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Abstract

A better understanding of the binding preference of amino acids for gold nanoparticles of different
diameters could aid in the design of peptides that bind specifically to nanoparticles of a given
diameter. Here we identify the binding preference of 19 natural amino acids for three gold
nanoparticles with diameters of 1.0, 2.0, and 4.0 nm, and investigate the mechanisms that govern
these preferences. We calculate potentials of mean force between 36 entities (19 amino acids and
17 side chains) and the three gold nanoparticles in explicit water using well-tempered
metadynamics simulations. Comparing these potentials of mean force determines the amino acids’
nanoparticle binding preferences and if these preferences are controlled by the backbone, the side
chain, or both. Twelve amino acids prefer to bind to the 4.0 nm gold nanoparticle, and seven prefer
to bind to the 2.0 nm one. We also use atomistic molecular dynamics simulations to investigate
how water molecules near the nanoparticle influence the binding of the amino acids. The solvation
shells of the larger nanoparticles have higher water densities than those of the smaller
nanoparticles while the orientation distributions of the water molecules in the shells of all three
nanoparticles are similar. The nanoparticle preferences of the amino acids depend on whether their
binding free energy is determined mainly by their ability to replace or to reorient water molecules
in the nanoparticle solvation shell. The amino acids whose binding free energy depends mainly on
the replacement of water molecules are likely to prefer to bind to the largest nanoparticle and tend
to have relatively simple side chain structures. Those whose binding free energy depends mainly
on their ability to reorient water molecules prefer a smaller nanoparticle and tend to have more
complex side chain structures.
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1. INTRODUCTION

Gold nanoparticles have been used in a variety of medical and biological applications such
as photodynamic therapy, drug delivery, sensors, and diagnostics.1~7 More recently,
researchers have begun to use peptides®-19 and protein cages!!12 to manufacture gold
nanomaterials with desired properties. Since amino acids are the building blocks of peptides
and proteins, a better understanding of how they interact with gold nano-particles could help
us design peptide and protein materials that promote the production of gold nanoparticles
with desired diameters and shapes.

One question that arises concerning amino acid—gold nanoparticle interactions is how the
nanoparticle binding preference of amino acids depends on nanoparticle diameter. It is well-
known that the function and performance of nanoparticles can be manipulated by tuning
their diameter.13-19 Changing the diameter of a nanoparticle alters its curvature and the
arrangement of surface atoms; it also changes the structural and dynamic properties of the
solvent molecules surrounding it. These variations can, in turn, change how strongly a
molecule binds to the nanoparticle and the binding mechanisms. For instance, Zuo et al.16
studied the binding affinity of villin headpiece on graphene, carbon nanotubes, and Cgy.
They found that variation in the surface curvature changes the adsorption mechanism: n—r
stacking interactions drive the binding of the villin headpiece on graphene while
hydrophobic interactions drive binding on the carbon nanotube and Cgg. Monopoli et al.1’
also found that the curvature of a nanoparticle influences the adsorption of proteins.

Current understanding of mechanisms that govern bindings of amino acids to substrates
remains limited. Hrushikesh et al.20 investigated the binding strength of Lys and Asp on gold
nanoparticles using isothermal titration calorimetry. They concluded that Lys binds to gold
nanoparticles more strongly than Asp does, and they suggested that this binding difference is
due to the polarity of the two amino acids. Feng et al.2! investigated the adsorption
mechanisms of single amino acids to a gold (111) surface using molecular dynamics
simulations. They suggested that the molecular size of amino acids rather than specific
chemistry determines their binding ability on gold surfaces. Hoefling et al.22 also
investigated the adsorption of single amino acids on the gold (111) surface, and they argued
that the chemical natures of amino acids determine their binding ability on gold surfaces. Yu
et al.23 investigated the influence of amino acid sequence on the binding process of peptide
AYSSGAPPMPPF on gold surfaces using molecular simulations. They suggested that Tyr,
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Met, and Phe are the strongest binding residues on that peptide. These studies provide
insight about the adsorption mechanisms of amino acids on gold materials.

The differences in physical and chemical properties of the 20 natural amino acids can lead to
distinct nanoparticle preferences. A measure of the binding preference of amino acids on
gold nanoparticles is their binding strength on gold surfaces. Atomistic simulation-based
studies?1:22:24 have shown that the binding abilities of the 20 amino acids on a gold (111)
surface are different. This is of course expected, given the variety of structures on the
different amino acids. Here we seek to identify the physical and chemical origin of the
binding preferences of amino acids for different nanoparticles from two aspects: molecular
structure of amino acids and effects of solvent molecules. Since a natural amino acid is
composed of two parts: backbone and side chain, we first examine the respective roles of
these two parts of amino acids in their nanoparticle binding preferences. We also examine if
nanoparticle preferences of amino acids can be grouped based on the roles of backbone and
side chain, and how this grouping is related to the structures of amino acids. Solvent
molecules play an important role in governing adsorption of molecules on substrates.25:26
Some research?’:28 even suggests that the solvent molecules determine the adsorption
strength and mechanisms. We analyze the structural properties of solvent molecules around
nanoparticles and how they vary with the nanoparticle diameter to seek how they may
influence the nanoparticle preferences of amino acids.

