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ABSTRACT: Molecular recognition between peptides and metal oxide surfaces is a
fundamental process in biomineralization, self-assembly, and biocompatibility. Yet, the
underlying driving forces and dominant mechanisms remain unclear, bringing obstacles to
understand and control this process. To elucidate the mechanism of peptide/surface
recognition, specifically the role of serine phosphorylation, we employed molecular dynamics
simulation and metadynamics-enhanced sampling to study five artificial peptides, DDD, DSS,
DpSpS, DpSpSGKK, and DpSKGpSK, interacting with two surfaces: rutile TiO, and quartz
SiO,. On both surfaces, we observe that phosphorylation increases the binding energy.
However, the interfacial peptide conformation reveals a distinct binding mechanism on each
surface. We also study the impact of peptide sequence to binding free energy and interfacial
conformation on both surfaces, specifically the impact on the behavior of phosphorylated
serine. Finally, the results are discussed in context of prior studies investigating the role of
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serine phosphorylation in peptide binding to silica.

B INTRODUCTION

Molecular recognition between peptides and surfaces plays an
important role in many biological systems and processes. It is
the underlying mechanism of a wide range of practical
applications such as drug delivery,"” biosensor design,>*
biomineralization,”® materials selectivity and self-assembly/
formation,”® and processes or applications that face challenges
of toxicity and/or biocompatibility.””'* Though the funda-
mentals of molecular recognition processes remain largely
unclear, the composition and sequencing of amino acids are
known to play important roles in regulating peptide/surface
affinity. Additionally, the presence of posttranslational
modifications (PTMs) such as phosphorylation or methylation
of peptide residues could have dramatic effects on peptide
conformation and could lead to a more complex interfacial
system.">~"7 Identifying amino acids that are active partic-
ipants in peptide/surface binding is one of the first steps in
understanding peptide adsorption and is therefore a prereq-
uisite for rational peptide design in surface-based applications.
However, isolating the effects of specific amino acids, whether
naturally occurring or altered through PTMs, or the combined
effects of groups of amino acids (i.e., “binding sites”), is
nontrivial. This remains a significant challenge that limits our
understanding of peptide/surface interactions and molecular
recognition processes.

With the development of technologies that can synthesize
peptide sequences with precision, artificial peptides can now be
rationally designed to isolate the effects of specific amino acid
sequences on peptide/surface adsorption.'”’ ™" To date, many
artificial peptides have been designed for this purpose and
studied through both experiments and simulations, with
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simplified sequences and short lengths in the form of
homopeptides, interdigitated peptides, and modified naturally
occurring or synthetically designed peptides. For example,
Walsh et al. recently employed molecular dynamics (MD)
simulations to calculate and compare the binding energies of
three trihomopeptides (YYY, HHH, and SSS) on a gold
surface.”® Carravetta and Monti have designed two dipeptides,
Ala—Glu and Ala—Lys, to represent two extremities of self-
assembly peptide EAK16-II and simulated their interaction
with the TiO,(110) surface.”’ Latour et al.>* have designed
eight different zwitterionic peptides interacting with nine
different functionalized alkanethiol self-assembled monolayer
surfaces to verify the adsorption energy calculated by the
CHARMM force field and biased-energy replica exchange.
This work is reproduced by Wei and Knotts™ with a coarse-
grained model and also agrees with experimental measure-
ments on adsorption energy.”* Tan et al. experimentally
measured the binding affinity of tryptophan- and histidine-
interdigitated peptides (XWXWXWX and XHXHXHX,
respectively, where X is any desired neighboring amino acid)
with gold particles.25 Similarly, gold-binding peptides were
designed by Hnilova et al. in both cyclic and linear form to
investigate the effects of architectural constraints on binding to
gold through both experiments and computational modeling.*®

Even with designed sequences of relatively few amino acids,
the chemistry of the surface (e.g, complex nanoscale
patterning of positive and negative surface charges) can
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significantly complicate our understanding of peptide/surface
interactions. The above examples all featured adsorption to
gold, a relatively simple surface. Metal oxide surfaces that have
more complex surface chemistries, such as titanium or silicon
dioxide (TiO, or SiO,, respectively), have garnered a great deal
of attention in recent years because of their promising
biocompatible properties.”’ > While much remain unknown
about the mechanisms of biomolecular adsorption to these
types of surfaces, some progress has been made through the
combined efforts of experimental and computational studies.
Experimentally, atomic force microscopy has been used to
study the binding of Ti-recognizing peptide RKLPDA and one
of its mutants to TiO,, providing information about the
relative peptide/surface interaction strengths of the two
systems.” Peptides have also been rationally designed to
promote titania formation,”* and adsorption to TiO, surfaces
has been used to enrich protein phosphorylation by taking
advantage of the selectivity of phosphorylated residues.”> More
recently, Puddu and co-workers investigated the titania
nanoparticle-forming capabilities of two peptides with high
affinity for titania, gaining insight into key peptide/surface
interactions governing titania mineralization across a range of
different solution conditions.’

