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Abstract: To better understand antigen-aluminum phosphate adjuvant interaction, the binding 

mechanism of three structures of aluminum phosphate with model proteins (i.e., lysozyme and bovine 

serum albumin) was explored by in silico calculations. Molecular docking simulations were performed 

using Autodock tools. A blind docking strategy was utilized to see a conceivable binding mode of 

aluminum phosphate with the target. Three structures of aluminum phosphate explored were Al(PO4)3, 

AlOH(PO4)2, and Al(OH)2PO4. Three different PDB structures of each lysozyme and BSA were used 

to confirm the binding constancy of ligands from different depositors at different resolutions. The results 

showed that all aluminum molecules bound to the same pocket of lysozyme at a stable conformer, in 

which hydrogen bonds and salt bridge interactions were dominant in the binding area of ligands. 

AlOH(PO4)2 has a better binding mode of interaction with lysozyme than other structures of aluminum 

phosphate. According to Ramachandran’s analysis, the antigen-binding complex with AlOH(PO4)2 

preserves more than 85% of all residues in the favored region. Compared with BSA, AlOH(PO4)2 poses 

better binding interactions and binding mode of action to lysozyme with more electrostatic, salt bridge 

interactions and hydrogen bonds formed. 
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1. Introduction 

Aluminum-based adjuvant (alum) has been extensively used for a long time in vaccine 

formulation to stimulate the immune response of poorly immunogenic antigens. Vaccine 

formulations are basically prepared by adsorption of antigen onto adjuvant. The immune-

stimulation effect of alum is mainly associated with the degree of antigen adsorption on the 

adjuvant. Therefore, it has been generally accepted that antigens should be largely adsorbed by 

the adjuvant to stimulate an optimal immune response [1]. 

Vaccine antigen adsorption to alum provides a prolonged release of antigen over time 

after vaccine administration [2,3]. As a result, alum-adsorbed antigen was more effectively 

taken up by dendritic cells than soluble antigens, hence enhancing activation of antigen-specific 

T cells [4–6]. This depot effect is mainly influenced by the physical properties of alum, 
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including surface area, electric charge, and morphological structure [3]. Antigen adsorption to 

adjuvant generally occurs by electrostatic, hydrogen bonding, hydrophobic, and covalent or 

ligand exchange interaction [7]. Electrostatic interaction occurs when the antigen and adjuvant 

have opposite charges and represent a major mechanism for the adsorption of antigens to alum 

[6].  

The type of alum most commonly used in licensed vaccines is aluminum hydroxide and 

aluminum phosphate [8]. Aluminum phosphate adjuvant is chemically amorphous aluminum 

hydroxyphosphate, Al(OH)x(PO4)y. It is a nonstoichiometric compound in which the ratio of 

hydroxyl to phosphate highly depends on the reactants and precipitation conditions [9–11]. The 

surface charge of a colloidal system is described by the point of zero charge (PZC). The PZC 

of aluminum phosphate adjuvant depends on the ratio of hydroxyl anion to phosphate anion, 

which can be decreased by replacing hydroxyl anion with phosphate anion. Commercial 

aluminum phosphate adjuvant generally has a PZC of 4.6 – 5.6; thus, it has a negative surface 

charge at neutral pH. Consequently, aluminum phosphate adjuvant is considered to be a good 

adjuvant candidate for positively charged antigens [11–13]. 

Since formulating antigen with adjuvant is to get a stable bind between antigen and 

adjuvant, conditions are generally selected to achieve an optimal binding. Several experimental 

studies on binding interaction and mechanism of antigen-alum have been investigated [7,14–

16]. Nevertheless, information regarding the binding interaction of antigen-adjuvant at a 

molecular level using high throughput bioinformatic analysis is less reported. In particular, 

since aluminum phosphate adjuvant has no fixed ratio of hydroxyl to phosphate ion, binding 

interaction should be highly influenced by the aluminum phosphate structures [17]. 

Understanding the binding mechanism of antigen-adjuvant at a molecular level will assist in 

an appropriate design and choice of aluminum phosphate structure that is most suitable for 

antigen used in vaccine formulation. 

The molecular docking approach enables researchers to investigate the biological 

activity characteristics of compounds at the molecular level. The binding energies, binding site, 

binding mode, key residues, and types of chemical interactions can be assessed via molecular 

docking [18–22]. Molecular docking simulation strengthens in vitro assay results by describing 

how the sample can interact with the targets. The docking result may also reveal the key 

residues and binding site interaction between aluminum molecules and the protein target. 

Furthermore, the best aluminum structures might be thoroughly examined when selecting the 

best ligand structures based on the best mode of interactions [18,23–26].  

