

affinity for N-acetylglucosamine polymers (GlcNac) in the lower μM range.  Moreover, 

we demonstrate that a single LysM domain is able to bind carbohydrate ligands and that 

LysM domains act additively to increase the binding-affinity. Our study reveals that 

affinity for GlcNac polymers correlates to the chain length of the carbohydrate and 

suggests that binding of long carbohydrates is mediated by LysM domain cooperativity. 

We also show that bacterial LysM domains, contrary to plant LysM domains do not 

discriminate between GlcNac polymers and recognize both PGN fragments and chitin 

polymers with similar affinity. Finally, an alanine replacement study suggests that the 

carbohydrate-binding site in LysM containing protein is conserved throughout phyla.  

 

Keywords: LysM domain, Autolysin, NlpC/P60 endopeptidase, peptidoglycan, chitin  
INTRODUCTION 

The bacterial cell wall consists of a rigid layer of peptidoglycan (PGN) that maintains 

the integrity of the bacterial cell and confers protection from environmental stress. PGN 

is a polymer of N-acetylglucosamine (GlcNac) and N-acetylmuramic acid  (MurNac) 

arranged in a three-dimensional network cross-linked by peptide chains that connect 

MurNac moieties. Although PGN is rigid, it also has to be highly dynamic to allow the 

bacterial cells to elongate and separate during growth and division [1]. Numerous 

enzymes grouped under the family of autolysins are involved in PGN degradation and 

remodelling thereby contributing significantly to the PGN structural dynamics. These 

enzymes present diverse activities: glycosidases are lysozyme type enzymes that cleave 

the carbohydrate chain of PGN while endopeptidases, amidases and carboxypeptidases 

hydrolyse the peptide stem of PGN at different positions.   

Among the autolysins, NlpC/P60 D,L endopeptidases play a crucial role in the 

remodelling of PGN. Most D,L endopeptidases cleave the peptide chain of PGN 

between the second and third amino acid (aa). In bacteria, NlpC/P60 enzymes are 

modular proteins composed of a catalytic domain named NlpC/P60 that is very often 

associated with an additional domain(s) predicted to be involved in PGN binding. 

Indeed, the SH3b, CBD (choline binding domain) or LysM (lysin motif) [2,3] domains 

are very often found in NlpC/P60 endopeptidases.  

LysM, a small protein domain of approximately 50 aa, has been defined as a 

carbohydrate-binding domain having affinity for polymers of GlcNac [4]. In bacteria, 
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the LysM domain is often associated with proteins involved in PGN synthesis or 

remodelling and several LysM domains are frequently found in these enzymes [4]. Few 

biochemical studies have demonstrated direct binding between LysM domains and 

PGN, and the binding studies have typically been conducted using insoluble PGN for 

affinity pull-down assays. Rigorous determination of the substrate affinity of bacterial 

LysM domains has not been achieved as biochemical studies are hampered by the 

properties of PGN. PGN is insoluble when extracted from bacteria and additionally, 

PGN oligomers are difficult to synthesize or purify in large amount. Thus, it is not 

trivial to perform PGN binding experiments to assess binding affinities. Illustrating this 

complexity, binding of L. lactis AcmA LysM-containing protein to bacterium like 

particles and PGN was nicely shown by steady-state fluorescence, but it was not 

possible to determine affinity constants [5]. 

In summary, despite recent progress in studying bacterial LysM-containing 

proteins, several questions remain unanswered. Notably, these concerns the affinities for 

their ligands, the correlation between the number of LysM modules and the affinity for 

carbohydrates, the ligand recognition specificity, and finally, the binding site 

localization. In this paper, we address these questions using biochemical approaches to 

study the Cell wall-lytic enzyme associated with cell Separation (CwlS) protein 

involved in cell separation during division of Bacillus subtilis [6]. CwlS is an NlpC/P60 

D,L endopeptidase,  possessing four LysM domains in the N-terminus followed by a C-

terminal NlpC/P60 catalytic domain [2]. It is therefore an appropriate protein model for 

investigating the individual and co-operative role(s) of LysM domains in carbohydrate 

binding.   

