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Abstract

Understanding the detailed mechanism by which the proteins of marine diatoms such
as silaffins are able to control the morphology of silica oligomers has eluded synthetic
chemists and materials scientists for decades. In this study, we use DFT calculations
to determine how individual amino acid residues of silaffin catalyze silica dimerization.
The reaction network for formation of a silica dimer was explored using several
different small molecules, including water, guanidinium ion, and methylammonium ion;
the latter two molecules representing analogs of arginine and lysine, both of which are
known to play critical roles in enabling catalytic function of naturally occurring protein
and synthetic analogs of silaffin. It was found that the lysine analog selectively lowers
the energy of a direct water removal pathway for silicate dimerization. Comparing the
energy landscapes and mechanisms for various catalysts for this rection provides
direct evidence for the role of lysine side chains of silaffins in the oligmerization of
silica.
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1. Introduction

Uncovering the underlying chemistry of a process that occurs in nature is a crucial
step in developing biomimetic synthesis routes. Computational chemistry is uniquely
poised to aid in answering mechanistic questions that identify these underlying
chemistries. A particular system that has intrigued synthetic and computational
scientists alike for the past several decades is the silica exoskeletons of marine
diatoms, which can be seen in Figure 1 from a sample of diatomaceous earth, a
household product often used for pest control. A detailed understanding of the
mechanism by which marine diatoms are able to sequester orthosilicic acid (Figure 1,
left inset) from seawater to generate well-controlled exoskeleton morphologies has
been a longstanding challenge in the field of biomimetic synthesis.
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Figure 1: Left: Structure of native silaffin-1A; extracted from marine dlatoms 1 There have been
various studies on modifications to the structure of native silaffin-1A; to investigate the role of
particular amino acid residues on the oligomerization reaction to generate silica, namely
modifications of the primary amino acid sequence and post-translational modifications (PTM) such
as the addition of polyamine side chains to lysine residues (blue), phosphorylation of serine
residues (gold)?3, and the methylation of lysine residues (green)®. Top left inset: Structure of
orthosilicic acid. Right: A scanning electron microscopy (SEM) image of a silica nanostructure of a
marine diatom from a sample of diatomaceous earth at 3,000x magnification.

Emulating nature’s ability to efficiently control the synthesis of silica nanostructures
would benefit a variety of applications in which silica is used, from materials chemistry
to medicine.* One example of such an application is the use of silica nanoparticles as
drug delivery systems; orthosilicic acid undergoes a process known as Ostwald
ripening in solution, and this process has been harnessed to generate molecularly
imprinted nanoparticles of silica for selective and specific recognition of target
molecules, analogous to the way antibodies are able to detect viruses in the body.° It
is therefore extremely valuable to have a detailed understanding of the mechanism in
which orthosilicic acid molecules are able to oligomerize in different environments, an
understanding that would allow researchers the ability to control both the morphology
and thus the function of synthetic silica nanoparticles.

The polypeptides responsible for templating/catalyzing the synthesis of silica
oligomers from orthosilicic acid building blocks within the cell wall of marine diatoms
are called silaffins (a portmanteau of “silicon” and “affinity”). When isolated and added
to a buffered solution of orthosilicic acid, silaffins spontaneously generate silica
nanospheres. An example of a silaffin isolated from marine diatoms, specifically
silaffin-1A4, as it is referred to in the publication detailing the first time silaffins were
isolated and identified®, can be seen in Figure 1, along with the structure of orthosilicic
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acid. Native silaffin-1A1 exhibits several post-translational modifications (PTMs),
including methylation of lysine residues, the addition of polyamine chains on other
lysine residues, and phosphorylation of serine residues. Further, these polypeptides
are composed of several repeating sequences of amino acids that, when fractionated,
are also able to independently generate silica nanospheres in solution. Silaffins have
inspired a number of synthetic analogs designed to achieve similar functionality.
Recently, a synthetic elastin-like polypeptide (ELP) was found to have a specific
activity 40 times that of native silaffin.” Additionally, simple, free-standing films of
alternating leucine and lysine residues at an air-water interface have been shown
experimentally to generate nanoscale silica films.8 In order to ultimately understand
the complex process occurring within marine diatoms, it is essential to understand the
role of the proteins/peptides on the mechanism of orthosilicic acid oligomerization in
solution.