This study aims to explore the binding interaction of three structures of aluminum 

phosphate with two model proteins by computational approach. Three structures of aluminum 

phosphate studied was Al(PO4)3, Al(OH)(PO4)2 and Al(OH)2(PO4).  Lysozyme (LYS) and 

bovine serum albumin (BSA) were chosen as model protein antigens since they represent 

proteins' positive charge and negative charge. Herein, molecular docking analysis was 

accomplished to examine adjuvant's binding mode of action with the specific site of protein at 

the molecular level. 

2. Materials and Methods 

2.1. Design of aluminum phosphate structures and their toxicity prediction. 

The initial guess structures were generated using Avogadro software. Hartree-Fock 

calculations were performed using the Orca 5.0 program to optimize the structures. The 
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geometries were optimized using the 3-21G basis set. The atoms were allowed to relax during 

optimization. Smiles notations of all aluminum phosphate structures were submitted to 

PKCSM [27] for rat acute oral toxicity (LD50) prediction and submitted to Protox II for 

evaluation of their potential hepatotoxicity, carcinogenicity, immunotoxicity, mutagenicity, 

and cytotoxicity [28].  

2.2. Molecular docking simulation. 

For modeling the interaction between three structures of aluminum phosphate with 

lysozyme and bovine serum albumin, molecular docking simulations were performed using 

Autodock tools 1.5.7 version [29]. A blind docking strategy was utilized to see the conceivable 

binding mode of aluminum phosphate molecules with the target in the lowest energy. The X-

ray crystal structure of lysozyme and BSA were obtained from the Research Collaboratory for 

Structural Bioinformatics-Protein Data Bank (RCSB-PDB) (https://www.rcsb.org/), using 

Homo sapiens designated as the source organism. Three different PDB structures of each 

lysozyme and BSA were used to confirm the binding constancy of ligands from different 

depositors at different resolutions. For lysozyme, we used protein structure with PDB ID 

1HSW, 1DPX, and 2VB1 with resolutions of 2Å, 1.65Å, and 0.65Å, respectively. For BSA, 

the protein structures with PDB IDs 3V03, 4OR0, and 4F5S were used at resolutions of 2.7Å, 

2.58Å and 2.47Å, respectively. All protein structures were prepared using Autodock tools and 

Biovia Discovery Studio visualizer. First, water molecules and heteroatoms were removed 

using Biovia discovery and saved in .pdb format. Next, we will add hydrogen polar, merge 

merging non-polar, and add Kollman charges in Autodock tools, but first, we have to check 

missing atoms in the structure. Finally, all structures were saved in the pdbqt format after being 

prepared in Autodock. Aluminum phosphate molecules are also prepared in Autodock tools by 

adding hydrogen polar, merging non-polar, and adding a gesteiger charge, then saving them in 

pdbqt format. To start the docking simulation, the grid size of each protein was set to cover the 

whole structure, which is appropriate for the blind docking method. In PDB ID 1HSW, 

electrostatic maps were computed using grids of 104, 108, and 118 points in the X, Y, and Z 

dimensions. PDB ID 1DPX grids of 106, 90, and 100 points in the X, Y, and Z dimensions 

were used. In PDB ID 2VB1, grids of 88, 104, and 124 points in the X, Y, and Z dimensions 

were used. Grid spacing of 0.375Å was used for all molecular blind docking simulations, and 

the center of molecules was used as the coordinate grid center. To predict the binding strength 

of aluminum phosphate molecules, we ran the genetic algorithm (GA) 50 times with a 

population size of 150, 2500000 times energy evaluation, maximum generation number of 

27000, mutation and crossover rates of 0.02 and 0.8, respectively [19,29–31].  

For docking BSA, three different protein structures were used in this study to verify the 

binding site and energy values. The three crystallized structures were 3V03, 4OR0, and 4F5S. 

Molecular docking was performed by placing grid boxes with dimensions of 40 × 40 × 40 Å 

along x, y, and z, respectively, on all BSA structures. The grid centers along the x, y, and z 

axes were set to 30.680, 27.625, and 43.096 for 3V03; 1,375, 27,254, 107,264 for 4OR0; and 

2.166, 28.4945, 107.243 for 4F5S. A grid spacing of 0.375 Å was used for all simulations. The 

rest of the setup was done the same as for blind docking [32]. 

Molecular docking results in .dlg format were analyzed in Autodock tools. Out of fifty 

probable binding sites of aluminum phosphate molecules, only the conformation's lowest 

binding energy was considered the best pose of docking simulations. The protein-ligand 

complexes were analyzed in detail utilizing open-source PyMol [33, and the interaction and 
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distance of the binding site with a protein-ligand interaction profiler (PLIP) [34] were 

calculated. In order to obtain a comprehensive binding position analysis, the complexes were 

further visualized in Biovia Discovery Studio [35]. 

