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1 | INTRODUCTION
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Abstract

Alongside inorganic materials, water, and air, soil organic matter (SOM) is one of the
major components of soil and has tremendous influence on the environment given
its vital role in the carbon cycle. Many soil dwelling organisms like plants, fungi and
bacteria excrete proteins, whose interaction with SOM is poorly understood on an
atomistic level. In this study, molecular dynamics simulations were used to investigate
selected proteins in soil models of different complexity from simple co-solvent mole-
cules to Leonardite humic acids (LHA). We analyzed the proteins in terms of their
structural stability, the nature and strength of the interactions with their surround-
ings, as well as their aggregation behavior. Upon insertion of proteins in complex
SOM models, their structural stability decreased, although no unfolding or disruption
of secondary structure was observed. The interactions of proteins and SOM were
primarily governed by electrostatic forces, often in form of hydrogen bonds. How-
ever, also weaker van der Waals forces made a significant contribution to the total
interaction energies. Moreover, we showed that even though the molecular structure
and size of SOM molecules varied, the functional groups of SOM ordered around the
protein in a similar pattern. Finally, the number of aggregates formed by proteins and
SOM molecules was shown to be primarily proportional to the size of the latter.
Strikingly, for varying protein net charges no changes in the formation of aggregates

with the strongly negatively charged LHA were observed.

KEYWORDS
complex environments, molecular dynamics simulation, protein-solvent interactions, soil
organic matter

proteins compose a large fraction of SOM and contain most of the

nitrogen in soil. Their origin is 2-fold: (a) certain specific proteins are

Soil organic matter (SOM) is defined as the product of organic mole-
cule degradation processes in soil. Its major components are
decomposing plant parts, microbial remains, mineral-bound organic
matter, charcoal from forest fires, as well as dissolved organic matter.
Even though SOM constitutes only a small fraction of soil, it has great

influence on many of its properties.? Amino acids, peptides, and

purposefully excreted into the soil by some organisms in order to ful-
fill specific functions while (b) the majority of proteins in SOM are
released after cell death.® Their preservation in soil organic matter can
be attributed to copolymerization,* adsorption,® and encapsulation.®
There is scientific effort to understand the interactions of pro-

teins in SOM at a structural level. Insecticidal and infectious proteins,

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2021 The Authors. Proteins: Structure, Function, and Bioinformatics published by Wiley Periodicals LLC.

Proteins. 2021;89:925-936.

wileyonlinelibrary.com/journal/prot 925


https://orcid.org/0000-0003-1333-4870
https://orcid.org/0000-0002-8115-1518
https://orcid.org/0000-0002-4232-2556
https://orcid.org/0000-0001-6221-7369
mailto:drazen.petrov@boku.ac.at
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/prot

926 Wl LEY PROTEINS

GOTSMY ET AL.

specifically Cry toxin and prions, have been of particular interest due
to their potential toxicity and pathogenicity, which may cause disease
in humans and animals.>” Additionally, the gained understanding
could accelerate the improvement process of enzymes for bioremedi-
ation applications.*® Moreover, the presence of SOM has a positive
impact on the health of plants. This is due to various interactions of
SOM molecules and plant derived biomolecules in the rhizosphere.’
The investigation of SOM-protein interactions in the rhizoshpere can
help to explain the nature of these interactions and how they affect
the whole plant organism.

However, due to the high complexity of SOM, it is difficult for
researchers to compare and reproduce their results. A solution to this
problem is the definition of humic substance standard samples that
are used as SOM models by researches worldwide. To date, several
studies have utilized humic substances standard samples and model
proteins to gain insight into protein-SOM interactions.””:1%11

In recent years, atomistic models have been developed to shed
light on the molecular interactions of soil components. Molecular
dynamics (MD) simulations allow us to study the dynamics of these
models as well as their molecular interactions with proteins.2?"2¢ Com-
putational analysis of such complex systems is opposed by challenges
arising from the size of the proteins and the description of their inter-
actions with SOM through force fields. Most proteins active in soil are
large, require co-factors, and/or form complexes with other proteins.
However, small reference proteins can be employed in MD simula-
tions to reduce the computational load. Additionally, to create models
that can represent the complexity of SOM a tool called Vienna Soil
Organic Matter Modeler (VSOMM; https://somm.boku.ac.at/)17-18
has been devised. VSOMM uses small organic fragments as building
blocks to create molecular SOM models. These building blocks contain
different amounts of carbon, oxygen, nitrogen and sulfur and were
designed to reflect a high diversity in the number and chemical prop-
erties of functional groups. Additionally, the total number of building
blocks per system and the number of building blocks per molecule can
be adjusted. Currently, the second generation (VSOMM2) presents
several improvements, particularly within the implementation of a
broader set of building blocks, which increases the chemical and geo-
metric diversity of the models.’® Using VSOMM, several recent com-
putational studies were able to reproduce the results of wet-lab
experiments.l‘?'23 Moreover, VSOMM uses the GROMOS 54A7 force
field which initially was parameterized for proteins which allows us to
accurately describe proteins and SOM molecules in a combined MD
simulation.2*

In this work, in order to study the interactions between protein
and humic substances, two proteins (villin and spitz) were selected as
reference proteins from a subset of well-known and previously char-
acterized proteins in our group.?>?” These proteins were simulated
within SOM models of increasing complexity. Initially, we tested the
interaction of proteins with simple organic co-solvents to assess the
effects of different organic compounds or moieties in SOM, including
carboxyl groups or aromatic rings. Subsequently, we used SOM
models of Leonardite humic acids (LHA) since such models have been

shown to yield realistic observations and to reproduce experimental

solvation free energies of small compounds.'??° This study expands
our knowledge about protein-SOM interactions and will facilitate
future exploration of SOM molecules with other biomolecules, espe-
cially in the context of enzyme engineering for bioremediation, under-
standing the effect of preservation of toxic proteins in soil as well as
understanding the plant rhizosphere.

