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1.  Introduction

The gastrointestinal tract (GIT) is probably one of the complex 
systems in the human body, occupied not only by trillions of 
microorganisms (bacteria, archaea, fungi, probiotics, and viruses) 
and is full of proteases, acidic pH and high bile salts necessary for 
food digestion[1]. Meanwhile, internal acidification also decreases 
the activity of acid-sensing enzymes and the survival of bacteria in 
this irritant urethra[2]. Lactic acid bacteria (LAB) are the predominant 
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microorganisms in food and they play an important role in the 
health of the human GIT[3]. Also, GIT health promotion has received 
considerable attention in the last decade[4]. It was found that the 
adhesive properties of bacteria are one of the key prerequisites for 
mucosal surfaces to resist transient colonization by inactive organisms 
from the GIT, and that their surface proteins are one of the important 
components of adhesive properties[5-7]. 

Most surface proteins are classified into 4 major groups:  
i) transmembrane proteins, ii) lipoproteins, iii) Leu-Pro-x-Thr-Gly 
(LPxTG)-like proteins, and iv) cell wall binding proteins, also a 
subset of proteins that are exposed to the bacterial cell surface and 
therefore interact with the extracellular environment constitute the 
surface[8-9]. LPxTG-motif surface proteins (LMP) are a family of 
proteins characterized by an LPxTG-like sequence located at the 
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C-terminus of the protein, which sequence is recognized and cleaved 
by a trans enzyme called proenzyme, which is covalently anchored 
to the surface protein on the cell wall peptidoglycan[10]. LAB surface 
proteins containing LPxTG motifs have been reported to enhance 
not only intestinal adhesion but also resistance to gastrointestinal 
digestive enzymes during gastrointestinal colonisation[11]. It was 
shown that Lactobacillus rhamnosus GG MBF, an active mucus-
specific surface adhesion protein, may be involved in hair follicle-
mediated mucus adhesion and is important in bacterial adhesion 
to the intestine[12]. Fructooligosaccharides (FOS) are abundant in 
nature and are commonly used as prebiotics. They can be combined 
with probiotics to effectively reduce intestinal inflammation and 
regulate gut flora. In vivo studies have demonstrated that FOS as 
prebiotics enhance the growth of lactobacilli both inside and outside 
the intestines and extend the colonisation time of Lactobacillus in 
the intestines, thereby improving the intestinal micro-ecological 
environment[13]. Our previous result also found that LMP can improve 
the survival of lactic acid bacteria in the harsh GIT environment, but 
whether the interaction between LMP and small molecules can better 
improve the functional role of lactic acid bacteria in the survival of 
the GIT needs to be elucidated in further studies. 

The recent surge in bioinformatics based on the analysis of 
genomic data, together with the development of several available 
new genetic tools, also motivates further studies aimed at uncovering 
adhesion factors of LAB by using sequence information stored in 
surface proteins[14]. Molecular modeling docking is one of the most 
widely used virtual screening methods, and the purpose of molecular 
docking is to predict the image of small molecule ligands binding to 
a suitable target site. Molecular simulation of docking allows rapid 
assessment of the conformation of proteins, predicts their binding 
to other molecules, and simulates intermolecular interactions[15-17]. 
When proteins are involved in various processes, such as ligand 
binding, it may change their structure. Also, the binding sites and 
parameters related to the kinetic and conformational changes caused 
by ligand binding need to be identified[18-19]. Molecular dynamics (MD) 
simulation is a computational technique used to model the movement 
of proteins, molecules, and atoms within a molecular system, 
as well as their interactions. These simulations can replicate the 
dynamic behavior of molecular systems under varying temperatures, 
pressures, and other external conditions. This includes processes 
like protein folding, ligand binding, and protein interactions[20-21]. 
Presently, molecular dynamics simulations are extensively employed 
in diverse fields such as medicine and biology, often in conjunction 
with various biological techniques like X-ray diffraction (XRD),  
multi-spectroscopic, and Zeta potential[22-24]. Fluorescence spectroscopy 
(FL) and circular dichroism (CD) reflect the interactions between proteins 
and small molecules, the interaction forces between molecules, and the 
changes in protein structure through fluorescence changes[25-28].