In spite of the progress to date, there are still significant gaps in our understanding of
the molecular scale mechanisms and driving forces that give rise to biosilicification
reactions. Some hypotheses that have arisen to attempt to explain this behavior in
various biomineralization systems include: peptide induced supersaturation of
orthosilicic acid in its vicinity?, peptide mediated aggregation resulting in an
electrostatic environment that effectively lowers the barrier for formation of silica
oligomers™?, or the peptide’s side chains interacting directly with the orthosilicic acid
molecules to lower the barrier to oligomerization by lowering the relative energy of
the rate-determining transition state structure. In this study, we have set out to
investigate a component of the latter hypothesis; that is, whether particular small
molecule catalysts are able to lower the barrier to dimerization of orthosilicic acid at
an atomic-level resolution of the relevant reaction network.

Based on studies on the effects of peptide mutation on silica nanosphere morphology,
it has been proposed that the mechanism for orthosilicic acid dimerization invokes two
lysine sidechains to scaffold the reaction (Figure 2).'"" Though it has not been
confirmed that the lysine serves the catalyzing role illustrated in Figure 2, it is a known
requirement that protonated nitrogen-containing side chains (e.g., lysine or arginine)
must be present in order for reaction to occur. This has led to several experimental
studies looking specifically at the kinetics and resultant silica nanoparticle
morphologies of systems using polylysines'?13 and polyarginines’® to catalyze the
oligomerization reaction. Coradin et al.'3 found that the number of NH3* binding sites
is a key factor in the rate of the oligomerization reaction. It should also be noted that
it is unlikely that this reaction mechanism occurs in a single step as depicted in Figure
2, as this depiction shows deprotonated (negatively charged) and protonated
(positively charged) orthosilicic acid molecules interacting, which are very unlikely to
exist in the same reaction environment at the same pH with a long enough lifetime to
come close enough to reaction. That said, an analogous reaction mechanism with
proton transfers and condensation steps occurring in a step-wise fashion was
investigated in this study (Figure 3 and vide infra).
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Figure 2: Proposed overall reaction mechanism of orthosilicic acid dimerization, involving two
lysine sidechains of the catalyzing peptide (modified from Lechner and Becker').

Much of the groundwork for understanding the possible reaction pathways of this
system originated from a study by Hu, et al.¥, which used DFT to compute the
energetics of the reaction network for two silica dimerization reaction types: one with
no small molecule catalyst and one with a single water molecule that could act as
either a catalyst or spectator at various points along the reaction pathway (Figure 3).
To investigate the relative capability of lysine and arginine side chains to catalyze this
reaction, all structures from Hu, et al. were re-optimized and the energetics of each
reaction network was calculated with water replaced by a guanidinium ion, C(NH,)s*
(as an arginine side chain analog) and methylammonium ion, CH3NH3* (as a lysine
analog). The Hu, et al. reaction network is unique compared to other computational
studies of the dimerization of orthosilicic acid because it recognizes the isomerization
pathway from intermediate 1 to intermediate 2 as an energetically viable pathway to
the product complex; while other studies acknowledge the possibility of both internal
and external (via water or other protonated species in solution) proton transfers, this
isomerization pathway has largely gone unexplored.'5:16
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Figure 3: a) Reaction network under investigation in this study. b) Two-dimensional depictions of
transition state structures. When a proton transfer occurs in the structure, a small molecule or ion
[H20, C(NH;)3*, or CH3NH3* in this study] can behave as either a spectator or proton donor, giving
the structure the suffix -s or -c, respectively.
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2. Results and Discussion
The energetics of the reaction network in Figure 3 were calculated for four separate
systems: 1) no catalyst, 2) H,O as a catalyst or spectator, 3) C(NH,);* as a catalyst or
spectator, and 4) CH3;NH3* as a catalyst or spectator. Results of the energies of these
optimized structures is shown in Figure 4. Consistent with Hu, et al.,’ the naming
convention for each stationary point for each system is as follows: the stationary point
name in Figures 3 and 4 is followed by s if the small molecule is behaving as a
spectator (if this is relevant for the given structure) or ¢ if the small molecule is
behaving catalytically (e.g., donating or accepting a proton), and then the name is
followed by the system abbreviation [w for H,O, g for C(NH,)3;*, and ma for CH3;NH3*].