 

RESULTS  

 

Expression and purification of CwlS protein 

To investigate the influence of LysM modules on the binding affinity of CwlS protein, 

we first purified the CwlS full-length protein (FL) and CwlS catalytic domain (Cata) 

using the E.coli expression system. Subsequently, we expressed and purified a series of 

protein derivatives (Fig. 1). The N- to C- terminus LysM truncation mutants lack one 

(3LysM-Cata), two (2LysM-Cata) or three (1LysM-Cata) of the LysM domains in the 

N-terminus; while the C- to N-terminally LysM truncated proteins lack the catalytic 

domain (4LysM) plus one (3LysM), or two (2LysM) LysM domains in the C-terminus.  
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To examine the binding capacity of individual LysM domains, single LysM domains 

(1LysM_1, 1LysM_2, 1LysM_3 and 1LysM_4) numbered 1 to 4 from the N-terminus, 

were also expressed and purified. Finally, to assess the carbohydrate recognition mode 

and to further supplement the single LysM studies, we used an alanine scanning 

mutagenesis approach to express and purify a series of binding site variants (FL_Mut 

and FL_Mut1, FL_Mut1_2, FL_Mut1_3 and FL_Mut1_4). All proteins could be 

purified to about 95% purity and appear as a single homogeneous peak in size exclusion 

chromatography, strongly indicating that they are monomeric and folded.  

 

The number of LysM modules affects the endopeptidase activity of CwlS 

We first wanted to test if deletion of LysM domains might influence the endopeptidase 

activity and thereby the cell wall degrading capacity of CwlS. For this purpose purified 

proteins were added to exponentially growing B. subtilis cultures and cell densities were 

measured. Addition of purified FL protein results in decreased cell density over time 

with a specific activity (SA) of 99 U (where U is defined as μOD/min/μg of enzyme, 

Materials and Methods), demonstrating that the purified protein is active (Fig. 2, A). In 

this assay the 3LysM-Cata carrying three LysM domains seems less active with a SA of 

68 U. The loss of activity is even more pronounced when two or three LysM domains 

are deleted (2LysM-Cata, SA=33U, 1LysM-Cata, SA=28 U). Moreover, the cell density 

does not decrease over time when all LysM domains are removed (Cata) suggesting an 

absence of endopeptidase activity on bacterial cell walls.  

 

The number of LysM modules affects peptidoglycan binding 

To assess whether the correlation of the decreased endopeptidase activity and decreased 

number of LysM modules is linked to the loss of PGN binding capacity, we performed 

semi-quantitative PGN pull-down assays (Fig. 2, B and C). This assay exploits the 

insoluble nature of bulk PGN. Proteins binding to insoluble PGN will therefore co-

precipitate with PGN and be found in the pellet after centrifugation.  

The PGN pull-down experiments show that FL and 3LysM-Cata have similar 

binding capacities since about 44 and 45% of the proteins were pelleted (Fig. 2, C). 

However, binding strength appears to decrease with the number of LysM modules 

present since only 28, 20 and 18% of 2LysM-Cata, 1LysM-Cata and Cata binds to PGN 

(Fig. 2, C). This suggests that the binding affinity correlates to the number of LysM 

modules and that the catalytic domain has only low affinity for PGN.  
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LysM domains bind peptidoglycan fragments in the low μM range 

To further characterize the affinity for PGN, we assessed the binding of CwlS proteins 

to different lengths of commercially available PGN fragments (Fig. 3) purified from 

Staphylococcus aureus or Bacillus subtilis. In this assay Microscale Thermophoresis 

(MST) [7], a rather new technique that has been proven to be adequate for binding 

studies with aqueous phase carbohydrates, was used [8]. We first tested a soluble PGN 

tetramer from S. aureus and a soluble PGN trimer from B. subtilis (Fig. 3). Both were 

extracted from cell walls treated with glucosaminidase and endopeptidase, which leaves 

only GlcNac-MurNac disaccharides. The carbohydrate polymerization is maintained by 

the peptide chain since the MurNac-GlcNac bond has been hydrolysed (Fig. 3).  

MST experiments show that FL has an equilibrium dissociation constant (KD) of 

10.1 μM for S. aureus PGN tetramer (Table I). Interaction also occurs when shorter 

PGN fragments are measured in this assay, but the binding affinities of S. aureus PGN 

trimer and B. subtilis PGN trimer are about one order of magnitude lower than that of S. 

aureus PGN tetramer (Table I). In addition, the affinity for B. subtilis PGN dimer is 

about thirty times lower compared to S. aureus PGN tetramer (Table I). This 

demonstrates that bacterial LysM domains have an affinity for PGN fragments in the 

low μM range. Furthermore, our data suggests that LysM domains have higher affinity 

for longer carbohydrate polymers.   

  

LysM multiplicity increases affinity for peptidoglycan 

To investigate the influence of LysM modules on binding affinity, we utilized the 

protein set where LysM domains had been removed one by one from N- to C-terminus 

(Fig. 1). The binding capacities of these proteins were tested in aqueous phase using 

MST. 3LysM-Cata has similar affinity for S. aureus PGN tetramer as FL considering 

the KD value is about 9 μM. However, removal of two or three LysM domains 

influences the binding to PGN. Binding to PGN was indeed not detectable neither for 

2LysM-Cata and 1LysM-Cata proteins nor for single LysM domains 1LysM_1 or 

1LysM_4. In contrast, a protein derivative possessing only the four LysM domains 

(4LysM) has similar affinity as FL since it binds S. aureus PGN tetramer with an 

affinity of 6.8 μM. This shows that the binding contribution of the catalytic domain is 

negligible. This conclusion is reinforced by the fact that binding of Cata possessing only 

the NlpC/P60 catalytic domain to PGN fragments was not detectable (Table I). Our 
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experiments clearly indicate that LysM domains are crucial for protein binding to PGN 

and that the contribution of the catalytic domain to substrate recognition is minor.  

