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ABSTRACT 

 

Bacteriophage-originated endolysins have attracted great attentions as alternative 

antibiotic agents against antibiotic-resistant bacteria. Bacteriophage SPN1S infects 

the pathogenic Gram-negative bacterium Salmonella typhimurium and expresses 

endolysin for the release of phage progeny by degrading peptidoglycan of the host 

cell walls. Bacteriophage SPN1S endolysin exhibits high glycosidase activity 

against peptidoglycans, resulting in antimicrobial activity against a broad range of 

outer membrane-permeabilized Gram-negative bacteria. Here, the crystal structure 

of SPN1S endolysin is reported. The results clearly indicate that unlike most 

endolysins from Gram-negative bacteria background, the α-helical protein consists 

of two modular domains, a large and a small domain, with a concave groove 

between them. Comparison with other structurally homologous glycoside 

hydrolases indicated a possible peptidoglycan-binding site in the groove, and the 

presence of a catalytic dyad in the vicinity of the groove, one residue in a large 

domain and the other in a junction between the two domains. The catalytic dyad 

was further validated by antimicrobial activity assay against outer membrane-

permeabilized Escherichia coli. The three-helix bundle in the small domain 

containing a novel class of sequence motif exhibited binding affinity against outer 

membrane-permeabilized E. coli and was therefore proposed as the peptidoglycan-

binding domain. These structural and functional features suggest that endolysin 

from a Gram-negative bacterial background has peptidoglycan-binding activity and 

performs glycoside hydrolase activity through the catalytic dyad. 
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1. Introduction 

The dramatic increase in antibiotic-resistant bacterial strains, especially 

Pseudomonas aeruginosa, Acinetobacter baumannii, Klebsiella pneumoniae, 

Staphylococcus aureus, coagulase-negative staphylococci, enterococci, and 

Streptococcus pneumoniae, has become a serious threat to the treatment of 

infectious diseases within the last decade (1). Importantly, this unfavorable 

situation has caused the development of novel antibacterial agents against 

multidrug resistance bacteria (2). Furthermore, foodborne diseases are the most 

serious and costly public health concerns worldwide. The most common foodborne 

diseases in the world are caused by Salmonella, Campylobacter, Escherichia coli 

(E. coli), Listeria, and viruses. The use of bacteriophages or bacteriophage encoded 

enzymes have recently become a good candidate for the food industry as a novel 

target for biocontrol of unwanted pathogens, enhancing the safety of fresh and 

ready-to-eat food products (3). 

Bacteriophages are viruses that exclusively infect bacteria. They are 

widespread throughout nature and during their life cycle kill their host. 

Bacteriophage reproduces by one of two types of life cycles. These cycles are the 

lysogenic life cycle and the lytic life cycle. In the lysogenic cycle, bacteriophages 

reproduce without killing the host. Genetic recombination occurs between the viral 

DNA and the bacterial genome as the viral DNA is inserted into the bacterial 

chromosome. In the lytic life cycle, the virus breaks open or lyses the host cell. 

This results in the death of the host. Interest in using bacteriophages as 
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antimicrobial agents has increased in recent years due to the high indicated the 

effectiveness of bacteriophages against pathogenic bacteria causing infections in 

animals or humans via phage therapy (4). 

Endolysin represents a group of bacteriophage-encoded enzymes responsible 

for the lytic activity against bacterial host cell walls (5, 6). These enzymes are 

distinct from the virion-associated peptidoglycan hydrolase, which is required for 

the initial entry of the phage into hosts (7). Endolysin is produced in the late stage 

of gene expression during the bacteriophage lytic cycle and plays an essential role 

in the release of phage progeny by degrading the peptidoglycan of host cell walls, 

generally along with other accessory proteins (8). Biochemical studies on 

endolysins characterized to date have shown diverse modes of action; they exert 

cleavage activity on different types of linkage in peptidoglycan networks, 

specifically on the glycan moiety either as N-acetyl-β-D-glucosaminidase, N-acetyl-

β-D-muramidase (“lysozyme” activity), or lytic transglycosylase, as well as on the 

peptide moiety as amidase or endopeptidase (6, 9). 

Endolysin, once purified and used exogenously, has cell wall lytic activity 

against various pathogenic bacteria, suggesting that it can be used as an 

antibacterial agent, particularly for pathogenic antibiotic-resistant bacteria (6, 10) 

and food-contaminating bacteria (3). Numerous studies have been performed to 

identify a wide variety of endolysins with high specificity for specific target 

bacteria. The biochemical and three-dimensional structural features of endolysins 

from bacteriophages infecting Gram-positive bacteria have been studied (9). These 

enzymes typically consist of two domains: an N-terminal domain for catalytic 
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activity and a C-terminal domain for cell-wall binding activity. In contrast, limited 

information is available regarding the Gram-negative bacteria-targeting phage 

endolysin. Most enzymes characterized to date are annotated as a single-domain 

enzyme and have catalytic activity but in the absence of the cell wall-binding 

domain (9). An exception to this common feature is φKZ endolysin gp144 (11) and 

phage EL endolysin 188 (12), in which the peptidoglycan-binding domain (PBD) is 

present. Previous studies have indicated that some endolysins from Gram-negative 

bacteria-targeting phage also show peptidoglycan-binding activity (13), with a 

sequence motif conserved in φKZ endolysin gp144 and phage EL endolysin 188 

(14). 

Bacteriophage SPN1S infects the pathogenic Gram-negative bacterium 

Salmonella typhimurium, and its genome sequence has recently been determined 

(15). Subsequent biochemical analysis indicated that bacteriophage SPN1S 

endolysin cleaves the glycosidic linkage of peptidoglycan, with a catalytic 

efficiency 30 times higher than that of chicken egg-white lysozyme (16). SPN1S 

endolysin also shows antimicrobial activity against a broad range of outer 

membrane-permeabilized Gram-negative bacteria, but not against Gram-positive 

bacteria (16). Therefore, SPN1S endolysin likely exhibits a high degree of 

specificity for structural elements common to the peptidoglycans of Gram-negative 

bacteria. Sequence analysis further indicated that SPN1S endolysin differs from 

other Gram-negative bacteria background in that its amino acid sequence has a 

high degree of similarity to lysozyme, as well as chitinase, a member of the 

glycoside hydrolase (GH) 19 family that degrades a β-1,4-linked homopolymer of 
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N-acetyl-β-D-glucosamine (NAG). To investigate these unique sequence and 

functional features, the crystal structure of bacteriophage SPN1S endolysin was 

determined at 1.9 Å resolution and further functional and structural analyses were 

carried out. The results indicated that SPN1S endolysin is a two-module structure 

with a PBD and catalyzes the cleavage of a glycosidic bond via a catalytic dyad. 