2.4. Ramacandran plot analysis of complex aluminum phosphate-lysozyme and aluminum 

phosphate-BSA.  

The best position of aluminum phosphate to lysozyme and BSA was determined using 

Autodock tools analysis and saved in pdb format .PDB files of each complex were submitted 

to SAVES (http://nihserver.mbi.ucla.edu/SAVES), and Ramachandran analysis was plotted 

using PROCHECK [36]. 

3. Results and Discussion 

Aluminum phosphate adjuvant has a molecular formula of Al(OH)x(PO4)y with 

aluminum as a centered atom. Aluminum has 13 total electrons with a configuration of 10 

electrons placed in the first (1s) and second orbital shell (2s,2p); this only leaves three electrons 

in the last shell (3s, 3p). So, aluminum has 3 valence electrons [37]. Therefore, three possible 

structures of aluminum phosphate adjuvant can be constructed as: Al(OH)0(PO4)3, 

AlOH(PO4)2, and Al(OH)2PO4. Their 2D structure can be seen in Figure 1. 

 

  

Figure 1. Three forms of aluminum phosphate structures (a) Al(PO4)3 (b) Al(OH)2PO4 (c) AlOH(PO4)2. 

Further toxicity prediction of three forms of aluminum phosphate showed that 

aluminum molecules have less toxicity, and AlOH(PO4)2 seems saver than other alum 

molecules, with oral rat acute toxicity (LD50) of 2.081 mol/kg. Toxicity endpoints for all 

aluminum compounds demonstrate that they are all inactive for hepatotoxicity, carcinogenesis, 

immunotoxicity, and cytotoxicity. The data is shown in Table 1. 

Table 1. Toxicity evaluation of aluminum phosphate structures 

Aluminum 

phosphate 

structures 

LD50 

(mol/kg) 
Hepatotoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity 

Al(PO4)3 2.015 Inactive Inactive Inactive Inactive Inactive 

AlOH(PO4)2 2.081 Inactive Inactive Inactive Inactive Inactive 

Al(OH)2PO4 1.653 Inactive Inactive Inactive Inactive Inactive 

To help a better understanding of how antigens are absorbed by aluminum phosphate 

adjuvant, molecular docking analysis of the adjuvant with lysozyme or bovine serum albumin 

(BSA) was further investigated. Lysozyme and BSA have been commonly used as model 

a. 
b. 
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antigens in studying antigen uptake and immune response [38–40]. Binding mode of action of 

the adjuvant to a specific site of protein was investigated in detail. 

3.1. Interaction of three forms of aluminum phosphate with lysozyme. 

Three forms of aluminum phosphate were investigated for their potential binding to 

lysozyme by molecular docking. Many crystallized structures of lysozyme are accessible in the 

RCSB protein database. Therefore, to test the accuracy of the binding energies and validate 

ligand binding positions, we docked the ligands to three different lysozyme structures and 

modeled residues. The structures named 1HSW, 1DPX, and 2VB1 have resolutions of 2.0, 

1.65, and 0.65 Å, respectively. The grid was constructed to cover the entire lysozyme molecule, 

allowing aluminum phosphates to move easily to determine the most suitable binding site [41]. 

Blind docking results are shown in Table 2. The binding energy and inhibition constant 

of all ligands were varying to all targets. Many factors affect these docking results, including 

ligand flexibility, residual charge, and structural resolution [42,43]. Only 2VB1 has an ultra-

high resolution according to its 0.65 Å structure. Interestingly, the lowest binding energy of all 

aluminum phosphate ligands was achieved by interaction with 1DPX, while Al(PO4)3 showed 

the lowest binding energy of -5.72 kcal/mol. Only the least binding energy result with the most 

favorable ligand position of 50 docking runs of each ligand was presented in Table 2. 

Inhibition constant (Ki) values of docking were in line with binding energy. The higher 

the negative binding energy values, the lower Ki was observed. Ki represents the inhibitor’s 

affinity for a certain receptor. The lower the Ki value, the less inhibitor is required to limit the 

reaction rate [44]. All aluminum phosphate molecules show high Ki values to lysozyme. 

Therefore, these docking results revealed that aluminum phosphate molecules cannot be 

deemed strong inhibitors compared to the Ki features of a strong inhibitor [45]. This could be 

because aluminum phosphate molecules not being attached to the active residues in lysozyme, 

ASP52,nd GLU35 [46,47]. 

Table 2. Binding energy values of aluminum phosphate with lysozyme. 

