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The cell wall binding domain (CBD) of bacteriophage lysins can recognize 

target bacteria with extraordinary specificity through binding to the 

bacterial peptidoglycan, thus it is a promising new probe to identify the 

corresponding bacterial pathogen. In this work, we used atomic force 

microscopy (AFM) based single-molecule force spectroscopy to investigate 

the interaction between the CBD of lysin PlyV12 (PlyV12C) and pathogenic 

bacterium Staphylococcus aureus (S. aureus). The binding forces of PlyV12C 

with S. aureus have been measured, and the dissociation process of their 

binding complex has been characterized. Furthermore, we compared the 

interactions of PlyV12C- S. aureus and antibody- S. aureus. It is revealed that 

PlyV12C has a comparable affinity to bacterial peptidoglycans as that of the 

S. aureus antibody. The results provide new information on the binding 

property of lysin CBD with bacterium, and the application of lysin CBD in 

bacterium detection. 

Introduction 

Staphylococcus aureus (S. aureus) is Gram-positive bacteria 

frequently found in skin and nose flora. It is an opportunistic 

pathogen responsible for many infections such as sepsis, 

pneumonia, meningitis, endocarditis and osteomyelitis, etc
1, 2

. Thus, 

detection of S. aureus is very important. Although antibodies are 

currently used for the detection of S. aureus as well as other 

bacteria
3, 4

, their disadvantages include tedious production, high 

cost and poor stability. New recognition probes are demanded to 

detect pathogenic bacteria
5, 6

, among which phage lysins have been 

gaining increasing  attention in recent years 
6-8

.Phage lysins are a 

class of bacterium cell wall peptidoglycan hydrolases which are 

synthesized at the late stage of the bacteriophage lytic cycle to 

mediate the lysis of host bacterium
9
. The structure of lysins 
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generally contains two modular domains: N-terminal catalytic 

domain and C-terminal cell wall binding domain (CBD)
9, 10

. The N-

terminal catalytic domain of lysins is responsible for destroying 

bacterial cell walls with high and fast enzymatic activity, whereas 

the lysins CBD exhibits high specificity towards the cell walls of the 

host bacterium via non-covalent binding to peptidoglycan
11, 12

. 

Compared with antibodies, lysin CBDs have small size (~20 kDa or 

smaller), they can be expressed and purified efficiently and 

chemically modified easily. More importantly, there are quite 

abundant (about 10
7
 or more) peptidoglycan distributed on the 

surface of host bacterium for lysins binding
13, 14

. Therefore, as a 

new class of bacterium probes, lysin CBDs have many advantages 

over antibodies in detecting host bacteria. In addition, lysins can 

evolve with the bacteria to effectively deal with the newly emerged 

resistance of bacteria strains, and they do not present a potential 

toxic threat to humans and animals
10

.  

As lysin CBDs are promising probes to specifically recognize 

host bacteria, the interactions between lysin and bacteria have 

been characterized by several analytical methods, such as 

fluorescence microscopy
8, 13, 14

, SPR
15

 and AFM
16, 17

. For example, 

fluorescence imaging has been used to visualize the binding of PlyG 

to Bacillus anthracis
13

, and the dissociation constants for PlyL-B. 

anthracis and PlyG -B. cereus strains have been obtained 

respectively by SPR
15

. Atomic force microscopy (AFM) based single-

molecule force spectroscopy (SMFS) has been emerged as a unique 

tool to quantitatively measure the binding strength at the 

molecular level for the study of a variety of biomolecular 

interactions in vitro and on live cells
18-20

. It can work in physiological 

solution and minimally disrupt the surface of live bacterium for in 

situ detection. Recently, the binding forces between Acm2 or LysM 

and their host bacteria have been obtained by AFM based SMFS 

technique
16, 17

. In those studies, the two lysins are both N-

acetylglucosaminiases, one of the four main classes of bacterium 

cell wall peptidoglycan hydrolases. The full length lysins of Acm2 

and LysM were used to localize the peptidoglycan on the 

nonpathogenic bacterium surfaces, and reveal the binding motif.  In 

this work, we aim to perform a comparative study of the binding 

properties of lysin CBD and antibody for pathogenic bacterium to 

investigate the value of lysin CBD in bacterium detection. PlyV12, a 

lysin from the enterococcal bacteriophage φ1, is used in this study. 