Nowadays, there are many methods to explore the interaction 
between small molecules, and this paper focuses on bioinformatics, 
molecular modeling docking, FL, CD, cell adhesion and growth 
status to demonstrate the interaction between small molecules and 
proteins. The aim of this study was to investigate the interactions 
between LMP and various small molecule nutrients using molecular 
docking simulation methods. In addition, the reliability of the binding 
affinity results from molecular docking simulations was verified by 
CD and FL. In addition, the interaction of LMP with small molecule 

nutrients on the adhesion properties of Lactobacillus and the growth 
characteristics were both investigated. The findings of these results 
will lead to a better understanding of the host interactions of LAB in 
the GIT environment.

2.  Materials and methods

2.1  Strains and culture

L. reuteri SH23  was obtained from the China General 
Microbiological Culture Collection Center (Beijing, China). Bacteria 
are cultured in de Man-Rogosa-Sharpe (MRS) media at 37 ℃ for 16 h 
before use. FOS were purchased from Yuanye Biotech (Shanghai, 
China) and diluted with ultrapure water. Caco-2 cells purchased from 
Boster Biotechnology (Wuhan, China) were cultured in Dulbecco’s 
modified Eagle’s medium (Sigma-Aldrich, Darmstadt, Germany) 
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 
1% nonessential amino acids, 100 U/mL penicillin and 100 mg/mL 
streptomycin. The cells were cultured at 37 ℃ in a humidified 
atmosphere of 5% CO2. 

2.2  LMP preparation

Based on the  former  resul t s ,  the  express ion  of  LMP 
(A4V07_06340, UniProt) was screened from transcriptomic and 
proteomic data and was upregulated in both stimulated gastric and 
intestinal fluids[29]. A4V07_06340 (A0A1X8VAD2) was selected in 
proteomics associated with LPxTG patterns. Total DNA was isolated 
from bacteria using the method described in the easy Pure Rapid 
Gel Extraction Kit (Transgenic, Pecking, China). PCR amplification 
primers were used as follows: F (5′-AATTCGCTGACTTAACAA
TCGTGGATCAA-3′); R (3′-CTCGAGCTAATCTTCTTTGCGCC
GTTTC-5′). The sequence of the protein gene was ligated into the 
expression vector pET-32a and overexpressed in BL21 (DE3) cells. 
The target protein was induced with 0.4 mmol/L isopropyl-β-D-
thiogalactoside (IPTG), then disrupted by sonication (working for 3 
at 10 s intervals, working 80 times), centrifuged, and the supernatant 
was removed and eluted with 80 mmol/L elution buffer (80 mmol/L 
imidazole, 20 mmol/L Tris, 0.5 mmol/L NaCl, pH 8.0). After that, 
the peak solution was collected and verified by SDS-PAGE (12% 
polyacrylamide), and the protein concentration was determined using 
the BCA method (Sangon Biotech Co., Ltd., Shanghai, China). The 
purified proteins were collected and freeze-dried for further use.

2.3  Molecular docking simulation

The online database PDB (PDB id: 4mt5) files of relevant 
multifunctional proteins were screened through the NCBI website and 
SWISS-MODEL (https://swissmodel.expasy.org) for further use; the 
ligands were selected as shown in Table 1, mainly polysaccharides, 
fatty acids and some common small molecules such as metal ions, 
and The PDB structure files of the ligands were downloaded through 
the pub Chem website, and the Babel 2.3.2 software was opened 
to convert the ligand files into PDB files, which can be used for 
docking calculations of the relevant molecules through the Autodock  
Vina 1.1.2 (Scripps Research Institute, USA) software[30]. As shown 
in Table 1, the interactions between proteins and common intestinal 
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small molecules, mainly polysaccharides, fatty acids, and some 
common small molecules such as metal ions, result in binding.