The objectives of this work are to determine the binding preferences of amino acids for gold
nanoparticles with different diameters and to explore the mechanisms that govern these
preferences. We investigate the potentials of mean force of 36 entities (19 natural amino
acids and 17 side chains) and three gold nanoparticles with diameters of 1.0, 2.0, and 4.0 nm
in explicit water using well-tempered metadynamics simulations. The amino acid cysteine is
not considered because it forms chemical bonds with gold materials. Comparison of these
potentials of mean force allows us to identify which amino acids are most likely to bind to
gold nanoparticles of different diameters, and to examine the respective roles of amino acid
backbone and side chain in their binding preferences. We also investigate the structural
properties of water molecules near gold nanoparticles to explore mechanisms that govern the
nanoparticle preferences of amino acids. The rest of the paper is organized as follows:
Section 2 presents the details of the molecular simulations and well-tempered
metadynamics, section 3 presents the results and discussion, and section 4 gives the
conclusions.

2. SIMULATION METHOD
2.1. Molecular Model

The atomistic configurations of gold nanoparticles, amino acids, and side chains are
obtained in the following way. The Nanoparticle Builder Module of OpenMD?? is used to
generate atomistic configurations for three gold nanoparticles of diameters 1.0, 2.0, and 4.0
nm, as shown in Figure 1. The positions of gold atoms are generated from a gold crystal
(Face Centered Cubic, 0.408 nm) based on the nanoparticle diameter. A generated gold
nanoparticle has (100), (110), and (111) facets and edges on it. The molecular structures of
the amino acids are obtained from the Avogadro package.3° The amino acid’s N and C
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terminals are capped with an acetyl group and an A-methyl amide group, respectively. The
protonated/deprotonated status of side chains of amino acids are determined by comparing
their pK; values with pH = 7. The side chain of His is an imidazole group. The side chains
are modeled by detaching them from the backbone and replacing the C, atom with an H
atom. The side chain of proline is not considered in this work because it is closely coupled
with the backbone.

The gold atoms are described using the force field parameters developed by the Heinz
group3132 since they do a good job of representing the interfacial properties of gold
materials. The amino acids and their side chains are described by the GROMOS54a7 force
field.33 The water molecules are described using the SPC model3* as recommended for the
GROMOS force field.

The simulation box for well-tempered metadynamics simulations is created using the
following steps. The initial length of the box is set to 3.0, 4.0, and 7.0 nm for the gold
nanoparticles with diameters of 1.0, 2.0, and 4.0 nm, respectively, to ensure that there are
enough water molecules in the bulk phase. The number of water molecules are ~800, ~2000,
and ~6000 in the boxes for the 1.0, 2.0, and 4.0 nm nanoparticles. The gold nanoparticle is
placed near the center of the box; the amino acid or side chain entity is placed randomly in
the box, and the rest of the box is filled with water molecules at a density of 1.0 g/cm?.
Figure 2 shows the initial configuration of a glycine and a 4.0 nm gold nanoparticle in a
water box of length 7.0 nm.

The simulation box for atomistic molecular dynamics (MD) simulations of gold
nanoparticles in water is created in the same way as that in the well-tempered metadynamics
simulations. The gold nanoparticle is placed in the center of the box and the rest of the box
is filled with water molecules. The box length is the same as in the well-tempered
metadynamics simulations.

2.2. Simulation Details

Well-tempered metadynamics3® is an alternative to metadynamics simulation method.3¢ The
basic idea of well-tempered metadynamics is similar to that of metadynamics: the location
of the system in the ensemble space is determined by calculating some predefined collective
variables and a positive Gaussian potential is added to the system energy to discourage it
from to coming back to the previous point. Eventually when enough Gaussian potentials
have been added, the system explores every point of the energy landscape evenly. At this
point, the energy landscape can be recovered as the opposite of the sum of all Gaussians.
The magnitude of the Gaussian potentials added to the energy decreases as the simulation
progresses to ensure smooth convergence of the final result

