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Abstract

The biological control of inorganic crystal formation, morphology and assembly is of

interest to biologists and biotechnologists studying hard tissue growth and regeneration,

as well as to materials scientists using biomimetic approaches for control of inorganic

material fabrication and assembly. Biomimetics requires an accurate understanding

of natural mechanisms at the molecular level. Such understanding can be derived

from the use of metal surfaces to study surface recognition by proteins together with

combinatorial genetics techniques for selection of suitable peptides. Polymerization

of these peptides produces engineered polypeptides large enough to encode their own

folding information with low structural complexity while enhancing binding affinity

to surfaces. The low complexity of such polypeptides can aid in analyses leading to

modeling and eventual manipulation of the structure of the folded polypeptide. Here

we present structure predictions for gold-binding protein sequences, originally selected

by combinatorial techniques. Molecular dynamics simulations lasting 5 ns were carried

out using solvated polypeptides at the gold surface to assess the dynamics of the binding

process and the effects of surface topography on the specificity of protein binding.
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Introduction

Many biological hard tissues (bones, dentin, enamel, spicules, particles, and spines) contain
proteins in addition to inorganic minerals [1]. Proteins are essential in the formation of
biological materials through their control of nucleation, growth, morphogenesis, phase orga-
nization and distribution [2, 3, 4]. Genetic engineering techniques (cell-surface display [5]
and phage display [6]) have lead to the isolation of simple proteins with specific binding affin-
ity to selected practical inorganics. Using these proteins as building blocks opens avenues to
the engineering of materials with novel properties.

A recent example of this genetic approach is furnished by gold-binding proteins (GBPs).
These proteins were selected for the ability to bind to gold in the presence of high salt
concentrations, conditions under which other proteins do not exhibit gold binding [5, 7].
During the selection processes, it was found that the gold-binding polypeptides bind more
strongly to gold after the surface is treated with HF to remove surface impurities, indicating
that the GBPs recognize the native gold surface rather than a partially removed contami-
nant. Additionally, GBPs preferentially bind gold over chromium, demonstrating substrate
specificity [5].

The GBP sequences contain multiple repeats of a 14-30 amino acid sequence [5, 7]. The
repeating polypeptides retain their binding properties as part of other proteins (e.g., alkaline
phosphatase) if they contain a sufficient number of repeats, and affinity for gold increases
with the number of repeats. Interestingly, none of the GBP sequences contain cysteine, which
is known to form a covalent bond to gold [8]. All the GBP sequences to date have contained
methionine. The experimental literature is inconclusive as to whether methionine can form
a covalent bond to gold [9, 10]; however, because the protein was released from the surface in
the presence of a detergent, and because other polypeptides containing methionine did not
bind to gold, it is unlikely that the methionine sulfur contributes to the binding. Whereas
many proteins and self-assembled monolayers bind to gold via disulfide bonds [11, 12, 13]
the nature of GBP binding is thought to differ from this well-known thiol linkage and offer a
new avenue for protein-gold surface interaction. The GBP sequences are all found to be rich
in serine and threonine, and physisorption of these polar sidechains onto gold may account
for the observed binding.

In addition to their binding characteristics, GBPs alter gold crystal morphology under
ambient conditions [7]. In the presence of GBP, gold formed large, flat hexagonal crystals
displaying the {111} face. Such crystals were not seen to form in the presence of control
proteins that do not bind to gold; using the well-known Faraday approach, flat crystals only
form under boiling or highly acidic conditions [14]. A possible cause of flat-gold formation
may be the preferential binding onto the Au{111} surface, obscuring it from further gold
accretion. It is not readily apparent how the GBP adheres to gold, nor why the {111} surface
would be preferred to, e.g., the more sparsely populated {211} face.

Knowledge of the structure of GBP could provide insight into the mechanism by which
GBP binds to gold. Molecular dynamics simulations of the predicted structure, which can
give a detailed description of the dynamics over the course of several nanoseconds, could
shed light on the interaction of GBP with various crystal surfaces. These simulations also
could elucidate the role of water in the GBP-gold interaction.
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Methods

Structure Prediction

Although amino acid sequences were known for three GBPs (Table 1), there was no experi-
mental structural information. Secondary structure prediction of the GBPs was carried out
without a priori knowledge of the binding characteristics of the proteins using a combination
of neural network [15] and sequence alignment methods in addition to ab initio structure
modelling. The first two sequences (GBP1 and GBP2) consisted of a 14 amino acid sequence
repeated six times (84 residues); the third (GBP3) consisted of two different 14 amino acid
sequences each repeated approximately 3.5 times (94 residues).

