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Endolysins are bacteriophage-derived enzymes that hydrolyze 

the peptidoglycan of host bacteria. Endolysins are considered 

to be promising tools for the control of pathogenic bacteria. 

LysB4 is an endolysin produced by Bacillus cereus-infecting 

bacteriophage B4, and consists of an N-terminal enzymatic 

active domain (EAD) and a C-terminal cell wall binding do-

main (CBD). LysB4 was discovered for the first time as an L-

alanoyl-D-glutamate endopeptidase with the ability to break-

down the peptidoglycan among B. cereus-infecting phages. 

To understand the activity of LysB4 at the molecular level, this 

study determined the X-ray crystal structure of the LysB4 EAD, 

using the full-length LysB4 endolysin. The LysB4 EAD has an 

active site that is typical of LAS-type enzymes, where Zn
2+

 is 

tetrahedrally coordinated by three amino acid residues and 

one water molecule. Mutational studies identified essential 

residues that are involved in lytic activity. Based on the struc-

tural and biochemical information about LysB4, we suggest a 

ligand-docking model and a putative endopeptidase mecha-

nism for the LysB4 EAD. These suggestions add insight into 

the molecular mechanism of the endolysin LysB4 in B. cereus-
infecting phages. 
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INTRODUCTION 
 

Endolysins are peptidoglycan hydrolases produced by bacte-

riophages at the end of their replication cycles to breakdown 

the peptidoglycan of host bacteria (Schmelcher et al., 2012). 

Endolysins have been considered to be one of the most 

promising phage products for controlling antibiotic-resistant 

bacteria since they have narrow host specificity, high sensi-

tivity, and there is a low probability for the development of 

bacterial resistance (Borysowski et al., 2006). In general, the 

endolysins from phages infecting Gram-positive bacteria 

commonly consist of two distinct domains: an N-terminal 

enzymatic active domain (EAD) that is responsible for the 

hydrolysis of peptidoglycans, and a C-terminal cell wall bind-

ing domain (CBD) that confers enzymatic specificity to endo-

lysins by anchoring to cell wall components (Loessner, 2005; 

Nelson et al., 2012). These endolysin features suggest their 

potential as antimicrobial and detection agents. 

Endolysin LysB4 was identified in the genome of Bacillus 
cereus-infecting phage B4 (Lee et al., 2013) and exhibited 

the enzymatic activity of an L-alanoyl-D-glutamate endopep-

tidase on peptidoglycans (Son et al., 2012). LysB4 was pre-

dicted to consist of a VanY domain as an EAD and a SH3_5 

domain as a CBD, according to InterProScan analysis (http://  
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www.ebi.ac.uk/Tools/pfa/iprscan/)(Jones et al., 2014). In 
silico analysis of the amino acid sequence of LysB4 indicates 

that its EAD is highly similar to that of Ply500, an endolysin 

of Listeria phage A500, and CwlK, which is encoded in B. 
subtilis (Fukushima et al., 2007; Loessner et al., 1995). Crys-

tal structure of the EAD of Ply500 from the Listeria bacterio-

phage A500 has been determined and revealed that it be-

longs to a family of Zn
2+

-dependent peptidases of the lyso-

staphin-type, D-Ala-D-Ala metallopeptidases, and the sonic 

hedgehog (LAS) family (Korndorfer et al., 2008). Most en-

dolysins from Bacillus-infecting phages were predicted to be 

amidases. However, LysB4 exhibited endopeptidase activity, 

together with PlyP56, which was recently discovered (Etoba-

yeva et al., 2018). Thus, further study is required on the en-

dopeptidases from B. cereus phages to understand the 

breakdown stage for bacteriophages infecting Bacillus. 
In the previous study, LysB4 exhibited antimicrobial activity 

against Gram-positive bacteria such as Listeria monocyto-
genes, B. cereus, and B. subtilis. Moreover, this enzyme also 

showed lytic activity against all tested Gram-negative bacte-

ria when the outer membrane was disrupted (Son et al., 

2012). Since the bacteria tested contained so-called DAP-

type peptidoglycans (Kamisango et al., 1982; Schleifer and 

Kandler, 1972), LysB4 was suggested to work on the DAP-

type peptidoglycan. However, LysB4 failed to hydrolyze a 

certain group of Gram-positive bacteria, such as Enterococ-
cus faecalis, Staphylococcus aureus, Lactococcus lactis, and 