Well-tempered metadynamics simulations were conducted on nanoparticle-amino acid and
nanoparticle-side chain systems to calculate 108 potentials of mean force (PMFs) between
36 entities (19 amino acids and 17 side chains) and three gold nanoparticles (diameters =
1.0, 2.0, and 4.0 nm) in explicit water. In each case, after energy minimization, a 10 ns
isothermal-isobaric ensemble (NPT, 7= 300 K, 2= 1 bar) MD simulation is conducted with
a 1 fs time step to ensure that the system potential energy fluctuates less than 1%. The
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Berendsen algorithm is used to couple temperature and pressure3® in the NPT MD
simulation because this algorithm helps the system reach the desired temperature and
pressure quickly. Then a well-tempered metadynamics simulation38 (bias factor = 4, initial
Gaussian hill height = 1.0 kJ/mol, o= 0.02 nm, and update frequency = 200 steps) is
conducted in the canonical ensemble (NVT, 7 =300 K) to calculate the amino acid/side
chain-nanoparticle PMF. The collective variable (CV) is the distance between the amino acid
C, atom/side chain center of the mass and the center of the gold nanoparticle. The
temperature is controlled using the stochastic global thermostat.3” The short-range van der
Waals interactions are described using the Lennard—Jones 12—6 function with a 1.0 nm
cutoff distance. The long-range electrostatic interactions are described using a Coulombic
interaction and treated with the particle mesh Ewald sum method.38 Nonbonded interactions
among gold atoms are not considered, and the positions of the gold atoms are fixed in the
simulations. All of the covalent bonds in the water molecules, amino acids and side chains
are free to move during the minimization and the 10 ns NPT MD simulations. The bonds
attached to the hydrogen atoms are constrained to their equilibrated length using the LINCS
algorithm.39 Periodic boundary conditions are applied to every case. The well-tempered
metadynamics simulation times range from 60 to 200 ns, depending on how soon the PMF
curve converges. Figure S1 of the Supporting Information (SI) shows PMF vs simulation
time and Figure S2 shows CV values vs simulation time for the systems with the 19 amino
acids and the 1.0 nm nanoparticle. Figures S1 and S2 illustrate that the PMF curves converge
and that the well-tempered metadynamics simulations well sample the space of the selected
CV. The MD simulations and energy minimization were conducted using GROMACS-4.6.5,
and the well-tempered metadynamics simulations were conducted using PLUMEDA0-
implemented GROMACS 4.6.5.41

Parrinello, Voth, and their colleagues®6:42:43 investigated the accuracy and convergence of
well-tempered metadynamics and other metadynamics. They found that well-tempered
metadynamics converges to the final state it is designed to reach, regardless of the dynamic
behavior of collective variables,*3 and that longer simulation times improve the statistical
accuracy of the results.36 Due to the large number of systems investigated, each systems is
run once for a long simulation time to ensure that it converges and generates an accurate
potential of mean force for an entity-nanoparticle pair. For this reason, there are no error
bars in our simulation results.

Atomistic MD simulations of single-nanoparticle systems are conducted to analyze the
structural properties of water molecules near three gold nanoparticles with diameters of 1.0,
2.0, and 4.0 nm. The simulation settings are the same as in the well-tempered metadynamics
except for the simulation time allocated for the data collection. For each system, an energy
minimization and a 10 ns NPT ensemble MD simulation are conducted to attain system
equilibrium. After that, a 50 ns NVT ensemble MD simulation is conducted to collect data at
a 1 ps frequency. The minimizations and MD simulations are conducted using
GROMACS-4.6.5.
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3. RESULTS AND DISCUSSION

3.1. Binding Preferences of Amino Acids for Gold Nanoparticles

The binding preferences of amino acids on the three gold nanoparticles with diameters of
1.0, 2.0, and 4.0 nm can be determined by comparing the binding free energies. Figure 3
shows the binding free energies of 19 amino acids on the three gold nanoparticles. The
binding free energies are defined to be the minimum values of the corresponding aminoacid-
gold nanoparticle PMFs. The PMF curves are shown in Figures 4 and S3 and will be
discussed in the next section. As shown in Figure 3, the 19 amino acids exhibit two types of
nanoparticle preferences: 12 of them (Ala, Arg, Asn, GIn, Gly, His, lle, Leu, Lys, Pro, Ser,
and Val) prefer to bind to the 4.0 nm gold nanoparticle, and seven (Asp, Glu, Met, Phe, Thr,
Trp, and Tyr) prefer to bind to the 2.0 nm nanoparticle. None prefers to bind to the 1.0 nm
nanoparticle. The nanoparticle preferences of these two groups of amino acids are analyzed
separately in detail below.

