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Abstract

Molecular dynamics simulations, conventional and metadynamics, were
performed to determine the interaction of model protein Gb1l over kaolinite
(001), Na*-montmorillonite (001), Ca?*-montmorillonite (001), goethite (100),
and Na*-birnessite (001) mineral surfaces. Gb1l, a small (56 residue) protein
with a well-characterized solution-state nuclear magnetic resonance (NMR)
structure and having a-helix, 4-fold B-sheet, and hydrophobic core features,
is used as a model protein to study protein soil mineral interactions and gain
insights on structural changes and potential degradation of protein. From our
simulations, we observe little change to the hydrated Gb1 structure over the
kaolinite, montmorillonite, and goethite surfaces relative to its solvated
structure without these mineral surfaces present. Over the Na*-birnessite
basal surface, however, the Gb1l structure is highly disturbed as a result of
interaction with this birnessite surface. Unraveling of the Gb1l B-sheet at
specific turns and a partial unraveling of the a-helix is observed over
birnessite, which suggests specific vulnerable residue sites for oxidation or
hydrolysis possibly leading to fragmentation.

Solvated Gb1 over Kaolinite(001)
+ Gb1 folded structure intact
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1 Introduction

Soil is the largest terrestrial source and sink of the earth’s organic carbon
and, therefore, has a great impact on the atmospheric carbon levels.(1-3)
Not only is retention of organic carbon in soil important to climate change, it
is crucial to soil quality impacting our food and fiber security.(4) A critical
unknown in biogeochemical cycling, carbon biosequestration, and
greenhouse gas emissions in terrestrial ecosystems is the question of
mineral control over biomolecule functionality. The catabolic tools used by
microorganisms for the decomposition of organic substrates are protein
catalysts such as intracellular and extracellular enzymes (exoenzymes). A
major factor determining the activity of extracellular enzymes is their affinity
to mineral surfaces. Unfortunately, the rate-modifying capacity of mineral
surfaces for enzyme activity is not a mechanistically straightforward process
that may be easily predicted.(5, 6) For example, van Loosdrecht et al.(7)
showed that montmorillonite may either inhibit, decrease, or increase the
microbial conversion of adsorbed protein, while Russo et al.(8) were able to
demonstrate that manganese oxide may induce the disappearance of prion
protein from soils at low pH. Hence, the question arises: How do abiotic,
geochemical factors such as mineral surface characteristics contribute to,
induce, or modify the functionality of enzymatic tools?

Experimental studies of the interaction of biological and natural organic
matter (NOM) with mineral surfaces, involving multiple techniques, such as
nuclear magnetic resonance (NMR), X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), Raman, atomic force microscopy
(AFM), and ultraviolet and visible spectroscopy (UV/vis), have been
performed in the realms of soil science,(5, 6, 9-20) biotechnology,(16, 21-23)
agricultural technology,(24) food processing,(25-27) water treatment,(28)
and many industrial processes.(17, 29, 30) These studies have been
concerned with the chemical and structural stability of biological or organic
matter on mineral surfaces. For protein-mineral interactions in these realms,
preservation of the enzymatic activity of the adsorbed or immobilized protein
is also of interest. Phyllosilicate (e.g., smectite and kaolinite) mineral
interactions with biomolecules and organic molecules have been of primary
interest in many of these experimental studies.

From an atomistic viewpoint, molecular dynamics simulations can be
employed to gain insight into soil organic carbon (SOC)-mineral surface
interactions where experimental observation and measurement may be
difficult to perform or interpret. To the best of our knowledge, molecular
dynamics has only been used to study NOM-mineral interactions for a few
instances. It has been applied to study NOM-mineral interactions using NOM
model molecules possessing many of the chemical and physical properties of
NOM.(31-34) Molecular dynamics was also applied to nucleic acid (e.g., DNA,
RNA, ribosomes)-mineral interactions pertinent to the solving of the origins
of life mystery.(35-39) The interactions of protein (e.g., hen egg white
lysozyme,(40, 41) fibronectin(42)) with silica in the context of



biotechnological applications (e.g., drug/nutrient delivery) were also
determined with computer simulations. The former two series of studies
focused on phyllosilicate surfaces, primarily smectites such as
montmorillonite. The latter series of studies involves charged silica or mica
mineral surfaces. We are aware of only one study of protein (i.e., lipase)
interacting with a transition metal oxide (TMO) surface (rutile TiO2(110)).(43)
TMO minerals can be involved in redox (electron-transfer) reactions leading
to potential catalytic change, denaturing, and decomposition of SOC in
different soil systems. The interaction of SOC or biological matter with soil-
relevant TMO minerals such as Fe oxides (hydroxides) and Mn oxides
(hydrates and hydroxides) has not been studied with molecular simulation
methods. Moreover, a comparison of protein interactions with multiple types
of realistic hydrophilic mineral surfaces present in soil has not been explored
atomistically using molecular dynamics simulations.

In this work, and for the first time to the best of our knowledge, molecular
dynamics simulations are used to study the structural changes of the well-
characterized (via solution-state NMR(44) and crystallography(45)) and
remarkably stable (reversible melting at 87 °C)(44) B1 immunoglobulin-
binding domain of streptococcus protein G (i.e., Gbl) interacting with
kaolinite, montmorillonite, goethite, and birnessite surfaces. The aim of our
work is to provide insight into the potential stabilization or destabilization
mechanisms of soil proteins, with various mineral surfaces present in soil. As
protein-mineral interactions are of overriding importance for decomposition
processes in complex soil systems, this insight can be considered vital to
achieve the goal of including decomposer functionality into decomposition
models.(46) In addition, this work sheds light on potential changes in protein
(e.g., microbial or plant root exudate extracellular enzymes) activity as a
result of mineral surface interactions, which impacts the SOC microbial
decomposition rates.

