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Abstract:

The elucidation of structural interfaces between proteins and inorganic surfaces is a crucial aspect of
bionanotechnology development. Despite its significance, the interfacial structures between proteins and
metallic surfaces have yet to be fully understood, and the lack of experimental investigation has impeded the
development of many devices. To overcome this limitation, we suggest considering the generation of
protein/surface structure as a molecular docking problem with a homogenous plan as the target. To this extent
we propose a new software, DockSurf which aims to quickly propose reliable protein/surface structure. Our
approach considers the conformational exploration with Euler's angles, which provide a cartography instead of
a unique structure. Interaction energies were derived from QM computations for a set of small molecules that
describe protein atom-types, and implemented in a DLVO potential for the consideration of large systems such
as proteins. The validation of DockSurf software was conducted with molecular dynamics for corona proteins
with gold surfaces and provided enthusiastic results. This software is implemented in the RPBS platform to

facilitate widespread access to the scientific community.

Introduction:

One key aspect in the development of
bionanotechnologies is the elucidation of the
structural interfaces between proteins and
inorganic  surfaces. Many biological and
therapeutic examples illustrate these associations
like hard tissue growth such as bones or dentine?,
medical implants®, drug-delivery* and nanotoxicity®.
Besides, nanodevices such as biosensors®,
biologically inspired antifouling polymers”® and
molecular imprinted polymers®° generally involve
protein/surface interaction. Describing and
understanding the nature of molecular recognition
between an inorganic surface and a protein is
paving the way towards rationalization,
optimization and prediction of many biotechnology
devices!®.

Despite its wide importance, the experimental
investigations of proteins adsorbed onto inorganic
surfaces still remain elusive!®. In this context,
molecular simulations represent an affordable
alternative to understand the underlying physical
processes which occur at the protein/surface
interface®. In this context, according to the size of
proteins and water environment, molecular

mechanics (MM) strategy is certainly the more
practical way to decipher their interaction with
inorganic surfaces even if this require specific force-
field parameterizations. During the last decade,
several works have been devoted to this goal for
various types of inorganic surfaces®'° and
molecular dynamics (MD) appears to be most
reliable technique to perform the required
conformational explorations to study the protein
adsorption onto solid surfaces>*%?°,

Notwithstanding its effectiveness, a MD
simulation still heavily relies on the protein’s initial
orientation and position upon the inorganic
surface?!. To overcome this drawback, a common
remedy consists in starting several MD simulations
with various initial orientation/position. Since this
strategy drastically increases the computational
time, several practical assumptions have been
made which either considers the protein as a rigid
body in implicit solvent?? or flexible, but in vaccuo?3.
One other alternative is to rotate the protein like a
dice and to conduct 6 MD simulations? for, at least,
100 ns under water periodic conditions. In all cases,
the achievements of these structural investigations
require the access to high performance
computational facilities and a strong expertise in
the topic.



In order to expedite the initialization of
molecular dynamics (MD) computations, our study
proposes an innovative docking approach that seeks
to identify the most stable association between a
protein and a surface. Molecular docking is a widely
used computational technique in drug-design
strategies that efficiently and quickly determines
the optimal orientation of a small organic ligand
inside a biomolecule cavity to inhibit its activity?®.
Our team has a strong expertise on molecular
docking technique applied and/or developed for
RNA/ligand?®?7, DNA/ligand?®, protein/ligand?® and
even protein/protein3® complexes. In this study, we
extend this approach to include protein/surface
systems, both organic and inorganic, and integrate
it into the DockSurf software package, a user-
friendly and free web interface that is directly linked
to the PDB database. Consequently, any user,
regardless of their familiarity with molecular
modeling, can use the software to predict the
interaction of their protein coordinates or even a
pdb code.