Aluminum 

phosphate 

structures 

1HSW 1DPX 2VB1 

Binding Energy 

(kcal/mol) 
Ki (µM) 

Binding Energy 

(kcal/mol) 
Ki (µM) 

Binding Energy 

(kcal/mol) 
Ki (µM) 

Al(PO4)3 -3.68 1990 -5.72 64.68 -4.03 1120 

AlOH(PO4)2 -4.06 1050 -5.27 137.28 -5.15 169.16 

Al(OH)2PO4 -4.38 617.69 -5.08 190.09 -4.63 401.86 

Figure 2 depicts the docked poses of aluminum phosphate and lysozyme with the lowest 

energy for each PDB entry of the latter chosen in the current study’s important to note that the 

best conformations of ligands in each PDB structure have the same binding site, and the 

majority of the amino acids involved in the binding are shared. This result showed that all 

aluminum phosphate molecules binding to the same pocket of lysozyme at a stable conformer. 

Current blind docking simulations to different PDB structures showed a valid result according 

to the same binding pose of all ligands. 
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Figure 2. Binding site of aluminum phosphates to different structures of lysozyme, Al(PO4)3 with (a) 1HSW (b) 

1DPX (c) 2VB1, AlOH(PO4)2 with (d) 1HSW (e) 1DPX (f) 2VB1, Al(OH)2PO4 with (g) 1HSW (h) 1DPX (i) 

2VB1. 

Hydrogen bonds and salt bridge interactions were dominant in the binding area of 

ligands. This is due to the presence of oxygen and phosphorus atoms in ligands. Figure 2 shows 

that all salt bridge interactions were formed by phosphor atoms in the ligand. Al(PO4)3 has 

more salt bridge to amino acid residues than Al(OH)2PO4. At least, there were three salt bridge 

forms in Al(PO4)3 in binding site residues, where this corresponds to the number of P atoms in 

the ligand. Indeed, one phosphorus atom can form two salt bonds, as illustrated by the 

AL(OH)(PO4)2 in the binding site of 1HSW.  

Figure 3 further demonstrated that oxygen atoms in the PO4 or OH groups typically 

form hydrogen bonds with the OH or NH atoms of lysozyme amino acid residues. These 

hydrogen bonds significantly affect the binding energy of ligands to the protein [48] The 

strength of the hydrogen bonds is affected by the distance between key residues in the protein's 

active site and the favorable oxygen atoms on the ligand. The stronger the hydrogen bonds, the 

shorter the distance. Hydrogen bonds with fewer than 3Å are regarded as strong, whereas those 

with more than 3Å are considered weak [49]. The binding of aluminum phosphate ligands to 

the active site of lysozyme results in the forming of at least four and up to eight hydrogen 

bonds. Figure 2E show the most hydrogen bond formed between AlOH(PO4)2 to GLU7, 

a. b. c. 

d. e. f. 

h. i. g. 
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ARG14, SER86, ASP87, ILE88, and THR89.While, Figure 3a shows the least 4 hydrogens 

formed between Al(PO4)3 to GLU7, SER86, and ILE88. 

 
 

 

 
  

   

Figure 3.The interaction of aluminum phosphates in the binding site of lysozyme, Al(PO4)3 with (a) 1HSW (b) 

1DPX (c) 2VB1, AlOH(PO4)2 with (d) 1HSW (e) 1DPX (f) 2VB1, Al(OH)2PO4 with (g) 1HSW (h) 1DPX (i) 

2VB1. 

LYS1, ARG14, and HIS15 were recognized as important amino acids that form salt 

bonds with aluminum phosphate molecules at distances ranging from 3 to 5.4Å (Table 3). 

While GLU7, SER86, ASP87, ILE88, and THR99 mostly form hydrogen bonds with oxygen 

atoms of ligands at distances ranging from 1.8 to 3.5Å. As mentioned before, Al(PO4)3 shares 

the least H-bond interaction than AlOH(PO4)2 and Al(OH)2PO4 to the key residues of 

lysozyme. In the binding site of 1HSW, GLU7, and ILE88 form a strong H-bond to Al(PO4)3 

with a distance 1.96Å. while, in 2VB1, strong H bond were formed between ASP87 (distance 

of 1.82Å) and Al(PO4)3. AlOH(PO4)2 shares more H-bond interaction than other aluminum 

molecules, especially with 1DPX with eight H bonds in total. Half of the AlOH(PO4)2 H-bonds 

with 1DPX exhibited strong interactions with a distance of less than 2Å, whereas the shortest 

H-bond distance depicted to ILE88 is 1.68Å. Interestingly, there were 3 H-bonds formed 

between AlOH(PO4)2 and ASP87 (observed in the binding site of 1HSW and 2VB1). This is 

due to the chemical structure of ASP. Aspartic acid has favorable electrophilic and nucleophilic 

sites of reactions that enable it to be attached by ligand [50]. 3 strong H-bonds with aspartic 

acid were also observed in the AlOH(PO4)2 to 2VB1 binging site's binding site. Furthermore, 

a. b. 

d. e. f. 

g. 

c. 

h. i. 
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LYS1 was discovered to form a strong H-bond with Al(OH)2PO4 in the 2VB1 binding site, 

despite LYS1 commonly forming salt bridges with other aluminum phosphate molecules. 