- 5 - 

 

 

2. Materials and Methods 

2.1 Cloning, expression and purification 

The gene for the bacteriophage SPN1S endolysin (Gene Accession No. 

YP_005098003; 16) was used as a template for polymerase chain reaction (PCR). 

In PCR, the NdeI sites in the internal region of the endolysin gene were modified to 

a silent mutation using the QuikChange method (Agilent) with a pair of mutagenic 

primers (Table 1). The resulting PCR product was introduced into the NdeI and 

XhoI sites of a modified pET-28a vector (Merck) containing a TEV protease 

cleavage site at the junction between the His5-tag and multiple cloning site. 

The N-terminal His-tagged SPN1S endolysin was expressed in E. coli BL

21 (DE3; Merck) grown at 37°C in Luria-Bertani medium. The recombinant 

protein was expressed for 12 h at 20°C with the addition of 0.5 mM isopro

pyl-β-D-thiogalactopyranoside when OD600 reached 0.6. The cells were harvest

ed and sonicated in buffer A (50 mM Tris–HCl, pH 8.0, and 300 mM NaC

l), and the supernatant was obtained by centrifugation at 30,000 g for 1 h a

t 4°C. Endolysin was purified using an immobilized metal affinity column 

(GE Healthcare) equilibrated with buffer A and was eluted with buffer B (b

uffer A containing 500 mM imidazole). The eluted protein was dialysed agai

nst buffer A and subjected to size-exclusion chromatography on a Superdex 

200 column (GE Healthcare) pre-equilibrated with buffer C (buffer A plus 2 

mM DTT). For structural studies, selenomethionine (SeMet)-substituted, N-ter

minal His-tagged SPN1S endolysin was also expressed in E. coli B834 (DE
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3) methionine auxotroph cells (Merck) and purified as described above. 
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Table 1. Primer sequences used in this study. 

Endolysin (Y89) Forward 5'- AGTCAGCATATGATGGACATTAAC -3' 
(silent mutation) Reverse 5'- AGTCCTCGAGTCATAACGCCAG -3' 
E49A Forward 5'- CACAGGTCGGGCATGCGTCCGGAGGATTTA -3' 

 Reverse 5'- TAAATCCTCCGGACGCATGCCCGACCTGTG -3' 
E49Q Forward 5'- CACAGGTCGGGCATCAGTCCGGAGGATTTA -3' 

 Reverse 5'- TAAATCCTCCGGACTGATGCCCGACCTGTG -3' 
R55A Forward 5'- GGAGGATTTACCGCGTTACAGGAAAACTTT -3' 

 Reverse 5'- AAAGTTTTCCTGTAACGCGGTAAATCCTCC -3' 
R55K Forward 5'- GGAGGATTTACCAAGTTACAGGAAAACTTT -3' 

 Reverse 5'- AAAGTTTTCCTGTAACTTGGTAAATCCTCC -3' 
E58A Forward 5'- TTTACCCGGTTACAGGCAAACTTTAACTACAGC -3' 

 Reverse 5'- GCTGTAGTTAAA GTTTGCCTGTAACCGGGTAAA -3' 
E58Q Forward 5'- TTTACCCGGTTACAGCAAAACTTTAACTACAGC -3' 

 Reverse 5'- GCTGTAGTTAAAGTTTTGCTGTAACCGGGTAAA -3' 
N59A Forward 5'- CCCGGTTACAGGAAGCCTTTAACTACAGCG -3' 

 Reverse 5'- CGCTGTAGTTAAAGGCTTCCTGTAACCGGG -3' 
I127A Forward 5'- GGTCGTGGACTTGCCCAGATCACTGGTCTG -3' 

 Reverse 5'- CAGACCAGTGATCTGGGCAAGTCCACGACC -3' 
Q128A Forward 5'- CGTGGACTTATCGCGATCACTGGTCTGAAC -3' 

 Reverse 5'- GTTCAGACCAGTGATCGCGATAAGTCCACG -3' 
I129A Forward 5'- GGACTTATCCAGGCCACTGGTCTGAACAAC -3' 

 Reverse 5'- GTTGTTCAGACCAGTGGCCTGGATAAGTCC -3' 
T130A Forward 5'- GGACTTATCCAGATCGCTGGTCTGAACAACTAC -3' 

 Reverse 5'- GTAGTTGTTCAGACCAGCGATCTGGATAAGTCC -3' 
N134A Forward 5'- ACTGGTCTGAACGCCTACCGGGATTGCGGT -3' 

 Reverse 5'- ACCGCAATCCCGGTAGGCGTTCAGACCAGT -3' 
F166A Forward 5'- AGCGCGGCATGGGCCTTCTCCAGTAAAGGT -3' 

 Reverse 5'- ACCTTTACTGGAGAAGGCCCATGCCGCGCT -3' 
K170A Forward 5'- TTCTTCTCCAGTAGAGGTTGCATGAAGTAC -3' 

 Reverse 5'- GTACTTCATGCAACCTCTACTGGAGAAGAA -3' 
K170R Forward 5'- TTCTTCTCCAGTGCAGGTTGCATGAAGTAC -3' 

 Reverse 5'- GTACTTCATGCAACCTGCACTGGAGAAGAA -3' 
N187A Forward 5'- ACGCAGATTATCGCTGGTGGCCAGAACGGT -3' 

 Reverse 5'- ACCGTTCTGGCCACCAGCGATAATCTGCGT -3' 
Q57-N113 Forward 5'- AGTCAGGGATCCATGCAGGAAAACTTTAACTAC -3' 