Arguably, more data are currently available on biomolecular
adsorption to SiO, surfaces, compared to TiO, surfaces. For
instance, Vertegel et al. studied the effect of silica nanoparticle
sizes on the adsorption behavior and interfacial structure of
chicken egg lysozyme with adsorption isotherms, activity
assays, and circular dichroism spectroscopy.’® Puddu and Perry
recently used fluorimetric assays to quantify the impact of pH
on the binding behavior of charged peptides on amorphous
silica nanoparticles.’” Additionally, by using a variety of
experimental techniques in addition to MD simulations, the
dual mechanisms of ion pairing and hydrogen bond formation
between peptides and silica surfaces have been studied in
detail**

These examples demonstrate the use of molecular
simulations in addition to experiments to breakdown and
understand the complexities of biomolecular adsorption to
metal oxide surfaces. In all these studies, MD simulations
provided fundamental support for the proposed silica binding
mechanism through strong agreement of peptide/silica
adsorption energies calculated via simulations and experiments
and by quantifying the contributions of individual surface-
bound amino acids to the overall binding strength of the
peptides.”® It also points, however, to the necessity of using an
accurate and realistic surface model (in addition to the solute
model) to provide meaningful physical insights. In this regard,
the force field built by Matsui and Akaogi (MA)* is the most
well-known model for bulk rutile TiO,. It has proved to be
successful in many simulations of both bulk and interfacial
Ti0,,*~* and many modifications have been made to this
model:*’7° Machesky et al. built multiple models of the
TiO,(110) surface with different hydroxylation and charges,*”
and Képpen and Langel®' have derived Lennard-Jones (LJ)>
parameters from the Buckingham potential used in the original
MA force field for better agreement with force fields that are
designed for organic molecules, such as Amber™ and
CHARMM,** and used this to simulate the adsorption of
peptides on (100) TiO,. Similar work has been done by Brandt
and Lyubartsev,*” where they optimized the L] form force field
to obtain a water—TiO, enthalpy close to experimental data.
Unlike titania, where most studies focus on crystal structures,
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more computational models are available to simulate silica in
both crystalline and amorphous forms.>> Emami et al. have
developed a silica surface model database that covers a wide
range of silica surface chemistry and pH.*®

Enhanced sampling techniques have also been applied to
metal oxide-based systems to overcome strong biomolecule/
surface binding forces that can hinder sampling in classical MD
simulations.””””*® For example, Walsh et al. predicted
adsorption free energies of amino acid analogues on a
negatively charged (110) surface of rutile TiO, using
metadynamics.’” Brandt and Lyubartsev calculated adsorption
profiles of side-chain analogues of the 20 naturally occurring
amino acids as well as a titanium-binding peptide on the (100)
surface of TiO, using both metadynamics and umbrella
sampling.*® Related to the present work, the binding of silaffin
peptide RS to silica and the role of phosphorylation were
previously considered with MD'® as well as the role of RS in
templating the growth of freestanding silica sheets.>

Here, we build on the progress of these past studies using
simple, rationally designed peptide sequences to investigate the
molecular driving forces behind peptide adsorption to
inorganic, metal oxide surfaces. We focus on elucidating the
effects of posttranslational phosphorylation and peptide
sequence on the surface-bound conformations and binding
energies of peptides adsorbed to metal oxide surfaces and
quantify whether the location, order, and extent of
phosphorylation serve to increase or decrease the binding
affinity for the same peptide sequence.

In this work, MD simulations augmented with the well-
tempered metadynamics (WTM)-*’nhanced sampling method
has been employed to study the adsorption of peptides DDD,
DSS, DpSpS, DpSpSGKK, and DpSKGpSK (where pS
indicates a phosphorylated serine residue) to both rutile
TiO, and quartz SiO,. DDD and DSS represent examples of
important binding motifs in the salivary protein statherin and
its variants,”" providing a basis for studying the effects of their
phosphorylated counterpart DpSpS which readily binds to the
silica surface.”” The latter two peptides—DpSpSGKK and
DpSKGpSK—were designed with the same amino acids
arranged in different sequences to determine the effects of
peptide sequence on peptide/surface binding, surface-bound
conformation, and the extent to which the effects of
phosphorylation are influenced by the surrounding amino
acid microenvironment. For each system, we determined both
the peptide/surface binding free energy and interfacial
conformation of the peptide to elucidate key mechanisms of
peptide/surface adsorption that could have important
implications for future biomaterials and biomedical research.