It belongs to amidase, a different peptidoglycan hydrolases
21

, and 

has a relatively broad activity to several enterococcal, streptococcal 

and staphylococcal strains
22

. PlyV12C, the CBD of PlyV12 can be 

potentially used to recognize these bacterial pathogens including S. 

aureus, as fluorescence microscopy imaging has proved that 

PlyV12C binds strongly to S. aureus
14

. The results in this study 

would help to achieve a better understanding of the binding 

properties of lysin CBD to S. aureus, and to explore the potential of 

lysin CBD in bacterium detection and new bacterium  probe screen. 

MATERIALS AND METHODS 

Bacterial strains and growth conditions 

The bacterial strain, S. aureus (CCTCC, AB9118), was obtained from 

China Centre for Type Culture Collection (Wuhan, China). S. aureus 

was cultured in Luria-Bertani (LB) broth at 37°C. When bacterium 

OD 600 arrived at 0.6-0.8, the bacteria were kept in boiling water 

bath for 15-20 min for inactivation. Then the inactivated bacteria 

were washed by PBS buffer (137mM NaCl, 2.7mM KCl, 4.3mM 

Na2HPO4·H2O, 1.4mM KH2PO4, at pH7.4) twice for AFM 

experiments.  

PlyV12C expression and purification 

The construction of the plasmid pET28a-His6-PlyV12C and the 

expression of the protein PlyV12C were    referred to the literature 

we have published
14

. Briefly, the gene of the bacteriophage 

endolysin PlyV12 was synthesized by Songon Biotech Co. (Shanghai, 

China). The PlyV12C fragment of the gene was obtained by PCR 

from the plyV12 gene with the primers PlyV12C-F (5'-GACGG AATTC 

TTAAA CGGTG GAAGC ACTCC TCCAA AAC-3') and PlyV12C-R (5'-

TCGCC TCGAG TTACT TAAAT GTACC CCATG CTTCC TTACC-3'). The 

plasmid pET28a-His6-PlyV12C was confirmed by DNA sequencing. 

The constructed plasmid was transformed in E. coli BL21 (DE3) 

bacteria for the expression of recombinant protein PlyV12C. After 

incubating at 37°C until the bacterium OD 600 arrived at 0.4-0.6, 

the bacteria were induced by isopropyl β-D-thiogalactoside (IPTG) 

with a final concentration of 1mM at 25°C overnight for PlyV12C 

expression. Then the bacterial suspensions in binding buffer (20 

mM Tris-HCl pH 8.0, 20 mM imidazole, 0.5 M NaCl) were 

ultrasonicated using an ultrasonication system (Sonics vibra-cell, 

Ultrasonic processor VCX 750 Watt; Sonics & Materials, Newtown, 

CT, USA), then centrifuged to eliminate bacteria fragments and 
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subsequently filtrated by 0.44 µm syringe filter for purification. The 

protein purification was achieved through a HisTrap
TM

HP column 

(GE Healthcare) on an AKTA-Prime system (GE Healthcare). 

Collected fractions were pooled and dialyzed in PBS buffer. After 

quantitation by the Bradford assay, the purified protein was stored 

at 4°C before use. 

Other reagents 

3-Amino-propyltriethoxysilane (APTES), (3-Mercaptopropyl) 

trimethoxysilane (MPTMS) and peptidoglycan (from S. aureus) were 

purchased from Sigma-Aldrich (USA). The monoclonal antibody of S. 

aureus was obtained from Abcam (London, U.K.). 

Nhydroxysuccinimide-polyethylene glycol-maleimide (NHS-PEG-

MAL, Mw: 3400) was purchased from Laysan Bio (Arab, Alabama, 

USA). All reagents used in the experiments were of analytical grade 

except otherwise stated. Milli-Q purified water (18.2 MΩ) was used 

for all experiments. 

AFM tips preparation  

Si3N4 AFM cantilevers (NP-10, Veeco, USA) were used in the 

experiments. The tips were functionalized with PlyV12C or antibody 

according to the previously reported procedure
18, 23, 24

. First, the 

cantilevers were placed in a plasma reactor (ASTP-PJ, USA) to get 

clean and hydroxylated surfaces. Then the cleaned tips were 

transferred to a solution of MPTMS (1.0% v/v) in toluene, incubated 

for 2 h at room temperature for silanization, and then rinsed 

thoroughly with toluene. The silanized tips were activated by 

incubation in 1.0 mg/ml NHS-PEG-MAL in dimethylsulfoxide for 3 h, 

and rinsed thoroughly with dimethylsulfoxide to remove any 

unbound NHS-PEG-MAL. The activated tips were immersed in the 

protein solution (10 μg/ml PlyV12C or antibody in PBS buffer) and 

incubated at room temperature for 1 h. After rinsing with PBS 

buffer, the protein-modified tips were stored in PBS buffer at 4 °C 

until use. 