A combination of statistical and sequence alignment methods were used for structure
prediction for the three GBPs studied here. JPred [15] combines the results from several
neural networks (DSC, PHD, PREDATOR, and others) and multiple sequence alignments
(PSIBlast, ClustalW). Each of the neural networks were trained on a set of at least 126
proteins, and the results are considered to be ∼ 70% accurate. However, since there are
very few homologs to the GBP sequences, the less accurate ab initio structure predictor
ROSETTA [16] was used as an additional check.

Once predictions were obtained, QUANTA [17] was used to map several repeats of the
GBP1 sequence onto an antiparallel β-sheet. PROCHECK [18] was used to check for bad
angles, contacts, etc. The resulting structure was minimized using X-PLOR [19].

Molecular Dynamics

To simulate the protein in contact with gold, two Au surfaces, displaying the {111} face and
the {211} face, were created manually based on the known gold FCC crystal structure and
lattice spacing of 4.07 Å. The Au surfaces were 5 Å (3 layers) deep and approximately 40 Å
by 80 Å wide. Coordinates for the GBP were taken from the minimized predicted structure.
The GBP was manually positioned on each of the gold surfaces. A pre-equilibrated water
box was overlayed on the protein-metal system, and overlapping waters were subsequently
removed, as well as waters between the GBP and Au surface. The complete system was
comprised of 594 protein atoms, 1457 (672) Au atoms for the {111} ({211}) surface, and
approximately 13,000 water atoms, bringing the total to approximately 15,000 atoms.

Molecular dynamics simulations were carried out using the program NAMD2 [20], with
the CHARMM26 force field [21]. Additional terms were necessary in order to model the
metal surface. It is known that a single water molecule physisorbs onto a metal surface
with an energy of between 7 and 15 kcal/mol which, while stronger than hydrogen bond
energy (5 kcal/mol), is almost as large as the interaction energy between water molecules in
bulk water under ambient conditions (19.8 kcal/mol) [22]. At the interface, a compromise
between the forces leading to physisorption and solvation can be expected. Typically, the
interfacial structure of the water decays to bulklike properties within a few solvent diameters;
on the metal side, the electron density and surface structure decay to bulklike arrangements
at yet shorter distances [23]. The interaction between the metal (which is rigid but with
a diffuse electronic structure) and the adsorbates (which exhibit incoherent particle motion
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and localized electronic structure) may be represented by a model potential in cases where
the metal’s properties are not the focus of interest. The overall potential between a molecule
and a metal surface, Usurf , may be represented [24] by a Lennard-Jones 10–4 potential,

Usurf = 2π
∞
∑
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where dl is the separation between the first and lth lattice planes, nl is the number density
of atoms in plane l, and z is the perpendicular separation of the adsorbate particle from the
first (l = 0) lattice plane. The parameters σ and ǫ are the Lennard-Jones 6–12 potential
parameters describing the interaction between the adsorbate and surface atoms. Because
there is no significant contribution from below the second lattice plane, only the first two
terms of the sum need be considered. The corrugation of the more sparsely populated (eg,
{211}) planes may be mimicked by making the dl’s sinusoidal functions [23]. For Au, σ and
ǫ are 1.8474 Å and 0.0390 kcal/mol, respectively [25].

In addition to the metal-adsorbate interactions, it is of interest to consider the elec-
trostatic potential contribution due to the interaction of molecular point charges with the
induced image charge “beneath” the metal plane. For a smooth surface, this contribution is
given by
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where the first term describes the interaction of a charge qi at a distance zi above the image
plane (generally defined to be the plane in which the nuclei of the atoms in the topmost lattice
plane lie) with its own image charge, and the second term describes the interaction between a
charge and the images of all other charges. −→r ij denotes the separation between real charges,
−→n is the unit vector perpendicular to the image plane, and the ǫ’s are the dielectric constant
for the surface (ǫs = ∞) and the medium (ǫm = 80, water), respectively. However, for small
distances z above the gold plane, the Lennard-Jones contribution dominates the image-charge
contribution, whereas for large z, neither term contributes significantly. Furthermore, it has
been observed that, for a neutral many-particle system, the sum of charge – image charge
interactions is close to zero [26, 27]; such cancellation has been noted even with monolayer
films of water. Thus, it is reasonable to exclude the charge – image charge terms from the
Hamiltonian.

