
Hydroxyl-Rich �-Sheet Adhesion to the Gold Surface in Water
by First-Principle Simulations

Arrigo Calzolari,†,‡ Giancarlo Cicero,§,⊥ Carlo Cavazzoni,4 Rosa Di Felice,†

Alessandra Catellani,⊥ and Stefano Corni*,†

Centro S3, CNR-Istituto di Nanoscienze, Modena, Italy, Department of Material Science and
Chemical Engineering, Politecnico of Torino, Torino, Italy, CNR-IMEM Institute of Materials

for Electronics and Magnetisms, Parma, Italy, and CINECA, InteruniVersity Computing Center,
Bologna, Italy

Received November 25, 2009; E-mail: stefano.corni@unimore.it

Abstract: Proteins able to recognize inorganic surfaces are of paramount importance for living organisms.
Mimicking nature, surface-recognizing proteins and peptides have also been man-made by combinatorial
biochemistry. However, to date the recognition mechanisms remain elusive, and the underlying physico-
chemical principles are still unknown. Selectivity of gold-binding peptides (cysteine-free and rich in hydroxyl
amino acids) is particularly puzzling, since the most relevant gold surface, Au(111), is known to be chemically
inert and atomically flat. Using atomistic first-principle simulations we show that weak chemical interactions
of dative-bond character confer to a prototype secondary structure (an antiparallel �-sheet made of hydroxyl
amino acids) and its hydration layer the capability of discriminating among gold surface sites. Our results
highlight the unexpected role of hydration water in this process, suggesting that hydrophilic amino acids
and their hydration shell cooperate to contribute to protein-gold surface recognition.

Introduction

Proteins able to recognize inorganic surfaces are of paramount
importance for the growth of natural materials.1,2 Mimicking
nature, surface-recognizing proteins and peptides have been
man-made by combinatorial biotechniques.3-5 Their potential
for nanotechnology and biomedicine has been recognized
early,6-9 and they represent the key building blocks of molecular
biomimetics. In this context, several intriguing peptides, each
able to recognize a different surface, have been recently found.6

Each of them will have peculiar recognition mechanisms that
to date remain elusive. Among others, cysteine-free gold-binding
peptides (GBPs)9–14 are particularly puzzling. Different GBPs

have different origins10–14 and are thus unrelated. Yet, the
richness in hydroxy amino acids (HAAs), such as serine (Ser)
and threonine (Thr), is a recurring and unexplained feature in
GBPs. Motivated by this observation, we chose to focus on the
role of HAAs and their hydration shell, by investigating how a
prototype secondary structure (a solvated single antiparallel
�-sheet) containing HAAs (Ser) interacts with Au. Using
atomistic first-principle simulations, we show that weak interac-
tions of dative-bond character confer to the amino acids in the
�-sheet and its hydration layer the capability of discriminating
among gold surface sites, thus fostering protein-gold recogni-
tion. Our simulation also highlights the role of hydration water
in the gold-binding process, suggesting that hydrophilic proteins
and their hydration shell cooperate to achieve surface site
discrimination. Although our prototype cannot itself be classified
as a GBP (these have more complex sequences than ho-
moserine), HAAs in hydroxyl-rich GBPs have been suggested
to be in contact with the gold surface,15-17 and therefore the
mechanism that we microscopically characterize may intervene
in gold recognition by these GBPs as well. Clarifying the
interactions of HAAs with gold is a crucial step to be performed
before considering possible cooperative effects between the
various amino acids composing a given GBP.
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Computational methods can, in general, help shed light on
the intimate nature of the protein-surface interface.18,19 Clas-
sical molecular dynamics (MD), based on empirical force fields,
has been used to study the interaction of peptides and proteins
with gold surfaces.15,16,20-23 Some works specifically focused
on GBPs. Braun et al.15 investigated the interaction of a
GBP11–13 with the Au(111) and Au(211) surfaces, finding
differences in interaction energies and in the water population
at the peptide-surface interface. Recently, Heinz et al.22 studied
different binding peptides on Au(111), Au(100), Pt(111), and
mixed Au/Pt surfaces using a force field that reproduces the
hydrophilicity of the Au surfaces.23 Vila Verde et al.16 compared
a GBP11 and a non-GBP on Au(111) by using a force field also
tuned to reproduce gold hydrophilicity. They suggested that the
higher flexibility of the GBP with respect to the non-GBP made
less unfavorable the conformation rearrangements needed to
increase the direct peptide-surface contact. Classical force fields
have been also used to study the interaction of proteins with
inorganic surfaces other than gold, including platinum,24

rutile,25,26 magnesium oxide,27 hydroxyapatite,28 silicon,29

graphite,30,31 carbon nanotubes,32 diamond,33 and self-assembled
monolayers on inorganic surfaces.34