 

CwlS LysM domains do not discriminate between GlcNAc polymers and MurNac-

GlcNAc polymers 

In plants, a variety of membrane receptors containing LysM domains are involved in 

recognition of GlcNac polymers. Although these receptors are very similar to one 

another, they distinguish between three related substrates: lipo-chitooligosaccharide, 

chitin polymers or PGN whose recognition must be specific considering each of these 

carbohydrate polymers triggers different plant response pathways [9,10,11]. They either 

lead to plant defence (for chitin and PGN) or symbiosis (lipo-chitooligosaccharide). 

Following this line of reasoning, we tested whether a bacterial LysM protein could 

discriminate between PGN and chitin GlcNac polymers.  

Our MST binding experiments show that FL has a KD of 4.7 μM for 

chitooctaose (Table II). As seen with the PGN fragments, the affinity decreases when 

shorter chitin polymers are assayed; chitohexaose, chitopentaose, and chitotetraose have 

KD values of 20.4, 316.4.6 and 765.7 μM.  

To extensively investigate the binding properties of a multiple LysM bacteria 

protein, we assessed the chitin binding capacities of all the CwlS protein derivatives 

(Fig. 1). The affinity is similar for chitooctaose when comparing FL, 3LysM-Cata and 

2LysM-Cata, but only weak binding was observed for the 1LysM-Cata (Table II). 

Interestingly, 1LysM_1 that did not bind PGN fragments is now shown to bind chitin 

polymers with a KD of 21.2 μM, which is similar to the single LysM domain from Pteris 

ryukyuensis chitinase-A [12]. We further tested the other LysM domains to assess their 

individual binding affinities. 1LysM_2 and 1LysM_3 have higher affinity for chitin 

oligomers than 1LysM_1 (9 and 7 μM versus 21 μM, respectively, for chitooctaose) 

while only weak binding of chitooctaose was detected with 1LysM_4. This indicates 

that the different LysM have different binding affinities.  

To further explore this hypothesis, the chitin binding capacities of 3LysM 

(LysM1 to LysM3) and 2LysM (LysM1 to LysM2) were assessed. These proteins have 

affinities comparable to 3LysM-Cata and 2LysM-Cata (Table II). Together this data set 

indicates that LysM1, LysM2 and LysM3 have similar affinities whereas LysM4 seems 

to bind carbohydrates only weakly as observed in the PGN pull-down assay (Fig. 2C) 

and MST measurements (Table II). Congruent with the MST results observed for PGN 
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fragments, the binding affinities of the single LysM domains gradually decrease with a 

reduction in the length of the chitin polymers (Table II).  

 

Similarity between the CwlS LysM carbohydrate-binding sites to other LysM 

domains 

Several groups have proposed different binding sites for the LysM domain from 

different phyla based on docking and molecular dynamics [13,14]. Likewise, NMR 

studies have suggested residues that might be involved [12, 15]. More recently the 

crystal structure of Arabidopsis chitin receptor CERK1 ectodomain:chitin complex 

sheds light on the binding site of a plant LysM2 domain. The CERK1 structure shows 

that chitin is bound by hydrophobic, Van-der-Waals and hydrogen bonds. At the 

reducing end of the carbohydrate three residues Met127, Gln131 and Ala138 recognized the 

N-acetyl group of the GlcNac4 (Fig.  4) [16].  

To examine if there are any similarities between the CERK1 LysM2 and 

bacterial LysM binding sites, we made homology models of the four LysM domains of 

CwlS and superposed them to the LysM2 domain of the CERK1 crystal structure. These 

models predict that residues Ile48, Lys52, Thr60 from LysM1, Val109, Lys113, Asp121 from 

LysM2, Val178, Lys182, Asp190 from LysM3, and Val246, Arg250 and Asp258 from LysM4  

could possibly engage in hydrophobic and Van-der-Waals interactions with GlcNac4 N-

acetyl groups (Fig. 4). To test this hypothesis, we substituted these three residues with 

Ala in the four LysM domains and determined the binding capacity of this protein 

derivative. These mutations are not expected to abolish totally the binding since in the 

CERK1 crystal structure the NAG residues 1 to 3 are also tightly bound but we expect 

that these mutations will affect binding affinity constants if the binding site is the same 

as in the CERK1 protein.  Indeed, these substitutions led to the loss of binding capacity 

towards PGN fragments and drastically lower affinities for chitin polymers compared to 

FL (Table III).  