 Reverse 5'- AGTCCTCGAGTTAGTTATTTCCCATGCG -3' 
Q57-Q155 Forward 5'- AGTCAGGGATCCATGCAGGAAAACTTTAACTAC -3' 

 Reverse 5'- AGTCCTCGAGTTACTGCGCCAGCAGTTC -3' 

 

Restriction sites used for cloning are underlined, and the boldfaced-underlines 

show the mutated sequences 
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2.2 Crystallization 

The SeMet-SPN1S endolysin, which includes the N-terminal His5-tag and a 

TEV protease cleavage site, was concentrated to 15 mg ml–1, flash-frozen in liquid 

nitrogen, and stored at −80°C for crystallization. Initially, needle-like crystal of 

endolysin was produced from a solution containing 1.6 M ammonium sulphate and 

0.1 M Na citrate (pH 4.0) using the sitting-drop vapor-diffusion method (17) at 

22°C. Subsequently, I found that addition of 10% (v/v) glycerol to the reservoir 

solution resulted in a larger crystal using the hanging-drop vapor-diffusion method 

(17) to obtain higher-resolution X-ray data (Figure 1).   
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Figure 1. Crystals of SPN1S endolysin. 

The apo form of SeMet-SPN1S was crystallized in a crystallization buffer of 1.6 M 

ammonium sulphate and 0.1 M Na citrate (pH 4.0), and 10% glycerol.  
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2.3 Data collection and structure determination 

The crystal was cryoprotected by adding 20% (v/v) glycerol and flash-frozen in 

liquid nitrogen for data collection at -173°C. Since crystals were suffered from 

radiation damage, I managed to collect the 1.9 Å-resolution single-wavelength 

anomalous diffraction data at a selenium edge (wavelength of 0.9786 Å) using a 

crystal of SeMet-SPN1S endolysin on the beamline BL1A at the Photon Factory 

(Tsukuba, Japan). Data were processed using the program HKL2000 (18) and the 

crystal had a space group of P212121, with three monomers in an asymmetric unit. 

After failure to locate selenium atoms using single-wavelength anomalous 

diffraction data, the structure of SPN1S endolysin was solved by molecular 

replacement with an ensemble structure. Specifically, SCULPTOR and 

ENSEMBLER utilities in PHENIX (19) were used to generate an ensemble 

structure from the PDB entry 1CNS (20; sequence identity 23%), 1DXJ (21; 23%), 

2CJL (22; 20%) and 3CQL (23; 21%). PHENIX AUTOMR was then carried out 

with this ensemble structure as a search model, yielding initial Rwork and Rfree values 

of 41% and 46% respectively. Even with these high values of Rwork and Rfree, the 

molecular envelope of SPN1S endolysin was clearly distinguishable from that of 

the solvent, and many residues displayed a high-quality electron density map 

including the side-chains. Alternate nine cycles of further manual model building 

with COOT (24) and molecular replacement with PHENIX incorporated more 

residues into the model, resulting in Rwork and Rfree values of 31% and 33% 

respectively. Then, PHENIX MRSAD was used to combine the phase information 

from the last step of molecular replacement and single-wavelength anomalous 
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diffraction data, producing a model with Rwork and Rfree values of 25% and 28% 

respectively. The electron density map at this stage was of sufficiently high quality 

to allow for model building. Iterative cycles of manual inspection and further five 

cycles of molecular replacement were performed until no further improvement of 

the Rfree value was observed. At this stage, all residues of SPN1S endolysin 

identified including additional N-terminal sequences. The final model for SPN1S 

endolysin was refined using the program CNS (25), with Rwork and Rfree values of 

20.7% and 23.6% respectively. Details of data collection and refinement are 

presented in Table 2. The stereochemistry of the final model was evaluated using 

the program MolProbity (26) and structural analyses were carried out using the 

programs in the CCP4 suite (27). The figures presented in this study were 

generated using PyMol (28).  



- 13 - 

 

 

 

Table 2. Data collection and refinement statistics. 

 SPN1S Endolysin 
 
Data collection 

 

Wavelength (Å) 0.9786 
Space group P212121 
Cell dimensions  
  a, b, c (Å) 54.6, 120.5, 126.4 
  a, b, g (°) 90, 90, 90 
Resolution (Å) 50-1.9 (1.97-1.90) a 
Rmerge

b 0.107(0.587) 
I / sI 16.5 (2.5) 
Completeness (%) 98.1 (97.0) 
Redundancy 6.1 (6.2) 

  
Refinement  

Resolution (Å) 50-1.9 
No. reflections 127,207 
Rwork

c / Rfree
c 19.0/22.8 

Number of atoms  
  Protein 1,755 
  Sulfate ion 65 
  Glycerol 24 
  Water 296 
B-factors  
  Protein 23.1 
  Sulfate ion 41.8 
  Glycerol 41.7 
  Water 30.9 
rmsd  
  Bond lengths (Å) 0.00583 
  Bond angles (°) 1.14 
Ramachandran analysis  
  Favored (%) 97.6 
  Allowed (%) 1.8 
  Outlier (%)d 0.6 

 

 
a. Values in parentheses are for the highest-resolution shell. 
b. Rmerge = ΣhklΣi|Ii − <I>|ΣhklΣiIi. 
c. Rwork = Σhkl||Fobs| − k|Fcalc||/Σhkl|Fobs|. R free is the same as R work for a selected 
subset (10%) of the reflections that was not included in prior refinement 
calculations. 
d. A total of five residues were identified as outliers and they are in the extra-N-

terminal sequences, including Ser-11, Ser−10 for subunit B, His−12, Ser−11, 

Gly−9 for subunit.   
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2.4 Assays for SPN1S endolysin activity  

Two different assays were performed to evaluate the SPN1S endolysin activity: 

one for the peptidoglycan lysis activity and the other for chitinase activity. The 

peptidoglycan lysis activity was performed against EDTA-treated E. coli as 

described previously (16). Exponentially grown E. coli DH5α culture (OD600 = 

1.0) was washed and incubated in buffer containing 20 mM Tris–HCl (pH 8.0) and 

100 mM EDTA for 5 min at room temperature. After centrifugation (1min, 

13000rpm) the cells were washed twice with 1ml of 20 mM Tris–HCl to remove 

EDTA, the cell pellet was resuspended in 1ml of 50 mM Tris–HCl (pH 8.0; 29, 30).  