Table 3. Analysis of interactions aluminum phosphates in the binding site of lysozyme. 

Aluminum 

phosphate 

structures 

Num. 
Resid

ue 

1HSW 1DPX 2VB1 

Bonds 
Distance 

(Å) 
Bonds 

Distance 

(Å) 
Bonds 

Distance 

(Å) 

Al(PO4)3 

1 LYS 
2 Salt 

bridges 
5.49 
3.08 

Salt bridge 4.08 Salt bridge 5.26 

7 GLU 2 H-bond 
1.96 
3.08 

- - H-bond 2.07 

14 ARG Salt bridge 3.95 
2 Salt 

bridges 
3.96 
4.78 

2 Salt 
bridges 

4.16 
5.13 

86 SER H-bond 2.22 2 H-bond 
2.21 
2.3 

- - 

87 ASP - - H-bond 2.06 2 H-bond 
2.21 
1.82 

88 ILE H-bond 1.96 H-bond 3.12 H-bond 2.2 

AlOH(PO4)2 

1 LYS Salt bridge 4.15 Salt bridge 4.23 - - 

7 GLU - - H-bond 3.22 - - 

14 ARG Salt bridge 4.52 H-bond 3.37 Salt bridge 4.12 

15 HIS Salt bridge 3.95 Salt bridge 5.29 Salt bridge 4.37 

86 SER H-bond 1.83 2 H-bond 
2.19 
2.21 

H-bond 1.88 

87 ASP 3 H-bond 
3.29 
2.16 

3.01 

2 H-bond 
2.66 
3.38 

3 H-bond 
2.28 
1.83 

1.92 

88 ILE H-bond 2.1 H-bond 1.64 H-bond 2.08 

89 THR H-bond 3.07 H-bond 3.56 H-bond 3.65 

AL(OH)2PO4 

1 LYS Salt bridge 4.02 H-bond 1.81 - - 

14 ARG - - Salt bridge 5.1 Salt bridge 4.22 

15 HIS - - Salt bridge 4.84 Salt bridge 4.4 

86 SER 2 H-bond 
2.01 
1.92 

2 H-bond 
2.01 
1.91 

- - 

87 ASP H-bond 1.65 H-bond 1.78 3 H-bond 
2.12 
1.97 

2.11 

88 ILE H-bond 2.19 H-bond 1.89 H-bond 2.03 

89 THR H-bond 3.08 2 H-bond 
2.94 
2.82 

H-bond 3.56 

As mentioned before, this study showed that AlOH(PO4)2 has a better binding mode of 

interaction with lysozyme than other forms of aluminum phosphate. It was found that strong 

hydrogen bonds were formed in the binding of AlOH(PO4)2 to lysozyme (PDB ID: 2VB1). 

When compared to the interaction of Al(OH)2(PO4) and Al(PO4)3 with lysozyme, their binding 

energy was not better. The average binding energy of three different structures of lysozyme 

was -4.48kcal/mol for Al(PO4)3, -4.70 kcal/mol for Al(OH)2PO4, and the lowest binding energy 

was -4.83 kcal/mol for Al(OH)2PO4. GLU7, ARG14, SER86, ASP87, ILE88, and THR89 

were observed as key residues of aluminum binding to lysozyme. Lysozyme is frequently 

referred to as the first line of defense of innate immunity and s two crucial residues that play 

an important role in lysozyme activity, namely GLU35 and ASP52. [47,51]. Interestingly, 

AlOH(PO4)2 did not attach to GLU35 or ASP52, indicating that aluminum phosphate binding 

did not block lysozyme activity [52]. Ramachandran analysis revealed that more than 85% of 

the residues in all complex structures of lysozyme-AlOH(PO4)2 are in the most favored region, 

whereas fewer than 15% are in the additionally allowed zone. Only one lysozyme structure in 

the 1HSW PDB ID has 0.9% residue in the outlier area, GLN57 (Figure 4). 
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a. 

 
b. 

 
c. 