For each of these systems, many configurations and conformations of hydrogen-
bonding networks are possible. To find the configurations that were most likely to be
the lowest energy, Hu, et al. took the lowest energy configurations from the no catalyst
system, added a water molecule to every possible location where the molecule could
provide two additional hydrogen bonds and optimized each of those structures. In this
work, every structure from the H,O system had the H,O molecule replaced with a
C(NHy)s* ion and a CH3NH3* ion and each of those structures was optimized.
Additionally, catalyst molecules were placed in arrangements that maximized the
number of hydrogen bonds in the complex. The geometries of all of the optimized
configurations for every system are included in the Supporting Information.
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Figure 4: Energetics of the reaction networks shown in Figure 3 for orthosilicic acid dimerization
with a) no catalyst (red), b) one H,O molecule as a catalyst or spectator (blue), c) one C(NH;);*
ion as a catalyst or spectator (green), and d) one CH3NH3* ion as a catalyst or spectator (orange).
The minimum (bold) energies of configurations for each stationary point are labelled and the
lowest energy pathway from reactant complex (RC) to product complex (PC) is highlighted in the
respective color assigned to that system. Energies shown are free energies relative to the reactant
complex at the CAM-B3LYP/6-311++G(2d,2p) level of theory.

The lowest energy pathways for each system are highlighted in color, where the lowest
energy pathway is defined as the complete pathway from reactant complex to product
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complex with the lowest energy rate-determining step (i.e., the step in the mechanism
with the highest free energy barrier). All systems’ lowest energy pathways are
compared in the plot in Figure 5.
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Figure 5: The lowest energy pathways from Figure 3 for each system, overlaid for comparison.
Every system’s lowest energy pathway, aside from the CH3;NHj;*-catalyzed system, is the
isomerization pathway. In contrast, CH3NH3* selectively lowers the barrier for water removal of
IM1 enough to make direct water removal the preferred pathway. Note: Because CH3NH3*

protonates the hydroxyl group on IM1 to remove water, the product complex PC-cma contains
(OH)3SiOSi(OH);, H2O, and CH3NH,, whereas (OH)3SiOSi(OH),O- is deprotonated in the other
three systems.

2.1 No Catalyst System

In the case of the system with no catalyst, the lowest energy pathway is definitively
the isomerization pathway, where instead of IM1 losing water directly, IM1 isomerizes
to IM2 before losing water via TS4, where a proton is being transferred from a hydroxyl
group located on the opposing silicon center to the leaving hydroxyl group (Figure 6,
TS4). TS2 and TS3 are both higher in energy than their competing transition state
structures, TS-iso and TS4 respectively, because they both require a proton transfer
to occur between the leaving hydroxyl group and a hydroxyl group on the same silicon
center from which the hydroxyl is leaving. The proximity of the hydroxyl groups makes
a non-ideal transfer angle of that proton in the four-atom-centered transition state;
meaning, the orbital overlap between the lone pair on the oxygen of the leaving
hydroxyl group and the o*-antibonding orbital of the breaking O-H bond is not optimal.

Comparatively, TS4 has a six-membered ring motif in its structure, allowing that proton
transfer to occur with minimal strain.
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Figure 6: Three-dimensional ball-and-stick representations of the lowest free energy optimized
structures for each stationary point in the reaction network for the no catalyst system. Energies
shown below each structure’s name are free energies relative to the reactant complex (RC). Where
two transition state structures follow a common intermediate, the free energy of the lower energy
structure is highlighted in red. Forming/breaking bond distances in the transition state structures
are shown in Angstroms (A).