We first consider the 12 amino acids that prefer to bind to the 4.0 nm gold nanoparticle.
They can be divided into three groups based on the order of their binding preferences for the
three gold nanoparticles. The first group contains eight amino acids (Ala, GlIn, Gly, lle, Leu,
Lys, Ser, and Val). Their nanoparticle preferences exhibit the order: 4.0 >2.0 >1.0 nm, as
indicated by the order of their binding energies: AF4.9nm < AF.0 nm < AFL.onm- The
differences between the binding free energies are at least 5.0 kJ/mol, two times kg 7 (2.5 kJ/
mol) at room temperature. In the first group, six of the amino acids have relatively simple
chemical structures (Ala, Gly, lle, Leu, Ser, and Val); only GIn and Lys have relatively
complex chemical structures. In the second group (Arg, Asn, and Pro) the chemical
structures are in general more complex than those in the first group. The second group’s
binding preferences for two of the three nanoparticles are less than Ag 7 (2.5 kJ/mol), which
could be easily erased by thermal fluctuations. As shown in Figure 3, Arg exhibits similar
binding free energies to the 1.0 and 2.0 nm nanoparticles, Asn exhibits similar binding free
energies to the 2.0 and 4.0 nm nanoparticles, and Pro exhibits similar binding free energies
to the 1.0 and 2.0 nm nanoparticles. The third group contains only His. It exhibits a
nanoparticle binding order of 4.0 >1.0 >2.0 nm. His is the only one among the 19 amino
acids that prefers to bind to the 1.0 nm nanoparticle more than to the 2.0 nm nanoparticle.
This nanoparticle preference may be related to the chemical groups of His which provide it
with some unique features when designing peptides that can help to assemble small gold
nanoparticles. For instance, His may play a key role in designing peptides that can be used to
differentiate 1.0 nm nanoparticles from 2.0 nm ones.

We next consider the seven amino acids (Asp, Glu, Met, Phe, Thr, Trp, and Tyr) that prefer
to bind to the 2.0 nm gold nanoparticle. They all have relatively complex side chains,
indicating that the side chain may play an important role in their nanoparticle preference. We
will investigate the respective roles of the backbone and the side chain in nanoparticle
preference in the next section. These amino acids can be divided into two groups based on
whether their binding preferences for the 2.0 nm gold nanoparticle is significant or not. The
first group has Glu, Thr, Trp, and Tyr. The binding free energy for these four amino acids to
the 2.0 nm gold nanoparticle is at least 5 kJ/mol lower than those on the other two
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nanoparticles. The second group contains Asp, Met, and Phe. As shown in Figure 3, Asp has
similar binding free energies on the 2.0 and 4.0 nm nanoparticles; Met has similar binding
free energies on the 1.0 and 2.0 nm nanoparticles; and Phe has similar binding free energies
on the 2.0 and 4.0 nm nanoparticles. The preferences for the 2.0 nm nanoparticle of these
three amino acids could easily be erased by the thermal fluctuations.

The analysis of nanoparticle binding preferences of the 19 amino acids suggests a way to
design peptides that control nanoparticle size or recognize nanoparticles with certain
diameters. Some amino acids (Ala, GIn, Gly, Glu, lle, Leu, Lys, Ser, Thr, Trp Tyr, and Val)
exhibit a distinct preference for the nanoparticle with a given diameter. These amino acids
could be used to prepare peptides that bind to the nanoparticle with a given diameter more
strongly than to other nano-particles. An ideal peptide would be composed of the amino
acids that prefer to bind to a gold nanoparticle of a certain diameter more strongly than the
others. Based on this criterion, the eight amino acids (Ala, GIn, Gly, lle, Leu, Lys, Ser and
Val) could be good components of peptides that bind to a gold nanoparticle with a diameter
of 4.0 nm, while the three amino acids (Glu, Thr, Trp, and Tyr) could be good components
of peptides that bind to a gold nanoparticle with a diameter of 2.0 nm.

It is also interesting that amino acids with similar chemical structures can present distinct
nanoparticle preferences. For instance, Asn has only one methylene group less on the side
chain than GlIn yet Asn exhibits similar preferences to the 2.0 and 4.0 nm nanoparticles,
while Gln exhibits a distinct nanoparticle preference order: 4.0 >2.0 >1.0 nm. A similar
situation can be found for Asp and Glu. Asp only has one methylene group less on the side
chain than Glu yet it has similar binding free energies on the 2.0 and 4.0 nm nanoparticles,
while Glu exhibits a distinct preference for the 2.0 nm nanoparticle. These observations
indicate that a small change in atomistic architecture may significantly influence the
adsorption of amino acids on nanoparticles: the introduction of a methylene group on a side
chain may change the flexibility of the side chain and change the nanoparticle preference of
the amino acids.

