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Abstract. In this study, a combined molecular docking (rigid and flexible) and all-atom 

molecular dynamics (MD) simulations technique have been employed to investigate interactions 

of 1:1 Zr-containing Keggin Polyoxometalate (ZrK) with four chemically distinct cleavage sites 

[Arg114-Leu115 (site 1), Ala257-Asp258 (site 2), Lys313-Asp314 (site 3), and Cys392-Glu393 

(site 4)] of human serum albumin (HSA). The ZrK-HSA complexations were analyzed using 

electrostatic potentials, chemical nature of amino acid residues, binding free energies, and 

secondary structures as parameters. They suggested that ZrK binds in a rather distinct manner to 

different cleavage sites and its association was dominated by hydrogen bonding, both direct and 

solvent mediated, and electrostatic interactions, as suggested experimentally. The computed 

binding free interaction energies (-57.5, -24.2, -50.8, and -91.2 kJ/mol for site 1, 2 ,3 and 4, 

respectively) predicted the existence of one major binding site (site 4) and three minor binding 

sites (site 1, site 2, and site 3). The strong exothermicity of the binding was also supported by 

isothermal calorimetry (ITC) experiments. Additionally, the binding of ZrK did not alter the 

overall a-helical secondary structure of HSA, which was in line with experimental observation. 

Furthermore, hydrolysis of the peptide bonds of the substrate was found to retain its overall 

structure. These results have provided a deeper understanding of the complex ZrK interactions 

with proteins and will lead to the design of the next generation of catalytically active POMs with 

improved hydrolytic activities.    
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I. Introduction. Polyoxometalates (POMs) are a versatile class of metal-oxygen clusters that 

utilize their molecular properties like charge, oxidation state, ligand environment, and 

photochemical characteristics in diverse fields such as catalysis, materials science, and analytical 

chemistry.1-3,4-12 Due to their specificity towards different biomolecules, they also exhibit 

antiviral13, antitumoral14, antibacterial15, and anticancer activities16. Additionally, they have been 

used in ribosomal crystallography17 and for the inhibition of HIV reverse transcriptase18 and HIV 

protease activity19.  POMs have also shown to inhibit amyloid beta peptides (Aß)20 and basic 

fibroblast growth factor (bBGF)21. Furthermore, as a hydrolytic agent, Zr(IV)-substituted POMs 

(Zr-POMs) have been reported to hydrolyze multiple peptide bonds of critical biomolecules 

including human serum albumin (HSA),1, 22 hen egg-white lysozyme (HEWL)23, myoglobin1, 24 , 

b-insulin24 and and  cytohrome c25.   The peptide bond is extremely stable and its half-life is 

estimated to be between 350-600 years under physiological conditions.26 However, the 

hydrolysis of this bond has been involved in a wide range of biotechnological, biomedical, and 

industrial applications like proteomics27, protein engineering28, protein footprinting,29-32 protein 

sequencing33-35, bioethanol production36, and catalytic drugs37-38. Moreover, peptide bond 

cleaving enzymes constitute about 60% of all enzymes that are used in textile, food, leather, 

paper, and ethanol production industries.36 For hydrolytic activities, Zr-POMs are required to 

coordinate near specific cleavage sites of their substrates such as HSA.23 This Zr-POM-substrate 

association has been postulated to be driven by either electrostatic interaction of the negatively 

charged oxygen atoms of POM with the positively charged regions on the substrate’s surface or 

coordination of the oxophilic Zr(IV) ion to the amino acid side chains in the protein.39-44 The 

noncovalent interactions in this process could occur both directly and indirectly through the 

mediation of solvent molecules.     
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HSA is one of the most abundant proteins in blood plasma with a concentration of 40 mg/mL.45  

It is considered as one of the major soluble constituents of the circulatory system and contributes 

significantly to colloid osmotic pressure and transport, and distribution, and metabolism of 

ligands.46-48 Fatty acids, amino acids, metal ions, and various hydrophobic and acidic drugs are 

included in this ligand subset which is responsible for numerous critical processes within the 

liver, intestine, kidneys, and the brain.46-48 Due to its biological functions, HSA has been 

considered one of the best studied models to understand the physicochemical basis of drug-

protein interactions.49   

 

Recently, hydrolysis of HSA by a variety of POMs [(nBu4N)5[{W5O18Zr(µ-OH)}2].2H2O (Zr2-

L2), (Et2NH2)10[Zr(PW11O39)2].7H2O (Zr1-K2), (Et2NH2)8[{a-PW11O39Zr(µ-OH)(H2O)}2].7H2O 