Streptococcus thermophiles, which contain the lysine-type 

peptidoglycan (Schleifer and Kandler, 1972; Son et al., 2012; 

Vollmer et al., 2008). Therefore, the previous study conclud-

ed that LysB4 preferentially cleaves a peptide bond between 

L-alanine and D-glutamic acid of the DAP-type peptidogly-

can over the lysine-type peptidoglycan (Son et al., 2012). 

Here, we determined the X-ray crystal structure of the 

LysB4 EAD, using the full-length LysB4 endolysin, to reveal 

the working mechanism of the endolysin based on the high 

resolution structure. The ensuing studies give molecular in-

sights into the function of the LysB4 of B. cereus-infecting 

phages, which was discovered for the first time as the L-

alanoyl-D-glutamate endopeptidase from B. cereus-infecting 
phages. 
 
MATERIALS AND METHODS 
 

Protein expression and purification 
Construction of the recombinant plasmid encoding LysB4 

endolysin was described previously (Son et al., 2012). Briefly, 

the lysB4 gene was amplified from the genomic DNA of the 

bacteriophage B4 by polymerase chain reaction (PCR), and 

the PCR product was inserted into pET15b vector (Novagen, 

USA). The recombinant plasmid was transformed into E. coli 
BL21 (DE3) competent cells. The cells were grown in 1.6 L of 

Luria-Bertani (LB) medium (Merck, USA) supplemented with 

100 μg/ml ampicillin at 37℃ until the OD600 reached ~0.7 

and induced with 0.1 mM isopropyl β-D-1-thio-

galactopyranoside (IPTG) at 30℃ for 6 h. The cells were har-

vested by centrifugation at 5,000 x g for 7 min and resus-

pended with 50 ml lysis buffer containing 20 mM Tris-HCl 

(pH 8.0), 150 mM NaCl, and 2 mM β-mercaptoethanol. The 

cell lysate was disrupted by sonication and centrifuged at 

10,000 x g to remove cell debris. The supernatant was load-

ed onto an open column packed with Ni-NTA affinity resin 

(GE Healthcare, USA). The resin was washed with 400 ml 

lysis buffer supplemented with 20 mM imidazole. After 

washing the resin, the protein was eluted with 30 ml lysis 

buffer supplemented with 250 mM imidazole. Eluted re-

combinant proteins were loaded on size exclusion chroma-

tography using a Superdex 200 HiLoad 26/600 column (GE 

Healthcare, USA) pre-equilibrated with the lysis buffer. The 

final purified samples was concentrated to 18 mg/ml using a 

Vivaspin 
centrifugal concentrator with 30 kDa cutoff (Sarto-

rius, Germany) and stored frozen at - 80℃ until use. 

 

Crystallization and data collection 
A single crystal of LysB4 was obtained by the hanging-drop 

vapor diffusion method using a precipitant solution consist-

ing of 2.0 M ammonium sulfate, 0.1 M Bis-Tris pH 6.5, 2% 

polyethylene glycol monomethyl ether 550 (PEG MME 550), 

and 8 mM Tris (2-carboxyethyl) phosphine (TCEP). Equal 

volumes (1 μl) of the protein and reservoir solution were 

mixed and equilibrated against 500 μl reservoir solution at 

14℃ for two weeks. The crystals were dehydrated by adding 

excess amount of ammonium sulfate into the reservoir solu-

tion and were then flash-cooled in a liquid nitrogen stream 

at -173℃ (Jang et al., 2018). A native X-ray diffraction data 

set and a single-wavelength anomalous data set were col-

lected on beamlines 5C and 7A at Pohang Accelerator La-

boratory (PAL) (Pohang, Republic of Korea). 