2.2 H,0 System

In the case of an H,O molecule being involved in the reaction as a catalyst or
spectator, the lowest energy pathway remains the isomerization pathway; however,
the presence of an H,O molecule lowers the barrier for H,O loss significantly by
intervening in the H,O loss transition state structures. Specifically, in the case of TS2,
when the H,O molecule is acting as a spectator (TS2-sw), the H,O molecule can be
a hydrogen bond donor to the leaving OH group, stabilizing its impending negative
charge, contributing stabilization energy to counteract the strain energy of the original
four-membered transition state structure. When the H,O molecule behaves as a
catalyst (TS2-cw), the relevant atoms are arranged in a six-membered array, with a
proton being transferred to the H,O molecule as the H,O molecule transfers a proton
to the leaving hydroxyl, fully relieving the strain associated with this transition state
structure. The opposite situation is seen with TS3, where the water-catalyzed
mechanism (that is, when water donates a proton to the leaving hydroxyl group, rather
than spectating during an intramolecular proton transfer) is actually 4.4 kcal/mol higher
in free energy than the transition state structure where the H,O molecule is behaving
as a spectator. This difference between catalytic transition state structures is likely
because one of the proton transfers occurring in TS2-cw is taking place on the
opposite side of a strong hydrogen bond between the oxygen losing a proton and a
hydroxyl group on the opposing silicon center. This hydrogen bond is not present in
either TS3-cw or TS4-cw, and since two proton transfers are occurring (i.e., two bonds
are breaking), the relative energies of these TSSs is higher than TS3-sw or TS4-sw,
where only one proton transfer occurs. With TS4, the H,O molecule behaving as a
spectator adds two additional hydrogen bonds to the structure by linking two hydroxyl
groups in a hydrogen bonding network away from the leaving hydroxyl, making it the
lowest energy transition state structure in the group of four competing pathways. When
the H,O behaves as a catalyst (TS4-cw), the cyclic part of the transition state structure
expands to eight total atoms, but this does not relieve any additional strain compared
to when the leaving hydroxyl group is a part of a six-membered array.
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Figure 7: Three-dimensional ball-and-stick representations of the lowest free energy optimized
structures for each stationary point in the reaction network for the one H,O molecule system.
Energies shown below each structure’s name are free energies relative to the reactant complex
(RC-w). Where two transition state structures follow a common intermediate, the free energy of
the lower energy structure is highlighted in dark blue. Forming/breaking bond distances in the
transition state structures are shown in Angstroms (A).

2.3 C(NH););* System

When using a single C(NHy)s* ion, an arginine side chain analog, to catalyze or
scaffold the reaction as a spectator, the picture is quite similar to that of the one H,O
molecule system (Figure 8). The lowest energy pathway is the isomerization pathway,
and the TS2 structures show a similar energy difference compared to the H,O system,
except that when the C(NH,);* ion acts as a catalyst (TS2-cg, Figure 8), the relative
free energy is about 4 kcal/mol higher than the equivalent structure in the one H,O
molecule system (TS2-cw, Figure 7). The similarities between H,O and C(NH;)s* ion
are not particularly surprising, as water and guanidinium ion have very similar pK,s
(the pK, of guanidinium ion is about 13.6'" and the pK, of water is 14'8), despite the
fact that guanidinium ion bears a positive charge, which is delocalized over all of the
hydrogens in the structure. The reason TS2-cg is higher in relative free energy in its
reaction network than TS2-cw is because guanidinium ion has quite a different shape
from a water molecule and can only behave as a hydrogen bond donor, whereas water
can be both a donor and acceptor. This causes slight geometric changes of the
stationary points in the reaction network and in the transition state structures where
C(NH,)s* ion acts as a catalyst, the C(NH,)3* ion is just donating a proton to the leaving
hydroxyl group because there is no available lone pair in the C(NH,)3s* ion structure to
accept a proton from the silica dimer (see TS2-cg and TS3-cg in Figure 8). A
transition state structure corresponding to TS4-cg could not be optimized, most likely
because the guanidinium ion is not acidic enough to donate a proton in this
conformation, and an intramolecular proton transfer from a hydroxyl group on the
adjacent silicon center is always preferred (i.e., TS4-sg in Figure 8).
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Figure 8: Three-dimensional ball-and-stick representations of the lowest free energy optimized
structures for each stationary point in the reaction network for the one C(NH;);* ion system.
Energies shown below each structure’s name are free energies relative to the reactant complex
(RC-g). Where two transition state structures follow a common intermediate, the free energy of the
lower energy structure is highlighted in dark green. Forming/breaking bond distances in the
transition state structures are shown in Angstroms (A). No TS4-cg structure could be optimized.