(Zr2-K2), and K15H [Zr(a2-P2W17O61)2].25H2O (Zr1-WD2)] at pH 7.4 and 60 °C was 

investigated.1 The SDS page data indicated that peptide hydrolysis occurred at the same region 

of HSA in the presence of each POM. After 48 hours, less than 35% of HSA was hydrolyzed by 

the Zr-containing Keggin POM (Zr1-K2). However, after 192 hours, the extent of hydrolysis was 

significantly increased.1 Since this reaction required the coordination of the carbonyl oxygen of 

the peptide bond of the substrate to the Zr(IV) ion, the dimeric 1:2 Keggin form (Zr1-K2) was 

unlikely to be the reactive species in the absence of a vacant site on the metal ion. The increased 

substrate concentration was previously reported to influence the 1:2 POM speciation, shifting the 

equilibrium towards the monomeric (1:1) species that was capable of the aforementioned 

coordination.50-51 Additionally, using Eu(III) luminescence spectroscopy, it was shown that in the 

presence of HSA the 1:2 (Zr1-K2) complex could convert into the monomeric 1:1 (ZrK) species 

at physiological pH and low POM concentrations (Figure 1a).52 Furthermore, monomeric ZrK 
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was found to be bound to another biomolecule, HEWL, in a co-crystal structure of the ZrK-

HEWL complex.53          

 

From western blot and subsequent NH2-terminal Edman degradation analysis, four distinct 

cleavage sites (Arg114-Leu115, Ala257-Asp258, Lys313-Asp314, and Cys392-Glu393) located 

in different regions of HSA were identified (Figure 1b).1 ZrK was quite versatile and unlike most 

natural proteases, in a rather non-preferential manner, it cleaved a variety of peptide bonds 

formed by chemically diverse amino acid residues i.e. polar charged (Arg, Asp and Glu) and 

nonpolar (Leu, Ala and Cys). Cleavage site 1 (Arg114-Leu115) was located in the central cleft of 

HSA within a positive inner surface. The width of the cleft was reported to be roughly 1 nm in 

size, which was quite comparable to the size of ZrK. Site 1, as in all sites, was flanked by a 

positively charged surface patch, which could facilitate interactions with the negatively charged 

groups of ZrK.1 The remaining cleavage sites Ala257-Asp258, Lys313-Asp314, and Cys392-

Glu393 of HSA occurred upstream from negatively charged Asp or Glu residues suggesting that 

there could also be a possible electrostatic interaction with the positively charged Zr(IV) or W 

ions of ZrK. However, the hydrolysis requires coordination of the carbonyl oxygen of the peptide 

bond to the Zr(IV) ion and from experiments, a weak ionic interaction rather than true 

coordination was suggested.1 Interestingly, it appears that charge plays a larger role in binding of 

ZrPOMs to HSA as an increase in negative charge of the POM metal cluster resulted in increased 

reactivity, while the addition of more of Zr(IV) ions in its framework showed no apparent 

change.1    
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In the absence of X-ray structures of the POM-HSA complexes, the physicochemical nature of 

their interactions at multiple cleavage sites are not known. The understanding of these 

interactions at the atomistic level is required for utilization of POMs in a variety of biochemical, 

biotechnological, and medical applications. In this aspect, molecular dynamics (MD) simulations 

can provide structural information and elucidate the nature of POM-HSA interactions. Recently, 

this technique was successfully utilized to explore association of HEWL with a variety of Ce(IV) 

substituted POMs.44 However, to the best of our knowledge, interactions of a single POM with 

multiple chemically distinct cleavage sites of a protein have thus far not been investigated. 

Furthermore, changes in the secondary structure of protein after the binding of POM and its 

hydrolysis are not known.  

 

In this study, we have employed all-atom MD simulations using ZrK and HSA as models to 

address all these unresolved issues. The results are compared with the available experimental 

data. Our simulations will provide structures of ZrK-HSA complexes at all four chemically 

distinct cleavage sites and elucidate their specificities. They will also help to elucidate roles of 

dynamics, specific amino acid residues, solvent, charge distributions, secondary structures, and 

binding affinities in POM-proteins interactions. Furthermore, they will contribute to design the 

next generation of POMs with enzyme-like activities.    