To date, quantum mechanical calculations at the density
functional theory (DFT) level were applied only to study
minimum energy structures (i.e., no molecular dynamics) of
single amino acids on the gold surface and neglecting solvent
effects.35-40 The chemisorption of Cys on Au(111) has been
investigated by Di Felice and Selloni35 and by Nazmutdinov et
al.36 Ghiringhelli and Delle Site37 studied the conformational
changes for Phe adsorbed on different metal surfaces (Cu(111),
Ag(111), and Au(111)). Hong et al.38 investigated interaction
strengths and adsorption geometries for six natural amino acids

(Asp, Lys, Arg, Ser, Pro, Val) on Au(111) and a Au(111)/(111)
ridge in vacuo or coadsorbed with a few water molecules. In
the framework of developing a force field for protein-Au(111)
interactions, our group has studied the interaction of 14 small
molecules (representative of the natural amino acid functional
groups) with a slab of Au(111) in the DFT periodic supercell
approach.39,40

In the present work, we present the first ab initio molecular
dynamics (AIMD) simulation of the interaction between a
prototype protein and an inorganic surface, which also includes
explicitly the solvent (water). AIMD, based on DFT, requires
no empirical parameters, at odds with classical MD, and thus
allows for an unbiased description of the interface. Moreover,
AIMD gives direct access to the electronic structure of the
system, i.e., to the microscopic origin of the interactions between
gold, the protein, and the solvent. At difference with previous
DFT calculations, AIMD simulations are not confined to the
search of a global (or a few local) minimal energy structure,
but can explore the dynamical behavior of the system. Concern-
ing the current limitations of AIMD, we note the rather limited
system sizes and simulation times that can be practically
afforded with respect to classical MD and the accuracy of the
AIMD-available DFT functionals (see Materials and Methods).
Despite these limitations, we show here that this technique gains
more insight on the nature and mechanisms of peptide/surface
coupling with respect to previous knowledge, especially in terms
of charge distribution, adding to previous findings on similar
systems.

Materials and Methods

The choice to arrange the Ser amino acids as a �-sheet was
suggested by the known importance of this conformation for the
interaction with surfaces.41 Certain surfaces may even induce the
�-sheet structure.42 Moreover, the �-sheet is also computationally
convenient to simultaneously study multiple amino acids interacting
with the surface due to its planarity. The relevance of the �-sheet
conformation for the GBPs that have been discovered so far is
uncertain. In fact, conformation of GBPs are largely unknown: in
a few cases GBPs in water have been investigated by NMR and
circular dichroism, showing disordered systems with little secondary
structure elements.13,14,17 As for the structure of GBPs when
adsorbed on the surface, experimental evidence is even more scarce,
and no direct structural data are available.

The Ser �-sheet of our simulation lies on a gold slab and is fully
solvated with water (Figure 1).

Periodic boundary conditions are used in all three dimensions.
A few water molecules, called interstitial in the following, are
present also between gold and the �-sheet (Figure 1c). We
distinguish between two inequivalent protein/water interfaces (gray
boxes in Figure 1a), one in contact with the gold surface (interface
1) and the other facing liquid water (interface 2). The evolution of
the system is simulated for 20 ps, a duration that is at the forefront
for AIMD of systems as complex as ours and enables meaningful
statistics. The sampling quality is further improved by the large
numbers of water molecules (114), gold atoms (112), and amino
acids (12).

We carried out ab initio molecular dynamics simulations in
the canonical ensemble, using the Car-Parrinello algorithm43

implemented in the quantum-espresso package (Giannozzi, P.;
et al. http:\\www.quantum-espresso.org).44 The electronic struc-
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ture was calculated in the DFT framework, and the PBE generalized
gradient approximation45 was applied to the exchange-correlation
functional. Electron-ion interactions were treated with ultrasoft
pseudopotentials of the Vanderbilt type.46 The single-particle wave
functions (charge density) were expanded in plane waves up to a
kinetic energy cutoff of 25 Ry (200 Ry). The semicore 5d electrons
of Au were explicitly included in the valence shell. These
pseudopotentials and the related cutoffs have been preliminary tested
and yielded reliable results in previous applications.40,46 The
simulations were performed at the Γ point of the supercell Brillouin
zone (BZ).

