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Abstract: Several organisms are able to polycondensate 

tetraoxosilicic(IV) acid to form silicon(IV) dioxide using polycationic 

molecules. According to an earlier mechanistic proposal, these 

molecules undergo a phase separation and recent experimental 

evidence appears to confirm this model. At the same time, 

polycationic proteins like lysozyme can also promote 

polycondensation of silicon(IV) dioxide, and they do so under 

conditions that are not compatible with liquid-liquid phase separation. 

In this manuscript we investigate this conundrum by molecular 

simulations. 

Introduction 

It is well known that polycationic molecules can promote the 

polymerization of tetraoxosilicic(IV) (orthosilicic) acid to form 

highly condensed silicon(IV) dioxide (silica) without thermal 

processing [1]. This chemistry is used by organisms like diatoms, 

and represents as well a reasonably convenient and sustainable 

[2] route to the preparation of spherical silica, one of the most 

relevant contemporary industrial inorganic compounds, but also 

for other inorganic oxides [3]. The templating effect of the 

polycationic molecules is reasonably due to electrostatic 

interactions [4], yet the detailed molecular mechanism is not 

completely understood, on the one hand because of the elusive 

nature of orthosilicic acid itself, on the other hand because 

chemical intuition suggests that different molecules exert their 

templating effect differently. A very intriguing model was 

suggested by Lenoci and Camp [5,6] indicating that polyamines 

and polycationic peptides undergo liquid-liquid phase separation 

(LLPS) and then the polymerization occurs at the interface 

between the two liquid phases [7–9]. Two very recent papers by 

the group of Assaf Gal provided brilliant experimental verification 

of this model [10,11]. It is also well known that lysozyme and other 

polycationic proteins can perform the templating [4,12,13]. Also, 

in this case, the mechanism is unknown, and literature hosts 

competing views in which the protein is strongly distorted in the 

initial phases of the polymerization [14] and at the end the two 

components are completely independent from each other [15], or 

that no distortion occurs during the polymerization [16] and the 

two components remain in intimate contact [17]. In any case, no 

evidence of LLPS under the conditions in which polycondensation 

is performed has been found, mostly because lysozyme tends not 

to undergo LLPS at pH values around neutrality to slightly alkaline 

[18]. Thus, polycationic molecules on the one side and 

polycationic proteins on the other side appear to behave 

differently concerning the polycondensation. In this manuscript, 

we question this apparent difference through molecular 

simulations at different levels of theory. 

Results and Discussion 

Role of Charged Amino Acid Sidechains  

At first, we directly interrogated the possible role of charged amino 

acid sidechains. We have performed Nudged Elastic Band 

calculations [19] to identify the transition state in the 

polycondensation reaction [20]. In line with previous literature, in 

implicit solvent, the DFT-calculated mechanism involves an 

intramolecular proton transfer, coupled to a nucleophilic 

substitution, an Anion Attack Mechanism, AAM, shown in Figure 

1. 

The activation energy calculated at the DFT level is 101 kJ/mol, 

in line with previous studies [20]. No structure showing the 

interaction between lysozyme and orthosilicic acid is available, 

therefore we used as a starting point the structure of lysozyme in 

interaction with a tetrahedral titanium(IV) precursor species (PDB: 

7A70) [16]. In this structure, the guanidinium moiety from an 
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arginine (R14) sidechain interacts with the tetrahedral species 

through two intervening water molecules. When these 

components are added to the calculation, the activation energy of 

the AAM mechanism remains in a similar range (103 kJ/mol), well 

within the uncertainty of the methodology. It has been 

demonstrated earlier that protonated amines (that can represent 

lysine sidechains) have a comparable impact [20]. These results 

collectively suggest that the catalytic effect exerted by the protein 

is not related to lowering the activation energy. We thus 

questioned whether it can be related to the electrostatic pooling 

of the precursors as pointed out by Coradin et al. [4]. To check 

this hypothesis, we performed classical Molecular Dynamics (MD) 

simulations at different concentrations of orthosilicic acid, from the 

concentration used for the polymerization in the protocol 

described by Luckarift et al. [3], to much higher than what can be 

experimentally achieved. The choice of a non-reactive force field 

is motivated by the need to maintain the shape of the precursor 

molecules. 

 

 

Figure 1. The transition state of the silicic acid condensation reac- tion in the 

AAM as obtained in implicit solvent.  