2 Theoretical Approach
2.1 Mineral Surfaces, Protein Model, and Force-Field Parameters

Each of the four mineral bulk lattice models (kaolinite, montmorillinite,
goethite, and birnessite) were constructed using the crystallography data
from Bish et al.(47, 48) for kaolinite, Viani et al.(49) for montmorillonite (Na*
and Ca?*), Yang et al.(50) for goethite, and Lopano et al.(51) for triclininc
Na*-birnessite. For the montmorillonite, nonadjacent, central alumimum
atoms were substituted with Mg?*, and silicon atoms were replaced with AI**
(Wyoming-type) to give a supercell with the stoichiometry:
H12sNa24MQ16Al120Si245076s for the Na*-montmorillonite and
H125Ca12MQg16Al120Si245076s for the Ca?*-montmorillonite. Water molecules (not
included in the crystallographic data of Viani et al.(49)) were loaded into the
montmorillonite interstitial spaces using Gibbs ensemble Monte Carlo (GEMC)
simulations with constant temperature (300 K) and pressure (1 atm) via the
Towhee program.(36) The CLAYFF force-field potential parameters of Cygan



et al.(52) for the montmorillonite lattice and the SPC/E force-field potential
parameters of Berendsen et al.(53) for the water molecules were used in the
GEMC simulations. For the birnessite system, the lattice was expanded to a 1
X 2 X 1 supercell with one sodium cation in the interstitial. Three water
molecules were placed around the sodium cation in the interstitial to give an
idealized composition of NaMn4Og-3H,0 (Figure 1). Surface models were
cleaved from these initial bulk lattice models using the Materials Studio
software.(54) The resulting planes of interest in this work are the kaolinite
(001), montmorillonite (001), goethite (100), and birnessite (001) surfaces
(Figure 2). Surface charge density for charged mineral systems (MMT and
birnessite) or active site number density for uncharged mineral systems
(kaolinite and goethite) can be found in the Supporting Information (Table
S2).
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Figure 1. Atomistic lattice models of the mineral systems of interest: (a) kaolinite, (b) Na* or Ca®* montmorillonite (MMT), (c) goethite, and (d)
Na' birnessite. (Color scheme: white, H; red, O; magenta, Al; gold, Si; green, Mg; blue, Na; cyan, Ca; pink, Fe; purple, Mn.)
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Figure 2. Mineral surfaces considered in this work: (a) kaolinite (001), (b) montmorillonite (001), (c) goethite (100), and (d) birnessite (001).

To accommodate large protein structures, these surfaces were expanded in
the xy plane to between 72 and 92 A in the x direction and between 71 and
92 A'in the y direction with an aim of achieving similar surface areas. For the
kaolinite surface, the resulting surface was a two-layered 82.384 x 80.406 A
surface. For both the Na* and Ca?*-montmorillonite surface, the resulting
surfaces were two-layered 82.880 x 71.840 A dimensional surfaces. For the
goethite (100) surface, an 81.481 x 82.762 A surface was created. For the
birnessite system, the resulting two-layered system had the dimensions
82.194 x 91.123 A. After extending the surfaces, a 100 A vacuum layer was
placed on top of the each surface. Periodic boundary conditions are assumed
for these models.

The pdb file for the Gb1 protein structure was obtained from the Protein Data
Bank (pdb code 1Gb1l from http://www.rcsb.org/pdb/home/home.do) (Figure
3). The protein structure was placed over each of the five surface models,
giving an ~10 A distance between the bottom of the protein and the surface.
The protein was initially oriented with the Gb1l electric dipole roughly parallel
to the surface normal. This initial orientation is in line with the preferred
orientation of Gb1 over self-assembled monolayers (SAMs) with a surface
termination of positively charged ammonium groups as determined by the
MD simulations of Liu et al.(55) Though not expected to be the preferred
orientation of Gb1l over the surfaces of interest in this study, model cells
were also constructed with the Gb1l electric dipole antiparallel to the surface
normal. The vacuum around the protein and above the surface in each of the
five cases was randomly filled with water molecules using the Packmol
program(56) to a 1 g/cm? density for the water-molecule-occupied volume of



the system box. Four Na* atoms for all systems except for that of Ca?*-MMT
(two Ca?* atoms instead) were used to balance the net 4e- charge of the Gb1l
protein above its IEP pH. Variation of ionic strength of the aqueous phase will
be considered in future work. The resulting pdb files were then used as input
in the home-grown Python program to generate LAMMPS(57) data files
containing the system topologies and properly assigned force-field
parameters. The AMBER (ff99SB) force-field(58) was applied to the protein
system, the CLAYFF force-field (with the Mn3* and Mn** extensions of
Andersen(59) and the reparameterization of the Fe3* potential developed by
Kerisit(60)) were applied to the mineral surfaces and solvated counterions,
and the SPC/E force-field was applied to the water molecules. The pH of all
the simulations was a neutral 7 pH.

Figure 3. Gbl protein. Purple ribbon represents a-helix secondary
structure, and yellow arrows represent 4-fold f-sheet secondary
structure. The CPK balls represent side groups: blue-green, C; red, O;
blue, N; white, H; yellow, methionine §.

2.2 Molecular Dynamics Simulations

After the LAMMPS data files were generated, conventional molecular
dynamics (MD) simulations were performed. All MD simulations were
performed with the LAMMPS massively parallel MD program.(57) The
particle-particle particle-mesh (PPPM) method was used to calculate the
long-range electrostatic interactions. The generated models were first
minimized using the conjugate-gradient method. After minimization, each
system was thermalized with a ramp up in temperature from 50 to 300 K
over 1 ns at NVT. Following this initial thermalization, each system was



equilibrated at 300 K with NPT (for 1 ns). Finally, each system was run for a
simulation time duration of 80 ns. The SHAKE algorithm was applied to keep
all H-bearing bonds and the bond angles of the water molecules fixed. This
allowed for a longer 2 fs time step. After the completion of the MD
simulations, the trajectories were visualized and analyzed using the VMD
software package.(61) Details of the analyses used can be found in the
Supporting Information (section 3).