2 | METHODOLOGY

2.1 | Reference proteins

The villin headpiece domain of chicken (Gallus gallus; PDB 1VII)?® and
the EGF domain of spitz of Drosophila melanogaster (PDB 3CA7)%°
were used as reference proteins. The selection considered following
criteria: (a) small size to ensure short simulation times (villin 36, spitz
50 amino acids); (b) different protein net charges (villin +2, spitz —2) to
study possible differences of interactions between the protein and
the strongly negatively charged humic acids; (c) different secondary
structures (villin only a-helices, spitz a-helices and g-sheets) to investi-

gate different protein structures.

2.2 | Experimental design
Each reference protein was simulated in water, in four different simple
co-solvent systems (which represented various properties of soil
organic matter), and additionally in more complex and realistic SOM
models. The simple co-solvent systems were: (a) calcium chloride
(CaCly), (b) calcium acetate (CaAcety), (c) calcium benzoate (CaBenz,),
and (d) SOM-like, which is combination of the previous co-solvents to
mimic the Leonardite humic acid functional group composition. The
systems were neutralized with Ca%* ions and solvated with explicit
SPC water. All systems were simulated in aqueous environments with
H,O mass fractions of 0.74 and more, which is well above what has
been previously reported as minimum for a water activity of 1.7

For the more complex SOM models, preequilibrated systems of
Leonardite humic acid created by the Vienna Soil Organic Matter
Modeler 2 (VSOMM2) were used. All models contained the same total
number of building blocks (200) comprising the humic acid molecules,
but the number of building blocks (BBs) per molecule (2, 5, 10, and
20 BBs per mol) was altered to observe differences related to molecu-
lar size. Table 1 lists the relative frequencies of functional groups per
carbon atom for all simulated systems. A comparison with experimen-
tal data of LHA samples provided by the International Humic Sub-

stance Society (IHSS)*° is given in the last row.

2.3 | Insertion of protein into LHA systems
Due to the heterogeneity of the SOM systems and its compacted
structure, it was necessary to insert the reference proteins into the

LHA matrix. The methodology used was based on the InflateGro
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TABLE 1

Carbon fractions

Carbon fractions of functional groups of the organic compounds in the simulated systems

Name BB/mol Carbonyl Carboxyl Aryl
H,O - - - -

CaCl, - - - -

CaAcet, 1 - 0.50 -

CaBenz, 1 - 0.14 0.86
SOM-like 1 - 0.17 0.67
SOM-2 2 0.08 0.14 0.59
SOM-5 5 0.08 0.14 0.59
SOM-10 10 0.08 0.14 0.59
SOM-20 20 0.08 0.14 0.58
IHSS LHA Sample®® 0.08 0.15 0.58

Note: As a comparison, the last line shows data given by IHSS for the LHA carbon fractions.*°

eroTEns W LEY_L*#

Acetal Heteroaliphatic Aliphatic Avg. MW
- - 0.50 59
- - - 121
- - 0.16 69
0.04 0.01 0.14 267
0.04 0.01 0.14 671
0.04 0.01 0.14 1339
0.04 0.01 0.14 2602
0.04 0.01 0.14 -

Abbreviations: Acet, acetate; Avg. MW, average molecular weight of organic co-solvent molecules in g/mol; BB/mol, number of building blocks per
molecule; Benz, benzoate; LHA, Leonardite humic acid.

(A)

FIGURE 1 A Three frames of the VSOMM2 systems protein insertion protocol. The protein (villin) is represented in gray. The most inflated
system state is shown in purple. Half way and complete deflation to the original box size are shown in smudge green and teal, respectively. B,
Rendering of villin in an equilibrated SOM-10 system. The protein is shown in red, SOM molecules in smudge green, water molecules in blue and

Ca?* ions in gray. The molecular structures were rendered with PyMo

method proposed by Kandt et al.3!

However, due to the differences

|42

(—=0.1 nm per step), each followed by an energy minimization simula-

between inserting a membrane peptide into a lipid bilayer and pro-
teins into soil organic matter, several adjustments had to be made. To
insert the reference proteins into the prepared systems, the systems
were initially inflated by +1 nm in three dimensions and the protein

was added. The systems subsequently were deflated in 10 steps

tion, back to its original box size. The energy minimization was done
by the steepest descent algorithm while positionally restraining the
protein with a force constant of 10° kJ/(mol nm?). A visual represen-
tation of the method and its application for protein insertion is shown

in Figure 1A.
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24 | Molecular dynamics

All simulated boxes were subsequently processed with tools of
GROMACS version 2019.1.32 The molecular topology files were cre-
ated with the 54A7 GROMOS force field.2* The systems were sol-
vated using default van der Waals radii®®* and subsequently
neutralized by the replacement of water molecules with Ca®* ions. An
energy-minimization step was performed using the steepest descent
algorithm to a force lower than 10° kJ/(mol nm). An atomistic cutoff-
scheme was used for all molecular dynamics simulations with a cut-off
for electrostatic and van der Waals forces at 1.4 nm. An additional
reaction-field contribution to the energies and forces with a dielectric
permittivity of 61 was applied. Equilibration was performed in two
distinct steps of 100 ps simulation each, starting with an NVT simula-
tion. The leap-frog algorithm was used for integration with a step size
of 2 fs. The protein was positionally restrained with a force constant
of 10° kJ/(mol nm?). All bonds were constrained with the LINCS algo-
rithm.3* The temperature was restrained at 300 K using a weak cou-
pling thermostat®> with three different temperature groups (protein,
SOM, water + monoatomic ions) and a coupling time of 0.1 ps. The
velocities were initially assigned according to a Maxwell-Boltzmann
distribution. The second step of equilibration is a NPT molecular
dynamics simulation. Simulation parameters stayed the same, except

for the addition of an isotropic weak coupling barostat.3”