Lysozyme-Orthosilicic Acid Interactions from MD 

Simulations 

To represent the chemical system formed by lysozyme and 

orthosilicic acid in aqueous solution, we created three models with 

a number of H4SiO4 molecules equal to 8 (about 0.03 mol dm−3), 

83 (about 0.3 mol dm−3), and 834 (about 3 mol dm−3). Further 

details are given in Table 1. Each system is explicitly solvated with 

the TIP3P water model [21,22] at the standard density. We used 

the amber99sb-ildn [23] force field for the lysozyme and General 

Amber Force Field 2 (GAFF2) for H4SiO4. The GAFF2 has been 

obtained using the PrimaDORAC web interface [24,25] and  the  

obtained  harmonic  force  constants  of  O-Si-O angles are 

increased to obtain a stable H4SiO4 tetrahedral structure. 

Orthosilicic acid is expected to be fully protonated at the 

experimental working pH between 7 and 7.5. 

Table 1. Simulated systems composition.  

System No. of H4SiO4 

molecules 

No. of H2O 

molecules 

Average box side (nm) 

1 8 15448 7.86±0.01 

2 83 13114 7.51±0.01 

3 834 12541 7.85±0.01 

 

The result that is immediately apparent is that orthosilicic acid 

tends to cluster around the protein, and the trend is more apparent 

when higher concentrations of silicic acid are considered (Figure 

2).   This accumulation is impossible to observe experimentally 

because of the reaction and can uniquely be appreciated thanks 

to the non-reactive simulation. 

 

Figure 2. Snapshots of MD simulations of the three simulated systems, (a) 

system 1, (b) system 2, and (c) system 3. Only the H4SiO4 molecules present 

within 6 Å from lysozyme are shown. 

To relate the increase in concentration to the chemistry of the 

protein, we have evaluated the concentration of silicic acid 

molecules around lysozyme residues, which we label as Local 

Tetraoxosilicic acid Concentration (LTC). This has been 

estimated computing the cumulative number of H4SiO4 and water 

molecules present within 6 Å from the Cαs of the single lysozyme 

residues [26,27]. The results are shown in Figure 3; increasing 

the number of H4SiO4 molecules, the LTC increases for almost all 

lysozyme residues, providing a quantitative indication of the trend 

we alluded to before of clustering of the acid around the protein. 

For the three simulated systems, the first 50 residues show a 

concentration of orthosilicic acid more uniform as compared to the 

other residues. 

 

The trend observed at the lowest concentration - which we remind 

the reader is the concentration attained in the experiments - 

suggests a role for the pair of lysines 96-97 (one of the sequences 

in lysozyme that mimics the minimal silicification motifs of silaffins 

[28]), and for Arg-73. This can be quantitatively appreciated in the 

LTC values shown in Figure 4. 

However, besides this observation, the distribution of silicic acid 

molecules is still not simply interpreted in terms of the primary 
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Figure 3. Local tetraoxosilicic acid concentration for the Cα atom of each residue of lysozyme. Bottom-top: System 1, black; System 2, blue; System 3, red. 

 

 

sequence. Following [29], we have attributed the protein surface 

charges to 5 patches: 

Patch 1 Arg-5, Lys-13, Arg-14, Lys-33, Arg-125 (Blue) 

Patch 2 Arg-45, Arg-61, Arg-68, Arg-73 (Red)  

Patch 3 Arg-112, Arg-114, Lys-116 (Orange)  

Patch 4 Arg-21, Lys-96, Lys-97 (Green) 

Patch 5 Lys-1 (Violet) 

Patches 1 and 4 contain the minimal silicification motifs with two 

positive aminoacids followed by hydrophobic or aromatic residues 

(K13RHG and K96KIV) [28]. The center of mass of the patches is 

shown in Figure 5. 

 

 

Figure 4. The LTC of silicic acid over the whole sequence of lysozyme for 

the system at the lowest concentration (System 1). 

 

 

Figure 5. The position of the center of mass of the charge patches 

defined according to [29]. The colour code is given in the text. 

 

On this basis, we have calculated the radial distribution function 

of silicic acid molecules with respect to the center of mass of the 

charge patches (Figure 6). From this analysis, several aspects 

can be deducted. In particular: 

• the first peak of the radial distribution function for Patch 1 

and, partly, for Patch 2 at the lowest concentration remains also 

at high concentration; 

• Patch 2 and Patch 4 have the highest peak at the shortest 

distances at low concentrations, however, this peak is retained 

only for Patch 2 when the concentration is increased; 
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• Patch 5 (the N-terminus) and Patch 3 have the largest 

distances at the low concentration, but have the largest peaks at 

the lower distances when the concentration is increased. 

Collectively, these observations indicate the relevance of the 

electrostatic pull even for the neutral silicic acid species (which is 

expected to be fully protonated at the working pH), and even in 

the presence of the electrostatic screening provided by water. 