For the antimicrobial activity assay of SPN1S endolysin, 100 ng of endolysin of 

interest was added to 1 ml of outer membrane-permeabilized E. coli DH5α 

suspension followed by incubation at room temperature. The OD600 values were 

then monitored at every minute, until no further decrease in OD600 values was 

observed, typically at 10 min incubation. Relative activity for the peptidoglycan 

lysis activity was computed using an equation; ΔOD600 (for endolysin of interest or 

buffer)/ΔOD600 (for the His-tagged WT endolysin), where ΔOD600 represents the 

difference between OD600 at 0 min and after a 10 min incubation. The assays were 

conducted in duplicate. For the assay, 16 SPN1S endolysin mutants were prepared 

using the QuikChange method with mutagenic primers (Table 1). These mutant 

enzymes, with the N-terminal His-tag, and the WT SPN1S endolysin in absence or 

presence of the His-tag, were expressed as described above, purified using 

immobilized metal affinity chromatography, and dialysed against 50 mM Tris–HCl 

(pH 8.0). 
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The chitinase activity of SPN1S endolysin also evaluated because of its 

structural similarity to chitinase. Chitinase activity was measured against three 

different substrates provided in the colorimetric chitinase assay kit (Sigma-Aldrich), 

i.e. 4-nitrophenyl N-acetyl-β-D-glucosaminide, 4-nitrophenyl N,N′-diacetyl-β-D-

chitobioside and 4-nitrophenyl β-D-N,N′,N″- triacetylchitotriose. For the assay, the 

purified N-terminal His-tagged SPN1S endolysin was dialysed against PBS buffer 

and its activity was then assayed according to the manufacturer’s instructions. 

Chitinase activity from Trichoderma viride (control enzyme from the Chitinase 

Assay Kit described above) was used as a positive control. A positive and a 

negative control (PBS buffer) were used in each run, in order to validate the 

experiment. The relative activity of chitinase was generated by elimination of 

negative control between positive control and SPN1S endolysin.   
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2.5 Binding assay of PBD 

Fluorescence microscopy or confocal laser scanning microscopy was used to 

characterize the binding activity of SPN1S endolysin to outer membrane-

permeabilized cells. For these measurements, green fluorescent protein (GFP) was 

fused to several variants of SPN1S endolysin, comprising two different segments 

including PBD (Gln57–Asn113 and Gln57–Gln155; Fig. 2). For the assay, the 

SPN1S endolysin mutant containing both E49Q and E58Q were prepared using 

the QuikChange method with mutagenic primers to prevent cell lysis. PCR 

amplification was performed using the sequence-specific primers (Table 1) and 

the product was cloned into BamHI and XhoI restriction sites. The N-terminal 

GFP-fused SPN1S endolysin variants were expressed and purified as described 

above. E. coli BL21(DE3), as well as Gram-positive bacteria such as Bacillus 

cereus, were also subjected to the binding assay. For the Gram-negative bacterium, 

the outer membrane was permeabilized using previously described procedures 

(31). Purified protein at a final concentration of 100 μM was added to 100 μl of 

permeabilized cells, and the mixture was then incubated for 15 min at 25°C. 

Subsequently, cells were collected by centrifugation and washed twice with PBS. 

For fluorescence microscopy, images were captured on a DE/Axio Imager A1 

microscope (Carl Zeiss) with a charge-coupled-device camera using AxioVision 

release 4.7 (Carl Zeiss, Oberkochen, Germany). For confocal laser scanning 

microscopy, images were analysed using Leica TCS SP8 STED super-resolution 

microscope (Leica Microsystems, Bensheim, Germany) with resonant system.  
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Figure 2. Sequence alignment of SPN1S endolysin with its structural 

homologs.  

The amino acid sequence of SPN1S endolysin (residues Met1–Leu209; Gene 

Accession No. YP_005098003) was compared in pairwise alignments with its 

structural homologs identified by the DALI program (32). These homologs 

include jack bean chitinase (PDB ID 1DXJ; 21), chitinase C from Streptomyces 

griseus HUT6037 (PDB ID 1WVU; 33), endochitinase from Hordeum vulgare L. 

seeds (PDB ID 2BAA; 34), a plant family 19 chitinase (PDB ID 2CJL; 22), class I 

chitinase from Oryza sativa L. japonica (PDB ID 2DKV; 35), a family 19 

chitinase from Brassica juncea (PDB ID 2Z37; 36), papaya chitinase (PDB ID 

3CQL; 23), and a family 19 class IV chitinase from Norway spruce (PDB ID 

3HBE; 37). Note that the extra-N-terminal sequences in SPN1S endolysin are also 

presented, and the TEV protease cleavage site is indicated (cyan box). Highly 

conserved residues are shown in red and boxed in blue, while strictly conserved 

residues are displayed with a red background. Secondary structural elements of 

SPN1S endolysin are presented for the corresponding sequences, with the large 

and small domains in green and purple, respectively. Residues are indicated by 

different symbols, including the catalytic dyad (red asterisk), sequences for 

peptidoglycan-binding activity (yellow box), groove loop-1 (red box in the bottom) 

and groove loop-2 (yellow box in the bottom). This figure was prepared using 

ESPript (38). 
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3. Results 

3.1 Overall structure of SPN1S endolysin 

In this study, SPN1S endolysin fused to an additional 17 residues at the N-

terminus, including a His5-tag followed by a TEV protease cleavage site (Fig. 2). In 

the absence of these extra-N-terminal sequences, I could not produce a crystal of 

SPN1S endolysin for structural analysis. The presence of these extra-N-terminal 

sequences caused changes in the oligomeric state of SPN1S endolysin between the 

crystalline and solution states. In a solution study using size-exclusion 

chromatography, the apparent molecular mass of SPN1S endolysin with the 

additional 17 N-terminal residues was estimated to be approximately 25 kDa, 

corresponding to a monomer (Fig. 3). However, in the crystalline state, these 

residues required for crystal formation induced the assembly of three monomers 

into an asymmetric unit (see below). Therefore, the functional unit of SPN1S 

endolysin is a monomer as seen in solution, and the trimeric assembly observed is a 

crystallization artefact, with no biological relevance. In fact, the three monomers 

are structurally identical within a root mean square deviation (RMSD) of 0.43-0.58 

Å for 208 Cα atoms, except for the extra-N-terminal sequences.  