A periodically repeated supercell with the size 10.159 × 20.529
× 32.656 Å3 was used. The system (586 atoms, 2552 electrons) is
composed of a four-layer slab of Au(111) with 2�3 × 7 lateral
periodicity and two antiparallel strands of polyserine (six amino
acids per strand) to form a two-dimensional (2D) periodic �-sheet.
The choice of this anisotropic cell enables a good matching between
surface and �-sheet in-plane periodicity. The interface is topped
by 105 water molecules that simulate a 15 Å thick region of liquid
water, with a density of 1.1 g/cm3 at room temperature. Negligible
finite size effects were found for AIMD simulations of liquid water
in a cubic cell with size of approximately 11 Å,47 i.e., comparable
to the smallest dimension of the supercell employed here.

The deuterium mass was assigned to hydrogen nuclei, to allow
for a larger time step. In the molecular dynamics calculation the
fictitious mass associated with the plane waves coefficients was
set to 450 au, which allowed for a time step of 0.17 fs in the
numerical integration of the equations of motion. This set of values
was previously tested also on the separate liquid water and surface
gold subsystems, giving dynamical properties in good agreement
with previous AIMD results.47–49 The ionic temperature was
controlled by coupling the nuclei to a chain of two Nosé-Hoover
thermostats with frequencies ω1 ) 30 THz and ω2 ) 15 THz,
respectively, in order to activate both the soft modes of the Au
surface and the stiff modes of protein and water at the same time.
The average temperature of the system was set to 400 K, that is,
the temperature that seems to better simulate the structural properties

of water at room temperature.47,49 Small-gap and, in particular,
metallic systems suffer from undesired heat transfer from the ionic
to the fictitious electronic degrees of freedom during finite-
temperature Car-Parrinello propagation.50 To fix this problem, we
coupled a further Nosé-Hoover thermostat (ωe ) 200 THz) to the
electronic orbital degrees of freedom in the Car-Parrinello
Lagrangian.

The initial configuration was obtained from classical molecular
dynamics. Briefly, classical simulations were run on large, non fully
periodic �-sheets on rigid Au(111) for tens of nanoseconds to
equilibrate water in the protein-surface interstice. The system used
for AIMD was extracted from the end point of these simulations
and was further equilibrated for hundreds of picoseconds. The final
coordinates of this equilibration were used as the starting point for
AIMD. More details on the entire setup procedure are given in the
Supporting Information.

The AIMD simulation was carried out for 20 ps, the first 7 ps of
which were used to thermalize the system at 400 K: this equilibra-
tion phase was discarded in the statistical analysis. The ionic and
electronic thermostats were activated during the entire simulation
in order to avoid drifts in the fictitious electronic kinetic energy
and in the Lagrangian constant of motion. The long (for standard
AIMD) production time of 13 ps, along with the redundancy of
the prepared system, yields a fair statistical analysis of the results.

The evolution of the electronic structure of the system was
followed by sampling the trajectory every δt ) 0.5 ps. For each
selected configuration we performed single-point DFT calculations,
using the PWscf code, also included in the quantum-espresso suite.
Computational details (e.g., energy cutoffs, pseudopotentials, XC
functionals) are the same as in the CP simulation, but the BZ
sampling was performed over 12 special k-points in the irreducible
wedge of the 2D BZ.

A possible concern regarding the applied methodology is the
well-known deficiency of present GGA functionals to account for
long-range dispersion interactions.51 In principle, this might have
consequences on the interaction of the protein both with water and
with the surface. As we discuss in more detail in the Supporting
Information, on the basis of the known performance of PBE (which
reproduces reasonably well hydrogen bonds)52 and of existing tests
available in the literature,53-56 none of the conclusions presented
here should be affected by the missing dispersion interactions
(although other quantities that we do not discuss, such as interaction
energies, could indeed be modified).

Results and Discussion

We initially examine how the �-sheet interacts with the
surface, within the simulation time. To this aim, we analyze
the amount of charge transfer between the Ser side chains and
gold, as well as any indication of hybridization between the
orbitals of the �-sheet and the gold surface. The direct access
to the system electronic properties is possible only because of
the first-principle character of the dynamics.