This pull is particularly relevant at low concentration, and is 

apparently directed by Patches 1, 2, and 4. At the highest 

concentrations, silicic acid molecules tend to cluster around 

Patches 2 and 3, which are close in space, as also apparent in 

Figure 2. Finally, it seems that the N-terminus only contributes at 

the highest concentrations. 

 

 
Figure 6. The radial distribution function of silicic acid with respect to 5 

Patches; System 1, black; System 2, blue; System 3, red. 

 

 

Conclusion 

In conclusion, the molecular simulations confirm the model of the 

electrostatic pooling in the polycondensation of silica in the 

presence of lysozyme. On these grounds, we can postulate that 

the protein scaffold that harbors several charged sidechains in an 

orderly fashion exerts the same effect as a LLPS coacervate: in 

the protein, the charge is strongly concentrated and localized, as 

is in the coacervates of polycationic molecules, and thus 

contribute to concentrate the precursor molecules, in turn 

increasing the reaction rate. This picture thus reconciles nicely the 

experimental observations that LLPS is required for silicification 

peptides and not for polycationic proteins. As a last remark, this 

conclusion is reminiscent of the view of proteins as colloids [30]. 

The role of specific sidechains appears blurred in the present 

example. On these grounds, it will be possible to generate 

different arrangements of positive patches in a protein scaffold, to 

provide a more comprehensive representation of this fascinating 

phenomenon. 

 

Experimental 

Structures selection  

We selected the structure 6F1O, [31] as it has been previously 

demonstrated that crystal structures belonging to crystal systems 

with higher Matthews coefficients [32] are in better agreement 

with solution NMR data, [33] hence they can be considered as a 

better proxy of the behavior of the protein in solution with respect 

to other crystallographic structures. The pose of tetrahedral 

precursor species on the protein surface was taken from the 7A70 

PDB entry, [16] and optimized. 

Structures optimization  

The structures of orthosilicic acid and its mononegative anion 

have been optimized at the DFT level of theory, with the B3LYP 

functional [34–37], using Ahlrichs polarized basis set def2-SVP 

for all atoms and def2-TZVP for silicon [38], and Grimme’s D4 

dispersion correction [39]. CPCM implicit solvent (water) was 

used [40]. All calculations were carried out using ORCA 5.0.3 [41]. 

The structures of the oligomers of orthosilicic acid were optimized 

as discussed above, but def2-SVP was used for all atoms. 

Molecular dynamics simulations  

MD simulations are carried out in a cubic box with periodic 

boundary conditions using GROMACS 2021.2 software [42]. The 

systems have been initially minimized with the steepest descent 

procedure and subsequently heated to 298.15 K for 1 ns keeping 

constant temperature with a Nosé-Hoover approach, [43] with a 

time constant for coupling of 1 ps. Production run in the NPT 

ensemble (using the Parrinello-Rahman barostat [44] with a 

period of pressure fluctuations at the equilibrium setting at 2.0 ps) 

have been carried out for 10 ns imposing rigid constraints only on 

the X-H bonds (with X being any heavy atom) by means of the 

LINCS algorithm (δt=2.0 fs) [45]. Electrostatic interactions were 

treated by using particle-mesh Ewald (PME) [46] with a grid 

spacing of 1.2 Å and a spline interpolation of order 4.   The  total 

system charge (+7e) has been neutralized by a uniform 

background plasma. The cross interactions for Lennard-Jones 

terms were calculated using the Lorentz-Berthelot mixing rules 

[47,48] and we excluded intramolecular non-bonded interactions 

between atom pairs separated up to three bonds. The non-

bonded interactions between 1-4 atoms involved in a proper 

torsion were scaled by the standard AMBER fudge factors 

(0.8333 and 0.5 for the Coulomb and Lennard-Jones, 

respectively). LTC has been evaluated from the cumulative 

number of water molecules [nH2O(r)] and orthosilicic acid 
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molecules [nH4SiO4(r)] present within a distance r from the Cαs of 

the single residues using the following relation (eq. 1): 

𝐿𝑇𝐶(𝑟) =
100⋅𝑉𝑚

𝐻4𝑆𝑖𝑂4⋅𝑛𝐻4𝑆𝑖𝑂4

𝑉𝑚
𝐻4𝑆𝑖𝑂4⋅𝑛𝐻4𝑆𝑖𝑂4+ 𝑉𝑚

𝐻2𝑂
⋅𝑛𝐻2𝑂

     (1) 

where 𝑽𝒎
𝑯𝟒𝑺𝒊𝑶𝟒 = 𝟎. 𝟎𝟓𝟑 dm3/mol and 𝑽𝒎

𝑯𝟐𝑶
= 𝟎. 𝟎𝟏𝟗 dm3/mol are 

the average excluded volumes for silicic acid and water, 

respectively.     
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