 

Structural determination and refinement 
X-ray diffraction data were processed using HKL2000 soft-

ware (Otwinowski and Minor, 1997). The structure of LysB4 

was determined by the molecular replacement method with 

MOLREP (Vagin and Teplyakov, 2010) in the CCP4 package 

(Winn et al., 2011) using the structure of Ply500 EAD (PDB 

code: 2VO9) as a search model (Korndorfer et al., 2008). 

The position of Zn
2+

 was determined by zinc single-

wavelength anomalous dispersion (Zn-SAD) phasing with 

Phaser software (McCoy et al., 2007) and the final structure 

of LysB4 was refined using the PHENIX software suite (Ad-

ams et al., 2010). 

 

Ligand docking 
A ligand was generated with the Restraint Editor Especially 

Ligands (REEL) program in the PHENIX software suite (Ad-

ams et al., 2010) and manually docked and adjusted in the 

LysB4 EAD with Coot software (Emsley et al., 2010). The 

complex structure of the LysB4 EAD and the ligand was fur-

ther refined using Phenix.refine program in the PHENIX 

software suite with energy optimization option (weight of X-

ray data/stereochemistry was set to 0) (Adams et al., 2010). 

 

Strains, media, and culture conditions 
All bacterial strains for the endopeptidase activity assay are 

listed in Table 2 and were routinely grown in LB broth medi-

um at 37℃ with aeration. E. coli DH5α and BL21 (DE3) 

strains were used for cloning and expression of endolysins, 

respectively. 
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Construction of LysB4 mutants 
The K15Q, R50Q, R74T, and D129A mutants of LysB4 were 

constructed via an overlapping extension PCR protocol (Nel-

son and Fitch, 2012). To construct pET15b_LysB4 K15Q, the 

lysB4 gene was amplified from the pET15b_LysB4 vector in 

two parts, using two sets of primers (BglII-pET15b-F and 

lysB4-K15Q-R for the front part; lysB4-K15Q-F and lysB4-

BamHI-R for the rear part). Two overlapping PCR fragments 

containing the single mutation were used for the second 

PCR step generating the lysB4 (K15Q) gene. The resultant 

PCR product was inserted between the NdeI/BamHI re-

striction sites of pET15b to construct lysB4 K15Q-containing 

pET15b (pET15b_LysB4 K15Q). For the construction of 

pET15b_LysB4 R50Q, pET15b_LysB4 R74T, and 

pET15b_LysB4 D129A, two corresponding sets of primers 

were used. The sequences of primers used in this study are 

listed in the supporting information Supplementary Table S1. 

 

Circular dichroism 
Circular dichroism (CD) spectra of LysB4, LysB4 R50Q, and 

LysB4 D129A (1 mg/ml) in the reaction buffer (50 mM Tris-

HCl, pH 8.0) were measured using Chirascan-plus CD 

Spectrometer (Applied Photophysics, Leatherhead, United 

Kingdom) at NICEM in Seoul National University (Seoul, Re-

public of Korea). The spectra were recorded over 190-260 

nm range using a cuvette with the optical path length of 0.2 

mm. 

 

Endopeptidase activity assay 
The endopeptidase activity of LysB4 and its mutants (LysB4 

K15Q, R50Q, R74T, and D129A) was evaluated against bac-

terial cells by monitoring the decrease in OD600. All tested 

bacteria were cultivated to the exponential phase. Cells were 

harvested and resuspended with reaction buffer (50 mM 

Tris-HCl, pH 8.0) to an OD600 of 0.8-1.0. In the case of Gram-

negative bacteria, exponentially growing cells were pretreat-

ed with a reaction buffer containing 0.1 M EDTA for 5 min 

at 25℃, and the cells were washed three times with reaction 

buffer to remove residual EDTA, as previously described 

(Leive, 1968). Endolysins (300 nM in final concentration, 

100 μl) were added to the cell suspension (900 μl) followed 

by incubation at 25℃, unless indicated otherwise. OD600 

values were monitored over time. 