 To further complement the single LysM binding studies and to investigate the 

contribution of the individual LysM modules, we evaluated the effect of substitutions in 

LysM1 (Mut_LysM1) alone, and in combination with the another LysM domain: 

LysM2 (Mut_LysM1_2), LysM3 (Mut_LysM1_3) and LysM4 (Mut_LysM1_4) (Fig.1). 

Mutation of LysM1 alone has no impact on the binding capacity, since the affinity for 

chitooctaose is 1.64 μM (Table III), which is comparable to that of 4LysM (Table II) 

and 3LysM (1.53 and 1.83 μM, respectively). Binding site substitutions in LysM1 in 
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combination with LysM2 or LysM3, however, reduce binding by about one order of 

magnitude (13.84 and 8.03 μM, respectively). This is very similar to what we observe 

upon removal of two LysM domains. Finally, mutation of LysM4 together with LysM1 

has no influence on the binding, further confirming that the 4th LysM domain has very 

poor binding capacity. 

Altogether, these data suggest that the binding site of bacterial CwlS LysM 

domain is similar to that of CERK1 LysM2 as proposed by our homology modelling.   

 

The multiple LysM domains are flexible in solution  

The recent crystal structures of the plant CERK1 ectodomain and the Ecp6 protein both 

possessing three LysM domains showed a globular shape stabilized by disulphide bonds 

between the LysM modules.  In bacteria, as there is no Cys residue allowing these 

bonds, the question of how the LysM domains arrange in three-dimension is therefore 

still open. Despite numerous efforts, we could not crystallize the CwlS protein. To gain 

insights into the arrangement of the four LysM domains, we performed solution 

structure analysis by Small-Angle X-ray Scattering (SAXS). The data show that the 

protein is not aggregated even at high concentrations (Materials and Methods) and 

behaves as a monomer (Fig 5). The q−2-dependence (where q is the modulus of the 

scattering vector) at intermediate q indicates that CwlS is a very flexible protein and 

that it adopts an overall random-flight shape. The flexibility of the protein was further 

emphasized by modeling the data with the program CORAL (see Materials and 

Methods). The position, orientation of the domains and the conformation of the linkers 

were optimized against the scattering data in several independent optimizations. A 

representative result of the modeling from one optimization is presented in Fig. 5. The 

model is of very good quality since it fits almost perfectly the experimental data with a 

χ value of 1.65. The SAXS data and the modeling of the CwlS show that the LysM 

modules do not adopt a globular shape in solution and that the long linkers give 

flexibility to the LysM domains allowing structural rearrangement. We further try to 

collect SAXS data on CwlS mixed with chitohexaose to verify if the LysM modules are 

changing conformation upon sugar binding but no structural rearrangement was 

observed (data not shown). 
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DISCUSSION 

Our study shows, unequivocally, that bacterial LysM domains are involved in 

carbohydrate recognition and that multiple LysM domains containing proteins have a 

preference for long carbohydrate polymers. The number of LysM modules seems to be 

crucial for carbohydrate binding. In the CwlS endopeptidase, the four LysM domains 

have different binding capacity. LysM2 and LysM3 have respectively about two and 

three times better binding affinity (Table II) than LysM1 while LysM4 has only weak 

binding capacity. We infer that the weak LysM4 binding is not due to misfolding since 

it behaves as a monomer on size exclusion chromatography. Furthermore, 

unfolded/aggregated proteins would be detected by MST, and that was not the case. 

Collectively, our observations made from the endopeptidase activity, PGN pull-

down assays, and PGN and chitin polymers binding constants determined by MST 

demonstrates that at least two LysM domains are necessary for efficient binding to long 

chitin polymers, and three LysM domains are necessary for proper binding to PGN 

fragments. These observations correlate with results showing that Enterococcus faecalis 

AtlA protein is much more active in the presence of its six LysM domains and that 

AcmA autolysin from Lactococcus lactis needs at least two LysM domains for optimal 

activity in vivo [17,18]. Interestingly, most NlpC/P60 proteins found in the pFam 

database [19] have a minimum of two LysM domains. This conserved feature may 

illustrate that proteins containing multiple LysM modules have been selected 

throughout evolution for optimal function.  

Binding experiments suggest a different binding mode for short PGN fragments 

and chitin polymers. Single LysM domain (1LysM_1,1LysM_2, 1LysM_3 or 

1LysM_4) and 2LysM-Cata protein bind long chitin polymers while binding of PGN 

fragments was not detected. This suggests that the degree of carbohydrate 

polymerization influences LysM domain cooperativity. While the chitin polymers are 

linked together by glycosidic bonds, the PGN fragments GlcNac-MurNac units are only 

connected by the peptide cross-linkages (Fig. 3). Long chitin polymers might allow 

multiple LysM domains to bind one carbohydrate polymer, enabling cooperativity 

between the LysM domains. The shorter PGN fragments we used in this study may not 

allow two LysM to bind the same carbohydrate molecule, hence, binding is not 

enhanced.  