Figure 3 also shows which amino acids bind most strongly to the 1.0, 2.0, and 4.0 nm
nanoparticles. Among the 19 amino acids, Tyr binds to the 1.0 and 2.0 nm nanoparticle most
strongly, consistent with experiments23 that show that Tyr binds to gold materials strongly.
The aromatic ring on the Tyr side chain may contribute to this strong binding. The above
analysis also shows that Tyr prefers to bind to the 2.0 nm nanoparticle, indicating the
important role of the side chain in its nanoparticle binding. GlIn binds to the 4.0 nm
nanoparticle most strongly among the 19 natural amino acids indicating the important role of
the backbone in its nanoparticle binding. However, the Gln side chain has a structure similar
to amide bonds on peptides, which may contribute to the increase in binding energy as the
nanoparticle diameter increases. As shown in Figure 3, Gln has the largest change in binding
free energy as the nanoparticle diameters increases.

3.2. Binding Configurations of Amino Acids on Gold Nanoparticles

Figure 4 shows the PMFs for Ala, Arg, and Asn on the three gold nanoparticles vs the
distance between the amino acid C, atom and the gold nanoparticle surface. The PMFs for
the other amino acids are shown in Figure S3. We plot PMFs vs the distance between the
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amino acid C, atom and the gold nanoparticle surface instead of that between the amino
acid C, atom and the COM of the nanoparticle so that we can compare the binding positions
of amino acids on three gold nanoparticles of different diameters in a straightforward way.
The distance between the amino acid C, atom and the gold nanoparticle surface is obtained
in a straightforward fashion from knowledge of the radius of the gold nanoparticle and the
distance between the amino acid C, atom and the gold nanoparticle COM. We investigate
the positions and numbers of minima in these PMFs to learn (1) how the binding
configurations of amino acids on gold nanoparticles depend on nanoparticle diameter, and
(2) if some amino acids have multiple adsorption configurations on gold nanoparticles.

To determine the binding configurations of the amino acids, we first analyze the positions of
the global minima in the PMFs. As shown in Figures 4 and S3, the global minimum
positions on the PMFs are 0.2-0.3 nm from the gold nanoparticle surface in the binding
state. Such small values indicate that the amino acids bind to the gold nanoparticles directly
instead of through a solvation shell. Atomistic simulations by Nawrocki et al.24 of the
binding of amino acids to the gold (111) surface also indicate that amino acids bind directly
to the gold surface.

We then investigate how the gold nanoparticle diameter influences the binding
configurations of amino acids. As shown in Figure 4, the position of the global minimum for
an amino acid is relatively insensitive to the nanoparticle diameter. For instance, the global
minimum positions of the Ala—hanoparticle PMFs are 0.22, 0.20, and 0.18 nm on the
nanoparticles with diameters of 1.0, 2.0, and 4.0 nm, respectively. This similarity suggests
that the amino acids bind to all three gold nanoparticle surfaces directly. The slight change in
the global minimum position could be because the amino acids change the orientation of
their dipole moment or the side chain position. These small changes could influence the
properties of the interfacial region on the nanoparticle in a subtle way.

We next determine if the amino acids have multiple binding configurations on nanoparticles.
As shown in Figures 4 and S3, the PMFs of 13 amino acids (Arg, Asn, Asp, Gln, Glu, His,
lle, Leu, Lys, Met, Phe, Trp, and Tyr) have local minima in addition to the global minimum,
indicating that these amino acids have multiple binding configurations on gold nano-
particles. The PMFs of six amino acids (Ala, Gly, Pro, Ser, Thr, and Val) only have a global
minimum, indicating that they have only one binding configuration on a gold nanoparticle.
Comparing these two groups indicates that the amino acids having side chains with
relatively complex structure are more likely to have multiple binding configurations, and the
amino acids having side chains with relative simple structure are likely to have only a single
binding configuration.

3.3. Roles of Backbone and Side Chains in Nanoparticle Binding Preferences of Amino

Acids

It is interesting to consider which part of an amino acid, its backbone, side chain, or both, is
more important in determining its binding preference for gold nanoparticles. The wide
variation in the amino acid preference for nanoparticles indicates that the backbone and side
chain may play different roles in binding the individual amino acids on gold nanoparticles.
Here we compare the binding preferences of the amino acids, their side chains and their
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backbones for gold nanoparticles to see what is most important. The binding preference of
the backbones are taken to be that of glycine because they have a similar chemical structure.
Figure 5 shows the binding free energies of the 17 side chains on the three gold
nanoparticles; these are extracted from the PMF curves using the same method as for the
amino acid binding free energies. The binding preferences of the amino acid side chains are
determined by comparing their binding free energies on the 1.0, 2.0, and 4.0 nm gold
nanoparticles. Table 1 lists which gold nanoparticle the 17 amino acids and their side chains
prefer.