B METHODS

Peptide sequences with N-terminal acetyl (i.e, CH;CO—) and C-
terminal amide (i.e, —NHCH;) capping groups and TiO, surface
were constructed using the open-source software program Avoga-
dro.% Following the protocol used in prior simulations,” 6% the (100)
surface of rutile TiO, was simulated with terminal oxygen atoms to
mimic a titanium surface in aqueous media at a neutral pH. The
surface orientation and degree of cleavage were chosen to be
consistent with recent simulations of TiO, conducted by Brandt et
al,**° with tri- and doubly coordinated oxygen atoms and with five-
and six-coordinated titanium atoms in the top/bottom and bulk layers
of the surface, respectively. This mimics TiO, in ambient environ-
ment, where it tends to be covered with oxygen at physiological
pH.%>% Furthermore, protonation on the (100) rutile surface at pH =
7 in water is approximately 1% of the O site, which results in less than
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Table 1. Details on the Setup of MD Simulations in This Work

simulation peptide surface peptide charge
1 DDD TiO, -3
2 DSS TiO, -1
3 DpSpS TiO, )
4 DDD $i0, -3
S DSS SiO, -1
6 DpSpS Sio, -5
7 DpSKGpSK TiO, -3
8 DpSpSGKK TiO, -3
9 DpSKGpSK Sio, -3
10 DpSpSGKK Sio, -3

“Includes both surface ions and counterions.

surface charge Na* ions” box dimensions (nm)
0 3 2.7 X 28 XS5.0
0 1 2.7 X 28X S5.0
0 S 2.7 X 28 X 5.0
-20 23 35X 34x%S.1
-20 21 35X 34 XS54
=20 25 3.5X34X54
0 3 2.7 X 28 X85
0 3 2.7 X 28 X85S
-20 23 35X 34%XS59
-20 23 35X 34XS59

1 OH group on the slab we build. An alternate model for neutral,
nonhydroxylated TiO, was developed by Predota et al.*” The short-
range interactions between surface oxygens and water oxygens were
set equal to the LJ interactions between oxygens in the SPC/E water
model; however, the short-ranged interactions between surface
titanium atoms and water oxygens were described by a Buckingham
potential. In order to describe all short-range interactions by the same
potential form, we adopted the LJ parameters fitted from the
Buckingham potentials of the MA force field by Brandt and
Lyubartsev.*” The TiO, unit cell structure was downloaded from
the Crystallography Open Database.””~”° A TiO, supercell 4 X 6 X 9
was built from the unit cell belonging to the space group P4,/mnm,
with cell parameters of a = b = 4.594 A and ¢ = 2.959 A. The final cell
size used in the MD simulations was ~2.7 X 2.8 X 1.7 nm with 6 X 9
O site on each face. For SiO,, a quartz (001) surface was simulated
with a Q2 surface environment.***® The surface was prepared from a
7 X 4 X 3 supercell built from an a-quartz (001) rectangular cell
provided in the INTERFACE force field,”" resulting in a final size of
~3.5 X 34 X 2.0 nm used in the simulations. All silicon atoms were
hydroxylated with two silanol groups (=Si(OH),), resulting in 9.4
silanol groups/nm?”. Approximately 1.0 silanol group/nm?* was ionized
to SiO™ with requisite numbers of surface sodium ions added to
maintain a neutral interface, mimicking the surface chemistry of
quartz in a neutral pH solution.

Visual MD’* was used to generate simulation boxes with a single
peptide placed in a random configuration above each surface in the
presence of water. Between 1 and S additional sodium ions (termed
counterions, in contrast to surface ions) were added to each
simulation box to neutralize the charge of the peptide. The z-
dimension of each simulation box—between 5.0 and 6.0 nm—was
chosen to be large enough to permit accurate binding free energy
calculations. Further details of each simulation are included in Table
1. The peptides and counterions were modeled using the
CHARMM?27 force field,”* and the TIP3P water model was used to
represent water.”* The force field originally developed by Matsui and
Akaogi®® and fitted into a LJ potential form by Brandt and
Lyubartsev* is used to model TiO,, whereas the INTERFACE
package developed by Heinz and co-workers—integrated into the
CHARMM?27 force field—was used to model SiO, and surface Na*
ions.>® Phosphoserine side chains were fully deprotonated to mimic
conditions in a neutral pH environment and were parameterized using
a combination of data from Steinbrecher et al.”® and the
CHARMM?27 force field.