Molecular dynamics simulations using force fields of this type (a smoothed potential
representing the metal surface and no charge-image contribution), have been shown to re-
produce accurately the experimentally measurable surface concentrations of water [28] and
hydrocarbons [29]. Explicitly including the polarizability has been shown not to affect the
interfacial structure [28], since the induced dipole moment of a water molecule in the polar-
izable models tends to point in the same direction as the permanent moment. Additionally,
molecular mechanics using the above model force field has been used to calculate the mini-
mum energy monolayer of hydrocarbon chains on MoSe2; the resulting structure agrees well
with the observed STM structure [29].
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Molecular dynamics simulations were carried out, at time steps of 1 fs, using the program
NAMD2 [19] in conjunction with the Au potential for both the {111} and {211} planes
with the gold atoms held fixed to speed up computation. Each system was simulated with
periodic boundary conditions, with full electrostatics computed using the Particle Mesh
Ewald (PME) [30] method with a grid spacing on the order of 1 Å or less. Each system was
energy minimized using the Powell algorithm, then heated for 2 ps under Langevin dynamics
at a temperature of 300 K and with a damping coefficient of 10 ps−1. Each system was then
equilibrated for 1 ns at constant pressure and temperature. Pressure was maintained at
1 atm using the Langevin piston method [31] while temperature coupling was enforced by
velocity reassignment every 2 ps. The systems were then simulated for 4 ns further in the
NpT ensemble using Langevin dynamics/Langevin piston at a temperature of 300 K and a
damping coefficient of 10ps−1. Analysis of trajectories and energetics was performed using
X-PLOR [19] and VMD [32].

Results

Secondary structure prediction was carried out on three known GBP sequences, necessitated
by lack of experimental structural data. For GBP1, there was agreement between several
prediction methods indicating an anti-parallel β-sheet. For GBP2, the results for various
methods differed, with some indicating helical regions where others predicted β-strands or
coils. For GBP3, the neural network predictions did not arrive at any specific structure other
than a random coil, and the similarity searches matched sequences of a globular character.
Due to the ambiguity of GBP2 and the indeterminate structure for GBP3, we have confined
our detailed studies to GBP1. Three repeats of the GBP1 14 amino-acid sequence were
mapped onto the anti-parallel β-sheet structure suggested by the prediction tools, minimized,
and checked for bad angles, contacts, etc.

The predicted GBP1 structure was placed on both {111} and {211} gold surfaces large
enough to accommodate it and fully solvated; water molecules between the GBP and Au
surface were removed. The system in its pre-equilibrium configuration is shown in Fig. 1.
The stability of the predicted structure in contact with the gold surfaces can be assessed
by analyzing its deviation from the initial structure over the course of the equilibration.
Fig. 1 depicts the root mean square deviation (RMSD) of the Cα atoms of the protein
during equilibration. After 500 ps, the protein stabilizes at approximately 3 Å RMSD from
its pre-equilibrium structure. Because the initial structure was a predicted, rather than
a crystallographic one, such deviation is expected. Four molecular dynamics simulations
lasting 4 ns were carried out on each plane. No major conformational changes were observed.
Each strand of the GBP adsorbs onto the {111} Au plane with an energy of ∼ 9 kcal/mol,
roughly twice the adsorption energy of water onto the {111} plane [28]. It is observed that
the main contributions to the adsorption energy come from the polar amino acids rather
than the hydrophobic ones (Fig. 2). Visual examination of the GBP position on the gold
surfaces (Fig. 3) reveals that while the protein is composed equally of polar and hydrophobic
residues, the atoms in close contact with the gold surface are primarily those from the polar
sidechains. Additionally, the polar residues exhibited a much smaller deviation from their
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initial position than the nonpolar residues (Fig. 1), indicating stability with respect to the
fixed gold lattice.

The adsorption energy of GBP onto the {211} plane is much lower than that of GBP onto
the {111} plane (Fig. 2). The difference in lattice geometry between the {111} and {211}
plane, i.e. the twofold higher density of atoms of the {111} surface, is expected to result
in a twofold reduction of the potential. However, the observed reduction in the adsorption
energy on the {211} plane cannot be fully accounted for by the lower density of gold atoms.
Presence of water in the {211} surface corrugations is believed to hinder interaction of the
GBP with the Au surface, thereby contributing to face-specific binding. Although water
molecules within 3 Å of both GBP and the Au surface were removed at the beginning of
the simulation, over the course of 4 ns water molecules diffused between the GBP and Au
surface. While the main contribution to the water molecule count depicted in Fig. 4 is from
water molecules at the edges of GBP, the difference between the Au{111} and Au{211}
surface is primarily due to diffusion of water underneath GBP in the corrugations of the
{211} plane. A sample snapshot revealing the differences in water placement is shown in
Fig. 5. The specific interaction of a single polypeptide with a crystallographic surface could
be studied experimentally using AFM equipped with a functionalized tip and with modeling
studies using steered molecular dynamics [33] simulations in which GBP is pulled across the
gold surfaces under full solvation.