Following conventional MD simulations, further metadynamics simulations
were performed to determine the free energy of the protein binding to the
mineral surfaces and to accelerate the sampling of configurations that may
not be readily observed with relatively short conventional MD trajectories.
This was performed using the COLVARS(62) package interfaced to the
LAMMPS molecular dynamics program. The metadynamics simulations
probed one collective variable, the center of mass distance between the
surface and Gb1l. The hill height and width of the added Gaussians were set
to 0.01 kcal/mol and 0.25 A, respectively. The Gaussians were added every
1000 ps. The durations of metadynamics simulations were 502.9, 621.9,
479.4, 677.4, and 501.1 ns for kaolinite (001), Na*-MMT(001), Ca?*-
MMT(001), goethite (100), and Na*-birnessite(001), respectively.

3 Results and Discussion
3.1 Solvated Gb1l-Kaolinite (001) Complex

First, we present our results of the Gbl-kaolinite interactions. Kaolinite is a
phyllosilicate mineral having a layered structure. A layer of kaolinite is polar
in the direction normal to the (001) basal surface with one side covered with
protons at bridging oxygen sites attached to a gibbsite-like aluminum layer,
and the other side of the layer is terminated by bridging oxygen ions
attached to a tetrahedral silicon layer. Unlike montmorillonite, kaolinite is a
nonswelling clay (i.e., water or other molecules/ions penetration into the
interlayer space to cause expansion of the interlayer is unfavorable). With
Gb1l's overall negative charge (—4e) at pH 7, the protein is more likely to
adsorb on the alumina side basal plane of kaolinite (IEP between 6 and
8(63)) with its negatively charged carboxylate side groups, carboxylate
terminus, and neutral electronegative polar groups. Our simulations reveal
binding mechanisms that are consistent with this hypothesis (Figure 4).
Water molecules also strongly interact with the hydrophilic surface and
compete with the protein adsorption, which is the reason for the gap in
contact between the Gb1l protein and kaolinite surface. This has been shown
in other MD simulation studies involving proteins over hydrophilic surfaces
(i.e., silica, TiO,, SAMs).(40, 43, 64, 65) Experimentally, FT-IR data indicate
the absence of hydrogen bonds between the proteins (i.e., whey proteins, a-
lactalbumin, bovine serum albumin, B-lactoglobulin) and kaolinite surfaces.
(25, 26)
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Figure 4. Gbl adsorbed to kaolinite proton-covered (001) basal surface. Simulation snapshot (80 ns) with water molecules removed for clarity.

3.2 Solvated Gb1l-Na*/Ca?*-Montmorillonite (001) Complex

Like kaolinite, montmorillonite (MMT) is a phyllosilicate mineral. However,
montmorillonite has a 2:1 structure with an octahedral aluminum oxide layer
sandwiched between two tetrahedral silicon oxide layers. Both sides of a
layer are terminated by bridging oxygen ions. This is not a polar
arrangement of atoms like the kaolinite layers. Moreover, the Wyoming-type
MMT can have tetrahedral aluminum substitutions of silicon at the
tetrahedral silicon outer layers of a MMT layer to create a net negative
charge in addition to those substitutions in the octahedral aluminum layer.
The net negative charge is balanced by the presence of alkali or alkaline
earth metals (e.g., Na*, Ca?*) in the interlayers accompanied by water
molecules. However, unlike kaolinite, MMT has a greater swelling potential
(i.e., addition of water or other molecules that expand the interlayer).

Though the aluminosilicate layers are negatively charged, the negatively
charged Gb1l’s carboxylate and nonpolar electronegative groups can interact
with the charge-balancing cations present at the surface (unless the cations
diffuse away from the surface through the aqueous solution). Our simulations
show that the ammonium cation groups of the protein, however, are
attracted to the negatively charged MMT layers. Compared to the Gb1l-
kaolinite (001) system, Gb1l seems to have minimal contact with the MMT
(001) basal surface (Figure 5). Consistent with this result, Ca?*-MMT has been
shown by Naidja et al. not to immobilize protein tyrosinase, which, like Gb1,
carries a net negative charge at pH 7; however, MMT coated with Al
hydroxide (comparable to the gibbsite side of kaolinite) readily immobilizes
tyrosinase. The immobilized tyrosinase was less sensitive to temperature
and retained activity longer compared to free tyrosinase.(14) “Soft” (i.e.,
flexible) protein bovine serum albumin (BSA) (IEP 4.8) adsorbs, intercalates,



and denatures infon Na*-MMT.(17, 66) However, Ca?®*, unlike Na*, does not
stabilize the adsorption of BSA.(17) Interestingly, “hard” (i.e., rigid) protein
hen egg white lysozyme (HEWL,; IEP 11) adsorption is stabilized by Ca?* on
MMT and is not denatured.(17) This could be due to the net positive charge
of HEWL, which would be more electrostatically attractive to the negatively
charged MMT compared to Gb1l or tyrosinase.
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Figure 5. Gbl adsorbed to Na-MMT(001) (left) and Ca®*-MMT(001) (right) basal plane. Simulation snapshot (80 ns) with water molecules

removed for clarity. Compared to the Gbl-kaolinite case, a single carboxylate group is interacting with the surface via a Na* cation (in blue) after 80

ns of simulation. For the Ca?*-MMT(001) case, Gbl is not interacting substantially with Ca** (in cyan) covered surface.
The MMT (010) edge surface is believed to be a more chemically reactive
surface than the basal surface as it has more hydroxyl groups that can
participate in acid/base chemistry. Moreover, the hydrated interlayers may
be able to incorporate the cationic ammonium groups of the protein leading
to enhanced adsorption of the protein, and intercalation or partial
intercalation is possible. However, in contrast to the highly positive “hard”
globular protein HEWL with a high IEP of 11.4, which has been observed to
readily intercalate smectite saponite,(22) the net negative charge (—4e") of
“hard” protein Gb1l at pH 7 makes it unlikely to readily intercalate smectites.
Finally, regarding NOM adsorbed on MMT, Chorover et al. observed no shift
of carboxylate peak in their diffuse reflectance infrared Fourier transform
(DRIFT) spectra, though carboxylate uptake by MMT was apparent, indicating
a possible cation or water bridging mechanism.(19)