 

RESULTS 
 

The crystal structure of LysB4  
We overexpressed the full-length LysB4 endolysin in the E. 
coli expression system and purified the protein successfully. 

The protein was crystalized at pH 6.5 in the intact form (~32  
 

 

 

Table 1. X-ray diffraction and refinement statistics 

 LysB4 LyaB4 (Zn-SAD) 

Data collection   

Beam line PAL 7A PAL 5C 

Wavelength (Å) 0.97934 1.28250 

Space group I41 I41 

Cell dimensions 

a, b, c (Å) 

α, β, γ (°) 

 

79.46, 79.46, 77.93 

90.0, 90.0, 90.0 

 

80.42, 80.42, 78.16 

90.0, 90.0, 90.0 

Resolution (Å) 50.0-2.40 (2.44-2.40) 50.0-2.67 (2.72-2.67) 

Rmerge 0.057 (0.351) 0.095 (0.412) 

I/σI 19.66 (2.36) 18.94 (2.61) 

Completeness (%) 91.5 (92.4) 99.1 (90.4) 

Redundancy 4.9 (2.9) 6.6 (3.4) 

Refinement   

Resolution (Å) 28.1-2.40  
No. reflections 7926  
Rwork/Rfree 0.181/0.224  
No. of Total atoms 1190  
Wilson B-factor (Å) 32.75  
R.M.S deviations   
Bond lengths (Å) 0.007  
Bond angles (°) 0.785  
Ramachandran plot   
Favored (%) 94.6  

Allowed (%) 5.4  
Outliers (%) 0  
PDB ID 6AKV  
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Fig. 1. The structure of the LysB4 EAD. (A) The over-

all structure of the LysB4 EAD, consisting of five α-

helices and one β-sheet with three antiparallel β-

strands (the blue to red ribbon model in the left and 

the green transparent surface model in the right). 

Zn
2+

 is represented as the gray sphere, and a sulfate 

ion in the cleft is shown in the stick model. (B) A 

close-up view of the red inset in A. The Zn
2+

 (gray 

sphere) shows the tetrahedral coordination geome-

try with His80 from α4, Asp87 from β2, His132 from 

β3, and one water molecule (red sphere) in the cleft 

region. The adjacent sulfate ion is shown in the stick 

model and makes polar interactions with Arg50 and 

the bound water molecule. The distances are indi-

cated by a dotted line (Å). 

kDa), as confirmed by sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) analysis of a dissolved crystal 

sample (Supplementary Fig. S1). The cell content analysis 

using Phenix.xtriage (Adams et al., 2010) suggested one 

copy of LysB4 per asymmetric unit with a 41.1% solvent 

content and 2.09 Å
3
/Da Matthews coefficient. The crystal 

structure of LysB4 was determined at 2.38 Å resolution in 

the space group of I41 via the molecular replacement meth-

od using the structure of Ply500 EAD (PDB code: 2VO9) as a 

search model (Korndorfer et al., 2008)(Table 1). 

One molecule was contained in the asymmetric unit of the 

crystal as predicted. The N-terminal EAD was well ordered in 

the crystal. Unfortunately, the C-terminal CBD was com-

pletely disordered in the solvent channel of the crystal be-

cause of a flexible linker (GGSGSTGGSGGGSTGGGSTGG; 

156-176 amino acids) between the EAD and the CBD. Thus, 

we were able to obtain the structural information of only the 

EAD of LysB4 in this crystal structure. Our findings further 

suggest that a direct contact between the EAD and the CBD 

is unlikely. One zinc ion and a sulfate molecule were also 

found in the structure. The presence of Zn
2+

 was confirmed 

by single-wavelength anomalous signal with X-ray absorp-

tion edges of Zn
2+

 (Fig. 1). 