The coupling
parameter was set to 0.5 ps and the isothermal compressibility of
water to 4.5 x 10~° bar~%. The molecular dynamics simulation was
performed for 100 ns with the same settings except that the posi-
tional restraints of the protein were removed. After 20 ns an equilib-
rium by convergence of the potential energy was observed and hence
the last 80 ns of each run were used for the analysis. All simulations
were performed in triplicates with different random number seeds for
the generation of initial velocities. A rendering of the SOM-10 simula-

tion is depicted in Figure 1B.

2.5 | Trajectory analysis

Different analyses were performed on the simulated trajectories to
understand the structure and dynamics of the systems. Unless stated
otherwise, they were carried out using the GROMACS analysis
tools.?? In order to measure the proteins' structural stability, the root-
mean-square fluctuations (RMSF) of the position of the Ca atoms and
the positional root-mean-square deviation (RMSD) of the backbone
atoms with respect to the PDB structure as reference were calculated.
To examine the conformational similarity of the protein trajectories in
different SOM model systems, the pairwise harmonic ensemble simi-
larities (Dpes) were determined according to Lindorff-Larsen and
Ferkinghoff-Borg®® using the ENCORE Python package.®” To do so,
trajectories of both proteins were pre-processed by writing out snap-
shots every 40 ps and concatenating replicates. Additionally, the aver-
age fraction of the secondary structure of protein was calculated
using the GROMACS implementation of the DSSP algorithm.3® To
understand the forces governing interactions between proteins and

their surroundings, the nonbonded interaction energies were calcu-
lated. The interaction energies were grouped according to different
solvent components (water, cations, anions, and benzene). To gain
insight into the proximity of different functional groups or ions of co-
solvent molecules to the protein, a minimum distance function (MDF)
was calculated. The MDF is defined as the distance between the clos-
est two atoms from two previously specified groups of atoms for
every frame of an MD trajectory. For every condition the MDF was
calculated between every co-solvent functional group (carboxyl, aryl)
or ion (Ca?*, CI7) and the protein. MDFs of the same functional group
or ion type in the same condition were subsequently concatenated
and transformed into a histogram (200 bins). The histogram frequency
was then normalized by the number of concatenated functional
groups or ions in the system. To complement the MDF observations,
the number of hydrogen bonds were calculated and averaged over
the simulated trajectories. The default values for hydrogen bond defi-
nition were used. In this analysis, we did not distinguish whether the
protein was donating or accepting a hydrogen bond from its surround-
ings. To quantify and describe the phase separation that occurred in
some of our systems, the preferential solvation between different
species was calculated via Kirkwood-Buff integrals for the simple co-
solvent systems. The preferential solvation () values were calculated
for solvent-only systems of the conditions CaCl,, CaAcet,, CaBenz,,
and SOM:-like (100 ns, 1 replicate) according to Ben-Naim (1989).3°
The Kirkwood-Buff integrals were averaged between 1 and 1.6 nm
distance to the molecule. For the SOM models, a cluster analysis was
done based on the hydrogen bond connectivity between humic sub-
stances molecules. Two molecules were defined to be part of the
same cluster if at least one hydrogen bond was connecting them. Only
SOM and protein molecules were considered for this analysis. Statisti-
cal pairwise comparisons of protein properties in SOM conditions to
water were performed with Student's t test (with n = 3 for both sam-
ples) and corrected for multiple tests using the Bonferroni method.
Following significance levels were used throughout this publication: *
for P < .05, ** for P < .01, and *** for P < .001.

3 | RESULTS

3.1 | Protein stability

The backbone root-mean-square deviation (RMSD) and the pairwise
harmonic ensemble similarity (Dyes) for both reference proteins in all
simulated conditions were analyzed to measure the protein stability
and conformational changes between different conditions, respec-
tively (see Figure 2 and Tables S1 and S2). For villin the highest devia-
tions of protein stability to H,O were seen in SOM-like. In this
condition two of three replicates unfolded, which was reflected by a
high RMSD and a high Dyes. To show the extent of these unfolding
events the endpoints of the simulated trajectories and the PDB struc-
ture of villin are shown in Figure 3B. Additionally, in Figure 3A (top
panel) the secondary structure assigned to every amino acid residue

of the same snapshots is depicted. It is clearly visible that the increase
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FIGURE 2 Average RMSD over simulation time and replicates (top panels) and heatmaps of the pairwise Dys values (bottom panels) for villin
(left panels) and spitz (right panels), respectively. The error bars of the RMSD represent the SD between replicates. Significant differences to the
respective H,O simulations are indicated [Color figure can be viewed at wileyonlinelibrary.com]

in RMSD is due to the movement of the three a-helices with respect
to each other, while these secondary structure elements remain intact.
Interestingly, the more complex systems created by VSOMM (SOM-2,
SOM-5, SOM-10, SOM-20) lead to slightly increased RMSD values,
but no major unfolding event was observed. The average RMSD of vil-
lin in SOM-5 was significantly increased compared with H,O (two-