3.3 Solvated Gb1l-Goethite (100) Complex

Next, we looked at Gb1l on goethite. Goethite is known via scanning
transmission X-ray microscopy (STXM) to bind protein-rich domains of
extracellular polymeric substances (EPS)(9) and bind acid phosphatase (with
some structural distortion as indicated by a broad blue-shifted amide | band
in the FTIR).(10) Goethite has an elongated crystal morphology with (010),
(110), (100), and (021) crystal faces.(67) As a first simulation with the
goethite system, we chose the (100) surface.

The (100) surface is a corrugated surface with depressed bridging hydroxyls
hydrogen-bonding within the surface structure and outer water ligands



chemisorbed to the iron cations. The overall charge of the (100) surface slab
system is neutral; however, the surface can be considered to be zwitterionic,
terminated by hydroxyls and Fe3* ions with labile chemisorbed water ligands;
carboxylate groups from the Gb1 could feasibly displace the water ligands
and interact with the Fe3* cations. The carboxylate groups of Gb1 can also
interact with the water ligand protons, and the cationic Na* and ammonium
groups can interact with the bridging hydroxyl oxygen atoms. In the
simulations, Gb1l interacts with the goethite (100) surface minimally with a
single carboxylate (Figure 6). The goethite (100) surface appears to be one
of the least disturbing surfaces for Gb1l. However, Chorover and Amistadi’s
DRIFT analysis of NOM (in which proteins and peptides are a subset)
indicates that Fe-carboxylate complexes may form on the goethite surface.
(19) We will explore this further in our discussion of the metadynamics
simulations.
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Figure 6. Gbl adsorbed to the goethite (100) plane. Simulation snapshot (80 ns) with water molecules removed for clarity.

3.4 Solvated Gb1l-Na*-Birnessite (001) Complex

In the simulations of solvated Gb1l on top of the (001) basal surface of
birnessite covered with charge-neutralizing Na*, we find that the structure of
Gb1l is highly disrupted by the Na*-birnessite surface. After 40 ns of
simulation time, we find that the structure of Gb1 shows signs of unfolding
(Figure 7). The carboxylate groups of the protein are attracted to the Na*,
which is a highly dense charged layer closely held by the birnessite (001)
surface. Compared to the Gb1-Na*/Ca?*-MMT basal systems, the layer of
counter-cations is much less diffuse in the z-direction normal to the surface.
It is possible that the high surface charge density and structure of water at
the surface is disruptive to the hydrogen bond network of protein in the Na*-
birnessite case.



Figure 7. Gbl adsorbed to Na'-birnessite (001) basal plane. Simulation snapshot (80 ns) with water molecules removed for clarity. After 80 ns of
simulation, Gb1 shows loss of the folded structure in the a-helix and f-sheet (see top left turn in figure).

For tyrosinase-birnessite and bovine serum albumin (BSA)-birnessite
complexes, Naidja et al. observed with atomic force microscopy (AFM) that
the immobilized tyrosinase and BSA structures showed unfolding and
flattening, and their FTIR spectra revealed a weakening of the amide | and Il
modes of the polypeptide chains of these two proteins, indicating a possible
loss in the proportion of a-helix.(20) We also see evidence for similar
structure deformation of Gb1l over birnessite in our simulations. Unraveling
of the protein structure could open functional groups such as the amide
backbone bonds to catalytic reaction such as hydrolysis and oxidation,
leading to possible fragmentation over the highly reactive manganese oxide
surface. This may be catalyzed by hydrated out-of-plane Mn3* species in a
low pH environment in the case of low Mn vacancy birnessite.(68) As with
MMT, the edge surface of birnessite is likely to be more reactive than the
basal surface. In the case of high Mn vacancy birnessite, such as “c-
disordered” H*-birnessite,(69) vacancy sites are comparable to oxygen edge
sites with a high proton affinity and could participate in acid-catalyzed
hydrolysis reactions. Interestingly, Chorover and Amistadi’s DRIFT spectra
indicate that NOM may not be retained as strongly by birnessite as it is for
goethite, but have noted birnessite’s higher chemical reactivity as indicated
by the production of hydroxide and aliphatic acids.(19)

3.5 Comparing the Influence of the Mineral Surfaces on the Solvated Gbl
Protein

3.5.1 Gb1l Structure, Orientation, Dipole Moment

For the orientation of the molecule, we compare the dipole and dipole
moment of the Gb1 over the five mineral surfaces. Figure 8 below depicts
the Gb1l dipole with relative magnitude over the five mineral surfaces. As
shown by the MD simulation work of Kubiak-Ossowska and Mulheran(40) with
hen egg white lysozyme (HEWL) over a charged silica surface and by Liu et
al.(55) with Gb1 over charged self-assembled monolayers (SAM), molecular
dynamics simulations of protein adsorption are driven, to a major extent by
electrostatics. The direction of the protein dipole guides the orientation and
motion of the protein. We see that Gb1l over the Na*-birnessite (001) surface



has the most surface-normal aligned dipole with the largest magnitude of the
five mineral complexes. The large dipole moment is a result of the disruption
in folded structure and the flattening of Gb1l over the Na*-birnessite (001)
surface. The dipole of Gbl over Na*-MMT(001), Ca**-MMT(001), and goethite
(100) shows wider angles with the surface normal. With Gb1 over kaolinite
(001), the dipole is closer to being parallel with the surface compared to that
of the other four surface complexes. The tilt is due to increased interaction of
multiple carboxylate functional groups with the proton-covered surface.
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Figure 8. Gbl dipole orientation and relative magnitude (represented by red arrow) over the five surfaces after 80 ns of simulation time. (a) Gbl-
kaolinite (001), (b) Gb1-Na*-MMT(001), (c) Gb1-Ca™-MMT(001), (d) Gbl-goethite (100), and (e} Gb1-Na*-birnessite (001).