                     

II. Computational Procedure. The structures of ZrK and HSA were obtained from the Protein 

Data Bank (PDB ID: 4XYY and 4K2C, respectively).53-54 The X-ray structure of ZrK after 

including a hydroxyl nucleophile was fully optimized without any geometrical constraint 
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employing DFT functional B3LYP55 and Lanl2dz56 (W and Zr) and 6-31G*57 (O and H) basis 

sets as implemented in the Gaussian 0958 program. The X-ray structure of HSA was relaxed in an 

explicit aqueous environment for 100 ns utilizing all-atom MD simulations. Molecular docking 

was performed using Autodock Vina 1.5.6 software59 to obtain poses of binding of ZrK-HSA 

complexes around the four cleavage sites that were proposed experimentally.1 Two molecular 

docking methods were utilized, rigid docking and flexible docking. The latter provided 

conformational flexibility to amino acid residues of HSA upon binding of ZrK. The size of the 

grid was chosen to cover these binding sites, and the spacing was kept to 1.00 Å. Each docking 

trial produced 20 poses with an exhaustiveness value equal to 20. The most promising poses 

provided by these docking procedures were subsequently used for MD simulations utilizing  the 

GROMACS program60-61 and AMBER0362 force field. It is noteworthy that ZrK and POMs in 

general are very complex molecules to treat using molecular mechanics. The RESP charges for 

ZrK were calculated and used to form a topology file using antechamber,63-64 an in-built tool in 

Amber.65  The set of Lennard-Jones parameters for the W and O atoms of the ZrK framework 

were taken from previous works 66-67 while the parameters for Zr were taken from the UFF force 

field.68 The ZrK metal cluster was treated as a semi-rigid body during the simulations where the 

oxygen and tungsten cage was held together using a matrix, a distance restrains with high 

energetic penalty (≥ 1000 kJ/mol), for conformational deviations.  For all simulations, the 

starting structures were placed in a cubic box with dimensions of 100 × 100 × 100 Å. This 

dismisses unwanted effects that may arise from the applied periodic boundary conditions (PBC). 

The box was filled with TIP3P69 water molecules. Some water molecules were replaced by 

sodium and chloride ions to neutralize the system (overall charge = -18) and to simulate a 

physiological ion concentration of 154 mM. The starting structures were subsequently energy-
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minimized with a steepest descent method for 3000 steps freezing binding site coordinates to 

minimize rearrangement. The results of these minimizations produced the starting structures for 

the MD simulations. The MD simulations were run for 100 ns each for all four sites. These 

simulations were performed using a constant number of particles (N), pressure (P), and 

temperature (T) i.e. NPT ensemble. The SETTLE algorithm70 was used to constrain the bond 

lengths and angles of the water molecules, while the LINCS algorithm71 was used to constrain 

the bond lengths of the peptide. The long-range electrostatic interactions were calculated by the 

Particle-Mesh Ewald (PME) method.72 A constant pressure of 1 bar was applied with a coupling 

constant of 1.0 ps; peptide, water molecules, and ions were coupled separately to a bath at 300 K 

with a coupling constant of 0.1 ps. The trajectories were computed for each model with a time 

step of 2 fs, and the data was saved every 500 steps. The ionizable amino acid residues were set 

to their normal ionization states at pH 7.0.  The tools available in GROMACS were utilized to 

analyze the MD trajectories. We used the most representative structures for the structural 

elucidation. The most representative structures were derived from a cluster analysis, where the 

trajectories are analyzed by grouping structurally similar frames [root-mean-square deviation 

(rmsd) cutoff of 0.30 nm], while the frame with the largest number of neighbors are denoted as a 

middle structure that represents that particular cluster. The computed rmsd values confirmed the 

equilibration of all structures within the simulation timeframe (Figure S1). Noncovalent 

interaction (NCI) plots were calculated using the NCIPLOT program.73-74 This program provides 

an index that is based on electron density and its derivatives that allows for the identification of 

noncovalent interactions. The binding free energies were calculated using a thermodynamic 

cycle that describes the bound and unbound states utilizing the lambda (λ) particle approach. 

Using a thermodynamic cycle, the relative binding energies of two ligands can be described by 
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the difference in free energy associated with the chemical change of one ligand into the other in 

the bound and solvated environments.75 This approach has been described in detail in previous 

works.75-77 In these calculations, van der Waals and Coulombic interactions between ZrK and 

HSA were turned off in a systematic way, first Coulombic terms were diminished followed by 

the van der Waals terms. This allowed no oppositely-charged atoms to interact at very close 

distances which would have resulted in unstable configurations and unreliable energies. The 

efficient leap-frog stochastic dynamics (sd) integrator was used along with the neighbor 

searching cutoff scheme Verlet with a frequency value of 20.78-80 Standard compressibility and 

Parrinello-Rahman81 pressure coupling was used which is an extended-ensemble coupling where 

the box vectors are subject to equations of motion every 1.0 ps. The value of the α scaling factor 

used for the soft-core Lennard-Jones equations was set to 0.5 with a power of 1.0 associated with 