The LysB4 EAD (1-152) consists of five α-helices and one 

β-sheet containing three antiparallel β-strands (β1, β2, and 

β3)(Fig. 1A). A subdomain was composed of the β-sheet 

with three helices (α1, α2, and α5), and the other two heli-

ces (α3 and α4) make a flap from the subdomain, forming a 

deep cleft between them. The flap also contains a long loop 

linking α3 and α4, which appears to provide structural flexi-

bility to the flap against the subdomain (Fig. 1A). The Zn
2+

 

was tetrahedrally coordinated by His80 from α4, Asp87 from 

β2, His132 from β3, and one water molecule in the cleft 

region (Fig. 1B). The sulfate ion, which was contained in the 

crystal precipitant solution, was bound in the cleft near the 

Zn
2+

 (Fig. 1B). 

 

Structural comparison to Ply500 EAD 
The overall shape of the LysB4 EAD is similar to the structure 

of Ply500 EAD (PDB code: 2VO9), whose crystal was ob-

tained using a truncated endolysin protein containing only 

the EAD (Korndorfer et al., 2008)(Fig. 2A). Ply500 EAD has 

an amino acid sequence identity of 71% relative to the 

LysB4 EAD. Both EAD seem to show the similar enzymatic 

activities even though the activity of Ply500 EAD was not 

tested on the Gram-negative bacteria. Structural superposi-

tion with two EAD structures reveals that the overall struc-

tures of the two proteins are very similar (rmsd = 0.457 Å 

over 120 atoms; 8-92, 95-100, 108-124, 129-139, and 142 

amino acids) with a variation in the conformation of a C-

terminal loop of the LysB4 EAD. More amino acids were 

ordered in the loop of LysB4 from the bacteriophage B4 

than the C-terminal amino acid sequence of Ply500 EAD 

from the bacteriophage A500 (Fig. 2A). Although the bacte-

riophages B4 and A500 exhibit different host bacteria, LysB4 

and Ply500 exhibited the same L-alanoyl-D-glutamate endo-

peptidase activity with a bound Zn
2+

 coordinated by two 

histidines and an aspartate (Korndorfer et al., 2008). 

The Zn
2+

 was further coordinated by a bound water mole-

cule in the LysB4 EAD, as observed in the typical LAS-type 

enzymes containing the SxHxxGxAxD motif (Bochtler et al., 

2004; Bussiere et al., 1998; McCafferty et al., 1997). The
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Fig. 2. Structural comparison to Ply500 EAD. (A) The 

LysB4 EAD and Ply500 EAD (PDB code: 2VO9) are dis-

played in the ribbon model (green and magenta, respec-

tively). Zn
2+ 

is in the ball representation, and a water 

molecule (red sphere), shown in the inset, is from the 

LysB4 EAD model. (B) Structural comparison of the (pu-

tative) water binding environments. The distances in 

Ply500 EAD were measured based on the location of the 

water molecule within the LysB4 EAD. 

Fig. 3. Ligand docking model with GlcNAc-MurNAc-L-

Ala-D-Glu-meso-DAP-D-Ala. (A) The docking model of 

the LysB4 EAD with the ligand (GlcNAc-MurNAc-L-Ala-

D-Glu-meso-DAP-D-Ala). The LysB4 EAD is shown in the 

cartoon (green) and surface (gray) representation, and 

the ligand is shown in the stick model (purple). (B) The 

carbonyl group of the peptide linkage between L-alanine 

and D-glutamic acid overlaps with the site of the sulfate 

ion. The sulfate ion is shown in the stick model (yellow) 

and the bound water molecule and Zn
2+

 are shown in a 

red sphere and a gray sphere, respectively. (C) The basic 

residues (blue) and acidic residues (red) of the LysB4 

EAD around the active cleft. Zn
2+ 

(gray sphere), the wa-

ter molecule (red sphere),
 
and the sulfate ion (yellow 

stick model) in the cleft are shown. 
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water molecule further interacts with the side chains of 

Asp87 and Asp129 (2.9 Å and 2.7 Å, respectively; Fig. 2B). 