2.4  MD simulation

Protein-ligand (LMP and FOS) complexes obtained via molecular 
docking were subjected to molecular dynamics simulations using 
GROMACS. The AMBER force field was applied for the protein, 
and GAFF for the ligand, while the TIP3P water model was used to 
solvate the system, forming a water box with a periodic boundary 
of 1.2 nm. Sodium and chloride ions were added to neutralise the 
system, closely mimicking experimental conditions. Before the 
main simulations, the complexes underwent 3 000 steps of energy 
minimisation in a vacuum using the steepest descent method to 
eliminate atomic overlaps. After solvation with TIP3P water, the 
system was further energy-minimised under position restraints, 
followed by solvent relaxation under NVT and NPT ensembles. The 
position restraints were then removed, and the entire system was 
simulated for 50 ns under NPT conditions. During the MD simulations, 
all C−H and O−H bond lengths were constrained using the LINCS 
algorithm, with a time step of 2.0 fs. The temperature was maintained 
at 298.15 K using a V-rescale thermostat with a coupling time of 1.0 ps, 
while pressure was controlled at 1 bar using a Parrinello-Rahman 
barostat with a coupling time of 2.0 ps. The simulations were carried 
out over 50 000 ps at ambient temperature and pressure. From the MD 
simulations, variations in hydrogen bonding between LMP and FOS, 
as well as root mean square deviation (RMSD), root mean square 
fluctuation (RMSF), and radius of gyration (Rg), were analysed.

2.5  FL and CD analysis 

The binding properties of LMP to the screened FOS were 
determined by a slightly modified fluorescence spectroscopy assay 
by Guimarães et al.[38]. Measurement conditions were as follows: the 
excitation wavelength was 280 nm and the emission wavelength range 
is 308−450 nm. LMP protein solution (0.8 mg/mL) and different 
concentrations of FOS (26.67, 31, 36, 40 mmol/L) were added into 
the centrifuge tube. After the reaction at room temperature for 5 min,  
200 μL of the prepared sample solution was absorbed into the 96-well plate, 
and the experimental determination was carried out by fluorescence 
photometer (Hitachi F-4700, Japan). The interaction mechanism 
between proteins and small molecules was also analyzed by CD 
spectroscopy, which scans from 190 to 260 nm[39].

2.6  Microscale thermophoresis (MST) analysis

The fluorescent dye used in this experiment was RED-Tris-NTA 
protein labeling kit and capillaries were purchased from Nano 
Temper. The excitation and emission wavelengths were 605−645 
and 680−685 nm, respectively, and the temperature for MST was set at  
37 ℃. The LMP protein concentration was 200 nmol/L, and the small 
molecule concentrations were 25, 40, and 80 μmol/L, respectively. the 
LMP was labeled with fluorescent dye, and then mixed with the small 
molecule series dilutions, filled capillary tubes into the loading tray, 
and then the results were analyzed and calculated by the software.

2.7  Adhesion-assistant properties of LMP 

First, the effect of the tested molecules on cell viability was 
verified by first measuring the cell viability in the tested solution with 
the Cell Counting Kit-8 (CCK-8)[40] to verify the effect of the test 
molecules on cell viability in the groups of control, single protein, 
single small molecule, low concentration mixture (FOS 26.67 mmol/L)  
and high concentration mixture (FOS 40 mmol/L). Then, 10 μmol/L 
fluorescein isothiocyanate (FITC) was added to L. reuteri SH23  
(1 × 108 CFU/mL), and the mixture was incubated in the dark for  
30 min (37 °C). The fluorescence intensity of labeled L. reuteri SH23 
(excitation wavelength, 485 nm; emission wavelength, 538 nm) was 
measured as the initial fluorescence value (A0). The labeled bacterial 
suspension and different concentrations of recombinant expression 
proteins were added to 96 wells and incubated with Caco-2 cells for 2 h. 
The final fluorescence intensity was measured after washing twice 
with PBS as the post-elution fluorescence value (A1). The calculation 
formula of the adhesion rate of L. reuteri SH23 is as follows:

Adhesion rate of bacteria (%)  =       (1)
A

1

A
0

× 100

2.8  Auto-aggregation of the strain

L. reuteri SH23 was cultured to the logarithmic growth phase. 
The cells were then washed 3 times with PBS and resuspended in 
PBS to achieve an OD600 nm of 1.00 ± 0.05. Subsequently, L. reuteri 
SH23 was inoculated into fresh MRS broth containing 5 mg of LMP 
and 10 mg of FOS, respectively, and cultured for 6 h. The culture 
was centrifuged at 6 000 r/min for 5 min at 4 °C, and the OD600 nm of 
the bacterial suspension was adjusted to 1.00 ± 0.05 (A0) by washing 
three times with PBS. To assess the auto-aggregation of bacterial 
cells, 4 mL of the suspension was transferred into a 10 mL centrifuge 

Table 1
Common prebiotics in the GIT.

Substance Function Year Reference

Galactooligosaccharides (GOS) GOS modulated homeostasis of the aging gut by promoting changes in the 
microbiome composition and host gene expression 2021 [31] 

Bifidobacterium infantis and xylooligosaccharide (XOS) Alleviates dextran sulfate sodium-induced ulcerative colitis 2020 [32] 

Fructo-, galacto-, and mannan-oligosaccharide Protect against 5-fluorouracil-induced intestinal mucositis in rats 2019 [33] 

Butyrate Attenuates gastrointestinal salmonella disease 2018 [34] 

Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) Improve the abnormal contractile functions of the LGI tract associated with 
inflammatory diseases 2021 [35] 

Flaxseed fiber (FF) and/or dairy calcium (Ca) Binding liquid fats to more solid complexes 2017 [36] 

Zinc (Zn) Understand the pathogenesis and progression of liver and gastrointestinal disease 2008 [37] 
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tube and left to stand at room temperature for 12 h. The suspension 
was then used to measure the OD600 nm (A1). The auto-aggregation was 
calculated by using the following equation:

Auto-aggregation (%) = (1 –       (2)
A

1

A
0

× 100) �

2.9  Growth curve measurement

L. reuteri SH23 were activated in MRS broth 2−3 times. The 
bacterial solution was washed 3 times with PBS and adjusted OD600 nm = 1. 
The final concentrations of LMP and FOS in MRS medium were 0.3 
and 0.5 mmol/L. L. reuteri SH23 inoculated into 50 mL of an MRS 
medium at an inoculum volume of 1:100, and incubated at 37 °C 
for 24 h. Subsequently, the OD600 nm value was measured every 2 h 
and the absorbance was calibrated using blank MRS as the control; 
the growth curve was generated with the measured OD value as the 
ordinate.

2.10  Statistics analysis

All experiments were performed in triplicate and the results were 
expressed as means ± standard deviation (SD). Significance levels 
were analyzed by ANOVA test (P < 0.05) using SPSS Statistics 26 
(SPSS Inc, IBM, New York, USA), and GraphPad Prism 8, Origin 
2018 software was used for graphing.

3.  Results 

3.1  LMP identification

The target gene (Fig. 1A, 3 042 bp) was overexpressed in the 
recombinant expression plasmid pET-32a-A4V07_06340 (Fig. 1B), 
and after transfer into BL21 (DE3) cells, the bacteria were induced 
to produce LMP with 0.4 mmol/L IPTG (25 °C, 6 h). Based on the 
overexpression result, the molecular weight of the purified LMP was 
approximately 140 kDa (Fig. 1A). 