From recent molecular dynamics work of Liu et al. with Gb1 over charged
SAMs, Gbls tended to adsorb on the aminated (positively charged) SAM
surface with the dipole in the direction of the surface normal, with an acute
angle to the surface normal.(55) We see a similar tendency for Gb1l to dock
on the complex hydrophilic mineral surfaces having positive surface charges
such as Na* (MMT, birnessite), Ca?* (MMT), and protons (kaolinite) with the
dipole pointed in the direction of the surface normal. However, this tendency
is less pronounced for polar, but neutral, kaolinite (001) and neutral,
zwitterionic, goethite(100). For kaolinite(001), the attraction of negatively
charged aspartate and glutamate (especially GLU42) side groups tends to tilt
the angle of the dipole with respect to the surface normal more toward being
parallel to the surface. In the case of goethite (100), the positive lysine side
groups are also attracted to the hydroxyl group oxygen atoms with buried
protons. This can direct the end with LYS10 and LYS13 toward the goethite
surface, tilting the Gb1l dipole to be more parallel with the surface normal.
With the depletion of mobile cations Na* and Ca?* from the MMT and
birnessite surface through diffusion, we should see further tilting of LYS10
and LYS13 toward the negatively charged base MMT and birnessite oxide
layers. Tilting would be more pronounced for the MMT systems compared to
the birnessite system due to birnessite’s tendency to retain Na* cations at
the surface).

In Figure 9, we show the evolution of the dipole moment over the simulation
time. The changes in the dipole moment with simulation time roughly reflect
the changes in structure we have shown with the root mean squared
deviation (RMSD) comparison. The Na*-birnessite system brings about the
highest magnitude change in the Gb1 dipole moment. Importantly, the Ca?*
and Na* MMT (001) surface complexes initially show a fairly high Gb1 dipole
moment, but the value of these dipole moments taper down to a dipole
moment that is close to that of the solvated Gb1 with no surface. In the case
of the Ca?*-MMT (001) this taper appears to be more gradual compared to
that of Na*"MMT (001).
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Figure 9. (a) Gbl dipole moment over five mineral surfaces and
without a surface present as a function of simulation time. (b) Gbl
dipole orientation distributions over five mineral surfaces.

Comparing the RMSD from the initial Gb1 structure as a function of time
(Figure 10) for the surfaces considered, we observe that Na*-MMT basal
surface preserves the structure of Gb1l the best (i.e., the RMSD from the
solution NMR-determined structure is the least). Interestingly, the Na*-MMT
basal surface stabilizes a Gb1 structure closest to the solution-phase NMR
determined structure, even when compared with the water-solvated Gbl
with no mineral surface present. This may be due to the high ionic strength
at the Na*-MMT basal surface imparted by the high concentration Na* cation
layer at the surface, which is broad enough to encompass the Gb1l protein



(unlike the case of the Na*-birnessite system where the cations are tightly
held by the birnessite surface). The goethite (100) surface disturbs the Gb1l
structure slightly more than the Na*-MMT basal surface. Goethite (100) has a
combination of hydroxyl and Fe3* cations terminating the surface with labile
water ligands above. The protein competes with water molecules for the
surface reactive sites, and the simulations do not show significant interaction
of charged groups, carboxylates and ammoniums; only a single carboxylate
group from GLU42 interacts with the surface. MMT with divalent Ca?* disturbs
the Gb1 structure slightly more than the monovalent Na*-MMT basal surface;
this is possibly due to divalent Ca?* staying closer to the surface and not
desorbing as readily as monovalent Na*, which creates a thicker layer of
cations. The kaolinite basal surface, with a covalently bound layer of protons
at the aluminum side, has an intermediate impact on the structure, but the
folded Gbl is intact. The Gb1l over birnessite shows the most change, and, as
we show in Figure 7, the Gb1l folded structure is beginning to unravel at
locations in the B-sheet and in the a-helix after 80 ns. The Gb1l structure also
appears to be more compressed over the Na*-birnessite basal surface as
indicated by the relatively small eccentricity reported in Table 1.
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interactions, starting from 0 ns after equilibration. (b) Backbone
RMSD of Gbl1 structure.



Table 1. Averages and Standard Deviations over 80 ns for the Dipole Moment, Dipole Orientation with Respect to the Surface
Norm, RMSD, Radius of Gyration (R,), and Eccentricity for Solvated Gbl Interacting with the Five Mineral Surfaces and
Solvated Gbl with No Surface

surface dipole moment (D) dipole orientation (cos()) average dipole orientation (deg)  RMSD (A) R, (A) eccentricity
no surface 108 + 11 1.63 £ 0.05 10.84 + 0.05 0.197 £ 0.003
kaolinite (001) 119+ 8 0.62 + 0.11 52 L.76 £ 0.07 10.76 + 0.04 0.196 + 0.004
Na*-MMT (001) 125 £ 11 094 + 0.03 21 1.62 x 0.06 10.76 £ 0.04 0.196 £ 0.003
Ca**-MMT (o01) 155 £ 15 0.92 + 0.05 23 1.93 £ 0.11 1099 £ 0.05 0.204 + 0.004
goethite (100) 112 + 14 0.75 + 0.08 41 L.71 £ 0.07 10.80 = 0.08 0.196 £ 0.006
Na*-birnessite (001) 268 + 35 0.98 + 0.01 11 2.60 + 028 11.04 + 0.07 0.184 + 0.006