λ. The σ value, assigned to any atom that has C6 and C12 parameters that equal zero, was 0.3 

which is typical for the treatment of hydrogen atoms. Secondary structure diagrams were 

generated for all complexes studied from productions runs utilizing the inbuilt tools mdmat and 

DSSP82-83, respectively within the GROMACS package. Electrostatic surface potentials for HSA 

were calculated using the Adaptive Poisson-Boltzmann Solver (APBS)84 software and visualized 

with PyMol.85  YASARA86-87 and Chimera88 programs were used for visualization and for the 

preparation of the structural diagrams presented in this study. ONIOM calculations were 

performed to probe the possibility of negatively charged residues interacting with the positive 

character originating from the W metals of ZrK. In these calculations, the system was divided 

into two parts, a selected model system [ZrK (POM), Aps13, and Asp255] where treated with 

quantum mechanics while the remaining part of HSA was treated with molecular mechanics. The 

ONIOM optimization procedure used macro/microiterations89 and the electrostatic interactions 
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between the QM and the MM regions were treated by mechanical embedding (ME). The 

geometry was optimized without any symmetrical constraints at the B3LYP/Lanl2dz level of 

theory55, 90 [With corresponding Hay-Wadt effective core potential (ECP) for Zr, and W91], and 

the 6-31G(d) basis set was used for all the other atoms in the QM layer. The MM part was 

treated using the AMBER force field.92-93 

               

III. Results and Discussion. In this study, interactions of ZrK with four chemically distinct 

cleavage sites that are located in different parts of the HSA have been explored using all-atom 

MD simulations. The structures of all ZrK-HSA complexes and their interactions have been 

discussed using electrostatic potentials, chemical nature of individual amino acid residues, 

binding free energies, and secondary structures as parameters.  

 

IIIa. ZrK-HSA interactions at site 1 (Arg114-Leu115). The first cleavage site (Arg114-

Leu115, site 1) was formed by a positively charged (Arg) and a nonpolar (Leu) residue. This site 

was a part of a random coil section on the surface of HSA that showed little to no secondary 

structure (Figure 2a). The electrostatic potential map (Figure 2b), suggested two positively 

charged regions on either side of the peptide bond. Thus, both rigid and flexible docking of ZrK 

around this site provided two possible binding motifs. The first motif included two positive 

residues Arg114 and Lys137 of HSA that were present on the exterior surface of the cleavage 

site. The stability of this site was tested through MD simulations. There were no ZrK-HSA 

interactions at this site throughout the MD trajectory and the overall non-bonding energies were 

very small. However, during the simulation, ZrK moved down to a more hydrophobic cleft 
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formed by the Val120-Lys137 region. The second binding motif from the docking procedure was 

found on the opposite side of site 1. It was located on the interior of the cleavage site, where a 

large pocket surrounded by many positively charged residues allowed for binding of a negatively 

charged ZrK. This site, termed FA1, has previously been identified to bind long chain fatty 

acids.94  Given the flexible nature of random coil sections, this site was easily accessible for the 

binding of ZrK. The size of this site was roughly 1.0 nm and could easily accommodate Keggin-

type POMs (length ≤1.0 nm), however larger POMs such as Wells-Dawson (length ≥1.2 nm) 

would not be accommodated as easily. Furthermore, this site was buried within the protein which 

could further limits larger POMs from entering the binding site. However, the first binding motif 

suggested by the docking procedure was located on the surface of HSA (roughly 2.0 nm in 

length) which could easily accommodate the larger Wells-Dawson POMs.  

 

The FA1 site was stabilized by host of hydrogen bonding from positively charged amino acid 

residues of HSA. These types of interactions have been previously proposed to drive association 

of POMs with biomolecules.95-97 For instance, Arg117, Arg186, and Arg428 formed multiple 

hydrogen bonds through interactions between their amine protons and the negatively charged 

oxygen cage of ZrK (Figure 2c). Additionally, positively charged Lys190 and Lys519 residues 

associated through hydrogen bonding with the surface of ZrK (Figure 2c and d). The negatively 

charged surface of ZrK preferred positive patches along the protein surface and readily bound to 

these sections even in the presence of negatively charged residues (Asp/Glu). These residues 

should in theory repel the ZrK from binding however; here this repulsion was overcome by 

greater attractive hydrogen bonding and electrostatic interactions originating from positively 

charged residues (Figure S4). The geometrical constraints imposed by these stronger interactions 
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hold the negatively charged residues in their place. The negatively charged residues such as Asp 

and Glu (particularly Glu520) did show minor interactions with the positive charge of the W 

metals of the cage, but they were very weak and low in number (Table S1). This small 

interaction energy with the metals (W or Zr) was largely overshadowed by the repulsion 

generated as the carboxylic side chain moved closer to the oxygen cage of ZrK (Figure 2d and 

S4). However, an Asp/Glu residue is required in the vicinity of the Zr metal center due to its role 

as a Bronsted base in the acid/base chemistry utilized by POMs for peptide hydrolysis.98 The 

NCI contour plots that show relative abundance and strength of the noncovalent interactions also 

highlighted Lys519, Arg428, Lys190, and Arg186 as the main interacting residues at this site 

(Figure 3a). They reveal a set of complex ZrK-HSA interactions that arise from a combination of 

specific atom-atom interactions including hydrogen bonding and electrostatic interactions. 