Although we do not recognize the formation of any covalent
bond between the �-sheet (or water) and the surface, a weak
but not negligible electronic interaction exists, beyond the simple
physisorption picture. This weak-interaction regime can be
described as an incipient oxygen-to-gold dative bond, and it is
not related to nonbonding interactions (e.g., van der Waals
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Figure 1. (a) Side view of the system in the simulated unit cell (dashed
line). Gray boxes (labeled 1 and 2) identify 2 Å thick regions that include
the two different protein-water interfaces referenced in the text. (b)
Top view of the periodically repeated �-sheet unit on the gold surface.
The unit cell contains 12 Ser residues, arranged in two �-strands. (c)
Side view of the simulated system where the nine interstitial water
molecules are spotted. These are uniformly distributed in the three
grooves that result from the -CH2OH Ser side chains and the surface.
The simulation cell is repeated along the groove direction. Gray spheres
represent Au atoms in (b) and (c).
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forces). Figure 2a-c shows the distribution of Löwdin net
atomic charges57 during the simulation for gold and oxygen
atoms of water (Owat) and Ser side chains (Oser). The Löwdin
population analysis reveals a small, but evident, electron
donation from the Ser hydroxyl groups and water molecules to
the gold surface. Gold atoms of the inner zone (Figure 2a)
maintain an average neutral behavior (i.e., q ∼ 0e-), whereas
those of the two external layers present a net electron accumula-
tion. The opposite is true for water molecules close to the surface
(Figure 2b) and for the Oser belonging to interface 1 (Figure
2c), which roughly donate an average charge amount of ∼0.05e-

per oxygen atom. Water molecules distant, >3-4 Å, from the
surface and the Oser of the interface 2 are instead hardly affected
by the presence of the metal.

In principle the charge shifts may also be due to substantial
polarization effects (which would similarly provide a significant
stabilization) instead of dative bonding. However, Figure 2d
explicitly reveals the orbital hybridization that takes place at
the interface, considering the modification in the density of states
(DOS) of Ser in the gas phase (“isolated”) and in the presence
of water and gold (“interacting”). The isolated configuration
(upper panel) has a sharp HOMO-LUMO gap, typical of the
molecular system. When the molecule is immersed in solution
and in contact with the surface, its density of states is changed
and the gap is reduced (see insets): a non-negligible DOS for
the interacting molecule is present in the pristine gap region,
which is related to charge transfer to the gold surface. Similar
is the case of interstitial water, as shown in Figure 2e, where
the total electronic charge for a representative snapshot of the
dynamics is reported (see also Figure S1): the presence of charge
density spread between interstitial water molecules and the
surface is an indication of an orbital hybridization at the in-
terface.

These results disclose the intimate nature of the interaction
between hydroxyl amino acids and gold in a complex environ-
ment, where solvation water is also present. In particular, we

conclude that a weak surface/side-chain interaction is actiVe,
but no strong chemisorption exists for the polyserine on Au(111),
in agreement with experimental estimates of the affinity of Ser
homopeptides for gold.58,59

The picture that we elicit from the above findings is that,
despite the fact that the binding at any surface site is weak,
several such weak side-chain/surface interactions may sum up
to give rise to substantial binding. This binding is also selective
when (i) the protein is capable of surface-site discrimination,
i.e., the side chains in contact with the surface prefer to stay on
one specific adsorption site among all the available sites, and
(ii) the protein is structurally rigid7 and the arrangement of the
side chains matches the most favorable interaction sites on the
surface.17,60

The arrangement of side chains, as well as the rigidity,
depends on the sequence and the structure of the precise peptide
under study. Therefore, since our prototype system is not a GBP,
it is beyond the scope of the present article to verify whether a
mechanism based on surface-site discrimination plus site-
matching is ruling the specificity of any of the GBPs identified
so far. Nevertheless, condition (i), i.e., surface-site discrimina-
tion, is hard-coded in the interaction between the hydrated side
chains and the surface, and we can verify if, in the case of Ser,
such interaction leads to clear surface-site discrimination or not.
We thus investigate whether the incipient dative bonding
between the �-sheet and the surface leads to clear adsorption
site preferences and what these preferences are. To avoid
trapping of the hydrated �-sheet in an ordered local energy
minimum, matching between the arrangement of Oser atoms and
the Au lattice inside the unit cell is deliberately inhibited by
construction. The �-sheet is thus free to explore multiple
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Figure 2. (a-c) Distributions of the Löwdin net atomic charges for selected atoms along the direction normal to the surface, obtained by sampling the
electronic structure every 0.5 ps during the AIMD simulation. (a) Charge distribution for the four Au layers. (b) Atomic charges of interstitial (green) and
liquid (blue) water oxygens. (c) Atomic charges of oxygens of Ser side chains (Oser), at interface 1 (red dots) and 2 (black triangles). Charges of the
backbone oxygens, OBB, are also reported (gray squares). (d) DOS projected on the protein (gray area) in the gas phase (upper panel) and in the interacting
configuration (lower panel), i.e., including Au and water. The DOS is computed for a representative snapshot of the trajectory. The red line is the DOS
projection on the Oser atoms of interface 1. DOS are collected aligning the lowest single-particle eigenvalues. The zero-energy reference is set to the HOMO
of the isolated molecule. Insets enlarge the HOMO-LUMO gap area. (e) Isosurface plot of the total charge density at the surface region, same snapshot as
in panel (d).
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adsorption sites during the simulation. The attempt of the
hydrated protein to dynamically select the most favorable
configuration at each time step is proof that the protein is able
to sense the atomic arrangement of the gold surface, as revealed
by analyzing statistically preferred adsorption sites.