Overview and computational details
a) Energy computations and fitting:

The potential energies were then recorded at
the quantum mechanics (QM) level with DFT (PBEO-
D3(BJ) LanID2Z+gold pseudopotential and 6-31+G*
with Gaussian16 software3! and at the molecular
mechanics (MM) level with the interface!® and
gaff232 force fields implemented in Amber20
software33. To do this, small molecules mimicking
the molecular diversity of proteins (see later) are
slowly approached to a Au{111} surface.

b) Molecular dynamics:

Molecular dynamics simulations (MD) were
conducted to validate the docking poses of proteins
onto the gold surface with the Amber 2033 software
within the interface® force-field for Au{111} and
ff14SB3* for proteins. Each considered systems were
embedded in a water periodic box with TIP3P3* and
minimized with weak harmonic restraints (0.5
kcal/mol) on solute (surface + protein). A second
minimization for the whole system without restraint
is performed before the heating phase where the
system temperature slowly rises from 0 to 300 K.
After a solvent equilibration in the NTP ensemble
for 1 ns, a production is performed in the NVT
ensemble for trajectories between 50 ns to 200 ns,
according to the explorations considered.
Visualizations and analyses of MD trajectories were

made with VMD3® and cpptraj’’ software,
respectively.

When applicable, free energy of
protein/surface adsorption were obtained through
a MMGBSA strategy®®. The following equations
were employed:

Protein + Gold = complex
(AGbinding) = <Gcomplex> — (Gprotein) *+ (Ggoa))
(G =(E?*)+(GFome)
<Gisolvent) — <Gipolar) + (Ginon polar)

This calculation was employed for the last 20 ns
of 50 ns MD trajectories ensuring this way that
equilibrations are reached for all systems. Each 5 ps
were considered, so that the averages (values in
brackets) of the equations above were made for 4
000 conformations. Subscripts i represent the
species used for the calculation (complex, protein or
gold surface alone). According to the rigid nature of
gold surface, gas-phase entropies variations were
not computed.

¢) General overview

DockSurf software runs as a batch job with
predetermined inputs to process computations and
analyze output data, it can be launched with a single
command line, enabling this way automated
computation of protein database structures and the
implementation on free web server as examplified
on this article. Typical run looks like:

> DockSurf label pdbfile fine surfacetype sel
clusconf

In the above input, ‘label’ is a nickname which
will be used to name and identify all output files and
‘pdbfile’ is the filename of the protein 3D
coordinates. This last file must be exclusively in the
protein databank format3°, which is - by far - the
most used file format. The ‘fine’ parameter specifies
the angle step to rotate the protein through Euler's
angles (typical values 5 or 10°) and 'surfacetype'is a
tag for the surface type. To date, only gold Au{111}
has been parametrized but the software is designed
to be easily upgraded for other surface types. The
'sel' tag is a integer which determines the number
of desired output protein/surface structures.
‘clusconf' is a string which can be either 'conf' or
'clus' and defines if a 10° clustering is made (clus) or
if the selection is solely made with energy ranking
(conf). Figure 1 illustrates the code flow and
highlights the inputs and outputs data.
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Figure 1: DockSurf program flow. Orange and green colors represent, respectively, the input and output data whereas modules

in blue stand for the various phases of the program.

DockSurf utilizes the free software Gnuplot*® to
generate 3D contour plot images in png format.
Gnuplot is typically already available on Linux
operating systems and can be easily installed on
Windows. All intermediate data, such as Gnuplot
scripts or 3D energy data, are preserved and can be
further processed with other software as desired by
the user.

d) Web server implementation:

A web server acces to DockSurf is provided via
the RPBS platform®, using the Mobyle framework?*?
and it is accessible at “https://bioserv.rpbs.univ-
paris-diderot.fr/services/DockSurf/”. Inputs consist
of the coordinates structure of the protein to
position over the surface (PDB format), the angular
increment to sample the relative orientation of the
protein on the surface. Other parameters define the
number of selected model to return, and the way
they are identified — cluster centroids or individual
models. The clustering is defined to 10° as it
corresponds to better results

Methods:

The main statement of this study was to tackle
the problem of finding the optimal interaction of a

protein on an inorganic surface as a molecular
docking question. With this assumption in mind, the
optimal interaction of a protein on an inorganic
surface can be translated by the finding of the best
plane on a protein molecular surface. The best
plane is here the plane with the lowest interaction
energy.