Furthermore, ZrK was found to form an average of 7 direct hydrogen bonds with HSA (Figure 

3a). Additionally, there were multiple hydrogen bonding interactions mediated by 1-3 solvent 

water molecules. The key interactions promoted by one water molecule are shown in Figures 2e 

and 2f. In particular, the backbone of Leu115 and side chain of Arg145 associated with Zrk 

through one water molecule (Figure 2e). The side chains of Arg428 and Lys432 also exhibited 

similar interactions (Figure 2f). The catalytically important Zr-OH moiety was positioned on the 

interior of the protein close to this cleavage site, however, it was still exposed to water through 

the bottom channel opening. It was in the direct vicinity of a positively charged Lys190 residue. 

The binding free energy of this site was -57.5 kJ/mol (Table 1). The binding of HSA to another 

Kegging type POM [H2W12] was also shown to be exothermic (∆H = -50 kJ/mol) by isothermal 

calorimetry (ITC) experiments.40 The strong exothermicity of this process also suggests that 

these interactions are dominated by hydrogen bonding and electrostatic interactions.40  The 
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binding of ZrK to HSA at site 1 was not observed to alter its secondary structure, which was 

dominated by a-helical conformation (67%), (Table 2). Additionally, this interaction had no 

effect on the overall structure of HSA and the RMSD with the ZrK free structure was only 1.16 

Å (Figure S2). The binding of H2W12 POM also did not change the secondary structure of the 

HSA.99  Furthermore, the overall secondary structure of HSA was found to be quite stable and 

did not alter upon the hydrolysis of site 1 both in the presence and absence of ZrK (Figure S3). 

 

IIIb. ZrK-HSA interactions at site 2 (Ala257-Asp258). The second cleavage site (Ala257-

Asp258, site 2) was formed by a nonpolar (Ala) and a negatively charged (Asp) residue. This site 

was located 34.5 Å away from site 1. It was sandwiched between two parts of a well folded 

section of HSA in which alpha helical secondary structure dominated (Figure 4a). Furthermore, 

this site was flanked by a large positively charged region that could offer stability for binding of 

ZrK to the HSA’s surface (Figure 4b). In contrast to site 1, it was located on the surface of the 

protein, where large electropositive regions could accommodate binding of both small and large 

POMs with distinct charge, size and shape. Positive amino acid residues stabilize this site 

through hydrogen bonding interactions (Figure S5). Unlike site 1, the docking procedure (both 

rigid and flexible) around this site provided only one binding motif that was used as the starting 

point in the subsequent MD simulations. The most representative structure derived from MD 

simulations is shown in Figure 4c and d. The positively charged Arg10 associated with ZrK 

through two weak hydrogen bonds (Figure 4c and d). Additionally, the α-amino group of Lys262 

formed two hydrogen bonds with the oxygen atoms of ZrK at distances of 2.18 and 2.71 Å. NCI 

contour plots also showed moderate electrostatic interactions originating from the Arg10 and 

Lys262 residues (Figure 3b). In comparison to site 1, at this site ZrK formed a much smaller 
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number of direct hydrogen bonds, on average 3, with HSA (Figure 3b). Among water mediated 

hydrogen bonds, the side chains of Lys240 and Lys262 interacted through one water molecule 

(Figure 4e). On the other hand, both side chain and backbone of Asp13 formed hydrogen bonds 

with the cage of Zrk (Figure 4f). Here, negatively charged Asp13 and Asp255 residues were also 

found to directly interact with the W atom of ZrK (Table Sx). These, rather surprising, 

interactions were further investigated using hybrid quantum mechanics/molecular mechanics 

(QM/MM) ONIOM calculation. In the starting structure of this calculation, the interactions of W 

with Asp13 and Asp255 were broken by flipping them out of the binding pocket (≥3.8 Å). 

However, during the optimization, both these residues changed their orientations and coordinated 

to the W metal as observed in the MD equilibrated structure. These interactions induced slight 

modification to the geometry of the W metal center that changed from octahedron to distorted 

pentagonal bipyramidal conformation.  