To shed light on this issue, we present in Figure 3 the two-
dimensional Au-O in-plane distribution functions gAuO(x,y) (see
also Supporting Information) for the Oser atoms in contact with
the surface and for the Owat atoms of the insterstitial water
molecules, gAuOser and gAuOwat, respectively. gAuO(x,y) represents
the density of oxygen atoms as a function of the in-plane
coordinates x,y relative to a given gold atom, averaged on all
the surface gold atoms, and it is defined in the Supporting
Information.

gAuOser in Figure 3a shows a clear structuring of the Ser
oxygens around Au atoms. In particular, Oser atoms prefer to
reside at some of the available bridge sites, statistically forming
one-dimensional motifs along one of the two substrate lattice
directions. Bridge sites are themselves a subset of all the possible
adsorption sites at the surface, which include also top and 3-fold
fcc locations. Therefore, the �-sheet is indeed selecting some
adsorption sites over others. This is an important result: a
hydroxyl-rich protein is capable of discriminating between gold
surface sites. Surface-site preference of adsorbed peptides was
previously reported on the basis of classical MD simulations,22

with the introduction of the concept of soft epitaxy. While our
ab initio analysis confirms the existence of adsorption at specific
sites rather than spread on the surface, we find adsorption sites
different from those of adsorbed molecules in classical MD,22

namely, bridge instead of fcc. Establishing the preferred
adsorption site has important practical consequences, because

a possible strategy to design surface-specific proteins is to
arrange side-chain positions to match preferred adsorption sites.

The hydroxyl groups of Ser are not the only species that
interact with the surface: the charge transfer analysis in Figure
2 reveals a water-Au interaction as well. By further inspection,
we show that the recognition also occurs through the water
molecules of the first hydration shell. The OH groups of Ser
create a close-to-planar layer; a regular pattern of Oser atoms is
thus exposed to the inorganic surface.

The atomic density profile in the direction perpendicular to
the surface (Figure 4a) reveals that water creates a hydration
layer that superimposes to this Oser layer, both for the gold/
protein (1) and for the protein/water (2) interfaces. Water
molecules intercalate among Ser hydroxyls and are H-bonded
to them and to each other.

Therefore, we conceive the protein boundary as a complex
entity defined by the Ser hydroxyl groups and the intercalating
water molecules. To be relevant for recognition, these water
molecules should also occupy well-defined positions on the
protein boundary. To inquire on this behavior, we inspect the
atomic density map of hydration water oxygens in interfaces 1
and 2 (Figure 4b). The results for interface 1 are reported in
the left panel of Figure 4b: the nine high-density spots (red),
separated by regions of negligible density (blue), correspond
to the nine Owat atoms of interstitial water molecules.

The six exposed Oser atoms produce an atomic density map
(Figure 5) with high-density spots that are virtually indistin-
guishable from those of Owat in Figure 4b. We conclude that
hydration water molecules occupy precise positions on the
protein surface, similarly to Oser. This structuring is not induced
by gold, because similar sharp spots are present in the protein/
water interface 2 as well (Figure 4b, right panel). Moreover,
the sharpness of the hydration water structure is not an artifact
related to the investigated time scale. We observe that hydration
water molecules do exchange between the localized sites in the
protein surface and with the liquid water layer,61 but they spend
little time in regions outside the density maxima. Structuring
of the hydration water has also been reported for the threonine
�-sheet of an antifreeze protein.62

Next, we consider the interactions of interstitial water with
the surface, searching for surface-site discrimination as done
for Ser. gAuOwat in Figure 3b, calculated for the interstitial water
molecules in contact with the surface, shows that Owat prefer
on-top locations. The resulting pattern represents a genuine

Figure 3. (a) gAuOser and (b) gAuOwat, calculated with respect to the Au atoms
of the topmost plane. Color scale: blue ) no density, red ) max density.
The symbols highlight the adsorption site preferences for Oser and Owat with
respect to the Au(111) surface lattice, as resulting from the maxima of gAuO.
Spheres represent the Au lattice.