Like any other molecular docking software,
DockSurf, can be regarded as a software able to
rapidly explore the phase space and compute the
interaction energy®. Thus, the exploration method
will be presented prior to the description of the
scoring energies while, during the execution of
DockSurf, these steps are made at the same phase
to speed-up the docking process.

e) Exploration method:

Molecular docking has been widely used for
predicting ligand/protein interactions in the context
of drug-design (see?® as example) and usually
consider solely the flexibility of ligand whereas the
protein stays rigid. According to the fact that
mineral surfaces are undoubtedly non-flexible, the
first hypothesis which can been drawn will consider
the protein/surface interaction as a rigid body
problem. This assumption is widely used in
protein/protein molecular docking software®3.
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The main goal of the exploration process is to
be exhaustive and efficient. Since proteins are
considered to be rigid, the process of exploring their
structures can be likened to an airplane flying above
the ground. This analogy leads to the identification
of the degrees of freedom, which is dependent on
the definitions of movement. During flight, an
airplane moves through three translations along the
X, Y, and z axis (Tx, Ty, and Tz) with the center of the
coordinate system located at the aircraft's center.
Rotations are defined around the axis and are
known as "roll," "pitch," and "yaw" angles. These
angles are used to describe the movement of
objects such as proteins and are defined through
Euler angles referred to as "precession," "nutation,"
and "intrinsic rotation," which respectively
represent rotation around the principal axes x, v,
and z.

Intrinsic

Figure 2: Like an airplane, a protein above a surface has 6
degrees of freedom: 3 translations (Tx, Ty and Tz) and 3
rotations. These lasts are defined by Euler angles
(precession, nutation and intrinsic rotation).

In the context of protein/surface interactions,
it is possible to eliminate certain degrees of
freedom that describe the movement of a rigid-
body, such as a protein. By considering the mineral
surface to be flat and uniform, the Tx and Ty
translations, along with intrinsic rotation, can be
eliminated. Thus, only the Tz translation and
precession and nutation rotations are needed to
describe the structural organization above the
mineral surface. The scoring function can be
astutely defined (see later) to consider only two
rotations, precession and nutation, in exploring
protein movements above the surface and avoiding
Tz exploration. Working with only two degrees of
freedom allows for an exhaustive exploration of
these coordinates, providing a cartography of the
protein/surface interaction. Additionally, when
exploring the precession angle between 0 and 360°,
the nutation angle only needs to be investigated
between 0 and 180°. Therefore, an angle step of 10°
requires computing 648 structures, while an angle

step of 5° requires computing 2592 structures. The
choice of angle step size must be made judiciously,
as a small value (<4°) leads to long computation
times, while a large value (>20°) drastically reduces
calculation accuracy.

f)  Scoring energies:

In molecular docking, it is crucial to efficiently
evaluate interaction energy to explore the space of
orientations extensively. For example, popular
protein/ligand molecular docking software like
Autodock* or Vina*® compute crudely the
association energy as a combination points on grids.
As a result, in protein/surface docking software, the
energy computation only needs to provide a
qualitative ranking of the conformations rather than
an accurate assessment of the association energy.
This allows for a faster exploration of the docking
space. Given this context, a novel approach was
pursued to compute energy through a customized
force field :

o Select small molecules that adequately
represent the chemical diversity of protein
amino-acids.

o Determine the energy interaction as a
function of the normal distance to the gold
surface, using quantum and molecular
mechanics methods.

o Fit this energy curve to a potential with an
equation containing only few parameters.

o Divide this contribution to an atomic
contribution considering only the heavy
atoms of fragments.

The association energy calculation for huge
molecular object such as protein requires a force-field
approximation. To this extent, nine small molecules,
depicted in Figure 3, were selected. These include
acetamide, which is used to parametrize the
peptide backbone and tail parts of GIn and Asn
amide moieties. Aromatic residues such as Phe, Tyr,
and Trp were represented using benzene, while
imidazole was employed for His and Trp. Methane
was used to parametrize all alkyl sp® carbons found
in residue side chains. lonic molecules, such as
ammonium, formate, and guanidinium, were
chosen to represent Lys, Asp, Glu, and Arg residues,
respectively, along with the zwitterionic ions found
at the first and last residues of a protein sequence.
Methanol was used for the OH part of Tyr, Thr, and
Ser, while methanethiol was used to parametrize
any sulfur-containing residues, such as Met and Cys.
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Figure 3: Left, atom-types reported for the protein force-field implemented in DockSurf software. Right, small molecules

associated to the atom-types.