     

Unlike site 1, here the Zr-OH moiety was flipped out and exposed to the solvent positioned 

perpendicular to the cleavage site. As a result of these weak and fewer interactions, the binding 

free energy (24.2 kJ/mol, Table 1) for this site was substantially higher than the one (57.5 

kJ/mol) computed for site 1.  The association of POM to this site slightly (1%) increased the a-

helical content (69%) of HSA in comparison to site 1, but the overall secondary structure 

remained the same (Table 2). The binding of ZrK at this site and its hydrolysis did not modify 

the overall structure of HSA and RMSD remained 1.15 Å in both cases. Since binding of ZrK to 

sites 1 and 2 and their hydrolysis did not change the structure of HSA, those possibilities were 

not explored for the remaining two sites.  
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IIIc. ZrK-HSA interactions at site 3 (Lys313-Asp314). The third cleavage site (Lys313-

Asp314, site 3) was created by a positively charged (Lys) and a negatively charged (Asp) 

residue. This site was located 61.4 Å apart from site 1 and positioned on the edge of HSA 

(Figure 5a). It contains a small positively charged patch surrounded by a predominantly negative 

region (Figure 5b). Since this site possesses the smallest positively charged region, the binding of 

larger POMs structures, except ZrK, at this location would be quite difficult. As expected, among 

all four cleavage sites, this site was the most challenging to obtain the ZrK-HSA complex. That 

was in part due to its location at the very edge of HSA with not much in the way of amino acids 

to stabilize this site. The lack of secondary structure within this site could also account for the 

loss in stabilization. Unlike for the previous two sites, for which rigid docking multiple binding 

motifs were observed, here mainly binding to the side of HSA near the cleavage site was 

detected. However, these binding sites positioned ZrK far (≥ 10 Å) from the peptide bond 

cleavage site and were discarded. However, flexible docking that allowed Lys313 and Lys317 to 

adjust their conformations provided a more stable binding site on the very edge of HSA. In this 

pose, ZrK was positioned much closer to the cleavage site. The MD simulations showed that at 

this site, ZrK was trapped between two positively charged residues Lys313 and Lys317 (Figure 

5c and d). Both these residues formed multiple hydrogen bonding interactions with ZrK. In 

particular, the amine side chains of Lys313 and Lys317 residues associated through contacts with 

the oxygen cage of ZrK (Figure S6). Additionally, ZrK interacted directly with the residues 

forming the scissile peptide bond which was not observed for any other site. The NCI plots also 

showed Lys313 and Lys317 as main interacting residues and similar to site 2, ZrK formed 3 

direct hydrogen bonds on average with HSA (Figure 3c). Additionally, some solvent water 

mediated interactions were observed for this site. For instance, side chains of Lys313 and 
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Asp314 associated with Zrk through one water molecule each that form a single hydrogen bond 

with oxygen atoms of the metal cluster (Figure 5e). On the other hand, the side chain of Lys317 

formed a hydrogen bond with a water molecule that in turn interacted through two hydrogen 

bonds with ZrK (Figure 5f). Similar to site 2, the Zr-OH moiety in this site was oriented towards 

the solvent i.e. on the opposite site of the substrate. The binding free energy of -50.8 kJ/mol for 

this site is comparable to site 1 but much lower than the binding energy for site 2 (Table 1). The 

ZrK-POM association at this site is facilitated by smaller number but somewhat stronger 

interactions in comparison to site 1. In comparison to the previous sites, the association of ZrK to 

this site slightly (1%) decreased the a-helical content (66%) by 1% and 3%, respectively without 

affecting the overall structure of HSA (Table 2).  

 

IIId. ZrK-HSA interactions at site 4 (Cys392-Glu393). The last site (Cys392-Glu393, site 4) 

was created by a nonpolar (Cys) and a negatively charged (Glu) residue. This site was positioned 

33.9 Å away from site 1 on the backside of HSA. It was stabilized by alpha helical secondary 

structure and a cysteine bridge (Figure 6a). This binding pocket was surrounded by a very large 

positively charged region located next to the cleavage site (Figure 6b). Similar to site 2, this site 

was situated on the surface of HSA. Since it possessed the largest positive region among all four 

sites, it could easily accommodate different types of POMs irrespective of their charge, size, and 

shape. From both rigid and flexible docking, two binding motifs were observed with the first 

being close to the site of cleavage however was primarily stabilized by a glutamine residue. The 

second binding motif was located on the opposite side of the cleavage site however it was 

stabilized by a host of hydrogen bonds originating from positively charge residues such as Lys 

and Arg. Due to greater electrostatic interaction and stabilization, the second binding motif was 
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found to dominate and was used for the subsequent MD simulations. The binding pocket was 

formed primary from Arg410, Lys413, Lys414, and Lys541 all held strong hydrogen bonding 

interactions with the negatively charged oxygen cage of ZrK (Figure 6c and d). Interestingly, this 

was the largest positive patch calculated for HSA as shown be electrostatic maps. This large 

positively charged region could make this site more accessible to ZrK, and this was observed 

during the simulations. Additionally, this site has been identified as the major binding site for a 

variety of drug molecules such as ibuprofen100-101 and diazepam101-102 and has been labeled 