sample t-test, P = .017). Note however that such a small difference in
RMSD, together with a low Dygs suggests that the villin headpiece
remains strcuturally unaffected in the SOM-5 system. In contrast to
villin, spitz was more stable in the SOM-like environments. Moreover,
the average RMSD of spitz did not significantly deviate from the value
observed in H,O in any of the tested conditions. The highest average
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(A) FIGURE 3 A, Secondary structures of
1VII EEEEEEEEEE EEEEEE EEEEEEEE B o Helix villin (top panel) and spitz (bottom panel)
Rep. 1 A EEEEEEEEEE NEEEEEE EEEEEEEER EEE 53-Sheet per amino acid residue as assigned by
Rep. 2 A EEEEEEEEEE EEEEEER EEEEEEN EEE (3-Bridge DSSP.*8 For both proteins the PDB
Rep. 3 A EEEEEEEEENENE NEEEEEN EEEEEEEE B Tu reference and the endpoint of the
0 1‘0 2‘0 Sb 40 trajectories of conditions in which

unfolding events were detected (SOM-

3CA7{ mm HEE EEEN EEEEEEEEEEEEEEEE BEBR

Rep. 11 mm EN EEEE EEEEEEEEEEEEER
Rep. 21 mm EEN EEEN EEEN EEEER
Rep. 31 HEE EHE EEEN EEEEEEEEEEEN

0 10 20 30
Residue Number

(B)

RMSD of spitz was observed in SOM-10 (0.38 + 0.15 compared with
0.20 + 0.03 in H,O and 0.26 + 0.06 from literature®®), where also the
highest conformational variability (Dyes) was found. In Figure 3A
(bottom panel) and 3C, the secondary structure assignments and the
molecular conformation of the endpoints of the simulation trajectories
of spitz in SOM-10 are shown. Interestingly, while the protein kept its
overall fold and compactness, partial loss of secondary structure (both
a-helix and p-sheet) was observed for replicates 2 and 3.

However, the secondary structures depicted in Figure 3A were
just trajectory endpoint snapshots. To gain a broader insight the aver-
age fractions of secondary structure elements for both proteins in all
conditions were analyzed (Table S3). Even for the simulations with the
highest RMSD and Dygs, Villin's secondary structure was remarkably
stable. Similarly, secondary structure of spitz remained stable in all
simulated systems, with the exception of the SOM-10 condition,
where partial loss was detected as pointed out above. For both pro-
teins, no significant reduction of secondary structure in any condition
compared with water was observed.

The Dygs analysis (Figure 2, bottom panels) not only shows higher
pairwise values between VSOMM2 systems and H,O, compared with sim-
ple co-solvent conditions, but also higher values within the SOM systems
themselves (higher values in the fourth (+ —) quadrant than in the second
(— +) quadrant). This indicates that the presence of more complex SOM
molecules leads to a higher conformational variability in both proteins.

Root-mean-square fluctuations (RMSF) of Ca atoms can give
additional insight into the rigidity of the proteins. Similarly to the
RMSD and Dygs analysis the RMSF comparison of villin and spitz in
different SOM models are remarkably similar to their behavior in H,O
(Figures S1 and S2). There were two exceptions to this rule, villin in
SOM-like and spitz in SOM-10, which is in line with the results above.
Interestingly, for villin in SOM-like the mean RMSF is clearly increased

pelemlirereniny . like and SOM-10 for villin and spitz,
EEEEEEE EEEN .
EE = respectively) were plotted. B, Reference
EEEEEEE & molecular structure of villin from PDB
10 50 (gray) and SOM-like replicates 1, 2, and

3 (purple, smudge green, and teal,
respectively) in the trajectory endpoint. C,
Reference molecular structure of spitz
from PDB (gray) and SOM-10 replicates
1, 2, and 3 (purple, smudge green, and
teal, respectively) in the trajectory
endpoint. The molecular structures were
rendered with PyMol.*? [Color figure can
be viewed at wileyonlinelibrary.com]

compared with the H,O mean RMSF indicating an increase in fluctua-
tions. Contrarily, this is not the case for spitz in SOM-10, where the
mean RMSF does not differ from the water reference to such an
extent, with a high deviation observed in only one replicate.

3.2 | Protein-solvent interactions

3.2.1 | Interaction energies

The nonbonded interaction energies were investigated to understand
which forces govern the interaction of proteins and their surroundings.
The interactions were grouped according to their respective (co-)sol-
vent components to gather more insight. In Figure 4, the nonbonded
interaction energies between (co-)solvent molecules and the proteins
are depicted. For all simulated conditions, the Coulombic interaction
energies were larger than the respective van der Waals energies by
approximately a factor of 10 (compare Figure 4, left and middle panels).
Additionally, differences in the contribution of negatively charged SOM
molecules and positively charged Ca?* ions can be seen between the
two reference proteins (Figure 4 left panels, compare size of light green
bars between villin and spitz). Moreover, the contribution of water to
the interaction energies to the protein was reduced when organic co-
solvent molecules were present. However, only in a few conditions the
addition of SOM molecules led to significantly more favorable Coulom-
bic interactions (Figure 4, left panels). In contrast, the addition of SOM
molecules led to considerably stronger van der Waals interaction ener-
gies in all simulations (Figure 4, middle panels). Overall, the strength of
the total nonbonded interaction energies between protein and their
surroundings increased consistently with the addition of SOM mole-

cules (Figure 4, right panels).
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FIGURE 4 Nonbonded interaction energies of proteins with their surroundings observed in different systems. Significant differences to the
respective H,O simulations are indicated. The different colors represent the average contribution of a solvent molecule type. Error bars are SEs of
the mean over three independent replicates. Note that y-axes have different scales [Color figure can be viewed at wileyonlinelibrary.com]
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322 |
molecules