3.2  Molecular simulation docking results

As shown in Table 2, the binding energy of LMP to FOS was  
−5.5 kcal/mol, the lowest value among all the molecular docking 
binding simulations, indicating a strong binding interaction between 
LMP and FOS. As shown in Fig. 2, a diagram of the interactions 
between LMP and small molecules is presented using molecular 
modeling docking technique, and the optimal sites of interaction 
between small molecules different from each other will also produce 
corresponding changes. In addition, the binding mode between 
receptor proteins LMP and FOS was investigated by molecular 
docking. The binding pattern exhibited by amino acid residues 
between receptor protein 4mt5 and FOS ligand small molecules is 
shown in Fig. 2A, where LMP and FOS can form hydrogen bonds with 
V46, E41, H71, N120, M73, T74, T118, T76, D77, Y116, D80, and N82. 
It is hydrophobic with L47, K7, Y45, G44, G72, N120, and H75.

Fig. 1  Overproduction and purification of LMP derived from the L. reuteri. (A) PCR amplification product of the target LMP gene; (B) recombinant expression 
plasmid construction map; (C) identification of the recombinant LMP with SDS-PAGE, lane 1 is crude whole-cell protein extracts after induction, lanes 2–4 is the 

uninduced bacteriophage protein, and line 5 is the purified LMP protein.

Table 2
Molecular simulation docking screening of the affinity between the LMP 
protein and different small molecule nutrients.

Protein Substance Affinity (kcal/mol)

4mt5_protein FOS −5.5

4mt5_protein Phenyllactic acid −5.1

4mt5_protein DHA −4.7

4mt5_protein EPA −4.5

4mt5_protein D-Glucitol-1,6-
bisphosphate −4.1

4mt5_protein Arachidonic acid −4.1

4mt5_protein L-Lactic acid −3.7

4mt5_protein D-Lactic acid −3.6

4mt5_protein Butyric acid −3.1

4mt5_protein Calcium −1.2

4mt5_protein Fe −1.2

4mt5_protein Mg −1.2

4mt5_protein Zn −1.2

Note: 4mt5_protein is in the database with A4V07_ 06340 with the highest protein match.

A

5 000 bp
3 000 bp
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1 500 bp

1 000 bp
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250 bp
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3.3  Analysis of MD simulation results

Through molecular dynamics simulations, the interaction between LMP 
and FOS was found to have a binding constant of 1.414 × 104 μmol/L,  
as well as thermodynamic parameters ΔG0, ΔH0, and ΔS0 at 298.15 K. 
These values are −4.850 kJ/mol, −219.071 kJ/mol, and −718.501 J/(mol∙K), 
respectively, indicating that the binding process is exothermic. The 
negative ΔG0 value suggests that the interaction is spontaneous. In this 
study, the interactions between LMP and FOS were primarily driven 
by electrostatic and van der Waals forces. MD simulations were used 
to further explore the conformational changes and structural stability 
of the LMP and FOS complexes, validating and complementing 
the molecular docking results. As shown in Fig. 3A, the RMSD 
trajectories of LMP and LMP-FOS complexes were similar, with 
fluctuations within 0.5 nm, indicating no significant structural 
changes during the simulation. The flexibility and local mobility 
of each residue in the LMP-FOS complex were investigated using 
RMSF trajectories. Residues 1204–1216, 1220–1231, 1250–1267, and 
1286–1300 showed higher fluctuations, likely due to their involvement 
in protein-protein interactions (Fig. 3B). The Rg indicated that the 
LMP and FOS complexes remained structurally stable throughout the 
simulation, with minimal fluctuations (Fig. 3C). To investigate the 
hydrogen bonding properties of the binding sites, the number of key 
hydrogen bonds stabilizing the LMP-FOS complexes was calculated. 
As shown in Fig. 3D, the number of hydrogen bonds remained stable 
at 5 or more throughout the simulation, indicating strong hydrophobic 
interactions and the formation of highly stable complexes.