All simulations were carried out with the GROMACS 5.1.2 MD
engine’® in conjunction with the PLUMED 2.0 plugin.”” Energy
minimization was performed on each system using a steepest descent
algorithm for 40 000 steps. The optimized systems were then briefly
equilibrated in the NPT ensemble for 100 ps at 300 K and 1 bar
(semi-isotropic coupling scheme) using the Donadio—Bussi—
Parrinello thermostat’® and Berendsen barostat,” respectively. In a
subsequent equilibration step, the same thermostat was used to carry
out a 100 ps NVT simulation at 300 K. A harmonic restraint was
placed at 1.8 nm above the surface in simulations 1 through 6 (see
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Table 1) and 2.2 nm above the surface in simulations 7 through 10.
This was done to prevent the peptides from binding to the opposing
surface, made possible by the use of periodic boundary conditions in
all dimensions. L] and Coulombic interactions were calculated with a
cutoff length of 1.0 nm, and long-range electrostatic interactions were
treated with the particle mesh Ewald method. Interactions between
hydrogen and other heavy atoms were constrained using the LINCS
algorithm® to allow for a 2 fs time step to be used in all simulations.
To prevent bulk surface distortion, SiO, surfaces were frozen apart
from the silanol groups in the outer layers that were allowed to
fluctuate in position during the simulations. TiO, surfaces, lacking
OH-termination, were completely frozen in all simulations.

WTM with the multiple walkers method®' was employed to
overcome timescale limitations of classical MD and allow for extensive
sampling of the adsorption free energy landscapes of the peptides.
Each system consisted of eight replicas with the peptides initially
placed in different conformations and at different distances from the
surface. A single collective variable (CV) was biased in each
simulation, namely, the orthogonal distance between the peptide’s
center-of-mass (COM) and the surface, with an initial Gaussian hill
height of 2.0 kJ/mol and a deposition frequency of 0.5 ps™'. The
adjustable WTM parameter (bias factor) was set to 12. The Gaussian
hill width, or ¢ value, ranged from 0.018 to 0.037 nm in each
simulation based on the standard deviation of the CV calculated in
equilibrium NVT simulations of adsorbed peptides. All simulations
were carried out to 1 wus/replica (8 us total sampling) and were
deemed converged within this timescale (Figure 1). Convergence was
established as the time at which the change in free energy—projected
onto the peptide/surface distance—between the adsorbed and
solvated states (i, the binding energy) ceased to change beyond
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Figure 1. Change in free energy upon peptide/surface adsorption as a
function of simulation time per replica for all WI'M simulations. The
standard deviation of each plot calculated from the last 500 ns of
simulations is +1.78, +0.32, +1.18, +0.75, +£0.32, +1.66, +1.56,
+0.76, +1.37, and +0.78 kJ/mol. The order of the systems is the
same as it appears in Table 1.
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Figure 2. Surface chemistry of TiO, and SiO,: (left) snapshots from WTM simulations of the interfaces between (A) water and TiO, and (B)
water and SiO,. (Right) Plot of the water density above the two surfaces as a function of the water—surface orthogonal distance (nm). We note that
the bin size of 0.2 A was used to generate (C), and the qualitative conclusions do not change across a wide range of bin sizes. Hydrogen, oxygen,
silicon, and titanium atoms are shown in white, red, yellow, and gray coloring, respectively, and sodium ions are shown as blue spheres. For each
snapshot, an arrow indicates the value of the water density at the distance indicated by a vertical, dotted line above the surface. For both surfaces,
the reference for z = 0 is the top frozen atom in the simulation, which is top O and top Si in TiO, and SiO,, respectively.

the level of thermal fluctuations (kT = 2.5 at 300 K). We use standard
equations to calculate the binding free energy, which are discussed in
the Supporting Information (Figure S1). Exploration of CV space and
evolution of FES is also shown in the Supporting Information (Figure
S2).