Figure 11 shows the heat maps for the RMSD for each Gb1l residue as a
function of time. Gb1l over Na*-birnessite shows the most RMSD for the
ammonium-side chain lysine residues LYS10 and LYS28 and ASP36. LYS10 is
part the first B-sheet turn showing the most structural change, and this is
reflected in the adjacent residues of the heat map in Figure 11. LYS28 is in
the middle of the a-helix. ASP36 is toward the end of the a-helix furthest
away from the surface. Ca?*-MMT also shows a similar, yet less pronounced,
pattern with LYS10 and LYS28. LYS50, part of the last B-sheet turn, also
shows some change over Ca?*-MMT. Table 1 summarizes the averages and
standard deviations of the dipole moment, dipole orientation with respect to
the surface norm, RMSD, radius of gyration (Ry), and eccentricity for Gbl
interacting with the five mineral surfaces and solvated Gb1l alone over the 80
ns simulation.
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Figure 11. Heat map of all-atom RMSD for each Gbl residue as a function of simulation time.

3.5.2 Water Structure of Solvated Gb1l Mineral Complexes

Comparing the hydrogen-bonding of the water molecules for the five Gb1l
mineral complex systems, the Gb1l-goethite (100) complex system, after 80
ns, shows the most hydrogen-bonds per water molecule followed by the Gb1-
kaolinite (001) surface complex (see Figure 12). It appears that the Gb1l-
goethite (100) complex enhance the hydrogen-bonding of water compared to
the solvated Gb1l system without a mineral surface. The Gb1l-kaolinite (001)
surface shows only a slight enhancement of the hydrogen-bonding of water
compared to solvated Gb1l without any surface present. The three
complexes, Gb1-Na*-MMT (001), Gb1-Ca2?*-MMT (001), and Na*-birnessite
show suppression of water hydrogen-bonding compared with the solvated
Gb1 system without a surface present. These Gb1-Na*-MMT (001), Gb1-Ca?*-



MMT (001), and Gb1l-Na*-birnessite complexes have solvated cations that
can disrupt water hydrogen-bonding. Compared to the Gb1l-Na*-MMT (001)
and Gb1-Ca%*-MMT (001) systems with nearly equal water hydrogen-bonding
profiles, the Gbl-Na*-birnessite complex slightly suppresses the water
hydrogen-bonding network more. This could be one reason why the Na*-
birnessite system is more disruptive to the Gb1l folded structure compared
with the other surfaces.
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H-bonds per H.,O molecule
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Figure 12. Normalized H,O H-bond count for the five solvated Gbl
mineral complexes and solvated Gb1l with no surface, starting from 0
ns after equilibration.

To further explore the water network, we compared the water tetrahedral
order parameter for the five Gb1l mineral surface complexes (Figure 13).
Similar features are found with each of the five Gb1l mineral surface
complexes and the solvated Gb1l without a mineral surface: a peak feature at
~0.7-0.75 and a shoulder peak feature at ~0.55. The first feature at ~0.75 is
most pronounced for the solvated Gb1l system over the goethite (100)
surface, indicating that the goethite surface possibly induces a more orderly
structure to water over the surface compared with the other systems. This is
consistent with the increasing hydrogen bonding network of the Gb1-
goethite (100) system shown in Figure 12. The baseline solvated Gb1l without
a mineral surface has the second most prominent peak around ~0.7,
followed closely by the Gb1l-kaolinite (001) complex. The Gb1-Na*-MMT(001),
Gb1-Ca?*-MMT (001), and Gb1-Na*-birnessite (001) complex systems shows
the most decrease in the ~0.7 peak. The shoulder peak is most pronounced
in these three systems, indicating a more disorderly water structure. These
observations are in line with the hydrogen-bonding data that show the most
hydrogen-bonding with the Gb1-goethite (100) complex, a hydrogen-bonding



network of the Gbl-kaolinite (001) system almost on par with the solvated
Gb1l system without a surface, and the similar hydrogen-bonding suppression
with respect to the surfaceless solvated Gbl system for the Gb1-Na*/Ca?*-
MMT (001) complexes and Gb1-Na*-birnessite (001) complex (see Figure 12).
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Figure 13. Tetrahedral order parameter of the water molecules for the
five solvated Gb1 mineral complex systems and solvated Gbl with no
surface.

Figure 14 shows the density of water as a function of the z-axis, normal to
mineral surfaces. The water density at the basal surface of Na*-birnessite is
the highest of the five systems (~4 g/cm?3), and there is a small depression in
the H.O density between the first surface layer and the second surface layer
(~1.5 g/cm?3). The goethite (100) surface has ~3 g/cm? peak H,O density
right at the surface, a depression above the first peak, and second
substantial ~2 g/cm? peak H,O density. The kaolinite (001) surface also has a
peak H,O density at the surface of around 3 g/cm?3, but, unlike the birnessite
(001) and goethite (100) systems, the kaolinite (001) system does not have
a deep trough in the water density above the peak density region above the
surface. The least surface peak water density above a surface is observed for
the two MMT basal surface systems considered here. For both Na* and Ca?*-
MMT, the peak water density just above the surface is ~2 g/cm? with a
negligible trough above this surface water layer. The peak surface water
densities in these systems may indicate the degree of surface hydration that
needs to be displaced for full contact of the protein system with the surfaces.
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Figure 14. H,O density as a function of the z coordinate normal to the mineral slab surface, starting from the bottom xy plane of the simulation cell,
for the five Gbl mineral complexes studied here.