Spatial arrangement of co-solvent

To understand which kind of molecular interface a protein is
experiencing in different SOM model systems, the proximity of ions
and functional groups to the protein is of interest. Thus, a minimum
distance function (MDF) was calculated, transformed to a histogram,

normalized, and finally plotted (Figure 5). The highest peak of Ca?",

which was present in all shown simulations, ranged around 0.44 to
0.45 nm distance to the protein. Interestingly, for both reference pro-
teins the negatively charged carboxyl groups (blue line) were in close
proximity to the protein with maxima ranging from 0.18 to 0.20 nm. A
second distinct peak of carboxyl groups was found between 0.43 and
0.45 nm. The aromatic peak (green line) was always found in between
the peak for carboxyl groups and Ca®* ions with maxima between

0.29 and 0.35 nm. Strikingly, even in systems where benzoate was
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FIGURE 5 Normalized frequency of the minimum distances of selected functional groups/ions to the reference proteins. The frequency is

counted as the number of snapshots sampled at a given distance over all replicates. Normalization was done over the number of functional
groups/ions present in the systems [Color figure can be viewed at wileyonlinelibrary.com]
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present and thus both carboxyl and aryl groups were on the same
molecule, the maxima of the peaks did not differ from other

simulations.

3.23 | Hydrogen bonds

Since the MDF analysis indicated that carboxyl groups of co-
solvent molecules are in close contact with the protein, the hydro-
gen bonds formed by proteins were monitored and averaged over
the simulated trajectories. Figure 6 depicts the number of hydrogen
bonds formed by villin and spitz with themselves, organic anions
and water molecules. In H,O simulations, the average number of
hydrogen bonds formed by the proteins were 106.8 + 1.4 and
144.2 + 0.7 for villin and spitz, respectively. In SOM-like systems
the number of hydrogen bonds formed by both proteins decreased
significantly. For most other conditions, however, no significant
changes were observed. In general, there are two main observa-
tions to be made. First, the total number of hydrogen bonds formed
within the protein (black bars) did not change in any condition. Sec-
ond, hydrogen bonds formed by water molecules are replaced by
hydrogen bonds between SOM molecules and the proteins (dark

3.3 | Phase separation

3.3.1 | Preferential solvation

In order to approach the phase separation observed in some systems,
we calculated the preferential solvation between different species in
each of the simple co-solvent conditions via the Kirkwood-Buff inte-
grals. Values of preferential solvation (5) close to zero indicate a
homogeneous mixing of the species in CaCl,, CaAcet,, and CaBenz,
(Table S4-S6). The calculated § values for SOM-like, however, indicate
phase separation constituted by an organic phase (benzene molecules)
and an aqueous phase (water molecules and ionic species) not present
in any of the other simple co-solvent conditions (Table S7). For an
analysis and discussion of the preferential solvation of models created
with VSOMM2, we refer to Escalona et al.?®

3.3.2 | Formation of clusters
To further the analysis of the phase separation described above and
to quantify the extend of aggregation behavior of SOM molecules, we

performed cluster analyses on all tested conditions that contained
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part of the same cluster if they were connected by at least one
hydrogen bond.

Figure 7A depicts the number of clusters made of LHA molecules
and villin as a function of simulation time. After an initial random dis-
tribution of molecules, the number of clusters quickly decreased until
a lower limit is reached, where it stayed roughly constant. Figure 7B
shows the average number of clusters of the last 80 ns of simulation.
Strikingly, the net charge of the reference proteins did not consider-
ably influence the clustering of SOM molecules around the protein.
No formation of clusters was observed for conditions with simple
SOM models (Figure S3).

4 | DISCUSSION

Two small reference proteins (villin and spitz) were examined in differ-
ent model SOM environments (starting from simple co-solvent mole-
cules and progressing to more complex soil organic matter models by
VSOMM2) by means of molecular dynamics simulation. We analyzed
them in terms of their structural stability, the nature and strength of
the interactions with their surroundings as well as their aggregation
behavior.

Even though the proteins were exposed to relatively harsh envi-
ronments in terms of high salt concentration, presence of organic
acids, and aromatic compounds, structural stability was mostly
maintained. Although the average RMSD of villin in SOM-5 showed
significant difference to villin in water, no unfolding nor changes in
other structure-related properties (conformational variability Dygs,

secondary structure or RMSF) were observed for this system. In
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addition, such a small increase in RMSD from 0.21 to 0.28 nm (a value
comparable to the average RMSD of 0.27 + 0.12 nm of villin in water
reported in Reference 25), indicates that the protein remains structur-
ally unaffected in the SOM-5 environment. The only unfolding events
were observed for villin in the SOM-like condition, through the dis-
ruption of the hydrophobic core while the second structure remained
intact. Interestingly, this coincided with a phase separation between
an aqueous and an organic phase, potentially playing an important role
in unfolding, since the stability of villin primarily results from hydro-
phobic interactions within its core. Similarly, the stability of spitz in
most of the SOM systems was not affected, with the only exception
being the SOM-10 condition. Here, partial unfolding was detected pri-
marily in terms of the secondary structure loss, with the overall fold
and the compactness of the remaining intact, most probably due to
the additional disulfide bridges it contains. Interestingly, in both cases,
despite the substantial increase in the average RMSD (0.50 and
0.38 nm, respectively) comparing to the water systems (0.21 and
0.20 nm, respectively), no statistical significance was found, probably
due to a small sample size (n = 3). Note however, that the observed
differences in combination with other structure-related analyses per-
formed in this study (Figures 2, 3, 51, S2 and Tables S2 and S3), clearly
show unfolding of villin and spitz in the SOM-like and the SOM-10
environments, respectively, even though these RMSD differences
remain statistically insignificant.