Figure 4. Ramachandran plot analysis of complex AlOH(PO4)2 with lysozyme (a) PDB ID: 1HSW (b) PDB ID: 

1DPX (c) PDB ID : 2VB1. 

3.2. Interaction of three forms of aluminum phosphate with bovine serum albumin. 

Besides lysozyme, bovine serum albumin is often used as a protein model to test the 

effect of aluminum on immune response via in vitro study. 

Despite many BSA structures available in RCSB protein database, the docking of 

aluminum phosphate molecules was simulated in three different BSA structures to validate the 

result. BSA proteins used in this study were 3V03, 4OR0, and 4F5S with resolution of 2.7Å, 

2.58Å, and 2.47Å, respectively. The BSA structure comprises two chains, A and B, which are 

heterodimers and have similar numbers of amino acids. These two chains were docked using 

Autodock tools to assess their molecular contact with aluminum phosphate molecules. BSA 

Structure consists of three helical domains, which can be divided into two subdomains: IA, IB, 

IIA, IIB, IIIA, and IIIB. These helical domains account for 74% of all structures, with the rest 

consisting of two drug sites, drug site 1 placed between the two heterodimers and drug site 2 

located in the B chain [53,54]. This docking study focuses on the interaction of Aluminum 

phosphate with BSA drug site 1.  

Table 4. Binding energy values of aluminum phosphate with bovine serum albumin. 

Aluminum 

phosphate structures 

3V03 4OR0 4F5S 

Binding 

Energy 

(kcal/mol) 

Ki (µM) Binding 

Energy 

(kcal/mol) 

Ki (µM) Binding 

Energy 

(kcal/mol) 

Ki (µM) 

Al(PO4)3 -3.53 2600 -5.08 188.15 -4.54 473.85 

AlOH(PO4)2 -5.05 199.62 -5.15 168.8 -4.54 469.41 

Al(OH)2PO4 -4.82 291.46 -4.72 344.34 -4.54 473.59 

Ligands that docked to 4OR0 showed the lowest binding energy, except for 

Al(OH)2(PO4). AlOH(PO4)2 with 4OR0 has the lowest binding energy of -5.15 kcal/mol, 

followed by Al(PO4)3 of -5.08 kcal/mol. These docking results of aluminum ligands to 3V03 

and 4OR0 demonstrate the same conclusion that AlOH(PO4)2 has the strongest affinity than 

other aluminum molecules. They were -5.15 kcal/mol for 4OR0 and 5.05 kcal/mol for 3V03, 

respectively. Interestingly, all aluminum phosphate molecules share the same binding energy 

values with 4F5S (-4.54 kcal/mol). These binding values in Table 4 represent the lowest 

binding energy result with the most favorable ligand location among the 50 docking runs for 

each ligand.   
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Figure 5. Binding site of aluminum phosphate to different structures of bovine serum albumin, Al(PO4)3 with 

(a) 3V03 (b) 4OR0 (c) 4F5S, AlOH(PO4)2 with (d) 3V03 (e) 4OR0 (f) 4F5S, Al(OH)2PO4 with (g) 3V03 (h) 

4OR0 (i) 4F5S. 

Aluminum ligand binding characteristics with BSA are nearly identical to lysozyme, 

which has a dominant formation of salt bridge interactions and hydrogen bonds. The more 

phosphorus and oxygen atoms in ligands, the more salt bridge, and hydrogen bonds can be 

formed. However, the number of interactions created is determined by the docking pose's most 

stable conformations and lowest binding energy. Each phosphor atom in the ligand can form 

more than two salt bridge interactions, and each oxygen atom in the ligand can form more than 

two hydrogen bonds. This could be owing to the distance between the ligand atoms and the 

active-side residue of BSA [55]. TYR149, SER191, ARG194, ARG198, TRP213, ARG217, 

GLU291, and ASP450 were observed as active residues in the binding site of aluminum ligands 

to BSA. These residues can establish salt bridge interactions or hydrogen bonds with 

phosphorus and oxygen atoms of ligands, respectively.  

The salt bridge contact was generated by the contribution of hydrogen bonds and 

electrostatic forces, resulting in a non-covalent interaction that formed between ionized 

molecules. This bond is commonly formed by an acid and a base atom with nearby donor-

acceptor molecules. As a result, the salt bridge is equivalent to the double charge-assisted 

hydrogen bond [56]. In the case of salt bridges in aluminum phosphate and BSA complexes, 

d. e. f. 

g. h. i. 

a. b. c. 
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the proton was transferred from the ligand’s phosphate groups, which serve as an acid, to the 

amine or guanidine side chains of residues, which act as bases. As a result of this proton 

migration, an H bond and electrostatic contact were formed in the salt bridge in the binding 

site of the aluminum ligand with BSA. Therefore, in this study, residues with more amine or 

guanidine groups appear to establish primarily salt bridge interactions with the ligand. Figures 

3 and 4 demonstrate that arginine residues 194, 198, and 217 were identified as important 

residues that created a salt bridge to the ligand. Besides, arginine residues can also generate the 

H-bond interaction with ligands. 