Association energies with gold surface were
recorded with a minimal Au{111} surface as
illustrated on the left part of figure 4. Each of the
nine small molecules are then regularly move to the

surface according to its normal distance, also known
as surface separation distance (SSD)*. These
computations were made in vacuum at the QM and
MM levels.
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Figure 4: Left, illustration of the systems used for calculations with the minimal Au{111} surface and the set of molecules, here
the ammonium, which are regularly approached to the surface. Right, association energy, in blue, computed for gold and
ammonium according to the SSD distance and, in red, the DLVO potential of ammonium as described in the text.

With the potential energy in hands, as shown on
the blue curve of the right part of figure 4, a simpler
function was sought to decipher this potential with
only the SSD as variable. To this extent, a specific
potential, inspired from the work of Derjaguin,
Landau, Verwey, and Overbeekhas (DLVO)*’ and
their further improvement®®, has been designed in
this work. The goal of this potential is to provide an
as simple as  possible  estimation of
molecule/surface energy interaction as a function
of the SSD value. To do this, the attractive part of
the energy potential was fitted with a three parts
curve according to:

if SSD < SSDpyin — Score(SSD) = Epin

if thresh > SSD = SSDyin =

Score(SSD) = «/SSD + B/SSD*? + y/SSD® + &
if SSD > thresh or Score(SSD)>0 -
Score(SSD) =0

On these three equations, Emin and SSDmin were
derived directly from the potential energy curves
since these represent, respectively, the minimal
energy with its corresponding SSD value. a, 3, y and
O are obtained with a polynomial fit. All these
values, along with the correlation coefficient R?, are
compiled in table S1 for all molecules and both set
of theories. Thresh represents a cut-off value for
which, beyond, no calculation is made. After several
attempts, a value of 10 A seems to represent a good
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balance between accuracy and computational time.
It is worth to note that the user can remove this
thresh value in order to consider a no cut-off
docking but it can be pointed that, in our
investigations, no improvements were obtain
confirming our previous works®102048-50 made on
biomolecule/surface association for which no
meaning interaction were recorded up to 10 A
above surface.

SSD corresponds to the Tz translation degree of
freedom. By removing the repulsive part of the
molecule surface energy association, the Tz
exploration for any precession/nutation couple of
values has no longer meaning. Indeed, for any
rotational protein conformation, the lowest value of
z will provide the value of 0 for the SSD. According
to the fact that the repulsive part occurs for the
closest atoms to the surface residues and occurs for
SSD values between 0 to 3.5 A (depending on the
molecule, see table S1 for details). Considering only
the attractive part by setting a ceiling value set to
the minimal expected energy value, provides an
astute assumption to avoid any exploration to this
Tz variable. Consequently, the energies obtained
are qualitative and not suitable for direct use in
subsequent analyses. Nonetheless, it is worth
noting that all molecular docking software provide
qualitative energy computations and the aim of this
study is to differentiate between multiple protein
orientations.

Over the last years, our team has shown a keen
interest to unveil the pivotal role water at the
interface of surfaces such as gold, rutile, quartz and
organic polymers®21464849  From these studies it
can be drawn that water plays a role on adsorption
only at the vicinity of the surface which can be
qualitatively considered through a computation of
generalized born solvation?t. Therefore, to compute
quickly the solvent effect, the 9 molecules used as
template for protein (cf. figure 3) were subjected to
a 10 ns MD trajectory in a water box. Solvent
contributions were then elucidated, for each of the
9 molecules, from the MMGBSA computational
scheme®>*2, This technique has the advantage to
consider the electrostatic component of solvent
interaction (GB) along with the desolvation process
as a proportion of its surface area (SA). On DockSurf
software, the solvent contribution was just added

on the final scoring equation to provide:
SsD<10 A

Scorecorar = ScoreéM or um(SSD)

SSD=0
SSD<2.8 A

- Z Solvi(SSD)

SSD=0

Since de-solvation process acts at the vicinity of
surface the SSD distance of 2.8 A was stated to
abate any interactions greater than this distance. In
the range of 0 to 2.8 A, the solvation score is not
modulated by the distance but is constant according
to the atomic type, defined by the 9 templates
molecules. This choice was made in order to take
into account the dynamical reorganization that
occurs at the interface of gold surface. It is crucial to
note that the solvent effect presented in this study
is qualitative and primarily serves to regulate the
results of the first scoring computation, whether
from MM or QM, rather than providing a precise
estimate of the adsorption free energy. Again, as
with other molecular docking software, the scoring
values produced by DockSurf, which have no unit,
are intended to offer a relative/qualitative
perspective rather than a quantitative one.

g) Mapping:

The most striking and specific result of the
DockSurf software is to propose a mapping of the
interaction between a protein and an inorganic
surface according to the orientation of the
biomolecule. An example of such results is shown
on figure 5. To let the user choosing wisely the
interaction structure(s) of its protein structure, the
software produces 5 distinct mappings:

» The one made at MM level of theory (AHwmm).

