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Abstract

:

Adsorption of the phosphotriesterase on a polysulfone membrane surface was investigated in this paper through a double-scale computational approach. Surface charges of the enzyme, as well as membrane, were calculated at sub and nanoscale while protein adsorption was simulated at larger scale. Adsorption energies were calculated as a function of the enzyme–surface distance, and for each distance, several protein rotations were tested to find the most stable orientations of the macromolecule. The results of this model were useful in obtaining information about the adhesion of the enzyme and to give indications on the orientations of its binding site. Adsorption energies agreed with the literature data. Furthermore, the binding site of the immobilized phosphotriesterase was less accessible with respect to native enzymes due to the steric hindrance of the polymer surface; thus, a reduction of its efficiency is expected. The proposed methodology made use of fundamental quantities, calculated without resorting to adjustable or empirical parameters, providing basic outputs useful for ascertaining enzymatic catalysis rate.
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1. Introduction


Nowadays, significant growth in research activities in multiscale modeling is observed, with applications in many areas, including material sciences, fluid mechanics, chemistry, and biology. It is widely recognized that multiscale techniques will become an essential part of computational science and engineering. In this frame, however, the crucial point is represented by the reliable calculation of some key parameters that are associated with smaller scales [1,2].



In recent years, enzymatic productivity has been rapidly increasing through the improvement of genetic engineering, microbial cultivation technologies, and wild type strain screening technology, together with the understanding of enzymatic biosynthesis mechanisms [3]. This advance is providing different kinds of enzymes exhibiting improved activities, which is leading to a massive use of enzymes in industrial processes. Enzymes play key roles in numerous biotechnology products and processes that are commonly encountered in the production of food and beverages, cleaning supplies, clothing, paper products, pharmaceuticals, and monitoring devices [4]. At present, the most frequently used enzymes in biotechnology are hydrolases, which catalyze molecular breakdown. Enzymatic chiral selectivity has been exploited to prepare enantiomerically pure pharmaceuticals, agro-chemicals, chemical feedstocks, and food additives [5]. Most of the currently used industrial enzymes are hydrophilic, being used for the degradation of various natural substances. Proteases remain the dominant enzyme type for their extensive use in the detergent and dairy industries. In this frame, Phosphotriesterase (PTE) has also been used for the hydrolysis of common pesticides, such as glyphosate, due to the high efficiency of glyphosate abatement exhibited by this enzyme [6].



Immobilization of enzymes on the external or internal (pore) membrane surfaces is widely used in biotechnology industries [7,8], where immobilization is generally achieved by establishing non-covalent interactions between protein and polymeric surfaces without chemical modifications of membranes and enzymes [9]. As a result, non-covalent adsorption is an interesting research topic, and computational methodologies able to optimize and control this process on a larger scale [10,11] are highly desirable. However, due to some process limitations, several aspects need to be improved to increase the immobilized enzyme activity and re-usability. In this framework, it is essential to formulate advanced and reliable computational methodologies to optimize the enzyme immobilization without resorting to adjustable or empirical parameters.



Advanced modeling aimed at describing the enzyme adsorption on polymeric membranes surface was developed in this work. In particular, the immobilization of phosphotriesterase (PTE) on polysulfone (PSU) surface was studied at a fixed pH via a quantum and molecular mechanics approach (QM/MM) without resorting to adjustable parameters. This approach achieved fundamental results, such as adsorption energies and enzyme orientation on the polymer surface. The absorption energy is an important property to predict the enzyme adhesion on the membrane surface and hence, to predict possible releases of the macromolecule in solution. Moreover, the geometries of the immobilized protein, i.e., its orientations, can be used in mesoscale modeling to describe the diffusion of the substrate towards the catalytic site to check possible steric hindrance of the surface.



The proposed methodology was implemented to provide an innovative tool starting from the calculation of sub-nano quantities which can be used to develop advanced membrane bioreactors. In particular, this model was developed, in the frame of previous works [12,13], to provide basic outputs useful for ascertaining enzymatic catalysis rates for which both the molecular orientation and the adsorption energy are fundamental. In this way, a series of accurate simulations can be planned for achieving true optimization of PTE immobilization before performing experimental tests.