However, our study does not reveal how cooperativity occurs, i.e. whether a 

carbohydrate chain bound to a specific LysM domain is at the same time able to engage 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

another LysM domain of the same Cwls molecule or another LysM domain from a 

second Cwls molecule.  Since peptidoglycan is a very long polymer [20] we propose 

that such intra- and/or intermolecular cooperativity is occurring in vivo.  

 The crystal structure of the A. thaliana CERK1 ectodomain bound to chitin 

shows that one LysM domain can accommodate four sugars units. The same study 

proposes that two LysM domains can bind chitooctaose and trigger receptor 

dimerization [16]. It was proposed that the fungal Ecp6 protein containing three LysM 

domains, behaves as a “three times one binding site” when challenged with short chitin 

polymers in isothermal calorimetry. Nevertheless, cooperativity between LysM domains 

was suggested when chitooctaose was used as ligand [21]. Recent biochemical and 

structural data showed that Ecp6 possesses two binding sites one of high affinity in the 

pM order and a second one in the μM order [22]. 

The crystal structure of A. thaliana CERK1 indicates, however, that only one of 

the three LysM is bound to chitin and the two other LysM domains play a structural role 

by maintaining the fold of the extracellular domain. Indeed, in plants and fungi, the 

multiple LysM domains are linked together by disulphide bonds. In contrast, these 

bonds are absent in bacteria and the LysM modules are instead connected by linkers 

varying in size. Our SAXS data and modelling show that these linkers allow flexibility 

between the different LysM domains and may therefore allow each of them to bind a 

carbohydrate molecule.  

While, our docking and mutagenesis studies documents that CwlS LysM 

binding site is similar to the ones of LysM proteins from other phyla, differences in 

binding strength are observed between LysM from different phyla. Biochemical and/or 

in vivo binding studies of plants LysM proteins report affinities in the low nM range for 

GlcNac polymers [8,23,24,25]. Recently, the affinity for chitin polymers from fungal 

protein was investigated. The Ecp6 protein with three LysM repeats have a low pM and 

μM affinity for long chitin polymers [21,22]. Single LysM domain of plant or fungal 

chitinases have also μM affinity for chitin polymers [12,15]. These binding studies 

together with our binding analysis of bacterial LysM protein demonstrates that LysM 

affinity for their cognate substrate range from low pM to high μM and that LysM 

affinity cannot be predicted by phylogenetics.  

From our binding studies, we conclude that contrary to plant LysM domain 

containing receptors that have to discriminate between PGN, chitin polymers and lipo-

oligosaccharide to distinguish between friends and foes [26,27,28], bacterial LysM 
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domains might not have evolved to acquire high affinity for PGN, or to make 

distinctions among different GlcNac polymers. Firstly, because NlpC/P60 proteins are 

usually secreted in the vicinity of the cell wall where PGN is highly concentrated, 

therefore they do not need to have a high affinity for substrates and secondly, GlcNac 

polymers, like chitin, are not produced in bacteria.  

 

MATERIALS AND METHODS  

 

Generation of Plasmids 

The CwlS gene, excluding the sequence encoding the first 26 amino acids predicted to 

be the signal peptide (as determined by the SignalP 4.1 Server [29]), was amplified 

from Bacillus subtilis genomic DNA with Phusion High-Fidelity DNA Polymerase 

(Finnzymes). FL, 4LysM and 1LysM_1 were cloned in frame with the His- and S-tags 

into pET-30 Ek/LIC expression vector and the LysM deleted versions, 3LysM-Cata, 

2LysM-Cata, 1LysM-Cata and Cata were cloned in frame with the His-, S- and GST-

tags into pET-41 Ek/LIC expression vectors (Novagen). The 3LysM, 2LysM, 1LysM_4 

were cloned in frame with the His-, S- and Thioredoxin-tags into pET-32 Ek/LIC 

expression vectors. 

The CwlS mutant genes, FL-Mut and derivatives were all cloned into pGS-21a vector 

(containing both the His- and GST-tag), were purchased from GenScript. A sequence 

encoding the Tobacco Etch Virus (TEV) protease cleavage site was introduced in all the 

constructs to allow removing of the affinity tags during the protein purification process. 