3.5.3 Solvated Gb1l Mineral Interaction

Figure 15 shows color maps depicting the distance each Gb1 residue is from
the five mineral surfaces as a function of simulation time. Note that in the
case of Na*-MMT, Ca?*-MMT, and Na*-birnessite, the counter cations compete
with mineral surface sites as well as counter the net negative charge of the
Gb1 protein. Kaolinite, on the other hand, is a neutral polar surface with no
cations, and, therefore, can have a more intimate contact with the Gb1l
protein (as shown in Figure 14). For goethite (100), Gb1l must compete with
water double-layer. In the case of Na*-birnessite, the Na* cations are held
relatively close to the birnessite, and Gb1l GLU and ASP residues are
attracted to these cation sites on the surface. Interestingly, ALA24, a
hydrophobic residue is surprisingly close to the surfaces. This residue is in
the small fragment of the distorted a-helix closest to the surface. ALA24 has
negatively charged (under pH 7) carboxylate-bearing ASP22 and GLU41 on
either side, which are attracted to positively charged ions on the surface and
may aid in pinning down ALA24 to the surface.
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To further explore the interaction between the Gb1l and the five mineral
surfaces and to estimate the free energy of binding, metadynamics
simulations with the center-of-mass distance collective variable were
conducted. In each of the mineral cases, depletion of the water molecules
between Gbl and the mineral surface lead to a minimum free energy profile
with the Gb1l closer to the mineral surface. In the case where counter cations
could be readily solvated and could diffuse away from the surface [notably
Na*-MMT (001) and Ca?*-MMT (001) and, to a lesser extent, Na*-birnessite
(001)], a complex free energy profile emerged due to diffusion leading to a
graded layer concentration of counter cations at these mineral surfaces. The
potential of mean force (PMF) free energy plots for the Gb1l center of mass
(COM) distance from the surface collective variable are shown in Figure 16
and the Gb1l free energies of adsorption to the five mineral surfaces of
interest are summarized in Table 2.



Table 2. Gbl Free Energies of Adsorption to the Five
Mineral Surfaces of Interest in This Work

surface E ;. (kcal/mol)
kaolinite (001) —96
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Figure 16. Metadynamics potential of mean force (PMF) plots for collective variable of the Gbl center of mass (COM) distance from the surface.

The free energy of Gbl binding magnitude was largest for the goethite (100)
surface (—166 kcal/mol). Though protein is a subset of NOM and not
completely comparable to NOM, this result is in line with the strong Fe3*-
carboxylate binding as indicated by the DRIFT spectra analysis presented in
the paper by Chorover and Amistadi for negatively charged carboxylate-
bearing NOM.(19) Gb1 binding to the Na*-birnessite (001) surface is lower in
magnitude than that of the goethite (100) surface by 62 kcal/mol (=104 kcal/
mol). According to the work by Chorover and Amistadi,(19) NOM is not
retained by birnessite as much as it is by goethite, but it is possible that
changing the chemical characteristics of the NOM functional groups may
cause ready desorption of NOM material. According to the AFM and FTIR



work of Naidja et al.,(20) protein tyrosinase (which may be able to mitigate
redox oxidative damage with its multicopper active site) is readily adsorbed
to birnessite, but the free energy of adsorption of tyrosinase was not
determined.

Over kaolinite, the free energy profile of Gb1 adsorption shows a local
minimum that is only 5 kcal/mol above the global minimum and 5 A higher
than the position of the global minimum above the surface of kaolinite. The
barrier to move from this local minimum to the global minimum close to the
kaolinite surface is 44 kcal/mol, requiring the displacement of the surface
water layer. Gb1l binding to the gibbsite side of the kaolinite (001) surface is
less favorable than that of the goethite(100) surface by 70 kcal/mol (—96
kcal/mol). Over birnessite, we also see multiple free energy minima in the
Gb1l adsorption. Like the kaolinite case, this could be due to an energy
requirement for displacing the surface water layers. This also could be due to
further changes in the Gb1l structure over the birnessite surface.

The Gb1 free energy of binding to the Na*-MMT (001) and Ca?*-MMT (001)
surfaces is less than that of goethite (100) (=121 kcal/mol and —72 kcal/mol,
respectively). Gb1l over the MMT surfaces shows considerable tilting with the
depletion of surface-adsorbed cations; the LYS10 and LYS13 end comes
down toward the negative MMT surface (which becomes increasingly
unscreened due to depletion of surface cations), and the dipole-surface
normal angle becomes more acute at the free energy minimum in the
metadynamics. The binding energy of Gb1l to the Na*-MMT (001) is much
greater than that of Ca?*-MMT (001) and is greater than that of both kaolinite
(001) and Na*-birnessite (001). As the metadynamics progresses, Gbl is
better able to penetrate the depleting Na* ion layer over the Na*-MMT (001)
surface compared to Gb1 at the Ca?* layer over the Ca?*-MMT (001) surface.
Moreover, the Na* cation vertical layer tends to surround Gb1l at the Na*-
MMT (001) surface. The Na* may act to screen the overall negative charge of
the carboxylate groups, and the Na* cations at the surface bind carboxylate
groups to the surface. Thus, both the carboxylate groups and the ammonium
groups of Gb1l are attracted to the Na*-MMT (001) surface with a vertically
broad, depleting Na* surface layer. Importantly, the resulting desorbed
structures retain the folded Gb1l native structure for all Gbl-surface complex
systems except for the Gb1l-Na*-birnessite (001) complex system. The
desorbed Gb1 structure in the Na*-birnessite (001) case has an even greater
overall RMSD deviation (as high as 4.780 A) compared with the adsorbed
Gb1 structure in the conventional molecular dynamics simulation.