Sudlow’s drug site II103-104. Like site 1, ZrK was held between many positive residues Arg410, 

Lys413, Lys414, and Lys541 of HSA at distances of 2.20, 2.26, 2.48, and 2.42 Å, respectively 

(Figure 6c and d). Additionally, these residues interacted through multiple hydrogen bonds with 

the cage of ZrK, for example, Lys414 shows hydrogen bonding interaction with three separate 

contacts with the oxygen cage of ZrK (Figure S7). However, the interaction distances were 

shorter in comparison to the other sites 2 and 3 where hydrogen bonding was weaker and less in 

number. This site is most comparable to site 1 where it was surrounded by positively charged 

residues however; site 4 is more exposed to the solvent whereas site 1 was more buried within 

the protein. Unlike other three sites, a water molecule was found to be very close to Zr in this 

site. At this location, it can directly bind to the metal ion and change its coordination number as 

shown by previous DFT and Car-Parrinello MD simulations.105-106 Additionally, Glu492 formed 

a very weak electrostatic interaction with a W metal of ZrK at a distance of 2.92 Å (Figure 6c 

and Table S1). However, this weak interaction was dominated by the repulsion between the 

carboxylic side chain of Glu492 and the oxygen framework of ZrK (Figure S7 in supporting 

information). Therefore, as in all sites, there was a competition between the attractive and 

repulsive forces generated by positively (Lys and Arg) and negatively (Asp and Glu) charged 
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residues, respectively. At this site, ZrK formed the highest number of direct hydrogen bonds, 8 

on average, with HSA and showed strong interactions with Lys541, Lys413, Lys414, and 

Arg410 (Figure 3d). Like in the first three sites, hydrogen bonding interaction involving one 

water molecule was observed. For instance, side chains of Gln390, Asn386, and Ser489 interact 

with ZrK through one water molecules (Figure 6e). Ser489 associates with this complex through 

unusual hydrogen bonding. The carboxyl group of this residue utilizes one water molecule to 

interact with ZrK (Figure 6e). Furthermore, Lys413 and Val493 interact with the oxygen 

framework of ZrK through one and two water molecules, respectively (Figure 6f). This site 

possessed the highest binding free energy (-91.2 kJ/mol, Table 1) among all four binding sites. 

Similar to site 1, in contrast to sites 2 and 3, the Zr-OH group here was opposite the protein’s 

surface and was shifted towards the cleavage site. Rather surprisingly, the a-helical content 

(66%) of this site is exactly the same as of the site 3 (Table 2).  

 

IV. Summary and Conclusions. In this study, we have employed molecular docking and all-

atom MD simulation techniques to study interactions of 1:1 Zr-containing Keggin POM (ZrK) 

with four cleavage sites of HSA. These chemically diverse sites (Arg114-Leu115, Ala257-

Asp258, Lys313-Asp314, and Cys392-Glu393) were located in different parts of HSA (Figure 

1). They were found to bind in a rather distinct manner to form the ZrK-HSA complexes. These 

complexes were dominated by hydrogen bonding interactions from the oxo group containing 

framework of ZrK and positively charged amino acid residues of HSA. The computed binding 

free energies (-57.5, -24.2, -50.8, and -91.2 kJ/mol for site 1, 2 ,3 and 4, respectively) suggested 

that there is one major binding site (site 4), two intermediate (site 1 and site 3) and one minor 

binding site (site 2), Table 1. The site 4 has been known to bind several drug molecules as well. 
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The high exothermicity of this process was in agreement with the measured value (∆H = -50 

kJ/mol) for the POM [H2W12]-HSA interaction.40 It is suggested to be driven mostly by 

electrostatic interactions.40 At site 4, the ZrK-HSA complex formed 8 direct hydrogen bonds on 

average, while 2-3 direct hydrogen bonds were observed for sites 2 and 3. These hydrogen bonds 

were contributed by positively charged Lys and Arg residues. Additionally, there were multiple 

hydrogen bonding interactions mediated by 1-3 solvent water molecules. The binding of ZrK to 