2. Computational Approach


2.1. Quantum Calculations


The adsorption of macromolecules on polymer surfaces is mainly controlled by electrostatic and hydrophobic interactions, as well as by the hydrogen bond at very short distances; thus, the surface charges of interacting systems are necessary to accurately evaluate short- and long-range electrostatic contributions. Surface charges of proteins largely depend on the nature of the external amino acids and conditions, such as pH, solvent, and ionic strength. In general, ab initio (quantum mechanics)-based methods are usually used for the calculation of partial charges considering the effect of specific conditions and avoiding the use of the classic force fields. However, the calculation of partial charges via quantum approaches is time-consuming, especially for proteins formed by thousands of atoms. For this reason, herein, a contact surface of the PTE was first determined through a home-made algorithm and using the crystallographic structure of the enzyme at pH = 7 [14]. The electrostatic charges on large fragments of external amino acids were calculated in the frame of density functional theory (DFT) using the Löwdin method as implemented in NWChem [15]. All quantum calculations were performed by using the B3LYP [16] hybrid functional and double-ζ basis set (6–31G*) for each atom of the enzyme and polysulfone surfaces. The thresholds for the energy convergence in the self-consistent field procedure and the root-mean-square of the electron density were set to 10−6 (au) and to 2 × 10−5 (au), respectively. The Löwdin method was chosen for its low dependence on the orbitals basis set, and it was also used to calculate the distributions of charges on the PSU model surface. It is important to emphasize that once the Cartesian coordinates of the atoms on the enzyme surface were determined, these were grouped in large fragments containing more than 500 atoms; then DFT calculations of the point charges were performed using these fragments and not on the individual amino acids. In this way, the protonated and deprotonated forms of the external amino acids can be evaluated more accurately via an ab initio approach. A dense polymeric surface was obtained through a molecular dynamics simulated annealing, as described in detail in [12], hence the atomic coordinates of the equilibrated surface model were used for the calculation of the partial charges at quantum mechanics level through the same computational approach used for the enzyme charges calculation. Nevertheless, in case of the surface charges of the polymer, the continuum conductor-like screening model (COSMO) [17] was used with a relative dielectric constant equal to 4 to consider the molecules of water in close contact with the polymer surface, i.e., confined. The equilibrated PSU unit cell with L = 7.2 nm, was translated in the X and Y directions obtaining 3 cells for each axis so that the QM/MM calculations did not suffer from the edges effect.



The pH was also considered in the calculations of PTE surface charges. Specifically, the protonated form of the external residues forming a fragment depends on the difference between pH and pKr, with Kr equal to the equilibrium constant of the amino acid’s functional group. For   pH >   pK  r    the deprotonated form is predominant, whereas protonated forms result in the most abundant for   pH <   pK  r   . However, for specific pH values, both forms had to be considered. Thus, the ratio between the deprotonated [D] and protonated [P] external amino acid was calculated at pH = 7 using the following relationship:


     [ D ]     [ P ]    =   10    (  pH −   pK  r   )    .  



(1)







The external residues of the PTE were then protonated or deprotonated according to the ratios obtained from Relationship (1). It is worth noting that the pH value is closely related to the structure of the enzyme used to carry out the DFT calculations; thus, simulations at different pH would require the crystallographic structure of the protein corresponding to that value.




2.2. Molecular Mechanics Optimizations


Following the approach used in the previous work and by Mikael Lund and Bo Jönsson [12,18], the potential energy, characterizing the interaction between proteins and polymer surface, can be divided into three different parts.


   u  t o t    (   r  i j    )    =    u  h s    (   r  i j    )  +  u  e l    (   r  i j    )  +  u  v d W    (   r  i j    )  ,  



(2)






   u  h s   =  {     ∞    r  i j   <    σ  i i   +  σ  j j    2      0    r  i j   >    σ  i i   +  σ  j j    2       ,  



(3)






   u  e l    (   r  i j    )  =   ∑  i    ∑  j     q i   q j    4 π  ϵ 0   ϵ r   r  i j     ,  



(4)






   u  v d W    (   r  i j    )  = 4  ϵ  i j    [     (     σ  i j      r  i j      )    12   −    (     σ  i j      r  i j      )   6   ]  .  



(5)







The    u  h s    (   r  i j    )    term takes into account the repulsion of electron clouds through hard-spheres [19]. The Coulomb interaction was considered in    u  e l    (   r  i j    )    defined by the atomic surface charges, qi and qj, of the protein and polymer surface, respectively, and evaluated through the DFT calculations. εr and ε0 are the relative and vacuum dielectric permittivity, respectively; in agreement with the value used for the calculation of the partial charges on polysulfone, εr = 4.0 was used in Relationship (4) for very close interacting systems and εr = 78.2 for weakly interacting systems. Finally, to evaluate the hydrophobic (van der Waals) interaction, the Lennard–Jones 12–6 potential was used; σii and εii parameters were taken from [20,21].