 

Protein Expression and Purification 

All the proteins derivatives were expressed and purified in the same manner. Proteins 

were expressed into E. coli BL21 CodonPlus RIL competent cells. An overnight culture 

grown in LB media supplemented with antibiotics was diluted 100X in 12 l of the same 

media and incubated at 37ºC under agitation. When OD600nm reached 0.8, 1 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to induce protein expression 

overnight at 20ºC with a rotational speed of 150 rpm. The cells were pelleted by 

centrifugation at 12,000 g for 20 min and resuspended in 100 ml lysis buffer (50 mM 

Tris-HCl pH 8, 500 mM NaCl, 5 mM β-mercaptoethanol, 20 mM imidazole, and 1 mM 

benzamidine). The cells were then lysed by sonication, and centrifuged at 30,000 g for 

45 min to remove cell debris. All the different proteins were purified using the same 
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procedures, and all purification steps were performed at 4˚C. First, the crude extract was 

subjected to affinity chromatography with Ni-NTA superflow cartridges (Qiagen) pre-

equilibrated with lysis buffer. The beads were then washed with high-salt buffer (50 

mM Tris-HCl pH 8, 1 M NaCl, 5 mM β-mercaptoethanol, 50 mM imidazole, and 1 mM 

benzamidine), and the proteins were eluted with elution buffer (50 mM Tris-HCl pH 8, 

500 mM NaCl, 5 mM β-mercaptoethanol, 500 mM imidazole, and 1 mM benzamidine). 

Then, His-tagged TEV protease was added to the eluted protein in a 1:50 (w:w) ratio 

and the cleavage reaction was allowed to proceed overnight in a 12-14 kDa MWCO 

dialysis tube (6-8 kDa MWCO for Cata, Spectrum Labs) against 1 l dialysis buffer (50 

mM Tris-HCl pH 8, 500 mM NaCl, and 5 mM β-mercaptoethanol). For the 2LysM 

protein purification, the NaCl concentration in the lysis, elution, and dialysis buffer was 

400 mM instead.  After dialysis, the solutions were centrifuged at 3,320 g for 30 min to 

remove aggregated proteins. A second round of nickel affinity chromatography was 

performed and the cleaved protein was collected in the flow-through. Finally, the 

proteins were concentrated to 2 mg ml-1 using 10,000 MWCO Vivaspin centrifugal 

concentrators (Sartorius Stedim) and further purified by size-exclusion chromatography 

using a Superdex75 10/300 GL column (GE Healthcare) connected to an Äkta purifier 

system (GE Healthcare). The proteins were eluted with gel-filtration buffer (GFB) (50 

mM Tris-HCl pH 8, 500 mM NaCl and 5 mM β-mercaptoethanol). All recombinants 

proteins were at least 95% pure after these purification steps (Fig. 2, B).  

 

Carbohydrates polymers 

Soluble fragments of bacterial cell wall were purchased from CeCo Labs 

(http://www.cecolabs.de). The S. aureus and B. subtilis cell wall were treated with 

glucosaminidase, therefore, the purified fragments contain only GlcNac-MurNac 

disaccharides linked by the peptide stem (Fig. 3). The PGN fragments are highly pure 

and free from lipopolysaccharides. Chitin oligomers were purchased from Seikagaku 

Biobusiness and Sigma-Aldrich (chitooctaose).  

 

Microscale Thermophoresis  

Protein interaction with bacterial cell wall fragments (CeCo Labs) and chitin oligomers 

(Seikagaku Biobusiness and Sigma-Aldrich) were measured with Microscale 

Thermophoresis (MST). Proteins were labelled using the Monolith NT.115 Protein 

labelling Kit BLUE (NanoTemper Technologies) to achieve a 1:1 molar ratio of 
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labelled protein to dye. A titration series was prepared, in which the concentration of the 

labelled proteins was kept constant at 100 nM, and the concentration of the titrant  

(octa-N-acetyl-chitooctaose, hexa-N-acetyl-chitohexaose, penta-N-acetyl-chitopentaose, 

tetra-N-acetyl-chitotetraose, S. aureus tetramer, S. aureus trimer, B. subtilis trimer, or B. 

subtilis dimer) was varied in thermophoresis buffer (50 mM Phosphate pH 7.5, 1 M 

NaCl and 0.1% Tween-20). After an incubation period of 20 min, MST measurements 

were performed at 25°C on a Monolith NT.115 instrument (NanoTemper Technologies 

GmbH, Munich, Germany). For each measurement, the laser was switched on for 30 s, 

and off for 5 s. Binding curves were obtained from the thermophoresis plus jump phase 

with infrared laser powers of 20% or 50%. The negative control for each protein was 

performed with 100 nM labelled protein in thermophoresis buffer in all 16 capillaries 

under the same conditions mentioned above. Each experiment was repeated at least 

three times and an average KD value was calculated after analyzing the data with the 

GraphPad Prism software.  