» The one made at the QM level of theory

(AHawm).
» The one made of the solvation alone
(ASolv).

» The one adding the MM and solvation

mappings (AGmm).

» The one adding the QM and solvation

mappings (AGam).

DockSurf software systematically generates the
maps with the 5 above mentioned scorings and
creates the protein complexes with the inorganic
surface for the number of selected structures, as
distinct files (in pdb format). The authors of this
work strongly suggest that users systematically
compare the AGgov and AGmm generated maps in
order to confirm an orientation. If the user wants to
look at only one score, the AGam map seems to be
the most informative one since it takes into account
the solvation along with polarization effect
according to the QM computation. It is worth noting
that despite their names, and like any molecular
docking software, generated scorings are far from
being comparable to real free energy computations.
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Figure 5: DockSurf results mapping obtained for, from left to right, serpin, human serum albumin and apolipoprotein. For

convenience, only the AGqy maps are shown.

h) Internet availability:

The development of a software program may
hold limited value if its user base is confined to a
restricted number of individuals (sometimes only by
its creator). In order to enhance the reach of the
DockSurf software, a concerted effort was made to
integrate it into a web-based platform, thereby
enabling its accessibility to a wider audience.
Moreover, to circumvent the installation
procedure, the software was implemented in the
RPBS webserver to permit both online computation
and analysis of outcomes in a user-friendly manner,
thereby allowing DockSurf to be of value to a larger
audience of researchers in the field, irrespective of
their familiarity with molecular modeling. The web
address to DockSurf is https://bioserv.rpbs.univ-
paris-diderot.fr/services/DockSurf/
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The RPBS webserver, where Docksurf is
implemented, is directly linked to the protein
databank so that only a 3 letters pdb code could be
provided as input. Two type of outputs are
generated. First, plots images are generated for the
5 different energy maps through Gnuplot and
directly displayed on the webpage. Then, the asked
number of the best protein structures associated to
the surface are proposed, for each energy score,
and can be downloaded. Finally, these structures
can be directly visualized onto the web page
through either the PV>3 or NGL>* viewers. Figure 6
illustrates a typical output of DockSurf onto RPBS.
DockSurf calculations are fast, typical calculation
time for a protein of 200 amino acids is on the order
of only few minutes, depending on server load.
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Figure 6: Screenshot illustrating the interface and use of the DockSurf webserver version.

Results and validations:

Classically, a molecular docking software is
validated through the reproduction of experimental

structures such as protein/ligand complexes
available on the protein databank website.
However, there is no such experimental data
available for protein adsorbed onto inorganic
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surfaces such as gold. This lack of data prevents us
a classical validation through a sample of relevant
structural data. Therefore, various MD simulations
was produced at the gold interface to confront and
validate the molecular docking results of DockSurf.

To this extent, three different proteins, namely
serpin, human serum albumin and apolipoprotein,
were selected for their known ability to adsorb onto
gold surfaces®®. The selection was based on the fact
that these proteins have been structurally
elucidated and exhibit versatile electrostatic
potentials (as depicted in figure S1). Thus, their
structural adsorption cannot be solely inferred from
their global dipolar moment. Additionally, these
proteins have various sizes, folding patterns, and
secondary structural elements (see figure S1).
Furthermore, these proteins are widely distributed
in the human body, and their adsorption onto gold
surfaces and nanoparticles is generally viewed as a
barrier to the development of nanomaterials®.
Therefore, studying their adsorption properties is
biologically significant.

It is of utmost importance to bear in mind that
MD simulations neither computes energy and

explore the conformational space as DockSurf
software. As a result, any agreement between the
results obtained using both methods provides
compelling evidence of the validity and usefulness
of the DockSurf software.

i)  Serpin

Serpin stands for serine protease inhibitor. This
protein controls an array of biological processes®®,
such as coagulation and inflammation, so that its
interaction toward a gold surface may modulates
the biocompatibility of a biomaterial®’. The human
serpin structure®® (pdb code 1AS4) was studied with
DockSurf software. Whole computations were
made in 5 minutes onto a classical laptop and
provides the map displayed on figure 5A. From this
map, three relevant distinct conformations were
identified and their precession and nutation angles
along with their DockSurf scores are presented in
tablel. Interestingly, AGam and AGwmm present the
same ranking for the three poses, indicating a
similar behavior.