In general, we observed differences in protein structure and sta-
bility in SOM models compared with water. However, it is important
to point out that these changes were not detrimental to the second-
ary structure and that the dynamics of both proteins stayed

unperturbed in almost all simulated conditions. This would indicate
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FIGURE 7 A Running average (1 ns) time series of the number of clusters formed by humic substance molecules and villin. The colors
represent the different sizes of the LHA molecules and the filled area represents the SE of the respective three replicates. B, The average number
of clusters of the last 80 ns of the simulation is plotted against the average molecular weight per SOM molecule for both reference proteins
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that proteins are not only chemically protected as described by Zang
et al,** but that they can also retain structure-related functions.

The analysis of interactions between protein and surrounding
SOM molecules showed that they are mainly governed by electrostatic
(Coulombic) forces. This is in accordance with recent experimental
studies which found that electrostatic forces drive the encapsulation of
positively charged proteins with humic substances at pH 5 to 8. None-
theless, the weaker van der Waals forces also had a nonnegligible
impact. For example, their increased strength upon addition of SOM
molecules was often responsible for significantly more favorable total
nonbonded interactions between protein and its surroundings, when
compared with pure water. Interestingly, there were big differences in
the van der Waals energies between different sizes of SOM molecules,
but not for the Coloumbic forces (compare SOM-2 and SOM-10 condi-
tions in Figure 4). This can be explained by two factors. First, for small
molecules it is easier to align in a way so that electrostatic and van der
Waals energies are optimized. Second, the electrostatic interactions are
longer ranged and, therefore, do not decrease as rapidly as van der
Waals interaction when the molecular alignment is not perfect.

To understand how close co-solvent functional groups and ions
get to the protein, minimum distance functions were calculated. The
results answered the question of which kind of molecular interface a
protein was experiencing in different solvents. Interestingly, even
though the composition of co-solvent molecules changed drastically,
the characteristic peaks of the functional groups stayed at constant
distances from the reference proteins. This indicated that, even
though there is high variability in the arrangement of functional
groups within the co-solvent molecules, the proteins were experienc-
ing a relatively similar solvent interface altogether. This low variations
of the interface might be the reason for relatively high stability of pro-
teins in the harsh SOM systems. Moreover, the proximity of carboxyl
groups to the protein emphasizes their importance for the interaction
of protein and solvent, often as part of hydrogen bonds. Conse-
quently, a high number of hydrogen bonds formed by carboxyl groups
and the protein was observed. The fact that the average number of
hydrogen bonds formed within the protein is not disturbed by the
addition of SOM molecules is in agreement with the observation that
the secondary structure of the proteins was not significantly nega-
tively influenced. Preferential solvation calculations showed that the
phase separation coincides with a higher variation of RMSD values for
villin. This indicates that phase separation, which is mainly driven by
hydrophobic forces, has the potential to disturb protein stability.

Cluster analysis showed that, although Leonardite humic acid mole-
cules were initially placed at random positions after approximately 20 ns
of simulation time, they associated with the protein and each other to
form few yet large clusters. The average number of clusters that formed
in a given system depended heavily on the size of SOM molecules, which
is explained by the fact that if there are fewer and larger molecules pre-
sent, fewer hydrogen bonds need to be formed to create a large cluster.
The quick formation of protein-LHA aggregates indicated that proteins
are likely to be absorbed by soil organic matter. Interestingly, in a range
of +2 (villin) to —2 (spitz), the net charge of a protein had no observable

influence on the formation of protein-SOM clusters.

5 | CONCLUSION

To the best of our knowledge, this study is the first that tries to explain
interactions of protein and SOM at a molecular level by means of molec-
ular dynamics simulations. Most importantly, an association of SOM mol-
ecules and proteins to clusters was observed, which seems to have little
to no effect on protein stability and secondary structure. These findings
lead to the conclusion that SOM can act as a natural reservoir of pro-
teins, which may result in lowered biological accessibility, for example by
degrading enzymes. However, protein functionality could remain intact.
Our observations are also relevant for the use of enzymes in bioremedia-
tion projects, since care needs to be taken so that such enzymes will sus-
tain their activity and accessibility to the intended substrates. While the
SOM environment seems to have limited effect on the protein structure,
for these two simple proteins an encapsulation by SOM may hamper an
efficient use in bioremediation. However, it should be kept in mind that
in this study the protein molecules were treated as homogeneous
objects, despite different amino acids conferring very different chemical
properties. Therefore, we suggest further investigation of individual
amino acids and their interactions with SOM in future studies.

ACKNOWLEDGMENTS

We thank the members of the Institute for Molecular Modeling and
Simulation for discussions and suggestions. Financial support of the
Austrian Science Fund (FWF) is gratefully acknowledged (Project
No. 30224-N34).

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1002/prot.26070.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Mathias Gotsmy "2 https://orcid.org/0000-0003-1333-4870

https://orcid.org/0000-0002-8115-1518
https://orcid.org/0000-0002-4232-2556

https://orcid.org/0000-0001-6221-7369

Yerko Escalona
Chris Oostenbrink

Drazen Petrov

REFERENCES

1. Blume HP, Brimmer GW, Fleige H, et al. Soil organic matter.
Scheffer/Schachtschabel Soil Science. Berlin, Heidelberg: Springer;
2016:55-86.

2. Brady NC, Weil RR. The Nature and Properties of Soils. Vol 13. Upper
Saddle River, NJ: Prentice Hall; 2008.

3. Rillig MC, Caldwell BA, Waésten HA, Sollins P. Role of proteins in soil
carbon and nitrogen storage: controls on persistence. Biogeochemistry.
2007;85(1):25-44.

4. Rao M, Scelza R, Scotti R, Gianfreda L. Role of enzymes in the remedi-
ation of polluted environments. J Soil Sci Plant Nutr. 2010;10(3):
333-353.