2.4 CH;NH;* System

Only the one CH3NH3* ion system shows a different mechanism for the lowest energy
pathway, where the direct water loss mechanism via TS2-cma, with the CH3NH3* ion
behaving as a catalyst, is lower in energy than the isomerization pathway. It should be
noted that, like the C(NH,)s* ion case and unlike H,O, CH3NH3* ion does not have a
free lone pair available to synchronously accept a proton from the silica dimer as it
donates a proton to a leaving hydroxyl group (see TS2-cma, TS3-cma, TS4-cma in
Figure 9), and this also leads to the lowest energy product complex being one where
all substituent molecules are neutrally charged (PC-ma in Figure 9). The acidity of
CH3NHs3* ion allows for direct water loss via TS2-cma to have a lower barrier than the
isomerization transition state structure, TS-iso-ma. The pK, of CH3;NH;* ion is about
10.7, which is similar to the measured pK, of the lysine ammonium group at about
10.5.9 Interestingly, the lysine ammonium group’s pK, can be lowered significantly
dependent on the environment around the side chain.’® A future research direction
could be to investigate the functional pK, of the lysine groups of R5 or native silaffin,
which could lend credence to the fact that these lysine side chains are behaving as a
Brgnsted acid in this reaction. It is worth nothing that pK, of orthosilicic acid is about
9.8,20 comparable to a lysine side chain’s pK,. It is possible that this means the
reaction environment needs to be basic enough for there to be Si(OH);0- ions present,
but the molecule catalyzing the water removal step needs to be acidic enough to
facilitate protonation of a hydroxyl group of intermediate 1 or 2.
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Figure 9: Three-dimensional ball-and-stick representations of the lowest free energy optimized
structures for each stationary point in the reaction network for the one CH3;NH3* ion system.
Energies shown below each structure’s name are free energies relative to the reactant complex
(RC-ma). Where two transition state structures follow a common intermediate, the free energy of
the lower energy structure is highlighted in dark orange. Forming/breaking bond distances in the
transition state structures are shown in Angstroms (A). Two views of TS3-sma are shown for
clarity.

2.5 Distortion-Interaction Analysis

We used a distortion-interaction analysis?' (also sometimes called an activation strain
model??) to understand the origins of the relative differences in energy between
transition state structures for the second step of the reaction (direct water removal,
TS2, or isomerization, TS-iso) for each of the systems involving a small molecule
catalyst (Figure 10). The assumption of a distortion-interaction analysis is that the
barrier of a reaction step is due to a combination of two main factors: the energy
penalty required to bring the components of the transition state structure from their
minimum energy structures to their geometries in the transition state structure
(distortion energy) and the energy benefit due to the components of the transition state
structure interacting with one another (interaction energy).

To isolate specifically how the different small molecule catalysts affect the relative
energetics of the transition state structures, each transition state structure was split
into two fragments: 1) the catalyst [H,O, C(NH,);*, or CH3NH3*] and 2) the silica
moiety. A single point energy calculation of each of these fragments was conducted
to get their electronic energies in the geometry at the transition state structure. Each
of these fragments was then optimized to a minimum. The difference in energy
between the geometry of the fragment in the transition state structure and the energy
of the optimized structure is referred to as the “distortion” energy. The distortion energy
of each of the fragments is then summed to get the total distortion energy required to
create the geometry of the transition state structure (fragment 1 distortion, red, and
fragment 2 distortion, light red, in Figure 10). The “interaction energy” (light blue in
Figure 10) is then the difference between the barrier for this step of the reaction (white
with black border in Figure 10) and the total distortion energy.
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Figure 10: Results of the distortion-interaction analysis used to determine the difference in factors
affecting the size of the barrier for the second step of the silica dimerization reaction (direct water
removal, TS2, or isomerization, TS-iso) for the three systems involving a small molecule
catalyst/spectator.