 

 
 

 
  

 
 

 

Figure 6. The interactions of aluminum phosphates in the binding sites of bovine serum albumin, Al(PO4)3 with 

(a) 3V03 (b) 4OR0 (c) 4F5S, AlOH(PO4)2 with (d) 3V03 (e) 4OR0 (f) 4F5S, Al(OH)2PO4 with (g) 3V03 (h) 

4OR0 (i) 4F5S. 

The interaction analysis of three forms of aluminum phosphate to critical residues of 

BSA that have the same binding mode is shown in Table 4. In the binding interaction of 

Al(PO4)3 to 3V03, there were 3 H-bond formed with GLU291, while, in the 4OR0 binding site, 

3 H-bond formed with ASP450 to Al(PO4)3. However, in 4F5S, Al(PO4)3 only formed an H-

bond to TYR149 with strong interaction (distance 1.64Å). Therefore, the binding energy value 

of Al(PO4)3 to BSA differed between one another structures (Table. 3). Besides, Al(PO4)3 

molecules have a high contribution of torsional free energy to binding energy value; they were 

+3.58 kcal/mol (data not shown). The formula for binding free energy in Autodock is used to 

estimate the free energy of binding [57,58]. 

∆𝐺 
(
𝑘𝑐𝑎𝑙
𝑚𝑜𝑙

)
= 𝐺 𝑏𝑜𝑢𝑛𝑑

(
𝑘𝑐𝑎𝑙
𝑚𝑜𝑙

)
− 𝐺 𝑢𝑛𝑏𝑜𝑢𝑛𝑑

(
𝑘𝑐𝑎𝑙
𝑚𝑜𝑙

)
  

a. b. c. 

d. e. f. 

g. h. i. 

https://doi.org/10.33263/BRIAC142.050
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC142.050  

 https://biointerfaceresearch.com/ 12 of 17 

17 

 

Note :  

∆G  = Gibbs energy/ Free binding energy 

G bound  = Final intermolecular energy + Final torsional energy + Torsional free energy  

G unbound  = unbound system’s energy  

Therefore, the higher the free torsional energy, the weaker the ligand binding to the 

protein's active site. Despite having the same torsional free energy, the binding energy found 

with Al(PO4)3 to lysozyme was better than BSA. 

AlOH(PO4)2 and Al(OH)2PO4 share the same key residues in BSA binding site; they 

were SER191, ARG194, ARG198, TRP213, ARG217, GLU291, and ASP450, however, only 

in 4F5S binding site that found TYR149 formed a strong H-bond with AlOH(PO4)2 (distance 

1.93Å). As previously stated, aspartic acid mostly forms salt bridges, while the remaining key 

residues generate a combination of strong and weak H-bonds depending on their interaction 

distance. As can be seen in Table 5. AlOH(PO4)2 binding energy value with BSA was stronger 

than Al(OH)2PO4. Despite AlOH(PO4)2 having higher free torsional energy than Al(OH)2PO4, 

they were +2.68 kcal/)2 and +1.79kcal/mol, respectively (data not shown). This condition was 

the same as the binding of both molecules to lysozyme. However, the binding energy found 

with AlOH(PO4)2 to lysozyme was better than BSA. 

Table 5. Analysis of interactions aluminum phosphates in the binding site of lysozyme. 

Aluminum 

phosphate 

structures 

Num. Residue 

3V03 4OR0 4F5S 

Bonds 
Distance 

(Å) 
Bonds 

Distance 

(Å) 
Bonds 

Distance 

(Å) 