5. Sander M, Tomaszewski JE, Madliger M, Schwarzenbach RP. Adsorp-
tion of insecticidal CrylAb protein to humic substances.


https://publons.com/publon/10.1002/prot.26070
https://publons.com/publon/10.1002/prot.26070
https://orcid.org/0000-0003-1333-4870
https://orcid.org/0000-0003-1333-4870
https://orcid.org/0000-0002-8115-1518
https://orcid.org/0000-0002-8115-1518
https://orcid.org/0000-0002-4232-2556
https://orcid.org/0000-0002-4232-2556
https://orcid.org/0000-0001-6221-7369
https://orcid.org/0000-0001-6221-7369

936 Wl LEY PROTEINS

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

GOTSMY ET AL.

1. Experimental approach and mechanistic aspects. Environ Sci
Technol. 2012;46(18):9923-9931.

Tomaszewski JE, Schwarzenbach RP, Sander M. Protein encapsulation
by humic substances. Environ Sci Technol. 2011;45(14):6003-6010.
Giachin G, Narkiewicz J, Scaini D, et al. Prion protein interaction with
soil humic substances: environmental implications. PLoS One. 2014;9
(6):2100016.

Karigar CS, Rao SS. Role of microbial enzymes in the bioremediation
of pollutants: a review. Enzyme Res. 2011;2011:1-11.

Shah ZH, Rehman HM, Akhtar T, et al. Humic substances: determining
potential molecular regulatory processes in plants. Front Plant Sci.
2018;9:263.

Tomaszewski JE, Madliger M, Pedersen JA, Schwarzenbach RP,
Sander M. Adsorption of insecticidal Cry1Ab protein to humic sub-
stances. 2. Influence of humic and fulvic acid charge and polarity
characteristics. Environ Sci Technol. 2012;46(18):9932-9940.

Giachin G, Nepravishta R, Mandaliti W, et al. The mechanisms of
humic substances self-assembly with biological molecules: the case
study of the prion protein. PLoS One. 2017;12(11):e0188308.

Karplus M, McCammon JA. Molecular dynamics simulations of bio-
molecules. Nat Struct Biol. 2002;9(9):646-652.

van Gunsteren WF, Bakowies D, Baron R, et al. Biomolecular model-
ing: goals, problems, perspectives. Angew Chem Int Ed. 2006;45(25):
4064-4092.

Diallo MS, Simpson A, Gassman P, et al. 3-d structural modeling of
humic acids through experimental characterization, computer assisted
structure elucidation and atomistic simulations. 1. Chelsea soil humic
acid. Environ Sci Technol. 2003;37(9):1783-1793.

Tunega D, Gerzabek MH, Haberhauer G, Lischka H, Solc R, Aquino AJ.
Adsorption process of polar and nonpolar compounds in a nanopore
model of humic substances. Eur J Soil Sci. 2019;71:845-855.

Orsi M. Molecular dynamics simulation of humic substances. Chem
Biol Technol Agric. 2014;1(1):10.

Sindermann A, Solc R, Tunega D, Haberhauer G, Gerzabek MH,
Oostenbrink C. Vienna soil-organic-matter modeler-generating
condensed-phase models of humic substances. J Mol Graph Model.
2015;62:253-261.

Escalona Y, Petrov D, Oostenbrink C. Vienna soil organic matter mod-
eler 2 (VSOMM?2). J Mol Graph Model. 2021;103:107817. https://doi.
org/10.1016/j.jmgm.2020.107817.

Petrov D, Tunega D, Gerzabek MH, Oostenbrink C. Molecular
dynamics simulations of the standard leonardite humic acid: micro-
scopic analysis of the structure and dynamics. Environ Sci Technol.
2017;51(10):5414-5424.

Petrov D, Tunega D, Gerzabek MH, Oostenbrink C. Molecular model-
ling of sorption processes of a range of diverse small organic mole-
cules in leonardite humic acid. Eur J Soil Sci. 2020;71(5):831-844.
Feng H, Zhang H, Cao H, Sun Y, Zhang A, Fu J. Application of a novel
coarse-grained soil organic matter model in the environment. Environ
Sci Technol. 2018;52(24):14228-14234.

Liang Y, Ding Y, Wang P, Lu G, Dang Z, Shi Z. Molecular characteris-
tics, proton dissociation properties, and metal binding properties of
soil organic matter: a theoretical study. Sci Total Environ. 2019;656:
521-530.

Escalona Y, Petrov D, and Oostenbrink C. Modeling soil organic mat-
ter: changes in macroscopic properties due to microscopic changes.
Geochimica et Cosmochimica Acta, 2021. In press.

Schmid N, Eichenberger AP, Choutko A, et al. Definition and testing
of the GROMOS force-field versions 54A7 and 54B7. Eur Biophys J.
2011;40(7):843-856.

Petrov D, Zagrovic B. Are current atomistic force fields accurate
enough to study proteins in crowded environments? PLoS Comput
Biol. 2014;10(5):e1003638.

Setz M. Molecular dynamics simulations of biomolecules: from valida-
tion to application, 2018. https://obv-at-ubbw.alma.exlibrisgroup.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

com/discovery/openurl?institution=43ACC_UBBW&vid=43ACC_
UBBW:Services&lang=en&rfr_id=info:sid%2Fsummon&rft_dat=ie%
3D2148376150003345,language%3DEN&svc_dat=CTO&u.ignore_
date_coverage=true.

Diem M, Oostenbrink C. The effect of different cutoff schemes in
molecular simulations of proteins. J Comput Chem. 2020;41(32):2740-
2749.