Figure 4. (a) Atomic density profile along the surface normal. Vertical arrows identify interfaces 1 and 2 of Figure 1. (b) Water molecule distribution at
the interfaces 1 (left) and 2 (right), parallel to the surface. Two-dimensional atomic density maps are calculated collecting the positions of the Owat atoms,
with respect to the protein position. The collective translational displacements of the protein are removed. Color code is the same as that in Figure 3, in log
scale. The atomic structure of the protein is superimposed for clarity (gray sticks). Hydroxyl Oser atoms are marked with red spheres.
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adsorption preference of hydration water, which is identical at
the other water/gold interface (not shown). This outcome
demonstrates that the hydration layer, i.e., the shell of water
molecules tightly bound to the �-sheet, plays an actiVe role in
surface-site discrimination by the peptide, Via its own adsorption
site preferences. The importance of the interaction strength of
the solvent and its complementarity with the metal surface, as
well as other solvation effects, was previously noted.22 Our
results focus instead on the specific role of the �-sheet hydration
layer and support the concept of the hydrated protein as a single
entity, where both the protein and the hydration layer contribute
to the recognition process, competing with the rest of the solvent
for the gold surface.

In particular, hydration water molecules and the Ser side
chains act in a cooperative way to bind the protein to specific
sites on the gold surface. The Owat atoms of interstitial water
molecules, which benefit from a higher flexibility than Ser side
chains, first occupy the most favorable adsorption sites, namely,
the top sites.64 The protein consequently arranges on the second
best adsorption sites (bridge) in order to optimize the interaction
with the surface while maintaining hydrogen bonds with the
on-top water molecules. This synergic behavior favors an
interaction as large as possible and thus an effective adhesion

of the protein on the surface. Remarkably, gAuOser and gAuOwat

in Figure 3 are genuine results of the ab initio simulation, not
reminiscent of the initial structure of the dynamics, as discussed
in the Supporting Information. It is also to be noted that
empirical force fields using Lennard-Jones potentials centered
on Au atoms23 lead to preferential adsorption of polarizable
groups such as Oser in the fcc site.22 The tendency of atom-
centered LJ potentials to yield adsorption of single molecules
in a high-coordination site (such as fcc) was noted before (e.g.,
ref 63 for single water molecules), at odds with the present ab
initio results and previous static DFT investigations on water39,64

and compounds analogous to the Ser side chain (methanol39,65

and ethanol66) on Au(111). We remark that in principle the
adsorption site preferences of water molecules in the liquid
depend not only on the single molecule preferences but also on
their complex interplay with the H-bond network.

Conclusions

In summary, we have identified the fundamental nature of
the interaction between a gold surface and a solvated �-sheet
composed of HAAs (that are frequently found in experimental
GBPs). In particular, we find that an electronic interaction with
an incipient dative bond character confers to Ser and water the
capability to discriminate between gold surface sites. Although
GBPs will have richer and diverse gold recognition mechanisms,
these findings disclose the potential role of Ser and other HAAs.
Moreover, a picture where hydration water and peptide side
chains cooperate to achieve surface recognition emerges from
our simulation. As a whole, our study corroborates the use of
ab initio methods for complex systems. For protein/surface
interfaces, our AIMD simulation provides reliable adsorption
site information, which is needed also for accurate force-field
parametrizations. The latter would allow for classical simulations
of large-scale hybrid systems on a quantum mechanical basis.
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Figure 5. Two-dimensional atomic density maps of Owat + Oser atoms
within the interfaces 1 and 2 defined in Figure 1. The collective translational
displacements of the protein are removed. Color code: blue ) no density,
red ) max density, in a logarithmic scale (the same as Figure 4). The spots
indicated by arrows represent the density maxima due to the Ser side-chain
oxygens (Oser). Note the similarity in sharpness, shape, and size between
these spots and those due to Owat, namely, those not indicated by arrows.
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