An important aspect of this analysis to note is that the barriers reported are electronic
energies, whereas previous energies reported were free energies. Calculating relative
free energies is done by conducting a vibrational frequency analysis, which is only
possible at stationary points on a potential energy surface (which the distorted
fragment structures are not). This is necessary to note because, in terms of electronic
energy, the CH3NH3;* system shows a different relative ordering of transition state
structures compared to free energies, with the isomerization transition state (TS-iso-
ma) being about 1.3 kcal/mol lower in electronic energy than the direct water removal
transition state with the CH3NH3* donating a proton to the leaving hydroxyl group (TS2-
cma). Still, this energy difference is small in the CH3NH3* case, but more significant in
the H,O and C(NH);* cases (4.9 and 7.6 kcal/mol, respectively), so it can be
confidently said that the isomerization pathway is preferred in the latter cases, but not
necessarily in the CH3NH;3* case.

Comparing isomerization transition state structures between systems, in each case,
the distortion energy of the small molecule catalyst is minimal, and the total distortion
energy is dominated by distortion of the silica moiety. This distortion is highest in the
H,O case, though this system also exhibits the highest interaction energy, and so the
electronic energy barriers between all three systems are very similar. Looking at the
direct water removal transition state structures with the small molecule donating a
proton to the leaving hydroxyl group, the distortion energies of the silica moiety are
similar, but the distortion energies of the small molecules in the C(NH;)3;* and CH3NH3*
systems are significantly higher than the H,O case. This is because TS2-cg and TS2-
cma are “later” transition state structures than TS2-cw; as in, the proton transfer from
the small molecule to the silica moiety is more advanced in the optimized TS2-cg and
TS2-cma structures compared to TS2-cw, causing the single point electronic energy
of the distorted catalyst structure to be quite high. The advanced nature of the proton
transfers in TS2-cg and TS2-cma also lead to high interaction energies between the
catalyst and silica moieties. The interaction energy of TS2-cma ends up higher relative
to the distortion energy than in TS2-cg, once again likely because of the relative acidity
of methylammonium ion compared to guanidinium ion. Finally, looking at the direct
water removal transition state structures with the small molecule behaving as a
spectator in the reaction, TS2-sw and TS2-sg have very similar barriers that can be
attributed to similar distortion and interaction energies, but TS2-sma has a higher
barrier due to a higher distortion energy of the silica moiety and a much smaller
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interaction energy between the catalyst and silica fragments. Ultimately, it can be
concluded that the interaction energy between the CH3;NH3;* and silica fragments in
TS2-cma is the biggest factor determining the difference in preference in pathways
between small molecule catalyst systems.

2.6 Two CH;NH;* System

As a final step in our analysis, in order to verify the validity of Lechner and Becker’'s
proposed mechanism'! in Figure 2, a system involving two CH3;NH3* ions was
investigated (Figures 11 and 12). In this system, the only stationary points
investigated were those where one CH3;NH3* ion behaved as a spectator and the other
as a catalyst/proton donor (where relevant). As can be seen in Figure 11, the relative
energies of complexes in the reaction network with two CH3NH3* ions are similar to
the relative energies of complexes involving one CH3NH3* ion, with TS1 increasing in
relative energy by about. 1.2 kcal/mol and TS2 decreasing in relative energy by about
1.7 kcal/mol. The relative free energy decrease of TS2 implies that the addition of a
second protonated amine to coordinate to the silica dimer system could increase the
rate of dimerization of orthosilicic acid. The KXXK domain (i.e., two lysine residues
separated by two other residues) is commonly observed in the primary amino acid
sequences of silaffins, so it is possible that two lysine residues behave in tandem in
this manner to catalyze this reaction. More studies need to be conducted in order to
determine whether or not this is the reason that two lysine side chains are able to
catalyze the formation of nanospheres of silica in situ. Lowest energy optimized
structures can be seen in Figure 12.
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Figure 11: A comparison of the reaction networks employing one CH3NH3* ion (left) and two
CH3NH3;* ions (right) as catalysts or spectators. In the case of two CH3NH3* ions, in the relevant
transition state structures, one CH3;NH3;* ion always behaved as a catalyst and the other a
spectator.
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Figure 12: Three-dimensional ball-and-stick representations of the lowest free energy optimized
structures for each stationary point in the reaction network for the two CH3;NH3* ion system.
Energies shown below each structure’s name are free energies relative to the reactant complex
(RC-2ma). Where two transition state structures follow a common intermediate, the free energy of
the lower energy structure is highlighted in dark orange. Forming/breaking bond distances in the
transition state structures are shown in Angstroms (A).