Bespoke MATLAB [22] functions were implemented to calculate the total interaction energy according to Equations (2)–(5) in which a 3D grid-type calculation was performed. The radial points refer to PTE-PSU distance, d, along the Z-axis perpendicular to the polymer surface, as shown in Figure 1, while the angular points are related to protein rotations with respect to Z and X (tetz, tetx) (Figure 1).



Potential energy was obtained as a function of the protein–surface distance (d), and global and local minima were characterized. The d values ranged between 24 Å and 60 Å, and a step of 1 Å was used, while, for each distance, 16 rotations of macromolecule were evaluated (Figure 1).





3. Results and Discussion


The interaction energy as a function of the enzyme–surface distance is shown in Figure 2, and as expected, various local minima and a global minimum were found. The potential energy profile showed a complete overview of the interaction energy from very close distances to weakly interacting systems or non-interacting systems, i.e., the enzyme in solution at 60 Å.



A global minimum was found at a distance of 30 Å from PSU surface with a total energy equal to −107.96 Kcal/mol. The nearest local minima were found at d = 27 Å and 35 Å with interactions energies of −97.57 and −82.44 Kcal/mol, respectively. Other local minima were found further from the surface with interaction energies considerably higher than −107.96 Kcal/mol. Thus, they were not considered in the analysis of the enzyme orientation since jumps for thermal vibrations in these minima are difficult, at room temperature. Instead, the energy differences between the global and the two nearest minima were 10 Kcal/mol and 25 Kcal/mol. Hence, considering a distribution of the macromolecules among these minima, an adsorption energy ranging between −82.44 Kcal/mol and −107.96 Kcal/mol is expected. Average solvation interaction energies and total average interaction energies were evaluated for five proteins on five polymer surfaces, considering 1633 different protein orientations and using log P of each amino acid residue belonging to the protein fragment and repetitive units of each polymeric surface [23]. The total average interaction energies ranged between −111.09 kcal/mol (for hydrophobic surface) and −39.53 kcal/mol (for hydrophilic surface) in good agreement with the values found herein. Moreover, the energies associated with the adsorption of bovine serum albumin on hydrophilic (polystyrene) and hydrophobic surfaces were evaluated through atomistic simulations [24]. The values were of the same order of magnitude of the global minimum; however, being the polystyrene more hydrophobic than polysulfone, larger energies were found [24]. Nevertheless, being able to reproduce the order of magnitude of the adsorption energy [23,24,25,26] through an ab initio quantum method, this can be considered a satisfactory result. Furthermore, this QM/MM model can be used in comparative analyses.



The orientation of the PTE on the PSU surface, corresponding to the global minimum, is shown in Figure 3. In particular, the orientation of the contact surface, used in the QM/MM calculations, is shown in Figure 3a and b, while the complete structure of the enzyme in the same orientation is reconstructed in Figure 3c and d. One of the goals of this work was to elucidate the stable orientations of the enzyme on the PSU membrane surfaces, then to provide supramolecular structures (enzyme–surface) for modeling the substrate diffusion at higher scale. Nevertheless, the supramolecular structures can be used to investigate the steric hindrance of the catalytic site due to the polymeric surface. This can be achieved by analyzing the position of the two zinc atoms present in the catalytic site of the PTE which are responsible for the glyphosate hydrolysis. In addition, the binding site, close to the enzyme surface and responsible for the selective adsorption of the substrate, can be monitored. Hence, by analyzing the position of these atoms with respect to the membrane surface, the steric hindrance can be predicted.



Comparing Figure 3a (side view) and 3b (top view), it is clear that the two zinc atoms are difficult to reach from the bulk (solution) side. On the contrary, these atoms were visible from the side of the supramolecular structure, which means that the substrate must arrive from this direction to reach the binding site. This result is clearer when the complete structure of the enzyme is shown in the same orientation, as in Figure 3c and d. In particular, the zinc atoms are still visible from the side view, Figure 3c, but when the supramolecular structure is rotated to show the top view (bulk side), these atoms are no longer visible (Figure 3d). In solution, the substrate molecules could easily reach the binding site without barriers because the enzyme was free. Instead, for adsorbed enzymes, the steric hindrance of the surface made this difficult.