Conclusions

The predicted structure and molecular dynamics simulations of the engineered polypeptide
selected for its gold binding characteristics explain the nature of the GBP-gold interaction as
well as differences of interactions between Au {111} and {211} crystal surfaces. The results
of the model predict a periodic structure of hydroxyls on the surface of the antiparallel β-
sheet that is conducive to binding to the Au lattice. This model is similar to electrostatic
binding of organic matrix proteins to CaCO3 surfaces [4] and binding of small antifreeze
proteins with tandem repeats onto ice crystal [34, 35]; in both cases, repetitive charged
groups commensurate with the lattice spacing have been interpreted to be the cause of
crystal binding. Results of the simulations of GBP1 in contact with gold surfaces show that
the protein is stable. The close contacts to the gold surface come from the sidechains of the
polar amino acids, consistent with the experimental observation that the proteins selected
for their ability to bind to gold are richer in serine and threonine than those which fail to
bind tightly to gold.

The nature of mineral/protein interaction is of great importance in many fields of bi-
ology and materials sciences, including biomineralization, inhibition or promotion of ice-
formation in organisms, and in assembly of functional inorganics using polypeptides. Engi-
neered polypeptides have great potential as model systems in fundamental studies of protein
interaction with inorganic crystals. These simple proteins may serve as a conceptual model
for protein control of mineral formation in hard-tissue growth and tissue engineering, and
as molecular erector sets in materials nanoassembly [36, 37]. Although spectroscopic work
remains to be performed, extensive modeling as demonstrated here provides a first glimpse of
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the engineered protein conformation and binding to inorganic crystals, a significant step to-
wards molecular biomimetics via the exploitation of recognition capabilities and interactions
found in biological systems [37].
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Table 1

GBP1 MHGKTQATSGTIQSMHGKTQATSGTIQSMHGKTQATSGTIQSMHGKTQATSGTIQSMHGK

....EEEEEEEEEEE.....EEEEEEEEE.....EEEEEEEEE.....EEEEEEEEE...

GBP2 ALVPTAHRLDGNMHALVPTAHRLDGNMHALVPTAHRLDGNMHALVPTAHRLDGNMHALVP

......HHH........HHHHH.........HHHHH.........HHHHH.......HH.

GBP3 LQATPGMKMRLSGAKEATPGMKMRLSGAKEATPGMSTTVAGLLQATPGMKMRLSGAKEAT

.....................................EEE....................

Table 1: GBP sequences and corresponding consensus structure predictions. Data is truncated af-

ter 60 amino acids. In the prediction output, E signifies a β-strand, H signifies a helix, and . signifies

random coil. Confidence in the prediction is highest for GBP1.
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Figures

Figure 1: RMSD of Cα atoms during the equilibration relative to the predicted starting
structure (black). The protein is stable after 500ps. Polar residues (green) exhibit small
RMSD compared to the fluctuations observed in the hydrophobic residues (red). The inset
depicts the initial β-sheet configuration of GBP.

Figure 2: Adsorption energies. In (a), GBP on Au {111} is shown as a solid line while GBP
on Au {211} is shown as dotted. In (b), the solid line shows the average contribution to the
adsorption energy on the {111} plane from Ser and Thr, whereas the dashed line shows the
average contribution from all other residues.

Figure 3: GBP on (a) {111} and (b) {211} Au surface, viewed from above (top) and edge-on
(bottom). Atoms near the surface are shown as spheres. Coloring corresponds to residue
type: polar residues are highlighted in blue, charged are in green, and hydrophobic are in
red.

Figure 4: Number of water molecules within 3 Å of both GBP and the Au plane. The data
is smooted by taking a running average over a 20 ps window. Data for the {111} plane is
shown as a solid line; data for the {211} plane is shown as a dotted line.

Figure 5: Water molecules between GBP and Au after 2 ns. The dark shadow represents
the GBP. Water molecules beneath the GBP are highlighted in blue. Only one is seen on
the {111} surface (a) in contrast to the four molecules seen in the corrugations of the {211}
surface (b).
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Braun, Sarikaya & Schulten. Figure 1.
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Braun, Sarikaya & Schulten. Figure 2.
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Braun, Sarikaya & Schulten. Figure 3.
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Braun, Sarikaya & Schulten. Figure 4.
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Braun, Sarikaya & Schulten. Figure 5.
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