AL(PO4)3 

149 TYR H-bond 3.28 - - H-bond 1.64 

191 SER H-bond 1.77     

194 ARG 
2 Salt 

bridge 

4.61 

5.31 
H-bond 2.34 - - 

198 ARG H-bond 2.32 Salt bridge 4.68 Salt bridge 3.98 

213 TRP - - H-bond 1.88 - - 

217 ARG Salt bridge 5.26 Salt bridge 3.77 
2 Salt 
bridge 

5.08 
4.52 

291 GLU 3 H-bond 
2.18 
2.17 

2.07 

- - - - 

450 ASP - - 3 H-bond 

3.1 

2.48 

1.97 

- - 

AL(OH)(PO4)2 

149 TYR - - - - H-bond 1.93 

191 SER 2 H-bond 
2.24 

1.73 
- - - - 

194 ARG Salt bridge 5.2 H-bond 2.13 - - 

198 ARG H-bond 3.06 H-bond 3.09 
2 Salt 
bridge 

5.27 
4.09 

213 TRP - - H-bond 2.2 - - 

217 ARG Salt bridge 5.44 - - 2 H-bond 
2.02 

3.06 

291 GLU 2 H-bond 
1.81 

1.83 
Salt bridge 3.85 - - 

450 ASP - - H-bond 3.53 - - 

AL(OH)2PO4 

191 SER 3 H-bond 

1.91 

2.01 

2.14 

- - - - 

194 ARG H-bond 2.24 Salt bridge 4.22 Salt bridge 4.66 

198 ARG Salt Bridge 4.35 H-bond 3.22 - - 

213 TRP - - H-bond 2.18 H-bond 2.17 

217 ARG - - Salt bride 3.8 Salt bridge 5.33 

291 GLU H-bond 2.13 - - - - 

450 ASP - - 2 H-bond 
1.83 

2.11 
2 H-bond 

1.91 

2.07 
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This study revealed the same results as docking aluminum to lysozyme that 

AlOH(PO4)2 showed better interactions with BSA binding sites than other aluminum 

molecules. As shown in Table 4, AlOH(PO4)2 has the lowest binding energy with different 

BSA structures than other aluminum molecules, and they are observed to have strong H-bonds 

and salt bridge interactions. This aluminum binds to drug site 1 of BSA with main residues of 

ARG194, ARG198, TRP213, and ARG217. These residues are key targets of drugs that 

strongly bind with BSA. Naproxen, a nonsteroidal anti-inflammatory medicine, was found to 

form three hydrogen interactions with guanidyl groups of arginines: ARG194, ARG198, and 

ARG217, as well as one hydrogen bond with the nitrogen group of TRP 213 [54]. 3,5-

diiodosalicylic acid, an intermediary for veterinary anthelmintic medicines (closantel and 

rafoxanide), likewise binds in drug site 1 of BSA via hydrogen bonds to ARG194, ARG198 

and ARG217 [53]. Interestingly, Ramachandran's analysis revealed that all BSA- AlOH(PO4)2 

complexes contain more than 90% of their residues in the most favored region and none in the 

outlier area (Figure 7).  

 
a. 

 
b. 

 
c. 

Figure 7. Ramachandran plot analysis of complex AlOH(PO4)2 with lysozyme (a) PDB ID: 3V03, (b) PDB ID: 

4OR0, (c) PDB ID : 4F5S. 

Even though aluminum adjuvants have been widely utilized for a long time, it is 

surprising that the basic formulation characteristics of aluminum adjuvants are sometimes 

overlooked, and whether aluminum phosphate structures and their interaction with antigens at 

the molecular level is still unclear. Nevertheless, the antigen-aluminum interaction was 

essential for researchers to comprehend the molecular basis of this interaction better. The 

results of this study showed that the interaction of the phosphate group of the alum adjuvant 

with the side chains of the amine or guanidine residues in the antigen led to the formation of H 

bond and an electrostatic contact on the surface of the antigen. This interaction, called salt 

bridges, helps aluminum absorb properly in antigen surfaces. It was consistent with the notion 

of these molecules’ primary surface adsorption, which is influenced by ligand exchange and 

electrostatic attraction [59,60]. This study also discovered that the hydrogen bonds between the 

oxygen of alum and the hydroxyl or amine side chain of antigen are crucial in strengthening 

alum binds with antigen, as determined by their binding energy.  

In the role of adsorption of aluminum adjuvants to antigen, aluminum phosphate 

adjuvants are more attractive to lysozyme antigen than BSA based on their isoelectric points 

and point of zero charge of aluminum phosphate [6]. This follows the findings of this work, 

which reveal that the binding of aluminum phosphate to lysozyme resulted in improved 

interactions based on the low binding energy and the number of interactions created on the 

lysozyme surface compared to BSA. 
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4. Conclusions 

Based on molecular docking analysis of three structures of aluminum phosphate to 

lysozyme and BSA, we suggest that a greater ratio of phosphate groups than hydroxyl groups 

in the aluminum phosphate formula would result in robust binding to the antigen surface. 

According to Ramachandran plot analysis, the antigen-binding complex with AlOH(PO4)2 

preserves more than 85% of all residues in the favored region. Compared with BSA, aluminum 

phosphate structures pose better binding interactions and binding modes of action to lysozymes 

with more electrostatic, salt bridge interactions, and hydrogen bonds formed. 
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