B RESULTS AND DISCUSSION

Surface Chemistry of TiO, and SiO,. In comparing and
contrasting peptide adsorption behavior on the two mineral
surfaces, it is important to first understand the differences in
their surface chemistries to establish a baseline for how these
differences might affect our results. TiO, and SiO, differ in
multiple ways. First, TiO, is a metal oxide surface in which
atoms are generally more ionized than in the SiO, surface. This
high charge of the titanium atom in TiO, results in a well-
ordered, zwitterionic-like surface that produces a strong
electric field because of the alternating positive and negative
charges. Therefore, we might expect much stronger electro-
static interactions between the peptides and TiO, versus SiO,.
However, another significant difference between the two
surfaces is in their terminal chemistries. At the neutral pH at
which the simulations were performed, TiO, contains no
hydroxyl groups, whereas SiO, is fully hydroxylated with some
—OH groups partly ionized to O~ (see Methods for more
details). Though these conditions largely represent approx-
imations of real conditions (i.e., natural TiO, could be partially
hydroxylated in some situations, while SiO, is not likely to
always be fully hydroxylated), our simulations were designed to
mimic the true biological conditions and thus could provide
important clues into differences in adsorption behavior on the
two surfaces.

Figure 2 shows a plot of the water density above each surface
as a function of the water—surface distance. Snapshots
illustrate the water configurations of the systems near the
maximum observed water density above each surface in the
WTM simulations. The results show that there are two well-
ordered and highly oriented water layers above the TiO,
surface, indicated by sharp peaks in the density above that of
the bulk. The peak 8positions are in good agreement with a
recent MD study.*® The first layer of water molecules
penetrate into the top layer of the surface, driven by
electrostatic interactions between water oxygen atoms and
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surface titanium atoms; formation of the second layer is driven
by hydrogen bond interactions between water hydrogen atoms
and surface oxygen atoms. Conversely, while the water density
is notably higher above the SiO, surface than in the bulk
solution, the spatial distribution and orientation of water
molecules above the surface are relatively random, compared
to the TiO, surface.

Effects of Phosphorylation on Peptide Adsorption.
Binding free energy profiles of the three peptides on the TiO,
surface are shown in Figure 3A. The results show that DpSpS
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Figure 3. Adsorption of DDD, DSS, and DpSp$S on TiO,: (A) plot of
the free energy projected onto the peptide/surface separation distance
for the three peptides on TiO,; (B,C) WTM trajectory snapshots of
DDD and DpSpS, respectively, adsorbed to TiO,, corresponding to
the global minimum in (A). Coloring is as described in Figure 2, with
the addition of phosphorus atoms shown in gold. Water is not
pictured for clarity. Snapshots corresponding to conformations in
other local energy minima of all simulated systems are shown in the
Supporting Information (Figures S3—S6).

binds most strongly to TiO, with a binding free energy of ~26
kJ/mol. Comparatively, DDD binds nearly 40% weaker to
TiO, with a binding free energy of ~16 kJ/mol, and DSS binds
with an almost 75% decrease in binding free energy compared
to DpSpS at ~7 kJ/mol. Notably, the percent differences in the
binding free energies of the three peptides are nearly the same
as the differences in their net charges: DpSpS, with a net
charge of +5, has a 40% higher overall charge than DDD (+3)

DOI: 10.1021/acs.langmuir.8b01392
Langmuir 2019, 35, 5911-5920


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b01392/suppl_file/la8b01392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b01392/suppl_file/la8b01392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b01392/suppl_file/la8b01392_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.8b01392

Langmuir

and an 80% higher charge than DSS (+1), demonstrating a
strong electrostatic driving force for peptide adsorption to
TiO,.

Visual analysis of the trajectories provides a molecular basis
for the observed trend in peptide binding strength to TiO,.
Figure 3B,C shows snapshots of peptides DDD and DpSpS,
respectively, adsorbed to the TiO, surface. While all three
aspartate and/or pS residues in the peptide sequences are
bound to the surface in each case, DDD appears to adopt a
more flattened conformation on the surface, consistent with
the results of Figure 3B, which show that the COM of DDD is
able to bind slightly closer to the surface than that of DpSpS.
However, stronger electrostatic interactions between pS
residues (—2.0 charge) in DpSpS and Ti atoms (+2.2 charge)
in TiO, dominate the nature of binding to TiO, and lead to a
higher overall binding free energy than for DDD on TiO,. This
is despite the presence of surface oxygen atoms (—1.1 charge)
that serve to weakly screen the highly charged Ti atoms from
the pS residues, which seek to fully compensate their charge by
coordinating with nearby sodium atoms from solution, as
shown in Figure 3C. In the case of DSS, the only electrostatic
interaction with the surface comes from the lone aspartate,
resulting in a much lower binding free energy to TiO, than for
the other two peptides.