Immobilization of S. aureus 

For AFM measurements, the bacteria were immobilized on silicon 

wafers by chemical immobilization. According to the previously 

reported procedures
25

, a single crystal silicon wafer was cut into 

pieces of approximately 1.5 cm*1.5 cm before cleaning and 

modification. The wafers were cleaned and oxidized by heating to 

90 °C in piranha solution (7:3 v/v 98% H2SO4/H2O2) for 30 min. After 

washing and drying with high purity nitrogen, the cleaned wafers 

were immediately transferred to a 5.0% v/v APTES in toluene and 

incubated for 2 h; afterward, the unbound silanes were washed 

away by extensive rinsing with toluene. The silanized wafers were 

activated by incubation in a solution of glutaraldehyde (0.1% v/v) in 

PBS buffer for 1 h at room temperature and then rinsed with the 

buffer. 50 μL droplet of S. aureus suspension was dispersed on the 

activated wafers at 4 °C overnight. After silicon wafers were rinsed 

with PBS buffer, the functionalized substrates were used to 

experiment.  

AFM imaging 

AFM height and deflection images of the immobilized S. aureus 

were obtained by Bioscope Catalyst AFM (Veeco, Santa Barbara, 

CA,) in PBS buffer with contact mode at 256 pixels per line, and 

0.8Hz scanning rate. Silicon nitride cantilevers (NP-10, Veeco, USA) 

with a spring constant of 0.06 N/m were used. 

AFM force measurement 

The tip with nominated spring constant 0.06 N/m was used for 

force measurements. The force measurements between PlyV12C or 

antibody modified AFM tips and the peptidoglycan or S. aureus 

modified silicon substrate were performed on PicoSPM 5500 

(Agilent Technologies, USA) in PBS buffer at room temperature with 

contact mode. Spring constants of individual cantilevers were 

calibrated in solution using the thermal noise technique
26

. During 

the force measurement, the AFM tip engaged at a force of 300 pN, 

and then retracted at a given pulling velocity. The force-distance 

curves measured on silicon surface or S. aureus were recorded by 

PicoScan 5 software (Agilent, USA). Dynamic force spectrum 

experiments were performed at different pulling velocities (ranging 

from 800 nm/s to 20 μm/s) and the loading rates varied from 

8.0×10
2
 pN/s to 7.0×10

4
 pN/s. Thousands of force−distance curves 

were collected from different places of silicon surface or 5-6 S. 

aureus cells for each experiment. At each loading rate, at least 

three independent experiments were performed. The rupture 

forces between the ligand and receptor were calculated from the 

retraction curves. Analysis of force−distance curves was completed 

with a user-defined program in Matlab. 

RESULTS AND DISCUSSIONS 
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Measurement of binding force between PlyV12C and 

peptidoglycan on silicon wafers 

We first measured the binding forces between PlyV12C and 

peptidoglycan (from S. aureus) in vitro by AFM-SMFS. For this 

purpose, we covalently immobilize peptidoglycan onto the silicon 

substrates and coupled PlyV12C onto the AFM tips via a 

heterobifunctional polyethylene glycol cross-linker. The PEG acted 

as a spacer to keep PlyV12C flexible for binding and to discriminate 

nonspecific binding 
27

. The low binding probabilities (<30%) are 

considered to ensure that only one pair of PlyV12C-peptidoglycan 

formed during the force measurement. After contacting the AFM 

tip with substrate to form the complex of PlyV12C-peptidoglycan, 

the tip was then withdrawn from the surface (at the velocity of 

1200 nm/s) and a force-distance curve was measured. The 

representative force curves are presented in Fig. 1A. The rupture 

peak of PlyV12C-peptidoglycan appears at a certain distance away 

from the starting point in the force curve, corresponding to the 

extension of the linker (20-40 nm). When PlyV12C modified AFM tip 

was blocked by the addition of peptidoglycan solution, the specific 

peak for PlyV12C-peptidoglycan was hardly detected (as shown in 

Fig. 1B). The binding probability decreased from 20.13±2.79% to 

3.10±0.88%, confirming that the forces derived from those peaks 

were the binding forces between PlyV12C and peptidoglycan.  

A representative force distribution histogram obtained from 

400 to 600 effective force curves is displayed in Fig. 1C. The 

histogram by Gaussian fitting of one peak supports the 

measurements of single-molecule forces. The mean value of the 

most probable single molecular interaction force of PlyV12C and 

peptidoglycan was determined as 45.3±1.4 pN (from three 

histograms obtained in three independent experiments).  