Monomeric SPN1S endolysin (Met1–Ala208) is a helical protein, with 11 α-

helices and 3 310-helices (Figs 4A and 2). These helices are packed to form a two-

module structure, including a large domain (Met1–Phe53, Asp156–Ala208) and a 

small domain (Thr54–Gln155). For the extra-N-terminal sequences, 15 of 17 

residues are in an ordered structure (His-15–Met-1; superscript numbers correspond 
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to residue numbers for the extra-N-terminal sequences relative to the +1 residue of 

SPN1S endolysin); those residues form a long extended loop and protrude away 

from the large domain (see below). For clarity, I will not describe the structural 

features associated with the extra-N-terminal sequences. These properties are 

discussed in the next section, Binding mode of the extra-N-terminal sequences. 

Specifically, the large domain contains a total of six helices (Fig. 4B): three helices 

from each N-terminal (α1–α3) and the C-terminal region (α9–α11). The α3 helix is 

located at the centre of the large domain in a vertical orientation, with the 

remaining five helices wrapping around its helical axis. A small domain is 

positioned on top of the C-terminus of α3, with an antiparallel three-helix bundle 

(α4–α6) and two additional helices (α7 and α8; Fig. 4C). The helical axis of the 

bundle is perpendicular to that of the central α3 in the large domain. As a result, a 

concave groove occurs between the two domains, in which the long axis of the 

groove is almost parallel to the helix bundle in the small domain (Fig. 4A). The 

groove is formed mainly by residues from the two loops: one interdomain- 

connecting loop between α3 and α4, which is designated hereafter as ‘groove loop-

1’ and another U-shaped loop in the small domain between α7 and α8, which 

transverses into the large domain and returns to the small domain and is hereafter 

called ‘groove loop-2’ (Fig. 4A). From a structural perspective, these two loops 

constitute the exposed surface of the groove and serve as the first layer, whereas α8 

and the following loop form a second layer of the groove. This second layer, which 

is positioned behind the first layer of the groove, stabilizes the first layer by various 

interactions.   
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Figure 3. Gel filtration analysis of the SPN1S endolysin.  

Gel filtration analysis shows that the N-terminal His-tagged SPN1S endolysin is a 

monomer in solution. The elution profile of each marker protein is indicated by 

dots with its estimated molecular weight. Markers include blue dextran (2000 

kDa), β-amylase (200 kDa), dehydrogenase (150 kDa), bovine-serum albumin (66 

kDa), carbonic anhydrase (29 kDa), and cytochrome c (12.4 kDa). 
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Figure 4. Overall structure of SPN1S endolysin.  

A. The overall structure of SPN1S endolysin is shown in two different orientations. 

The left panel presents a side view, while the front view is shown in the right 

panel. Note that the large domain (green) and small domain (purple) are indicated 

and two groove loops are shown in different colors. The extra-N-terminal 

sequences are not included in this presentation. B. Top view of the large domain by 

rotating vertically about 90° from the view in the right panel of A. For clarity, the 

small domain is not included in this figure. C. The small domain is shown in a 

view identical to that used in B. 
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3.2 Binding mode of the extra-N-terminal sequences 

In the crystalline state, all three monomers are tightly associated in an 

asymmetric unit or with crystallographic symmetry mates by inserting the extra-N-

terminal sequence into the concave groove of another monomer (Fig. 5), 

illustrating the extra-N-terminal sequences are essential for crystal formation. 

Except for the N-terminal two histidine residues, 15 residues of the extra-N-

terminal sequence were identified in the electron density map: three histidine 

(residues no. −15 to −13) from the His5-tag, a linker (residues no. −12 to −10), and a 

TEV protease cleavage site (residues no. −9 to −3). Specifically, the binding mode 

of the extra-N-terminal sequences was identical in all three different monomers. 

Eleven well-defined residues (His-15 to Phe-5) in the extra-N-terminal 

residues are bound to the groove between the two domains (Fig. 6 and 8). Given 

that SPN1S endolysin is a peptidoglycan-degrading enzyme (16) and that chitinase 

of the GH 19 family, a structurally homologous enzyme to SPN1S endolysin, has 

its substrate binding site in the groove (see below), I postulated that the groove 

identified in SPN1S endolysin could serve as the binding site for its substrate –

glycans in the peptidoglycan layer. Residues involved in interacting with these 

extra-N-terminal sequences are from the large domain and the exposed surface of 

the groove loops, but not from residues in the helix bundle in the small domain 

(Fig. 6). In general, the groove region can be characterized as a cluster of 

negatively charged residues, including Glu49, Glu58, and polar residues such as 

Asn59, Asn134 and Asn187 (Fig. 6 and 7). In particular, residues such as Glu49, 
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Phe166, Lys170 and Asn187 are located at the tips of helices in the large domain 

and are within 5.0 Å from the extra-N-terminal sequences. In the groove region, 

residues in groove loop-1, such as Arg55, Glu58 and Asn59, are involved in these 

interactions. The U-shaped groove loop-2 also mediates interactions with the bound 

extra-N-terminal sequences through Ile127, Gln128, Ile129 and Thr130. 
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Figure 5. Three monomers in the asymmetric unit.  

Each monomer is displayed in a different color. Note that the extra-N-terminal 

sequences from one monomer (blue) are bound to the groove in another monomer 

(green). These extra-N-terminal regions in two other monomers are tightly 

associated in an identical manner with the crystallography symmetry-related 

molecules. 
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Figure 6. Binding mode of the extra-N-terminal sequences in the groove.  