 

Endopeptidase activity assay 

An overnight B subtilis cell culture (ATCC 6056) was grown in 100 ml LB media at 

30˚C, with a rotational speed of 120 rpm. 1 ml of the overnight culture was grown in 

fresh LB under similar conditions. This procedure was repeated by diluting the 

overnight culture five times in fresh LB media, and the cells were used for turbidity 

assessment when an OD600nm reading of 1.2-1.3 was achieved. All absorbance readings 

for the assay were obtained using the Jenway 6300 spectrophotometer. The B subtilis 

cells in the mid to late exponential growth phase were diluted with LB media to obtain 

an OD600nm reading of ~0.9. 40 µM of each protein in gel-filtration buffer (GFB, 

described above) was added to the diluted cells in a 1:1 (v/v) ratio, and the mixture was 

incubated in a cuvette at 30˚C, with a rotational speed of 120 rpm. An OD600nm reading 

was recorded at regular intervals of 20 min over a period of 140 min. The positive and 

negative controls were made by adding 120 µM of lysozyme in GFB, or GFB alone, to 

the diluted cells. The specific activity reflecting three independent experiments 

corresponds to the loss of OD600nm and is expressed in μOD/min/μg.  

 

Insoluble Peptidoglycan Pull-Down Assay 

PGN from B. subtilis (Sigma-Aldrich) was dissolved in MOPS-NaOH pH 7 to a final 

concentration of 10 mg.ml-1. Prior to the assay, PGN was heated at 100˚C for 10 min to 
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denature remnant proteases. In a 50 µl reaction, 10 µg of each protein was added to 50 

µg of PGN in the assay buffer (50 mM Tris-HCl pH 8, 1 M NaCl and 5 mM β-

mercaptoethanol with 1% Tween-20). The reaction was incubated for 20 min at 22˚C 

and centrifuged at 10,500 g for 45 min. Then the supernatant was collected, and the 

insoluble PGN pellet was resuspended in 15 µl of assay buffer. 10 µl of supernatant and 

the resuspended pellet solution were analysed on an 18% SDS-polyacrylamide gel. The 

results from five experiments were processed using the TotalLab Quant software. The 

protein densities from the supernatant and pellet were summed; from which the 

proportions of protein densities in the supernatant and pellet (averaged over all 

experiments) were derived and compared. A negative control was performed each time 

with 10 µg of each protein in the same conditions mentioned above, without the PGN, 

to ensure that the proteins were not precipitating on their own. The binding capacity is 

expressed in percentages of protein present in pellet and supernatant.  

 

Homology modelling 

Homology modelling was performed using the automated mode of the Swiss-model 

server [30]. Several improvements were made to the models, notably by manually 

adjusting the Ramachandran plot and rotamers residues using the COOT software [31].   

 

Small-Angle X-ray scattering  

SAXS data were recorded at 25°C and at a wavelength of 1.54 Å on a prototype of the 

NanoSTAR camera from Bruker AXS that has been optimized for solution scattering 

[32]. The acquisition time depended on concentration. Initial data treatment, buffer 

subtraction and conversion to absolute scale, using water as a standard, were performed 

with the SUPERSAXS program package (C.L.P.O. and J.S.P., unpublished). The 

intensity is presented as a function of the scattering vector q = 4 π sin(θ)/λ, where λ is 

the wavelength and 2θ is the scattering angle. The forward scattering used to determine 

the MW of the particles in solution was determined by the IFT procedure [33] 

implemented in the home-written program WIFT [34,35]. Measurements were 

performed at two different protein concentrations, 4.7 mg/ml and 1.7 mg/ml. Rigid body 

modeling was performed with CORAL [36] using as input the homology models of the 

catalytic and LysM domains generated as described above.  
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Table I: CwlS binding constants with PGN ligands. The equilibrium dissociation constants (KD) are 

given in μM. 

 
S. aureus 

Tetramer 

S. aureus 

Trimer 

B. subtilis 

Trimer 

B. subtilis 

Dimer 

FL 10.11 ± 2.08 173.20 ± 59.80 121.02 ± 40.18 356.90 ± 98.10 

3LysM-Cata 9.07 ± 1.73 170.40 ± 33.50 187.30 ± 73.00 134.40 ± 20.60 

2LysM-Cata n.d. - n.d. - 

1LysM-Cata n.d. - - - 

Cata n.d. - n.d. - 

4LysM 6.81 ± 1.31 479.90 ± 211.30 207.80 ± 72.70 222.45 ± 56.85 

FL-Mut n.d. - - - 

(n.d.) not detectable; (-) Not tested 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Table II: CwlS binding constants with chitin ligands. The equilibrium dissociation constants (KD) 

are given in μM. 