While including a second methylammonium ion appears to lower the barrier for the
water removal step of the reaction, the step that would be rate-determining in this case
is the generation of IM1, the initial complex of two orthosilicic acid molecules
containing a pentacoordinate silicon center. That barrier appears to be ~1.2 kcal/mol
higher in energy, which is likely due to a lowering in relative energy of the reactant
complex, RC-2ma. A more thorough investigation of different hydrogen-bonding
arrangements of these species would need to be conducted to draw definitive
conclusions about the relative energies of stationary points in this reaction network,
but the purpose of this study was to determine whether the initial reaction mechanism
proposed by Lechner and Becker'' would be reasonable. Indeed, the energetics of
the reaction mechanism proposed (split into two steps, rather than a single step) are
reasonable for this reaction to occur. Additionally, we are able to conclude that a direct
water removal mechanism, as drawn in the original proposed mechanism, is more
likely than the isomerization mechanism found to be the lowest energy pathway when
using water molecule as a catalyst in the DFT studies of silica dimerization by Hu, et
al.'4

3. Conclusions
The results of this study indicate the possible ways in which lysine residues on silaffin
peptides may be able to selectively catalyze the oligomerization reaction of orthosilicic
acid compared to water and arginine. Namely, the acidity and shape of the protonated
amine portion of the lysine sidechain lowers the barrier for water removal at the rate-
determining step of the reaction mechanism. A methylammonium ion catalyst was able
to change the preferential pathway in the reaction network from an isomerization
pathway (preferred when a water molecule or guanidinium ion is used as a
catalyst/spectator) to a direct water removal pathway. This preference was
interrogated using a distortion-interaction analysis, which revealed that the strong
interaction between methylammonium ion and the silica dimer in the transition state
structure is to blame for the difference in preference of the second step of the reaction
mechanism in the reaction network (i.e., direct water removal or isomerization).
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Additionally, the direct water removal pathway remained a viable mechanism at
ambient conditions when two methylammonium ions scaffolded the reaction, which
supports the proposal by Lechner and Becker'' that two lysine side chains are involved
in the reaction when conducted in the presence of a catalyzing peptide. Ultimately,
this study reveals the mechanistic origins of synthetic studies that find lysine residues
present within a catalyzing peptide are necessary to generate silica nanospheres in
solution.

A next step in this analysis would be using molecular dynamics simulations to
systematically sample different hydrogen-bonding configurations of the small molecule
catalysts investigated. When doing such investigations using chemical intuition, there
is always the possibility of not sampling a wide enough breadth of chemical space.
Classical molecular dynamics simulations will be conducted on the silica dimer in pure
water, as well as solutions of protonated amines, to determine the dominant hydrogen-
bonding configurations of these systems in solution.

4. Methods

Structure optimizations and energy calculations were conducted using Gaussian 1623
software. Structures were characterized by a frequency calculation revealing zero
imaginary frequencies for potential energy minima and exactly one imaginary
frequency for transition state structures. The connection of each transition state
structure to its flanking minima was verified by intrinsic reaction coordinate (IRC)
calculation.?* Unless otherwise noted, structures were optimized using the CAM-
B3LYP25/6-311++G(2d,2p) level of theory using the IEFPCM?26 implicit solvation model
with a water solvent. The geometrical and energetic dependence on computational
method was examined by comparing CAM-B3LYP, M06-2X, and MP2 calculations by
Hu, et al.’”* CAM-B3LYP was in good agreement with MP2 calculations at a lower
computational cost and the 6-311++G(2d,2p) basis set was found to be large enough
for accuracy, but small enough to converge in a reasonable amount of time. Thus, the
CAM-B3LYP/6-311++G(2d,2p) level of theory was chosen for the study described
here.

3-dimensional ball-and-stick images of molecular structures were generated using
CYLView20 software.?’

Scanning electron microscope (SEM) image in Figure 1 was captured using a JEOL
JSM-IT-100 high resolution SEM with EDS for elemental analysis and variable (low)
pressure control for imaging without evaporated coating.
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