 

Fig. 1. Interaction forces between PlyV12C and peptidoglycan (from 

S. aureus) on silicon surface probed by AFM-SMFS. (A) A typical 

force curve obtained between PlyV12C modified AFM tips and 

peptidoglycan functionalized silicon wafers, of which it reveals a 

specific binding force of PlyV12C and peptidoglycan. (B) A typical 

force curve after blocking by peptidoglycan solution, where the 

typical rupture peak disappeared. (C) Histogram of binding forces 

between PlyV12C and peptidoglycan (bars, experimental data; solid 

line, theoretical Gaussian distribution curve). (D) Binding 

probabilities of PlyV12C to peptidoglycan before and after blocking. 

Immobilization of S. aureus  

We then tried to carry out the force measurements directly on 

S. aureus. To achieve this goal, the bacteria are immobilized on 

substrate. Various immobilization approaches have been reported 

for bacterial cells, such as physical confinement of cells in porous 

polycarbonate membranes, electrostatic adsorption to positively 

charged surfaces, and covalently binding to amine- or carboxyl- 

functionalized surfaces by EDC-NHS chemistry or polyphenolic 

proteins
25

. In previous AFM force measurements, the bacteria cells 

were confined on porous polycarbonate membranes
16

. Here, we 

applied covalent binding method to S. aureus immobilization. 

Immobilization by covalent binding is strong enough to avoid the 

detachment of bacterium during the force measurements. As 

shown in Fig. 3, both AFM height (Fig. 2A) and deflection (Fig. 2B) 

images indicated S. aureus cells were well immobilized on silicon 

surfaces and the density was suitable for force measurements.  
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Fig. 2. AFM height (A) and deflection (B) images of S.aureus 

covalently immobilized on the silicon substrate. 

Measurement of binding force between PlyV12C and 

peptidoglycan on S. aureus in situ  

After bacteria immobilization, we investigated the interaction 

forces between the PlyV12C modified AFM tip and peptidoglycan 

on S. aureus cells, where peptidoglycan exists under native 

conditions. Force measurements were performed using the same 

conditions as those with the peptidoglycan modified silicon wafers 

(at the tip velocity of 4000 nm/s). Typical force curve is shown in 

Fig. 3A and the specific PlyV12C- S. aureus interaction forces were 

obtained, which were confirmed by the blocking experiment (Fig. 

3B). Notably, as the bacterial surface was softer than the silicon 

surface, a less steep slope of force curve on S. aureus was observed.  

After the peptidoglycan solution was added, the binding probability 

of PlyV12C-peptidoglycan interaction decreased markedly from 

14.63±2.06% to 3.40±1.14% as shown in Fig. 3C, which 

demonstrated the measurement of specific binding. The single 

molecular unbinding force of PlyV12C-peptidoglycan was 

determined as 52.3±2.0 pN. The force of PlyV12C-pepetidoglycan 

measured on S. aureus in situ was slightly larger than that on the 

silicon substrate at the same loading rate, probably due to the 

different conformations of peptidoglycans in vitro and on bacteria 

cell walls.  

 

Fig. 3. Interaction forces between PlyV12C and peptidoglycan on S. 

aureus cells probed by AFM SMFS. (A) A typical force curve 

obtained with PlyV12C-modified AFM tips on S. aureus. (B) A typical 

force curve after the system was blocked with the peptidoglycan 

solution. (C) A representative histogram of binding forces between 

PlyV12C and peptidoglycan on S. aureus at a pulling speed of 4000 

nm/s (bars, experimental data; solid line, theoretical Gaussian 

distribution curve). (D) Binding probabilities of PlyV12C to 

peptidoglycan on S. aureus before and after blocking with free 

peptidoglycan molecules. 

Measurement of binding force between antibody and S. aureus  

To check whether PlyV12C has a strong binding strength to S. 

aureus that rivals antibody, we changed the AFM tips to those 

modified with the antibody and performed force measurements as 

described above at the same tip velocity (4000nm/s). From the 

histogram of the force distribution, the most probable rupture force 

between antibody and S. aureus was fitted as 56.7±0.9 pN (Fig.  
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Fig. 4. Interaction forces between antibody and S. aureus cells probed by AFM-SMFS. (A) Histogram of binding forces of antibody-S.aureus 

at a pulling speed of 4000nm/s (bars, experimental data; solid line, theoretical Gaussian distribution curve). (B) Binding probabilities of 

antibody to S. aureus before and after blocking with antibody solution. (C) The comparison of binding forces of PlyV12C-S. aureus and 

antibody-S. aureus at the same loading rate. 