3.4  Fluorescence spectrum and CD measurements

Corrections have been made to account for the inner filter 
effects in the fluorescence measurements. As shown in Fig. 4A, the 
fluorescence intensity of LMP solution decreased with the increase 
of FOS concentration, which may be due to the quenching effect of 
FOS on LMP, indicating the interaction between amino acid residues 
of LMP and FOS. In general, the absorption wavelength peak of 

LMP was around 325 nm, and as the ratio of FOS/LMP increased 
from 1:6 to 1:9 the fluorescence intensity value at this point tended 
to decrease, i.e., the concentration of LMP protein solution was  
(0.8 mg/mL) and FOS concentration was 26.67, 31, 36, 40 mmol/L 
(Fig. 4A). Meanwhile, a blue shift (198−190 nm) was found in the 
CD spectrum of the mixture of LMP (lowest CD signal 220 nm, Fig. 4B)  
and FOS, and the negative peak appeared red-shifted with the change 
of LMP concentration in the LMP+FOS solution (Fig. 4C). As shown 
in Table 3, at a ratio of LMP to FOS of 1:8, the α-helix content 
increased significantly to 57.4%, while the β-sheet content decreased. 
This change is likely due to the addition of FOS, which provides 
stability or forms new hydrogen bonds and hydrophobic interactions, 
promoting the formation of α-helices and converting regions that 
might otherwise form β-sheets into α-helices. MD simulations indicate 
that the interaction between LMP and FOS is primarily governed by 
van der Waals forces and electrostatic forces. Van der Waals forces 
influence protein folding and the formation of secondary structures 
between FOS and LMP. FOS contains charged groups that interact 
with the charged amino acid side chains in LMP, thereby enhancing 
the stability of specific secondary structures. Overall, the random coil 
content decreased, suggesting that the addition of FOS induces LMP 
to form more ordered secondary structures and reduces the disordered 
random coils. Furthermore, as shown in Fig. S1, the data points were 
fitted to obtain the binding parameters (binding affinity). It is clear 
that the binding capacity between LMP and FOS under conditions 
such as the acceptable range of homogeneity is in the range of  
2−8 μmol/L.

3.5  Liability and adhesion enhancement of LMP coupled 
with FOS on L. reuteri SH23

As shown in Fig. 5A, the results with CCK-8 reagent showed 
that their cell viability were higher than 100%, indicating that 
the protein as well as the small molecules were not toxic to the 
cells. Meanwhile, according to the results of adhesion analysis, 
the addition of recombinant protein could improve the adhesion 
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Fig. 3  Results of molecular dynamics. (A) RMSD; (B) RMSF; (C) Rg; (D) The number of hydrogen bond.

Table 3
Secondary structural changes (%) of the LMP interact with different concentrations of FOS.

Sample proportion α-Helix β-Sheet β-Turn Random coil 

LMP 21.77 36.37 16.33 25.67

1:6 27.4 54.3 0 18.3

1:7 29.1 52.9 0 17.9

1:8 57.4 22.9 0 19.6

1:9 40.9 41.2 0 17.9
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rate of L. reuteri SH23 to Caco-2 cells, as shown in Fig. 5B, when  
80 μg/mL recombinant protein was added, the adhesion rate was as 
high as 7.11%. When FOS was added in the in vitro normal model, 
divided into low concentration group (FOS 26.67 mmol/L) and 
high concentration group (FOS 40 mmol/L), the adhesion rate was 
much higher than the other 2 groups (no LMP and no FOS), and the 
adhesion power of FOS high concentration group was as high as 
7.65%. As shown in Fig. 5C, the cell adhesion in the 5 groups, the 
trend was consistent with that in Fig. 5B above. Fig. 5C (a and c) shown 
the cell adhesion effect was significantly different from that of Fig. 5C 
(b, d and e). It indicates that LMP and LMP+FOS can promote the 
adhesion between cells and L. reuteri SH23, which can further reduce 
the contact area between L. reuteri SH23 and gastrointestinal fluid, 
slowing down the damage caused by direct contact and having a 
protective effect.