We first investigate what determines the binding preference of the amino acids that prefer to
bind to the 4.0 nm gold nanoparticle. As stated above, the binding preference of glycine is
taken to be that of the backbone. So the preference of these amino acids are the same as that
of the backbone. These amino acids can be divided into two groups depending on whether or
not the nanoparticle preference of their side chains is the same as their backbones. The first
group contains five amino acids (Ala, Arg, His, Ser, and Val) whose side chains also prefer
to bind to the 4.0 nm nanoparticle. Therefore, it does not matter whether the backbone or the
side chain determines the nanoparticle preference of these amino acids. The second group
contains five amino acids (Asn, GlIn, lle, Leu, and Lys). Their side chains prefer to bind to a
gold nanoparticle other than the 4.0 nm one, which suggests that their preference is more
likely to be determined by the backbone.

We then investigate what determines the binding preference of the amino acids that prefer to
bind to the 2.0 nm gold nanoparticle. The binding preference of these amino acids is
different from that of backbone. However, this does not necessarily mean that the side chains
determine their preference. These amino acids can be divided into two groups concerning
whether the nanoparticle preferences of the side chain and of the whole amino acid are the
same or different. The first group contains four amino acids (Asp, Glu, Met, and Phe) that
prefer to bind to the nanoparticle that their side chains prefer. The side chain likely
determines the preferences of these amino acids. The second group contains three amino
acids (Thr, Trp, and Tyr). They prefer to bind to a gold nanoparticle that neither their
backbone nor side chain prefer: Thr prefers to bind to the 2.0 nm nanoparticle while its
backbone and side chain prefer to bind to the 4.0 and 1.0 nm nanoparticles, respectively; Trp
prefers to bind to the 2.0 nm nanoparticle while its backbone and side chain prefer to bind to
the 4.0 nm nanoparticle; Tyr prefers to bind to the 2.0 nm nanoparticle while its backbone
and side chain prefer to bind to the 4.0 nm nanoparticle.

The binding preference of Thr, Trp, and Tyr are apparently determined by the backbone and
side chain together rather than separately. It is perhaps not surprising that the binding
preference of Trp and Tyr are determined by the backbone and side chain together because
they have relatively complex structures. The side chain of Trp is an indole and that of Tyr is
atyrosyl. As to Thr, as shown in Figure 5, the difference in the binding free energies of its
side chain on the 1.0 and 2.0 nm nanoparticles is only 1 kJ/mol. Such a small difference is
easily perturbed by the environment and the backbone.

In general, the amino acids can be divided into four groups based on the respective roles of
the backbone and side chain in their nanoparticle preferences. The first group contains Ala,
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Arg, His, Ser, and Val; the nanoparticle binding preferences of the amino acid, backbone
side chain are the same. The second group contains Asn, Gln, lle, Leu, and Lys; their
backbones determine the amino acids’ nanoparticle binding preferences. Both groups prefer
to bind to the 4.0 nm gold nanoparticle. The third group contains Asp, Glu, Met, and Phe;
the amino acid side chains determine their nanoparticle binding preferences. These amino
acids prefer to bind to the 2.0 nm nanoparticles. The fourth group contains Thr, Trp, and Tyr;
the backbones and the side chains play comparable roles in determining the nanoparticle
binding preference of the amino acids. The nanoparticle binding preferences of these amino
acids differ from those of their side chains and backbones, and so need to be examined case
by case. The Gly and Pro are not in any of the four groups; the Gly side chain is only an H
atom, and the Pro side chain is closely coupled with its backbone.

3.4. Influence of Solvation Shell on Nanoparticle Binding Preference of Amino Acids

Our above analysis has shown that amino acids exhibit various nanoparticle preferences,
which do not show a close relationship with amino acids’ chemical structures. Here we
investigate the structural properties of water molecules around the three gold nanoparticles
in order to explore universal mechanisms that govern the adsorption of amino acids on
nanoparticles and their nanoparticle preferences.

We first analyze the density distributions of the water molecules around a gold nanoparticle
in the absence of an amino acid or a side chain. Figure 6a shows the density distributions of
the water molecules around the gold nanoparticles versus the distance from the nanoparticle
surface. The three curves all show a peak between 0.28 and 0.4 nm with heights of 4.5, 6.0,
and 7.0 for the 1.0, 2.0, and 4.0 nm gold nanoparticles, respectively. There are valleys after
the peaks, between 0.4 and 0.5 nm, and small peaks between 0.5 and 0.6 nm. The curves
become flat at distances larger than 0.6 nm. Such density fluctuations are consistent with
those observed for other solid substrates*# and indicate that the three gold nanoparticles all
possess a stable solvation shell, which is 0.12 nm thick. An intermediate region exists
between the solvation shell and the bulk water, which is 0.2 nm thick. The values of the peak
height show that the water densities in the solvation shells of the three gold nanoparticles are
several times that in the bulk phase, and become higher as the nanoparticle diameter
increases.