4A). Control experiments were also performed to confirm their 

specific interaction, and the corresponding binding probability was 

decreased obviously in control (from 23.17±1.89% to 5.90±2.29%, 

Fig. 4B).  The interaction forces of PlyV12C-S. aureus (52.3±2.0 pN) 

and antibody-S. aureus (56.7±0.9 pN) are quite close (Fig. 4C), 

indicating the comparable affinities of PlyV12C and antibody toward 

S. aureus. 

Dynamic force spectra of PlyV12C-S. aureus and antibody-S. 

aureus  

It is known that the binding force (F) between a pair of 

receptor- ligand measured by SMFS depends on the applied AFM 

loading rate (r). According to Bell model, their relationship can be 

described by the following equation
28, 29

: 

� =
���

��
∗ ln	(


χ
�

����(0)���
) 

where kB is the Boltzman constant, T is the absolute 

temperature, F is the most probable unbinding force, koff (0) is the 

dissociation rate constant at zero applied force, χβ is the distance of 

the energy barrier of the dissociated state to bound state, and r is 

the loading rate, which was calculated using the slope of the force 

peak times the pulling velocity and then times the spring constant 

of the AFM tip. 

Therefore, by measuring the forces at different loading rates 

and plotting the dynamic force spectra, more information on the 

ligand-receptor dissociation kinetic parameters can be derived. We 

further carried out the comparative study of the dissociation 

properties of PlyV12C-S. aureus and antibody-S. aureus by dynamic 

force spectra (DFS). The plots of the unbinding forces versus loading 

rates are displayed in Fig. 5. The data revealed that the rupture 

force values of antibody-S. aureus were always slightly larger than 

those of PlyV12C-S. aureus under the same loading rates. 

Interestingly, the dynamic force spectra of PlyV12C- S. aureus and 

antibody-S. aureus both show two linear regimes, indicating the 

dissociation of these two complexes went through two energy 

barriers from association state to dissociation state. The 

dissociation rate constant koff and the distance between 

dissociation and bound status (χβ) were calculated from the slope 

and intercept of the F-ln r plot. The linear regime at the low loading 

rate mapped the outer barriers
30

. In this section, the values of koff 

and χβ for PlyV12C-S. aureus and antibody-S.aureus interactions 

were calculated as χβ (PlyV12C) = 0.36 nm, koff (PlyV12C) = 9.57s
-1

 

and χβ (antibody)= 0.37 nm, koff (antibody) = 4.63 s
-1

, respectively. 

The linear regime at the high loading rate governed the inner 

barriers. In that section, the values of koff and χβ for PlyV12C- 

S.aureus and antibody-S. aureus were derived as χβ (PlyV12C)= 0.13 

nm, koff (PlyV12C) = 68.1 s
-1

 and χβ (antibody) = 0.14 nm, koff 

(antibody) = 41.6 s
-1

, respectively.  

Compared with previous reports about lysin-peptidoglycan 

interaction
16, 17

, the DFS spectra of LysM-peptidoglycan and Acm2-

peptidoglycan binding were fitted by only one linear regime. 

Besides, the kinetic parameter koff is one order of magnitude 

smaller than values obtained in our study. The possible reasons 

might be the binding properties involved between different lysin-

peptidoglycan themselves. In addition, unlike LysM and Acm2 which 

are the full length lysins, PlyV12C is lack of N-terminal catalytic 

domain. In our study, the kinetic parameters of the interactions 

between PlyV12C and S. aureus are close to those of antibody-S. 

aureus, demonstrating that the affinity of PlyV12C to S. aureus is 

quite similar to that of antibody to S. aureus, both of which are 

considerably stable. 
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Fig. 5. Comparison of dynamic force spectra of antibody-S. aureus(a) 

and PlyV12C-S. aureus(b). For forces measured at different loading 

rates for antibody-S. aureus and PlyV12C-S. aureus, there were two 

linear regions. At each loading rate, the data were shown as the 

mean values and standard error of the results from at least three 

independent experiments. 

Conclusions 

In summary, the quantitative binding forces of PlyV12C-

peptidoglycan, PlyV12C-S. aureus and antibody-S. aureus as well as 

the dynamic force spectra were obtained by AFM-SMFS. For the 

first time, we compared the dissociation processes of PlyV12C-

peptidoglycan complex with that of antibody-S. aureus. The results 

demonstrated these two complexes both experience intermediate 

states and overcome two activation barriers to dissociation states 

with similar dissociation rate constants. The study supports that the 

lysine CBD, PlyV12C, is a high-affinity probe for the detection of S 

.aureus.  
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