The binding free energy profiles of the peptides on SiO,
(Figure 4A) show the same enhanced surface binding strength
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Figure 4. Adsorption of DDD, DSS, and DpSpS on SiO,: (A) plot of
the free energy projected onto the peptide/surface separation distance
for the three peptides on SiO,; (B) WTM trajectory snapshot of
DpSpS adsorbed to SiO,. Coloring is as described in Figure 2, with
the addition of phosphorus atoms shown in gold. Water is not
pictured for clarity.

with sequence phosphorylation as on the TiO, surface, though
for different reasons, as discussed below. In the case of all three
peptides, there is an energy barrier to adsorb onto the surface.
However, for DDD and DSS, the results show that even if the
peptides are able to cross this barrier to adsorption, it is
energetically preferable for the peptides to remain in the bulk
solution. Conversely, DpSpS has a binding free energy of ~12
kJ/mol to SiO,, though, notably, this is only about half the
value on TiO,. This reduction in binding free energy is due to
a different, less effective binding mechanism of DpSpS on SiO,
compared to that on TiO,. In SiO,, the hydroxyl groups (both
OH- and O—) that are allowed to fluctuate in position during
the simulation effectually shield the charge of the Si atoms
below them (+1.1 charge), preventing the negatively charged
aspartate and pS residues in the peptides from binding to the Si
atoms. Sodium ions with a +1.0 charge adsorb onto surface
sites of ionized oxygen atoms (—0.9 charge), which, unable to
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compensate for the full charge of the sodium ions, provide
weak binding sites for positively charged peptide residues to
adsorb. This ion-mediated binding mechanism is the primary
means by which pS residues are able to bind to the SiO,
surface, as shown in Figure 4B. As with adsorption to TiO,, pS
residues also coordinate with sodium ions from the solution to
further compensate for their —2.0 charge. In the case of DDD
and DSS, visual analysis of the trajectories confirms that the
peptides are unable to bind to the surface via this same ion-
mediated binding mechanism. The natural salivary statherin
fragment SN15 and its motifs where the DpSpS sequence of
SN1S is mutated to DSS(SNglS) and DDD(SN,15) has
shown a similar trend of decrease in binding energy with
decreasing charge, when interacting with the hydroxyapatite
surface.’’ Charged residues are also found to be essential in the
binding of the Ti-binding peptide RKLPDA to the TiO,(110)
surface.””** For example, in a study by Walsh et al,'® the
detachment of the RKLPDA peptide is observed after mutation
of charged residue Asp to Ala.

We also note that influence of charge comes from not only
the peptide but also the mediating ions on the surface.
Desmond et al.** simulated positively charged alkylammonium
adhesion to silica in four different electrolytes and found that
Ca’" coordinated to the negatively charged O site has greater
adsorption compared to monovalent electrolytes, proving that
ions can strongly influence peptide binding to a surface.

Figure 5 shows the comparison of the binding energy across
the tripeptide—surface systems. In general, it is seen that the
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Figure S. Binding energy as a function of peptide charge for DDD,
DSS, and DpSpS on TiO, and SiO, as labeled. Charges are —1, —3,
and =5 for DDD, DSS, and DpSpS, respectively.

binding energy of peptides increases with peptide charge. This
trend is more pronounced for TiO, than for SiO,. For the
binding of peptides to SiO,, it is seen that there is a minimum
charge threshold below which the peptides do not bind to the
silica surface, and DpSpS has the highest binding energy, which
indicates that the strong binding driving force is induced by
phosphorylation.

However, this phenomenon of phosphorylation increasing
binding is in aplparent contradiction to a recent MD study by
Sprenger et al.,'® in which it was found that phosphorylation
plays an opposite role in RS, a 19-residue native silaffin-based
peptide, binding to silica. In the case of RS, three instances of
phosphorylation were considered ranging from none to
complete phosphorylation of seven residues. In this case, it
was determined that phosphorylation decreases the binding of
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the peptide to silica in contrast to our observations reported
above. The difference is due to some of the intrinsic differences
between 19-residue RS and the nature-inspired mini-peptides
based on SN15. In particular, the increase in phosphorylation
in the case of RS leads to substantive disruption of the C-
terminal motif (RRIL domain), which has been strongly
implicated as a binding region in R$.*> Additionally, the simple
sequence of the peptides considered here allows for a strong
Na'-mediated binding mechanism. Although the peptides are
negatively charged and bind to negatively charged silica, the
cation mediation of the binding mechanism is sufficient to
account for the apparent increase in peptide binding free
energy. This further underscores our findings about the impact
of peptide sequence on peptide binding energy.