HSA did not modify the secondary structure of HSA which was primarily dominated by a-

helical conformation (67%), Table 2. Furthermore, as suggested experimentally the binding of 

ZrK and hydrolysis at sites 1 and 2 did not alter the overall structure of HSA.99 POMs, in 

general, have been reported to interact with diverse biomolecules through hydrogen bonding 

albeit with varying strength, extent, and type. Our study is complementary to experimental 

binding studies between POMs and proteins that are typically performed with ITC or Trp 

fluorescence spectroscopy, however it offers an additional advantage as it allows detailed 

molecular and thermodynamic understanding of each binding site separately. Therefore, these 

results can be also applicable to understand the interaction of other POMs with a variety of 

different proteins.  

 

V. Supporting Information Materials. Figures S1-S7 and Table S1. This material is available 

free of charge via the Internet at http://pubs.acs.org.  
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Figure 1: Structure of (a) polyoxometalate (POM) and (b) human serum albumin (HSA)  
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Figure 2: Most representative structure of POMs-HSA at site 1 obtained from molecular 
dynamics simulations: (a) the whole protein with cleavage site 1 highlighted with N and C-
terminal ends colored blue and red respectively, (b) electrostatic map of HSA, (c) and (d) are 
zoomed in images of binding site 1 with amino acid residues and interaction distances labeled in 
Å, and (e) and (f) are showing water mediated interactions with the oxygen of ZrK, hydrogen 
bonding interacting distances labeled in Å. In the POMs structure, the orange polyhedron 
represents the interior phosphate group, the dark blue polyhedron represents the octahedron 
geometry around the tungsten, while the light blue represents the Zr(IV) species.  
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Figure 3: Noncovalent interaction (NCI) plots and hydrogen bonding interactions at all four 
sites.  
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Figure 4: Most representative structure of POMs-HSA at site 2 obtained from molecular 
dynamics simulations: (a) the whole protein with cleavage site 2 highlighted with N and C-
terminal ends colored blue and red respectively, (b) electrostatic map of HSA, (c) and (d) are 
zoomed in images of binding site 2 with amino acid residues and interaction distances labeled in 
Å, and (e) and (f) are showing water mediated interactions with the oxygen of ZrK, hydrogen 
bonding interacting distances labeled in Å. In the POMs structure, the orange polyhedron 
represents the interior phosphate group, the dark blue polyhedron represents the octahedron 
geometry around the tungsten, while the light blue represents the Zr(IV) species. 

Page 24 of 41

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



25	
	

 

Figure 5: Most representative structure of POMs-HSA at site 3 obtained from molecular 
dynamics simulations: (a) the whole protein with cleavage site 3 highlighted with N and C-
terminal ends colored blue and red respectively, (b) electrostatic map of HSA, (c) and (d) are 
zoomed in images of binding site 3 with amino acid residues and interaction distances labeled in 
Å, and (e) and (f) are showing water mediated interactions with the oxygen of ZrK, hydrogen 
bonding interacting distances labeled in Å. In the POMs structure, the orange polyhedron 
represents the interior phosphate group, the dark blue polyhedron represents the octahedron 
geometry around the tungsten, while the light blue represents the Zr(IV) species. 
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Figure 6: Most representative structure of POMs-HSA at site 4 obtained from molecular 
dynamics simulations: (a) the whole protein with cleavage site 4 highlighted with N and C-
terminal ends colored blue and red respectively, (b) electrostatic map of HSA, (c) and (d) are 
zoomed in images of binding site 4 with amino acid residues and interaction distances labeled in 
Å, and (e) and (f) are showing water mediated interactions with the oxygen of ZrK, hydrogen 
bonding interacting distances labeled in Å. In the POMs structure, the orange polyhedron 
represents the interior phosphate group, the dark blue polyhedron represents the octahedron 
geometry around the tungsten, while the light blue represents the Zr(IV) species. 
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Position Hydrogen Bonds ΔGBinding 

Site 1 7 -57.5 ± 11.7 
Site 2 3 -24.2 ± 11.9 
Site 3 3 -50.8 ± 11.3 
Site 4 8 -91.2 ± 10.8 

 

Table 1: Free energy change of the complexation of the ligand and receptor (kJ/mol).  

 

Table 2: Secondary structure (%) of Human Serum Albumin (HSA) and POMs bound to HSA at 
sites 1-4. 

 

 

 

 

 

 

 

 

 

Position Coil Bend Turn A-Helix 3-Helix 
HSA 13 8 9 68 2 
Site 1 13 6 9 67 5 
Site 2 13 6 9 69 3 
Site 3 13 7 10 66 4 
Site 4 13 6 10 66 5 
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