McKnight CJ, Matsudaira PT, Kim PS. NMR structure of the
35-residue villin headpiece subdomain. Nat Struct Biol. 1997;4(3):
180-184.

Klein DE, Stayrook SE, Shi F, Narayan K, Lemmon MA. Structural
basis for EGFR ligand sequestration by Argos. Nature. 2008;453
(7199):1271-1275.

Thorn KA, Folan DW, and MacCarthy P. Characterization of the inter-
national humic substances society standard and reference fulvic and
humic acids by solution state carbon-13 (13C) and hydrogen-1
(1H) nuclear magnetic resonance spectrometry. Water-Resources
Investigations Report, 89(4196):1-93, 1989.

Kandt C, Ash WL, Tieleman DP. Setting up and running molecular
dynamics simulations of membrane proteins. Methods. 2007;41(4):
475-488.

Abraham MJ, Murtola T, Schulz R, et al. GROMACS: high perfor-
mance molecular simulations through multi-level parallelism from lap-
tops to supercomputers. SoftwareX. 2015;1:19-25.

van der Bondi A. Waals volumes and radii. J Phys Chem. 1964;68(3):
441-451.

Hess B, Bekker H, Berendsen HJ, Fraaije JG. LINCS: a linear con-
straint solver for molecular simulations. J Comput Chem. 1997;18(12):
1463-1472.

Berendsen HJ, Postma J, van Gunsteren WF, di Nola A, Haak JR.
Molecular dynamics with coupling to an external bath. J Chem Phys.
1984,81(8):3684-3690.

Lindorff-Larsen K, Ferkinghoff-Borg J. Similarity measures for protein
ensembles. PLoS One. 2009;4(1):1-13.

Tiberti M, Papaleo E, Bengtsen T, Boomsma W, Lindorff-Larsen K.
Encore: software for quantitative ensemble comparison. PLoS Comput
Biol. 2015;11(10):1-16.

Kabsch W, Sander C. Dictionary of protein secondary structure: pat-
tern recognition of hydrogen-bonded and geometrical features. Bio-
polymers. 1983;22(12):2577-2637.

Ben-Naim A. Preferential solvation in two-component systems. J Phys
Chem. 1989;93(9):3809-3813.

Renevey A, Riniker S. Benchmarking hybrid atomistic/coarse-grained
schemes for proteins with an atomistic water layer. J Phys Chem B.
2019;123(14):3033-3042.

Zang X, van Heemst JD, Dria KJ, Hatcher PG. Encapsulation of pro-
tein in humic acid from a histosol as an explanation for the occur-
rence of organic nitrogen in soil and sediment. Org Geochem. 2000;31
(7-8):679-695.

Schrédinger, LLC. The PyMOL molecular graphics system, version
1.8.2015.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Gotsmy M, Escalona Y,

Oostenbrink C, Petrov D. Exploring the structure and
dynamics of proteins in soil organic matter. Proteins. 2021;89:
925-936. https://doi.org/10.1002/prot.26070



https://doi.org/10.1016/j.jmgm.2020.107817
https://doi.org/10.1016/j.jmgm.2020.107817
https://obv-at-ubbw.alma.exlibrisgroup.com/discovery/openurl?institution=43ACC_UBBW%26vid=43ACC_UBBW:Services%26lang=en%26rfr_id=info:sid%2Fsummon%26rft_dat=ie%3D2148376150003345,language%3DEN%26svc_dat=CTO%26u.ignore_date_coverage=true
https://obv-at-ubbw.alma.exlibrisgroup.com/discovery/openurl?institution=43ACC_UBBW%26vid=43ACC_UBBW:Services%26lang=en%26rfr_id=info:sid%2Fsummon%26rft_dat=ie%3D2148376150003345,language%3DEN%26svc_dat=CTO%26u.ignore_date_coverage=true
https://obv-at-ubbw.alma.exlibrisgroup.com/discovery/openurl?institution=43ACC_UBBW%26vid=43ACC_UBBW:Services%26lang=en%26rfr_id=info:sid%2Fsummon%26rft_dat=ie%3D2148376150003345,language%3DEN%26svc_dat=CTO%26u.ignore_date_coverage=true
https://obv-at-ubbw.alma.exlibrisgroup.com/discovery/openurl?institution=43ACC_UBBW%26vid=43ACC_UBBW:Services%26lang=en%26rfr_id=info:sid%2Fsummon%26rft_dat=ie%3D2148376150003345,language%3DEN%26svc_dat=CTO%26u.ignore_date_coverage=true
https://obv-at-ubbw.alma.exlibrisgroup.com/discovery/openurl?institution=43ACC_UBBW%26vid=43ACC_UBBW:Services%26lang=en%26rfr_id=info:sid%2Fsummon%26rft_dat=ie%3D2148376150003345,language%3DEN%26svc_dat=CTO%26u.ignore_date_coverage=true
https://doi.org/10.1002/prot.26070

	Exploring the structure and dynamics of proteins in soil organic matter
	1  INTRODUCTION
	2  METHODOLOGY
	2.1  Reference proteins
	2.2  Experimental design
	2.3  Insertion of protein into LHA systems
	2.4  Molecular dynamics
	2.5  Trajectory analysis

	3  RESULTS
	3.1  Protein stability
	3.2  Protein-solvent interactions
	3.2.1  Interaction energies
	3.2.2  Spatial arrangement of co-solvent molecules
	3.2.3  Hydrogen bonds

	3.3  Phase separation
	3.3.1  Preferential solvation
	3.3.2  Formation of clusters


	4  DISCUSSION
	5  CONCLUSION
	ACKNOWLEDGMENTS
	  PEER REVIEW
	  DATA AVAILABILITY STATEMENT

	REFERENCES