Effects of Peptide Sequence on Surface Adsorption.
To explore the effects of peptide sequence on surface
adsorption and in particular, the effects on the ability of pS
residues to increase the strength of mineral oxide binding, we
designed two additional peptides with the same residue
composition and a net charge of —3 (n.b., same as that for
DDD) but with slightly different sequences. The new peptides
were capped on the N and C termini in the manner of all
previously studied peptides. In the first peptide sequence,
DpSpSGKK, two pS residues are placed next to each other as
they were in the previously studied peptide, DpSpS. In the
second peptide sequence, DpSKGpSK, the latter pS residue is
exchanged with a lysine (K) residue further down in the
sequence so that both pS residues neighbor a positively
charged lysine residue.

Figure 6A shows the binding free energy profiles of the two
peptides on the TiO, surface, with corresponding snapshots of

50
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—— DpSKGpSK

40

30

20

Free Energy (kJ/mol)
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0
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Peptide/Surface Separation Distance (nm)

DpSpSGKK

Figure 6. Adsorption of DpSpSGKK and DpSKGpSK on TiO,: (A)
plot of the free energy projected onto the peptide/surface separation
distance for the two peptides on TiO,; (B,C) WTM trajectory
snapshots of DpSpSGKK and DpSKGpSK, respectively, adsorbed to
TiO,. Coloring is as described in Figure 2, with the addition of
phosphorus atoms shown in gold. Water is not pictured for clarity.

adsorbed peptide conformations (Figure 6B,C). The results
show that consistent with our earlier findings, a small
negatively charged peptide with pS residues binds strongly to
a TiO, surface at physiological conditions. DpSpSGKK binds
with a free energy of ~35 kJ/mol, which is 9 kJ/mol higher
than the binding free energy found for DpSpS on TiO,, likely
due to the addition of beneficial lysine/surface—O interactions.
Figure 6A shows that the binding free energy of DpSKGpSK
on TiO, is less than for DpSpSGKK on TiO, by ~5 kJ/mol or
by ~14%. This implies that differences in local electrostatic
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driving forces centered around the pS residues (i.e., different
sequences) lead to differential peptide/surface binding because
the overall charge of the peptides remains the same at —3.
Rearranging the peptide sequence to have lysine residues
directly next to pS residues results in a slight charge-
dampening effect that marginally reduces local electrostatic
driving forces and leads to a lower binding free energy.
Importantly, the percent decrease in binding free energy in
going from DpSpSGKK to DpSKGpSK on TiO, (~14%) is
much smaller than the decrease in going from DpSpS to DDD
on TiO, (~40%), discussed earlier, even though the local
charge distributions are very similar for the peptides [i.e., the
local collective charge of pS and K residues in DpSKGpSK (—2
+ 1 = —1) is the same as for D in DDD (—1)]. This indicates
that the global or overall electrostatic driving force also plays
an important role in peptide/TiO, binding, because in going
from DpSpSGKK to DpSKGpSK, the net charge remains the
same at —3, whereas in going from DpSpS to DDD, the net
charge decreases from —5 to —3.

A conformational analysis of DpSpSGKK and DpSKGpSK
bound to TiO, (Figure 6B,C) shows many similarities to
earlier results for DpSpS and DDD on TiO, (Figure 3B,C).
For instance, when pS residues are next to each other in the
sequence, the peptide adopts a more compact structure that
leads to an energy minimum further out from the surface, and
when pS residues are separated from one another (or gone
altogether in the case of DDD), the peptide adopts a more
flattened conformation that allows it to approach closer to the
surface. Differences arise amid the profiles of DpSKGpSK and
DpSpSGKK between a peptide/surface distance of ~0.8 and
1.3 nm (Figure 6A), where a small shoulder appears for
DpSKGpSK that is not seen for DpSpSGKK. Investigation of
the simulation trajectory for DpSKGpSK on TiO, in this
distance window indicates that the shoulder behavior is largely
due to configurations where only one of the two pS residues is
bound to the surface. The reduction in electrostatic
interactions of these surface-bound configurations is reflected
in a reduced binding free energy between 10 and 20 kJ/mol
(Figure 6A) or approximately half of the binding free energy
when both pS residues bind to the surface. No equivalent
shoulder behavior is observed for DpSpSGKK on TiO,
because the close proximity of the two pS residues serves to
stabilize each other on the surface.