3.6  Auto-aggregation and growth status of the strains results 
analysis

As shown in Fig. 6A, the average auto-aggregation of the control, 
LMP, FOS, and LMP-FOS complexes were 17.10%, 21.57%, 
20.98%, and 30.56%, respectively. The results indicate that 
both LMP and FOS promote the auto-aggregation of L. reuteri SH23. 
However ,  the LMP-FOS complex s ignif icant ly  enhances 
auto-aggregation more than either LMP or FOS alone. As shown in  
Fig. 6B, at 6 h L. reuteri SH23 entered the logarithmic growth 
phase, but compared to control, LMP and FOS, L. reuteri SH23 
grew the fastest after the addition of LMP+FOS (Table 4). It 
indicates that the interaction of LMP and FOS can better promote 
the growth of L. reuteri SH23.

Fig. 5  Toxicological properties of LMP, FOS and L. reuteri SH23 on Caco-2 cells. Toxicological validation of FOS (A); adhesion of LMP and FOS to 
Lactobacillus under normal conditions (B); actual fluorescence plots of cell adhesion for each group (C). Letters represent groups, a, L. reuteri SH23;  

b, L. reuteri SH23+LMP; c, L. reuteri SH23+FOS; d, L. reuteri SH23+LMP+D-FOS; e, L. reuteri SH23+LMP+H-FOS; numbers represent scenes; 1, fluorescence 
image; 2, bright field image; 3, confocal image. **P < 0.01, *P < 0.05.

4.  Discussion

Among the microorganisms in the complex ecosystem of the 
human GIT, LAB are Gram-positive bacteria that are probiotics 
that contribute to host health. As commonly used strains, 
Lactobacillus can inhabit this harsh GIT, which is essential for  
gut-microbe homeostasis[41-43]. Research has shown that gram-positive 
Lactobacillus have evolved a variety of different mechanisms of 
intestinal adaptation that ultimately play a health-promoting role in 
the host[44], and this mechanism of action may be related to proteins 

on the surface of the cell wall. It has been demonstrated that surface 
proteins such as mucus binding proteins can promote the aggregation 
and formation of membrane-like morphologies of Lactobacillus 
strains, leading to improved bacterial survival in the GIT[45-46]. 

Moonlighting proteins are proteins that serve roles at 
various sites[47]. Adhesion occurs through interactions between 
macromolecules on the bacterial cell wall and proteins or 
glycoproteins on the enterocyte surface, and one important approach 
is the anchoring of carboxyl termini by LMP on the bacterial 
surface[48-50]. Having established that LMP has adhesive properties 

A

Su
rv

iv
al

 r
at

e 
(%

)

LMP
+ +

+
+
++

120

110

100

90

80
L. reuteri

-
-

-
-

-

-

B

* *

* *

A
dh

es
io

n 
ra

te
 (

%
)

8.0

7.5

7.0

6

4

2

0
+ +

+

+

26.67
+

+

26.67
+

+

40
LMP

FOS (mmol/L)

L. reuteri
-

-
-

-

C

a1 a2 a3

b1 b2 b3

c1 c2 c3

d1 d2 d3

e1 e2 e3

26.67 26.67 40FOS (mmol/L)

100 μm 

100 μm 

100 μm 

100 μm 

100 μm 

100 μm 

100 μm 

100 μm 

100 μm 

100 μm 100 μm 100 μm 

100 μm 

100 μm 

100 μm 



8	 J. Liu et al. / Food Science and Human Wellness 15 (2026) 9250388

Fig. 6  Four different lines related to the control, single treatment of LMP and FOS, and the both LMP and FOS treated group. (A) The effect of LMP and FOS on 
the auto-aggregation capacity of L. reuteri SH23; (B) growth status of L. reuteri SH23 upon LMP and FOS. ***P < 0.001, **P < 0.01.
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Table 4 
Effect of the LMP and FOS on the growth status of L. reuteri SH23 in the different culture times. 