Stereo view of the groove region is shown with the extra-N-terminal sequences. 

Three different color codes are used to indicate different types of residues: those in 

the extra-N-terminal sequences (gray), residues <5 Å from the extra-N-terminal 

sequences (cyan), and two catalytic residues (magenta), Glu49 and Glu58. Other 

color codes for structure are identical to those in Fig. 4A. 
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Figure 7. The electrostatic surface view of SPN1S endolysin 

The electrostatic surface view of SPN1S endolysin is displayed in the absence of 

the extra-N-terminal sequences. The groove region shown in Fig. 6 is enclosed 

with a black box. The regions with negative and positive charge are presented in 

red and blue, respectively. 
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Figure 8. The extra-N-terminal sequences in the groove.  

The extra-N-terminal residues in Fig. 6 are overlaid with a 2Fo–Fc electron density 

map contoured at 2.5σ. 
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3.3 Proposition of the catalytic residues 

Extensive soaking experiments using a crystal of SPN1S endolysin with NAG 

and/or N-acetyl-β-D-muramic acid (NAM), and co-crystallization failed to reveal 

the binding sites of NAG and NAM, although various modifications of SPN1S 

endolysin were carried out, particularly in the composition and length of the extra-

N-terminal region to facilitate crystal formation. Therefore, I performed structure-

guided functional assignment to identify the putative catalytic residues in SPN1S 

endolysin.   

Structural similarity searches using the DALI program (32) revealed that the 

overall structure of SPN1S endolysin exhibits greater similarity to chitinase of the 

GH19 family, with a Z-score of 15.9–13.9 and RMSD of 2.2-2.4 Å for 109 Cα 

atoms relative to lysozyme with a Z-score of 6.6 and RMSD of 3.1 Å for 154 Cα 

atoms. Chitinase, which is present in plants, nematodes, and some bacteria, uses 

two catalytic residues to hydrolyse the glycosidic bonds within chitin, a 

homopolymer of NAG (39). Structural comparison of SPN1S endolysin with 

papaya chitinase in complex with NAG (PDB ID 3CQL; 23) revealed some 

similarities and discrepancies between the two enzymes. The overall similarity, 

with a RMSD of 2.07 Å for 144 Cα atoms, is confined only to the large domain 

and the two loops in the groove, whereas the three-helix bundle is present only in 

the small domain of SPN1S endolysin (Figs 4A and 9). Specifically, the structural 

elements corresponding to the three-helix bundle (residues 59–110 for α4–α6) of 

SPN1S endolysin are not present in chitinase, although pairwise sequence 

alignment was unable to identify these differences (Fig. 2). In chitinase, the two 
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groove loops are positioned similar to those in SPN1S endolysin, but due to the 

absence of the three-helix bundle, the respective groove loop-1 continues along the 

long axis of the groove and links directly to groove loop-2, resulting in a narrower 

groove than that of SPN1S endolysin (Fig. 9). Two molecules of NAG are bound 

along the long axis of the groove in chitinase. Superposition of chitinase on SPN1S 

endolysin suggests that the binding site of NAG is not exactly consistent with 

that of the extra-N-terminal sequences in SPN1S endolysin, but is proximal by 

about 1.5-5 Å to the large domain relative to the location of the extra-N-terminal 

sequences (Fig. 10). Nevertheless, given the general features of the binding site of 

NAG in chitinase and the extra-N-terminal sequences in SPN1S endolysin, I 

concluded that the groove in SPN1S endolysin likely serves as the binding site for 

peptidoglycan. 

Further analysis (see section 3.4) suggested that Glu49 and Glu58 of SPN1S 

endolysin are putative catalytic residues (Fig. 6) because these two residues are 

comparable in position to a catalytic dyad in chitinase, the Cα positions of which 

are separated by about 9 Å (20). The proposed catalytic residues for SPN1S 

endolysin are located at the C-terminal end of α3 and in groove loop-1, 

respectively, and are about 12 Å apart based on Cα positions, consistent with the 

wider groove in SPN1S endolysin. 
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Figure 9. Structure of papaya chitinase  

The overall structure is shown for papaya chitinase in complex with two molecules 

of NAG (PDB ID 3CQL; 23). The large domain is homologous to that of SPN1S 

endolysin, and therefore, the labels for secondary structure elements are those of 

the respective elements in SPN1S endolysin. The two groove loops in blue and 

magenta correspond to groove loop-1 and -2, respectively, in SPN1S endolysin. 

Note that the three-helix bundle identified in SPN1S endolysin is absent in 

chitinase. 
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Figure 10. The putative binding site of NAG in the groove of SPN1S endolysin. 

Two molecules of NAG in papaya chitinase were included in the groove region of 

SPN1S endolysin. This binding mode was achieved by superposing SPN1S 

endolysin and papaya chitinase using the CCP4mg (40). Putative catalytic residues 

are presented in green for Glu49 and red for Glu58. 
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3.4 Functional analysis of catalytic residues  

To validate the functional assignment of Glu49 and Glu58 as a catalytic dyad, 

as well as the groove residues in the immediate vicinity of the extra-N-terminal 

sequences bound to SPN1S endolysin, I performed an antimicrobial activity assay 

using various mutants of SPN1S endolysin, in which outer membrane-

permeabilized E. coli was used as substrate. Consistent with our structural analysis, 

mutant SPN1S endolysins, such as E49A, E49Q, E58A and E58Q, were essentially 

inactive, showing lytic activity equivalent to buffer (Fig. 11). All other mutant 

endolysins maintained their lytic activity but to different degrees, indicating that 

many residues identified in the groove did not significantly affect the catalytic 

efficiency of the enzyme. In particular, in these assays, the presence of the extra-N-

terminal sequences did not affect enzyme function in solution. This suggestion was 

validated for the wild-type (WT) SPN1S endolysin, in which no differences in 

activity were observed between the WT enzyme with and without the extra-N-

terminal sequences. I also confirmed that SPN1S endolysin exhibited no catalytic 

activity against homopolymeric NAGs, which are substrates for chitinase (Fig. 