Interestingly, the bound water molecule was not observed in 

the structure of Ply500 EAD (Korndorfer et al., 2008), which 

indicates a weaker affinity for the water molecule in Ply500 

EAD. The weaker affinity of the water molecules might result 

from the increased distances with the corresponding Asp 

residues (Asp87 and Asp130) involved in the water binding 

(3.3 Å and 3.0 Å, respectively; Fig. 2B).
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Table 2. Endopeptidase activity assay against several bacteria 

Organisms Relative lytic activity 

LysB4 LysB4 (R50Q) LysB4 (D129A) LysB4 (K15Q) LysB4 (R74T)

Gram-negative bacteria Escherichia coli MG1655 + - - + + 

 Pseudomonas aeruginosa ATCC 27853 + - - + + 

 Cronobacter sakazakii ATCC 29544 + - - + + 

 Shigella flexineri 2a strain 2457T + - - + + 

 Salmonella Typhimurium LT2 + - - + + 

Gram-positive bacteria Listeria monocytogenes ATCC19114 + - - + + 

 Bacillus cereus KCCM 40133 + - - + + 

 Bacillus subtilis 168 + - - + + 

 Enterococcus faecalis ATCC29212 - - - - - 

 Staphylococcus aureus ATCC 29213 - - - - - 

 Streptococcus thermophilus ATCC 19258 - - - - - 
*
+, positive activity; -, negative activity 

 

 

 

Ligand docking model of the LysB4 EAD 
To gain insight into the molecular basis for the substrate 

specificity of LysB4 toward the DAP-type peptidoglycan, a 

ligand docking model was constructed with GlcNAc-

MurNAc-L-Ala-D-Glu-meso-DAP-D-Ala, which is the stem 

peptide of the DAP-type peptidoglycan. The sulfate ion is 

bound adjacent to the active water molecule coordinating 

Zn
2+

 and is geometrically similar to the tetrahedral interme-

diate of the sessile peptide bond, which led us to hypothe-

size that the bound sulfate ion is in the site of the tetrahedral 

intermediate of the cleaved peptide bond between the L-

alanine and the D-glutamic acid in the enzymatic reaction. 

We also noted that the Trp100 residue at the outer edge of 

the cleft is within a distance to make an interaction with a 

pyranose ring of sugar. It is generally known that the aro-

matic ring of tryptophan residue can interact with a sugar 

pyranose ring of GlcNAc (Asensio et al., 2013). Combining 

these findings, we manually docked the ligand peptide into 

the deep cleft of the LysB4 EAD (Fig. 3A). The aromatic ring 

of the Trp100 residue made a π-interaction with the pyra-

nose ring of GlcNAc, and the carbonyl group of the peptide 

bond between L-alanine and D-glutamic acid was located in 

the position of the sulfate ion (Fig. 3B). However, the high 

resolution structure of the complex with the stem peptide is 

required to elucidate the substrate binding mode. 

 

A putative mechanism of LysB4 endopeptidase activity 
According to the results from VanX, Glu181 acts as a gen-

eral base to deprotonate the bound water molecule coordi-

nating Zn
2+

 in the cleft (Bussiere et al., 1998). The studies on 

ChiX also suggest that the water molecule is deprotonated 

by Zn
2+

 and the acidic residue that interacts with the water 

molecule, and then the deprotonated water molecule at-

tacks the carbonyl group of the peptide bond (Owen et al., 

2018). To see if Asp129, which corresponds to VanX Glu181 

and ChiX Asp120, plays the same role in catalysis, we meas-

ured the antimicrobial activity of the D129A mutant LysB4. 