Starting from the position corresponding to the global minimum, the enzyme was rotated by 90 degrees around the X-axis (tetx = 90°, Figure 1) to make the zinc atoms more accessible from the bulk side, as shown in Figure 4a. This figure shows that the two atoms of zinc were more visible with respect to Figure 3b, which refers to the enzyme at the same distance but not rotated. Unfortunately, the energy cost for this rotation is 83.09 Kcal/mol. This energy gap is too high to allow this spin at room temperature; thus, the enzyme fails to rotate and direct the binding site toward the bulk. As shown in Figure 4b (side view of the rotated enzyme), a rotation of the protein around the X-axis greater than 90 degrees (tetx > 90) would make the metal atoms more accessible for the substrate from the solution. However, in this case, the protruding amino acid residue would touch the surface of the polysulfone.



In regard to the orientations of the PTE associated with the local minima, the same conclusion can be drawn, as shown in Figure 5. For both minima, the two atoms of zinc were clearly visible from the side of the supramolecular structure, whereas they were difficult to reach for the substrate from the bulk side. Moreover, concerning the rotations of the enzyme around the X-axis to make metal atoms more accessible, i.e., tetx = 90 or tetx > 90, results similar to those found for the PTE rotations, adsorbed in the global minimum, were obtained.



In summary, this modeling showed that the binding site of the adsorbed PTE was less accessible with respect to the native enzyme due to the steric hindrance of the polymer surface. As a result, the adsorbed enzyme should reduce its activity; i.e., the enzyme’s efficiency should be reduced since the substrate should reach the binding site laterally and adjacent adsorbed enzymes could hinder its access. This depends on the enzyme–enzyme equilibrium distance and protein concentration.



The model still fails to incorporate various aspects, but being a first step towards developing a more comprehensive holistic approach, this work provides a good starting ground. Finally, the analysis of these aspects will be the subject of subsequent works. Nevertheless, the modeling showed that useful information about the adsorption of proteins on surfaces can be obtained from ab initio DFT-based calculations avoiding the use of empirical or adjustable parameters.




4. Conclusions


A model based on quantum and molecular mechanics calculations was proposed in this work to simulate the enzyme adsorption on the polysulfone membrane surface. The modeling aims to achieve the following objectives: the calculation of the enzyme–surface interaction energies without resorting to adjustable or empirical parameters and the orientation of the absorbed enzymes on the membrane surface to predict possible steric hindrance for the substrate. The surface charges of the PTE were calculated by an accurate the quantum mechanics approach at pH = 7, while a PSU surface model was defined by a molecular dynamics simulated annealing. Electrostatic charges of the polymer surface were also calculated using the same quantum approach. The interaction energy between enzyme and membrane surface was evaluated as a function of protein–surface distance considering several rotations of the PTE for each distance. The final result was the calculation of potential energy profiles as well as macromolecular structures that can be used as inputs in large scale model development. The computed interaction energies are in good agreement with adsorption free energies reported in the literature; this means that the considered enzyme can be effectively adsorbed on PSU. However, accurate analysis of the protein orientations suggested that the binding site of the immobilized enzyme was less accessible with respect to the pristine PTE due to the steric hindrance of the polymer surface; thus, a reduction of the enzyme efficiency was expected. The proposed methodology made use of fundamental quantities and it was designed to provide basic outputs useful for ascertaining enzymatic catalysis rates, i.e., kinetic proprieties from immobilization features, important for designing enzymatic bioreactors.
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Figure 1. Phosphotriesterase (PTE) on polysulfone surface, d = protein–surface distance, tetz and tetx protein rotations around the Z and X axis, respectively, used for the calculation of the interaction energy. 
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Figure 2. Enzyme–polysulfone (PSU) interaction energy, Utot, versus enzyme–surface distance obtained by quantum and molecular mechanics (QM/MM) calculations. 
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Figure 3. Adsorbed PTE on the PSU model surface in the global minimum (−107.96 Kcal/mol at d = 30 Å). (a) side view and (b) top view of the enzyme surface, respectively; (c) side view and (d) top view of the full enzyme structure in the same orientation, respectively. Zinc atoms were shown in fuchsia. 
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Figure 4. Adsorbed PTE on the PSU surface at d = 30 Å but rotated by 90 degrees around the X-axis (Figure 1). (a) Top view and (b) side view of the enzyme surface. Zinc atoms were shown in fuchsia. 
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Figure 5. Adsorbed PTE on the PSU model in the local minima. (a) Side view and (b) top view of the PTE-PSU structure corresponding to minimum with interaction energies of −97.57 Kcal/mol at d = 27 Å, respectively; (c) side view and (d) top view of the PTE-PSU structure corresponding to minimum with interaction energies of −82.44 Kcal/mol at d = 35 Å, respectively. Zinc atoms were shown in fuchsia. 
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