12). Therefore, Glu49 and Glu58 likely serve as catalytic residues for SPN1S 

endolysin. 
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Figure 11. Lytic activity of SPN1S endolysin.  

The antimicrobial activity assay was performed using the WT SPN1S 

endolysin and various mutant enzymes. Absorbance at 600 nm was measured 

using outer membrane-permeabilized E. coli DH5α in the presence of the N-

terminal His-tagged SPN1S endolysin, and the resulting activity was 

compared with that of the WT enzyme with the N-terminal His-tag. 

Measurements were made in duplicate for each sample and error bars were 

calculated from these measurements. 
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Figure 12. Chitinase activity of SPN1S endolysin 

The chitinase activity assay was performed using the SPN1S endolysin with 

chitinase control enzyme; β-N-acetlyglucosaminidase activity in A, 

chitobiosidase activity in B, and endochitinase activity in C. Measurements 

were made in duplicate for each sample and error bars were calculated from 

these measurements.  
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3.5 The small domain as the peptidoglycan-binding domain 

Next, I addressed whether the small domain in SPN1S endolysin has any 

functional role. The presence of the small domain in SPN1S endolysin is unusual 

among Gram-negative bacteria-targeting phage endolysins. Subsequently, I 

measured the binding affinity of the small domain against outer membrane-

permeabilized E. coli. Confocal laser scanning microscopic analyses using GFP 

fused SPN1S endolysin indicated that the entire small domain (Gln57–Gln155) 

exhibits binding affinity to outer membrane-permeabilized E. coli, and the three-

helix bundle (Gln57–Asn113) has a equivalent affinity (Fig. 13B and C), which did 

not occur with GFP alone (Fig. 13A). Similar binding affinities were also 

characterized using a functionally inactive mutant form of a full-length SPN1S 

endolysin containing E49Q and E58Q (Fig. 13D). In contrast, no binding affinity 

was observed against Gram-positive bacteria such as Bacillus cereus (Fig. 14), 

supporting our hypothesis that the three-helix bundle in SPN1S endolysin is a PBD. 

As the small domain in SPN1S endolysin does not have a sequence motif for PBD 

conserved in φKZ endolysin gp144 (11) and phage EL endolysin 188 (12), I 

analysed the sequences in the three-helix bundle. BLAST search indicated that a 

sequence motif for a three-helix bundle (Asn61–Lys108) is also found in a 

peptidoglycan-binding protein (Gene Accession No. NZ_AGFU01000044) of 

Sphingomonas elodea ATCC31461 (41). Therefore, this newly identified sequence 

motif in SPN1S endolysin likely represents a novel class of PBD distinct from that 

in φKZ endolysin gp144 and phage EL endolysin 188. 
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Figure 13. Cell wall-binding activity of the GFP-fused small domain of SPN1S 

endolysin.  

In these assays, E. coli BL21(DE3) cells with permeabilized outer membranes 

were incubated with 100 μM GFP in A, a GFP-fused three-helix bundle (Gln57–

Asn113) in B, a GFP-fused small domain (Gln57–Gln155) in C, and a GFP-fused 

full-length SPN1S endolysin containing both E49Q and E58Q in D. The binding 

affinity was then analysed with a confocal laser scanning microscope. Left and 

right panel show images captured in fluorescence and phase-contrast mode 

respectively. 
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Figure 14. Cell wall-binding activity of the GFP-fused SPN1S endolysin 

against Gram-positive bacteria. 

The binding assay was carried out in the manner identical with those in Fig. 13. 

Affinity was measured against Bacillus cereus; GFP alone in A, GFP-fused three-

helix bundle (Gln57–Asn113) in B, GFP-fused small domain (Gln57–Gln155) in 

C, and a GFP-fused full-length SPN1S endolysin containing both E49Q and E58Q 

in D. The binding affinity was then analyzed with fluorescence microscope. Left 

and right panel show images captured in fluorescence and phase-contrast mode, 

respectively. 
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4. Discussion 

Bacteriophage SPN1S endolysin characterized in this study has unusual 

structural and functional features compared with other endolysins from phages that 

infect Gram-negative bacteria. It has a two-module structure, with one domain 

each for the catalytic activity and the peptidoglycan-binding activity. Among 

endolysins from Gram-negative bacteria, φKZ endolysin gp144 (11) and phage 

EL endolysin 188 (12), as well as recently identified endolysin from phage OBP, 

PVP-SE1 and 201φ2-1 (14), also exhibit two different activities, similar to SPN1S 

endolysin. The φKZ endolysin gp144 was the only endolysin for which structural 

information is available (11). It also has a two-domain structure similar to SPN1S 

endolysin (Fig. 15), but has a RMSD of 3.27 Å for 40 Cα atoms only for the large 

domain, with no detectable overall sequence identity to SPN1S endolysin (4.6%). 

These significant differences between SPN1S endolysin and φKZ endolysin gp144, 

in both sequence and structure, are ascribed to the distinct folding patterns of the 

two enzymes. First, unlike SPN1S endolysin, φKZ gp144 begins its N- terminus at 

a PBD in the small domain and completes its folding at the large domain (Fig. 15). 

Therefore, pairwise sequence alignment was unable to identify any sequence 

similarities between SPN1S endolysin and φKZ gp144. Second, the orientation of 

the PBD relative to the large domain is different in the two enzymes. Specifically, 

the small domain in SPN1S endolysin is almost vertical relative to the central α3 

helix in the large domain (Fig. 4A), while the corresponding domain in φKZ gp144 

is positioned almost at the side of the large domain (Fig. 15). In addition to these 
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overall discrepancies, marked differences exist in the sequence and structure of the 

PBD. The three-helix bundle of φKZ gp144 acts as a structural motif for PBD, in 

which one helix corresponding to α5 of SPN1S endolysin is oriented perpendicular 

to two other helices (Fig. 15). This structural motif contains the repeated sequences 

conserved among many bacterial wall lytic enzymes and cell surface-associated 

proteins (11). In contrast, the respective three-helix bundle in SPN1S endolysin 

differs in its structure and sequence, and forms an antiparallel helix bundle, with a 

novel class of sequence motif for PBD (Figs 4C and 2). However, structural 

similarity does not necessarily extend into functional features. Even with a 

homologous structure, φKZ gp144 is a lytic transglycosylase employing one 

catalytic residue: the catalytic glutamate located at the position corresponding to 

Glu49 in SPN1S endolysin (Fig. 16).  