Figure 7A shows the binding free energy profiles of
DpSpSGKK and DpSKGpSK on the SiO, surface, with
corresponding snapshots of adsorbed peptide conformations
(Figure 7B,C). The results show that even with the net
charged reduced from —§ to —3 with the incorporation of the
two lysine residues, both peptides bind strongly to the SiO,
surface, which is a departure from the behavior of DDD, also
with a charge of —3, for which it was energetically preferable to
remain in bulk solution rather than adsorb onto the SiO,
surface. As shown in Figure 7B,C, this is because the peptides
are still able to bind to SiO, via the ion-mediated binding
mechanism discussed earlier, despite the charge-dampening
effects of the neighboring lysine residues. Figure 7A shows that
DpSpSGKK binds with an adsorption free energy of ~14 kJ/
mol, which is slightly higher than the binding free energy of
~12 kJ/mol that was found earlier for DpSpS on SiO, (Figure
4A). Additional electrostatic interactions may be possible with
the addition of the lysine residues in DpSpSGKK, but in
general, the results show that the interactions between pS
residues and surface-bound ions dominate the adsorption
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Figure 7. Adsorption of DpSpSGKK and DpSKGpSK on SiO,: (A)
plot of the free energy projected onto the peptide/surface separation
distance for the two peptides on SiO,; (B,C) WTM trajectory
snapshots of DpSpSGKK and DpSKGpSK, respectively, from the first
minimum in each energy profile adsorbed to SiO,. Coloring is as
described in Figure 2, with the addition of phosphorus atoms shown
in gold. Water is not pictured for clarity.

behavior of the peptides and lead to their similar binding free
energies on SiO,. In contrast with the behavior on the TiO,
surface (Figure 6A), the binding free energy of DpSKGpSK at
~16 kJ/mol is slightly higher than that of DpSpSGKK on SiO,,
further demonstrating that the ability of the pS residues to bind
to surface-bound sodium ions on SiO, is not negatively
impacted by the presence of neighboring lysine residues.
Consistent with previous findings (Figures 3 and 6), separating
out the pS residues in the peptide sequence allows the peptide
to adopt a more flattened conformation at a distance closer to
the surface (Figures 7A,C). Combined with the fact that ion-
mediated binding is not hindered by adjacent positive charges
in the sequence, this explains the minor increase in the binding
free energy of DpSKGpSK on SiO, compared to that in
DpSpSGKK and the opposite trend in the free energy of
binding to the TiO, surface. To address the impact of
sequence in biorecognition, Mitternacht et al.*® have
performed atomic-level simulation of a 12-residue peptide S1
(AQNPSDNNTHTH) and its random permutation sequence
S3 (same amino acid composition as S1 but in a different
order) and found that S1 has more peptide adhesion to gallium
arsenide and silica surfaces. They suggested that change of
proline position in the sequence results in the change of
binding. In the current work as well, we find that it is the
relative position between charged residues that impacts
peptide/surface adhesion.

B CONCLUSIONS

This study investigated the primary molecular driving forces
underlying peptide adsorption to metal oxide surfaces,
specifically the effects of (1) surface chemistry, (2) serine
phosphorylation, and (3) peptide sequence, on the binding
free energy of the peptides and their equilibrium adsorbed-
state conformations. Inspired by the binding motif in mineral
precipitating proteins, we varied both the number and position
of pS residues in five synthetically designed peptide sequences.
Varying the number of pS residues (i.e., the overall negative
charge of the peptides) led to the finding that electrostatic
interactions are a strong driving force for adsorption to both
TiO, and SiO,. Despite distinct surface chemistries, an
increased degree of serine phosphorylation was found to
significantly enhance peptide adsorption on both surfaces.
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peptide and surface. Simulations were performed of two
peptides with the same overall negative charge and residue
composition but with pS residues arranged in different
locations throughout the peptides’ sequences. While the
peptides were observed to bind via the same mechanisms as
described above to each of the surfaces, differently arranged
sequences resulted in unique peptide/surface binding energies
and peptide adsorption conformations on the two surfaces. By
studying such synthetically designed peptide sequences, we
largely simplified the peptide/surface binding scenario. This
allowed us to isolate the impacts of surface chemistry,
phosphorylation, and peptide sequence on binding, providing
new and important insights into the process of peptide
adsorption onto metal oxide surfaces. In future work, we will
extend the above findings to more complex protein/surface
systems, in order to further enhance our understanding of
protein—mineral interactions for use in a wide variety of
applications and new biobased technologies.
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