We then analyze the distribution of the water molecule orientation in the solvation shells of
the three gold nanoparticles in the absence of an amino acid or a side chain because the
preferential orientation of water molecules around a substrate can determine if molecules
bind to it.*> The orientation is measured in terms of two angles: &and a. The former is the
angle between the nanoparticle radial direction and the dipole moment of the water
molecules, and the latter is the angle between the nanoparticle radial direction and the O—H
bond of the water molecules. Figure 6b,c shows the distributions of cos @and cos a for
water molecules in the solvation shells of the three gold nanoparticles. The distributions of
cos @have a peak at around 0.1, and the distributions of cos a have two peaks at around
-0.4 and 1.0. These peaks indicate that the water molecules in the solvation shells
surrounding the gold nanoparticles prefer to have their dipole moment parallel to the
nanoparticle surface and one O—H bond pointing to the gold nanoparticle surface.
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Observing water orientation around nanomaterials remains challenging in experiment. In
simulations, the same type of orientation distribution for water molecules has been found for
an SiO, surface whose interactions with water molecules are parametrized via Lennard—
Jones expression.#* The three curves in Figure 6b,c have similar shapes and peak heights,
indicating that water molecules in the solvation shells of the three gold nanoparticles have
the same orientation preferences, no matter how large the nanoparticle is.

The analysis of density and orientation distributions of water molecules around gold
nanoparticles indicates the mechanisms that govern the nanoparticle preferences of amino
acids. As discussed above, amino acids prefer to bind to gold nanoparticles with their C,
atoms 0.2-0.3 nm from the gold nanoparticle surface. This is where the solvation shells of
the gold nanoparticles are. The amino acids need to replace the water molecules in the
solvation shell to bind to the nanoparticle. Upon insertion into the solvation shell, the amino
acids may perturb the orientation of water molecules around them. The density fluctuation
and preferred orientation of water molecules near solutes contribute to the system
stability#446-48 and varying them changes the free energy of the system. The free energy for
the amino acid binding on the nanoparticle can thus be broken into two terms related to the
replacement of water molecules and the perturbation of the water molecules’ orientation.
The value of the first term is expected to be larger as the gold nanoparticle diameter
increases because an amino acid needs to replace more water molecules around a larger
nanoparticle. The value of the second term depends on the chemical nature of the amino
acid.

On the basis of this mechanism, an amino acid may prefer to bind to the 4.0 nm nanoparticle
if its binding free energy is dominated by the first term and prefer to bind to a nanoparticle
with a specific diameter if its binding free energy is dominated by the second term. The
physicochemical properties of the amino acid determine whether the binding free energy
depends on the first or second term. The amino acids are likely to have their binding free
energies depend on the first term if they have a relatively simple molecular structure (such as
Ala, Arg, His, Ser, and Val) or a side chain long enough that it has little influence on the
orientation of water molecules in the solvation shell (e.g., Lys and Arg). The amino acids are
likely to have their binding free energy depend on the second term if they have a side chain
with a complex structure. For instance five of the amino acids that prefer to bind to the 2.0
nm nanoparticle have either an anionic group or an aromatic group; the side chain of Met
has an S-methyl group, and the side chain of Thr is an alcohol-containing group.

We also observe an indirect amino acid—gold nanoparticle binding by comparing the
solvation shell size and amino acid binding position. The solvation shell of the amino acid
shares some water molecules with that of the nanoparticle in the indirect binding
configuration. Here we take Glu as an example. As shown in Figure 4f, the Glu-gold
nanoparticle PMFs have local minima at 0.4, 0.38, and 0.48 nm for the 1.0, 2.0, and 4.0 nm
gold nanoparticles. These are near to the positions of the outer borders of the solvation shells
of the three gold nanoparticles (0.4 nm). The proximity of the local minimum positions and
the outer borders of the solvation shells indicates that Glu could bind to the gold
nanoparticles through the solvation shell.
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4. CONCLUSIONS

We investigate the binding preferences of 19 amino acids for three gold nanoparticles with
diameters of 1.0, 2.0, and 4.0 nm using computer simulations. We determine the preference
of amino acids for the three nanoparticles, the roles of the backbones and side chains in
these preferences, and how the solvation shells of the gold nanoparticles affect the
preferences. This is accomplished by using well-tempered metadynamics simulations to
calculate the binding free energy of amino acids and their side chains on the gold
nanoparticles, and standard molecular dynamics simulations to investigate the structural
properties of water molecules around the gold nanoparticles. The simulation results show
that 12 amino acids (Ala, Arg, Asn, GIn, Gly, His, lle, Leu, Lys, Pro, Ser, and Val) prefer to
bind to the gold nanoparticle with a diameter of 4.0 nm and seven (Asp, Glu, Met, Phe, Thr,
Trp, and Tyr) prefer to bind to the nanoparticle with a diameter of 2.0 nm. Comparing the
binding free energies of the amino acids and their backbones and side chains sheds light on
the roles of the backbone and side chain in determining the binding of an amino acid on gold
nanoparticles. The backbone determines the nanoparticle binding preferences of Asn, Gin,
lle, Leu, and Lys. The side chain determines the binding preferences of Asp, Glu, Met, and
Phe. The backbone and side chain synergistically determine the binding preferences of Thr,
Trp, and Tyr.