Time (h) Control LMP FOS LMP+FOS

0 0.17 ± 0.01c 0.18 ± 0.00b 0.18 ± 0.00b 0.30 ± 0.00a

2 0.21 ± 0.02c 0.26 ± 0.00c 0.23 ± 0.01b 0.40 ± 0.02a

4 0.38 ± 0.01c 0.44 ± 0.01c 0.37 ± 0.00b 0.56 ± 0.01a

6 0.58 ± 0.03b 0.63 ± 0.01b 0.6 ± 0.01b 0.75 ± 0.02a

8 0.84 ± 0.04c 0.88 ± 0.02bc 0.91 ± 0.02b 1.03 ± 0.01a

10 0.98 ± 0.02c 1.08 ± 0.01b 1.11 ± 0.01b 1.19 ± 0.01a

12 1.14 ± 0.03b 1.24 ± 0.03a 1.26 ± 0.03a 1.29 ± 0.02a

14 1.27 ± 0.03b 1.32 ± 0.02ab 1.33 ± 0.03a 1.38 ± 0.03a

16 1.37 ± 0.02ab 1.37 ± 0.02b 1.39 ± 0.03ab 1.45 ± 0.03a

18 1.39 ± 0.01b 1.38 ± 0.02b 1.41 ± 0.02b 1.48 ± 0.02a

20 1.43 ± 0.03a 1.43 ± 0.02a 1.45 ± 0.06a 1.51 ± 0.03a

22 1.46 ± 0.03ab 1.44 ± 0.03b 1.45 ± 0.03ab 1.53 ± 0.04a

24 1.45 ± 0.05b 1.44 ± 0.03b 1.46 ± 0.03b 1.55 ± 0.04a

through previous studies of LAB surface proteins[51], the present 
study sought to explore another function of LMP interacting with 
small molecule nutrients to enhance adhesion properties and promote 
gastrointestinal tolerance[52-53].

Previous studies have shown that some surface proteins anchored 
to the peptidoglycan layer derived from yeast or Escherichia coli 
have metal-binding properties[54], and some researchers also found 
the cell wall-related proteins of the Clostridioides difficile have 
polysaccharide interaction functions[55]. By studying the interaction of 
LMP with small molecules, it was found that the binding affinity of 
metals to small-molecule nutrients is different from that of molecule-
macromolecule interactions. MD simulations revealed that the 
interaction between LMP and FOS small molecules primarily relies 
on van der Waals and electrostatic forces.

Also, the weak fluorescence intensity of the LMP-FOS mixture 
with increasing FOS concentration confirmed the conformational 

changes in the protein structure, which may be due to the conversion 
of the α-helix structure to the β-sheet and β-turn structure due to 
partial unfolding of the protein[56]. Along with the change in the 
secondary structure of LMP, the adhesion of the protein was further 
verified in the adhesion model to the Caco-2 cell line[57-58]. In contrast, 
the removal of surface-bound proteins reduced the adhesion-
associated surface proteins of Lactobacillus plantarum 423 and the 
adhesion between L. plantarum and Caco-2 cells by 40%[59-60]. The 
addition of recombinant proteins promoting bacterial aggregation can 
reduce the contact area of L. reuteri SH23 with gastrointestinal fluids, 
thereby mitigating damage from direct contact. LMP enhances this 
protective effect under normal conditions, while FOS further improves 
the adhesion of L. reuteri SH23 to intestinal epithelial cells and its 
auto-aggregation ability. This combination effectively enhances the 
gastrointestinal tolerance of LAB. Additionally, the inclusion of LMP 
and FOS complexes supports the growth of L. reuteri SH23.

Note: Different lowercase letters in same row indicate significant difference (P < 0.05).
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5.  Conclusions

In summary, the study demonstrated that the LPxTG-motif 
protein interacts with FOS through van der Waals and electrostatic 
forces, resulting in the transformation of β-sheet and random curling 
into α-helix and β-turn structures. Additionally, binding LMP to 
FOS significantly increased the adhesion rate of L. reuteri SH23 
to Caco-2 cells, enhanced the strain’s adhesion ability to intestinal 
epithelial cells, elevated its auto-aggregation, and improved its 
growth rate. These findings provide insights into the role of LMP as a 
multifunctional protein in the cell wall of L. reuteri SH23. 
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