3.5.4 Comparison of Simulation versus Recent Experimental Data

An experimental investigation of Gb1l behavior at kaolinite and birnessite
surfaces has recently been reported by Reardon et al.(70) For reasons of
experimental tractability, the background electrolyte concentration in these
experiments had to be set at 5 mMol of Na* and the time scale of
observation was 72 h, compared to the assumption of complete Na*



saturation in the simulations. Moreover, the hexagonal, very low Mn3*
content “acid birnessite” of these experiments is likely to have Mn
vacancies, which are akin to edge sites with attached protons at low pH.
Despite these differences in conditions and birnessite structure, our
simulation results, which assume a triclinic lattice structure with hexagonally
patterned Mn and O atom positions, indicate potential reactivity of Gb1l over
birnessite systems via disruption of the folded structure rendering the
protein vulnerable to oxidative or hydrolysis attack. In line with the
simulations reported here, two-dimensional NMR did not detect any
fragmentation of Gb1l after contact with kaolinite surfaces, but showed some
response of the Gb1l molecule to the birnessite surface at pH 7, albeit after
an exposure time of 72 h. We conclude from these observations that
background electrolyte concentration and the nature of counterions may
have a yet underappreciated role in modulating the behavior and physical
integrity of large biomolecules as they come in contact with mineral
surfaces.

3.6 Summary

We have performed conventional and metadynamics molecular dynamics
simulations of model protein Gb1l interacting with mineral surfaces of five
common soil minerals, kaolinite (001), Na*-montmorillonite (001), Ca?*-
montmorillonite (001), goethite (100), and Na*-birnessite (001), to determine
the characteristics and degree of protein adsorption on these mineral
surfaces. The conventional MD simulations show that all surfaces studied do
not have a profound impact on the Gb1l folded structure except for the Na*-
birnessite (001). The RMSD goes as follows: Na*-birnessite (001) > Ca?*-
montmorillonite (001) > kaolinite (001) > goethite (100) > Na*-
montmorillonite (001). The Na*-birnessite (001) surface appears to flatten
the Gb1l structure and cause some unfolding of the B-sheet structure around
the turn with a positively charged LYS 10 and the a-helix around ALA24. This
may be due to a unique water structure above the birnessite (001) surface,
high Na* charge held closely to the birnessite (001) surface, and the unique
nonbonding interactions of the birnessite system. In contrast, Na*-
montmorillonite has a high ionic concentration/strength of Na* at the MMT
surface, which may stabilize the structure to a degree that is within 1 A
RMSD of the solution-state NMR-determined structure. The other three
surfaces have positive charges [Ca?* in the case of Ca?*-MMT, surface
protons in the case of the aluminum side of kaolinite, and the Fe3* and
hydroxyl termination of the goethite (100) with labile water molecules] that
are either closely held to the surface or terminate the surface, which lead to
increased tethering of the carboxylate functional groups to the surface and,
therefore, lead to slight strain on the Gb1 structure as seen in the RMSD
analysis.

From the metadynamics simulations, the adsorption free energies were
calculated. The trend in the adsorption free energies is goethite (100) > Na*-
montmorillonite (001) > Na*-birnessite (001) > kaolinite (001) > Ca?*-



montmorillonite (001). In contrast to the trend in the RMSD, the Gb1l-Na*-
montmorillonite (001) complex binding is much more stable than that for
Gb1l-Ca*-montmorillonite (001), despite the RMSD deviation of Gbl over Ca*-
montmorillonite (001) being greater than that for Gb1l over Na*-
montmorillonite (001). This could be due to a higher ionic strength of Na*
vertical layer encompassing the Gb1l over the MMT basal surface in contrast
to the Ca?* vertical layer, which tends to stay closer to the clay surface and
only partially surrounds the Gb1l. Though the free energies of adsorption for
Gb1- Na*-birnessite (001) and Gb1l- kaolinite (001) are close, the RMSD for
Gbl is greater over Na*-birnessite (001) compared to that of Gb1l- kaolinite
(001). Contrasting transition metal oxide Gb1 binding free energies, Gbl
adsorption to goethite (100) is much stronger than the birnessite (001)
surface due to the zwitterionic nature of the goethite surface, including Fe3*
sites available for chemisorption of protein carboxylate side groups.
However, the goethite (100) surface preserves the Gb1l structure according
to the Gb1l RMSD of the goethite simulations. Though quantum mechanical
calculations are needed to study possible hydrolysis and oxidation of the
protein by the transition metal surfaces, the insight gained by classical MD
simulations show an opportunity for significant protein structural changes
over birnessite as indicated by the calculated high RMSD and binding affinity
(i.e., potential residence time at catalytic sites on the surface). With active
out-of-plane Mn catalytic sites of birnessite being more plentiful at low pH,
the disturbed structure of Gb1l over low Mn vacancy birnessites will have
more opportunity for permanent structure-changing reactions at low pH
compared with neutral pH. Over birnessites with high Mn vacancies (low
Mn3*), the vacancies may be compared to oxygen edge sites that are
attractive to proton adsorption, and catalytic reactions of the protein at
these edge-like structures can occur (as shown by recent experiments by
Reardon et al.(70)). Moreover, edge sites of the layered minerals birnessite,
kaolinite, and MMT may show higher binding and more potential reactivity
toward protein and will be the subject of future studies.

4 Conclusions

The work presented here reveals valuable details regarding the degree and
modes of protein-mineral interactions for a variety of mineral surfaces found
in soil systems and sheds light on possible mechanisms for the stabilization
or decomposition of proteinaceous soil organic matter. Moreover, this
knowledge contributes to an eventual understanding of how soil
microorganisms may evolve to “design” exoenzymes that function in soil
environments with numerous and diverse mineral interfaces. Molecular
dynamics simulations, conventional and those using enhanced sampling
methods such as metadynamics, provide mechanistic detail that is otherwise
difficult to obtain or determine via experimental means. While the necessary
level of expertise to perform molecular dynamics simulations is often not
available to teams of experimental/empirical researchers, emphasis on joint



modeling/experimental work is demonstratively an encouraged strategy in
the study of complex systems such as soils.
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