 Chitooctaose Chitohexaose Chitopentaose Chitotetraose 

FL 4.78 ± 0.58 20.40 ± 2.31 316.45 ± 65.15 765.75 ± 123.75 

3LysM-Cata 3.13 ± 0.77 11.63 ± 3.88 275.60 ± 52.50 582.65 ± 146.55 

2LysM-Cata 9.89 ± 2.19 18.06 ± 2.95 563.70 ± 119.50 n.d. 

1LysM-Cata >1089.40 n.d. n.d. n.d. 

Cata n.d. n.d. n.d. n.d. 

4LysM 1.53 ± 0.07 14.15 ± 1.08 288.10 ± 18.70 810.65 ± 74.05 

3LysM 1.83 ± 0.17 12.74 ± 1.26 243.04 ± 30.25 444.95 ± 51.45 

2LysM 7.88 ± 1.11 24.34 ± 2.12 393.75 ± 61.75 483.05 ± 27.25 

1LysM_1 21.29 ± 1.16 44.74 ± 5.60 520.40 ± 66.30 787.85 ± 69.95 

1LysM_2 9.63 ± 1.41 12.17 ± 1.84 328.75 ± 61.05 384.20 ± 83.50 

1LysM_3 7.61 ± 1.80 9.92 ± 3.01 186.45 ± 41.45 >1410.55  

1LysM_4 >1312.55  n.d. - - 

(n.d.) not detectable; (>) Saturation could not be reached   
Table III: CwlS binding sites mutants binding constants with chitin ligands. The equilibrium 

dissociation constants (KD) are given in μM. 

 Chitooctaose Chitohexaose Chitopentaose Chitotetraose 

FL-Mut >698.75 >1454.50 >7293.00 >8304.50 

FL-Mut_LysM1 1.64 ± 0.40 10.86 ± 1.67 176.05 ± 51.05 328.60 ± 64.60 

FL-Mut_LysM1_2 13.84 ± 1.96 114.15 ± 27.75 >2578.00 >3309.00 

FL-Mut_LysM1_3 8.03 ± 1.07 26.87 ± 7.29 661.55 ± 90.65 701.90 ± 99.10 

FL-Mut_LysM1_4 2.52 ± 0.90 21.60 ± 5.38 150.40 ± 30.50 400.95 ± 118.95 

(n.d.) not detectable; (>) Saturation could not be reached  
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FIGURE 1. Schematic of the constructs used in this study. The LysM domains are 

shown in grey and the catalytic domain is in light grey. N-t and C-t indicate N-terminal 

and C-terminal respectively. The amino acid numbering is indicated. The mutations of 

the LysM domain are indicated by “A” followed by a number giving the position.  
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FIGURE 2. (A) Endopeptidase activity assay. The graph shows the optical density 600 

nm (OD600nm) of B. subtilis cell cultures after protein addition. The protein set used in 

this assay is described in Fig. 1. Lysozyme and buffer were used as positive and 

negative controls, respectively. (B) (C) Semi-quantitative pull-down experiments. (B) 

Control experiment where no PGN was added to the protein, to verify that proteins are 

not precipitating on their own after centrifugation. (C) Gel and quantification table of 

the pull-down experiment results. P indicates pellet and SN supernatant. The table is an 

average of four independent pull-down experiments.  
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FIGURE 3. Structure of the PGN fragments used in this study. The arrows indicate that 

the MurNAc-GlcNac glycosidic bond is not preserved in these ligands. 
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FIGURE 4. Homology modelling and docking of chitin in the CwlS LysM domains.  

(A) The upper panel shows the structure of the A. thaliana crystal structure of CERK1 

LysM2 domain bound to chitin (16). The lower panel show the homology modelling of 

the four LysM domains of CwlS. The dashed lines indicate the potential interaction 

(Van-der-Waals or hydrophobic) between the LysM residue and the N-acetyl group of 

the GlcNAc4 moiety of chitin. (B) Sequence alignment performed with clustalx of 

LysM domains from different phyla and described in the literature. 

B.s.,M.o.,C.f.,P.r.,A.t. are respectively for Bacillus subtilis, Magnaporthe oryzae, 

Cladosporium fulvum, Pteris ryukyuensis and Arabidopsis thaliana. The black arrows 
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and red color indicate the position of the residues mutated in CwlS and the cartoon 

below indicates the secondary structures as found in the CERK1 LysM2 domain crystal 

structure.    

   

  
FIGURE 5. Small-Angle X-ray scattering and modelling of the CwlS protein.  

The left panel shows the scattering curve of the FL protein. The raw data are indicated 

with the dark square. The black curve corresponds to the fit of the CORAL model to the 

SAXS data, the fit has a χ value of 1.65. The right model depicts a typical model 

obtained by modelling with CORAL. The LysM domains are coloured in red, green, 

orange and blue while the catalytic domain and the linker are shown in black.   