The functional analysis strongly suggests that SPN1S endolysin contains a 

catalytic dyad consisting of Glu49 and Glu58 (Figs 6 and 11). The antimicrobial 

activity assay used in this study was not efficient enough to assign a functional role 

to each residue I tested (Fig. 11). However, Thr130, Phe166 and Asn187, which 

are located in the groove and show relatively large changes in activity after 

mutation (Fig. 11), may contribute to the catalytic activity, either as substrate-

binding residues or the putative accessory catalytic residues. In fact, Thr130, Phe166 

and Asn187 are in the immediate vicinity (about 3.5 Å) of NAG in its putative 

biding site in the groove (Figs 9 and 10). The presence of the catalytic dyad 

excludes its role as a lytic transglycosylase requiring a single catalytic residue. In 

general, members of the lysozyme superfamily, including GH19, GH22, GH23, 
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GH24 and GH46, show two common structural features: the α-helical domain and 

the β-hairpin motif (42). In addition, in the lysozyme superfamily, the proposed 

catalytic general acid is commonly located in the C-terminal region of the central 

helix equivalent to α3 in SPN1S endolysin. Consistent with these observations, 

SPN1S endolysin also possesses the α-helical domain with catalytic Glu49 in its 

central α3. However, unlike other members of the lysozyme superfamily, SPN1S 

endolysin lacks the β-hairpin motif, and instead contains a PBD and other helices in 

the vicinity of the central α-helical domain. Structural comparison of SPN1S 

endolysin with N-acetyl- β-D-muramidase further indicated that these enzymes 

contain a general acid in the central helix, and that the location of the second 

catalytic residue Glu58 in SPN1S endolysin is comparable to a general base in C-

type lysozyme (Fig. 16; 42), suggesting that SPN1S endolysin is functionally an 

N-acetyl-β-D-muramidase. 

In this study, I carried out a structural analysis of bacteriophage SPN1S 

endolysin, and the results indicated that this enzyme from a Gram-negative 

bacterium Salmonella typhimurium targeting phage contains an unusual two-

module structure, with a domain for catalytic activity and another for PBD. In 

addition to its novel structural features, the PBD in SPN1S endolysin contains a 

newly identified sequence motif also identified in another peptidoglycan-binding 

protein. A catalytic dyad was identified based on structural comparison with 

chitinase, although SPN1S endolysin shows no chitinase activity. Structural and 

functional analysis of bacteriophage SPN1S endolysin provided a novel example 

of an endolysin from a Gram-negative background that also contains a PBD and has 
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glycoside hydrolase activity against bacterial peptidoglycans. 
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Figure 15. Structure comparison of SPN1S endolysin with φKZ gp144  

The structure of φKZ gp144 (PDB ID 3BKH; 11) is shown with N- and C-termini, 

and the helix corresponding to α3 in SPN1S endolysin is indicated. The right panel 

shows the top view of φKZ gp144. Note that the relative orientation of the small 

domain is quite different from that of SPN1S endolysin such that the small domain 

is oriented away from α3. 
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Figure 16. The members of the lysozyme superfamily. 

Structures belonging to the lysozyme superfamily are shown, with an indication of 

catalytic residue(s) in each member, general acid (green) and general base (red). 

Each structure superimposed with SPN1S endolysin using the programs in the 

CCP4mg (40) is shown with its PDB ID and the values in parentheses are Z-scores 

from the DALI server. Structural segments corresponding to a large domain in 

SPN1S endolysin are relatively well conserved among these structures, but the 

large overall differences are due to a distinct orientation of the additional domain 

or segments in the structures. The values for RMSD from superpositions are as 

follows: PDB entry 3CQL (1.9 Å for 143 Cα atoms), 4I7L (3.0 Å for 75 Cα 

atoms), 154L (3.2 Å for 105 Cα atoms), 132L (3.3 Å for 83 Cα atoms), and 3BKH 

(2.8 Å for 98 Cα atoms). 
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ABSTRACT IN KOREAN 

엔도라이신  리 지  용균 생 사  마지막 단계에  

주  포벽  분해하  해 리 지에 해 만들어지는 효소 , 

내 균  출 과 하여 리아 감염  해할  있는 항생  

체재  각 고 있다.  

병원  그람  리움 살모 라 타이피뮤리움에  래한 

리 지 SPN1S 엔도라이신  체 열이 근 며, 

생 학  능 실험  통하여 리 지 SPN1S 엔도라이신이 

펩티도 라이칸  라이 시  연결  닭난 라이소자임보다 30  

높  효소  분해하는 것이 인 었다. 또한 포 외막  거 

한 그람 균  이용한 항균   실험에  그람 양 균에 는 

인하지 못하  다양한 범 에  항균  나타냄  인하 다.  

본 연구에 는 리 지 SPN1S 엔도라이신  구조를 X  

결 학  이용하여 규명하 다. 결  구조를 이용한 구조 분   

생 학  능 실험  탕  리움 살모 라 타이피뮤리움에  

래한 리 지 SPN1S 엔도라이신이  개  모듈 구조를 가진 

효소임  규명하 다. 일 인 그람 균에  래한 엔도라이신과는 

달리 리 지 SPN1S 엔도라이신  펩티도 라이칸 결합 도 인  

가지고 있 며, 이 도 인  존에 알 진 펩티도 라이칸 결합에 

여하는 특  열  포함하지 않 에도 펩티도 라이칸 결합  



- 66 - 

 

 

갖고 있  인함 써 새 운 열특이  시하 다. 또한  

dyad를 통해 라이 시  결합  분해하는 효소  택  

돌연변이 실험  통하여 인하 다. 

 

주요어; 리 지 SPN1S, 엔도라이신, 살모 라 타이피뮤리움,  

펩티도 라이칸 결합 , 라이 시  가 분해효소  
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