As shown in Table 2, the mutation abolished the antimicro-

bial activity. 

The Arg50 residue, which interacts with the bound sulfate 

ion (Fig. 1B), was next to be investigated. The corresponding 

Arg71 residue in VanX played an essential role in stabiliza-

tion of the oxyanion during the catalysis steps (Bussiere et al., 

1998). We produced the R50Q mutant protein and con-

firmed that the mutation abolished the activity of LysB4 in 

the digestion of peptidoglycan. Thus, our results indicate 

that LysB4 shares its catalytic mechanism with VanX. The 

correct folding of the mutant proteins was confirmed by the 

circular dichroism (CD) spectra (Fig. 4A). Based on these 

findings, we propose a catalytic mechanism for LysB4 (Fig. 

4B). The water molecule bound by Zn
2+

 and Asp129 is 

deprotonated and makes a nucleophilic attack on the sub-

strate’s carbonyl group between L-alanine and D-glutamic 

acid. The negative charge of the tetrahedral intermediate is 

stabilized by Arg50. 

 

DISCUSSION 
 

Peptidoglycan recognition proteins (PGRPs) trigger immune 

responses in invertebrates by differentially recognizing pep-

tidoglycans from Gram-negative and -positive bacteria (Dzi-

arski and Gupta, 2006). PGRP-LE specifically recognizes the 

DAP-type peptidoglycan through the ionic interactions be-

tween a conserved arginine residue in the central cleft and 

the carboxylic group of meso-DAP (Lim et al., 2006). How 

could LysB4 distinguish the DAP-type peptidoglycan from 

the other types of peptidoglycans? We noted the three basic 

residues (Lys15, Arg50, and Arg74) in the active site cleft 

that play a role in recognizing the negatively charged meso-

DAP. We showed that the Arg50 is critical in the catalysis of 

LysB4 (Table 2). However, it is unlikely that Arg50 is directly 

involved in the recognition of meso-DAP, since the Arg50 

residue is too far from the carboxylic group of meso-DAP in 

the peptidoglycan in the docking model. We next tested the 

roles of Lys15 and Arg74 that are located at both ends of 

the active site cleft (Fig. 3C). The mutant LysB4 proteins 

(K15Q and R74T) were constructed and their antimicrobial 

activities were measured. As a result, the mutations did not 
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Fig. 4. The CD profiles and a putative endopeptidase mecha-

nism of LysB4. (A). The circular dichroism (CD) profiles of the 

wild type LysB4 (red), LysB4 R50Q (green), and LysB4 D129A 

(blue). (B). One water molecule coordinating Zn
2+

 is deproto-

nated by Asp129 residue (top). Then, the deprotonated wa-

ter executes a nucleophilic attack on a carbonyl carbon of the 

peptide bond between L-alanine and D-glutamic acid in pep-

tidoglycan stem peptide (top). In the next intermediate step, 

the Arg50 residue stabilizes the negatively charged tetrahe-

dral intermediate (bottom). 
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affect antimicrobial activity. Thus, our findings suggest that 

the three basic residues might not play a crucial role in sub-

strate recognition. 

According to the results of Ca
2+

-dependent enzymatic ac-

tivity assays, binding of Ca
2+

 to a phytase increases catalytic 

activity by neutralizing the negatively charged cleft (Ha et al., 

2000). Likewise, the active site cleft of LysB4 is largely deco-

rated by the acidic residues (Glu54, Asp87, Asp129, Glu134, 

and Asp137; Fig. 3C). We suggest that Zn
2+

 or other divalent 

ions might mediate the ionic interaction to meso-DAP by 

binding to the negatively charged residues of LysB4, alt-

hough further study might be needed. In conclusion, our 

high resolution structure of the LysB4 protein provides in-

sight into the molecular mechanism of how endolysins in 

bacteriophages recognize and hydrolyze the host pepti-

doglycans. 

 

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org). 
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