Our investigation suggests that the effect that an amino acid has on the solvation shell of a
gold nanoparticle plays a major role in determining its nanoparticle preferences. The binding
free energy of amino acids originates from two aspects: replacing the water molecules and
changing their orientation in the nanoparticle’s solvation shell. The density of water
molecules surrounding a gold nanoparticle increases as the nanoparticle diameter increases
while the orientation distributions of the water molecules in the solvation shells of the three
gold nanoparticles are similar. Therefore, the binding free energy related to the first aspect
becomes larger as the nanoparticle diameter increases while that related to the second aspect
is more likely to depend on the physical and chemical natures of an amino acid. The amino
acids whose binding free energy depends on the replacement of water molecules are likely to
prefer to bind to the 4.0 nm nanoparticle, including Ala, Arg, Asn, Gln, Gly, His, lle, Leu,
Lys, Pro, Ser, and Val. The amino acids whose binding free energy depends on the
reorientation of water molecules are likely to prefer to bind a nanoparticle with a certain
diameter, including Asp, Glu, Met, Phe, Thr, Trp, and Tyr. The amino acids that prefer to
bind to the 2.0 nm gold nanoparticle generally possess more complex structure than those
that prefer to bind to the 4.0 nanoparticle.

Another interesting aspect of the adsorption of amino acids on gold nanoparticles is their
tendency to bind to certain regions on gold nanoparticles. As shown in Figure 1, the gold
nanoparticle surfaces are not uniform and possess several types of facets and edges. The
areas of the facets and edges depend on the nanoparticle shape and diameter. Amino acids
may prefer to bind to some specific facets or edges, depending on their own chemical
features and the characteristics of the facets and edges. Recently, Wright et al.#? investigated
selectivity of peptide AuBP1 for gold facets (111), (100) (1 x 1), and (100) (5 x 1) using
replica exchange with metadynamics simulations. Their work shows how computer
simulations can help to understand mechanistic details of peptide—substrate interactions and
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rationalize the design of peptides that can be used to shape the formation of gold
nanocrystals.

The nanoparticle preferences of amino acids determined in our simulations can be used to
rationalize the design of peptides that bind specifically to nanoparticles with certain
diameters. Peptides have been recognized as a powerful tool to manufacture inorganic
nanomaterials. Our simulations suggest that one could rationally design specific peptides to
promote the formation of nanoparticles with desired size or even shape. The potentials of
mean force obtained in well-tempered metadynamics simulations can also be used to
develop coarse-grained protein/nanoparticle models that enable us to study protein-
nanoparticle interactions.
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Figure 1.
Atomistic configurations of three gold nanoparticles with diameters (a) 1.0 nm, (b) 2.0 nm,

and (c) 4.0 nm. The gold atoms (yellow) are shown in the VDW model.
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Figure 2.
Initial configuration of a glycine and a gold nanoparticle with a diameter of 4.0 nmin a

cubic box of a length 7.0 nm. Au atom: yellow, C atom: green, N atom: blue, O atom: red,
and H atom: white. The gold nanoparticle and the glycine molecules are depicted in the
VDW representation, and the water molecules are depicted in the CPK model. This
configuration was generated using the VMD package.>°
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Figure 3.

Binding free energies of 19 natural amino acids on the three gold nanoparticles with
diameters 1.0, 2.0, and 4.0 nm.
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Potentials of mean force of amino acids with three gold nanoparticles of diameters 1.0, 2.0,
and 4.0 nm vs distance between C, atom and the gold nanoparticle surface. (a) Ala, (b) Arg,
and (c) Asn. The potentials of mean forces of the other 16 amino acids with the three gold
nanoparticles are shown in Figure S3.
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Binding free energy of 17 side chains on the three gold nanoparticles (diameters = 1.0, 2.0,

and 4.0 nm).
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Structural properties of water molecules near the 1.0, 2.0, and 4.0 nm gold nanoparticles. (a)
Reduced density of water molecules in the radial direction and distributions of (b) cos 6and
(c) cos a in the [-1, 1] range. The two angles, 6and a, characterize the orientation of the
water dipole moment and the water O—H bond relative to the radial direction from the

nanoparticle.
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