Table 1: Serpin protein DockSurf results for the three first favourable association. Precession and nutation angles are in
degrees while scorings values have no unit. AGumessa are in kcal/mol.

Precession Nutation AGam AGmm AGMMGBSA
Pose 1 45 225 -2281.3 -4246.8 -534.1+7.2
Pose 2 40 30 -2135.8 -4085.8 -519.8£9.8
Pose 3 110 320 -2027.1 -3723.1 -493.3+8.4

Molecular dynamics were performed for 50 ns
for the three distinct poses, in association with the
gold surface embedded in water box. No restraint
was imposed during the calculations so that the
association was solely driven by the force-field.
Figure S2 represents the evolution of the root mean
square deviation (RMSD) of backbone atoms along
the simulation time for each poses. Interestingly,
the RMSD curves quickly reached a plateau and
rti\mained below 2 A throughout the Mg trajectory,

indicating the high stability of Serpin/gold
complexes. This finding proves that our software
was able to accurately identify relevant Serpin
structures adsorbed onto the gold surface.
Additionally, as shown in figure 6, despite the
absence of restraints, all three Serpin docking poses
remained structurally unchanged in the MD
representative structures, confirming the stability
of the complexes.

Figure 7: Serpin molecular dynamics simulations evolution from the DockSurf poses (green) and after 50 ns of MDD simulations

(orange). A, B and C stands for, respectively, poses 1, 2 and 3.



To distinguish between the three binding
positions identified by the DockSurf software, free
energies of binding were calculated using MMGBSA
computations, and the results are summarized in
Table 1. Although this method provides a rough
estimate of the binding free energies, it is useful for
understanding trends and observed affinities and
has been successfully employed for biomolecules
adsorbed to surface®°. The data in Table 1 indicate
that all free energies are negative, as expected,
suggesting a favorable interaction of Serpin with the
gold surface for the three distinct binding positions.
However, the free energies differ even after
considering their standard deviations and follow the
same ranking order as the DockSurf software.
Therefore, more than validating the three binding
positions, it can be concluded that DockSurf is
capable of efficiently ranking the adsorbed
conformations.

j)  Human serum albumin and Apolipoprotein

Another strategy was employed to validate the
DockSurf software for human serum albumin (HSA)
and apolipoprotein. At first step, a mapping was
generated for both proteins with the pdb codes
IN5U and 1LE2 for, respectively, the experimental
structures of HSA% and apolipoprotein®. According
to the fact that the force-field and quantum-
chemistry mapping was roughly identical, this last

map was used as reference and identify two
favorable positions for HSA and three for
apolipoprotein which can be visualized on the left
panel of figure 7. These results are compiled in table
2. As remark, one interesting observation from this
table is that the best docking poses get very similar
score for either HSA or apolipoprotein (-2333.3 and
-2336.9 respectively). Comparison of scoring
between proteins systems should be made
cautiously but can nevertheless being related with
the fact that, in the paper of Garcia-Alvarez and
collaborators®®, HSA and apolipoprotein are always
encountered in the top 5 of the 20 most abundant
proteins for their 12 mice in-vivo samples.

In order to assess the relevance of the docking
poses obtained by the DockSurf software, it was
decided to start similar MD simulations but with
starting structures away from these mimimas. If the
MD trajectories led to structures similar to those
identified by DockSurf, this would validate the
computed conformational maps. These starting
positions are displayed on the right part of figure 8
and their Euler angles are reported in table 2. After
100 and 200 ns of MD simulations for, respectively,
HSA and apolipoprotein the nutation and
precession angles were computed for the last 10 ns
of simulations. These last values along with their
standard deviations are reported in table 2.

Table 2: Results of DockSurf for HSA and Apolipoprotein. AGgm is the DockSurf scoring values. ‘Best’, ‘Start’ and ‘MD’
represent, respectively, the most favourable interaction computed with DockSurf, the selected starting position of both protein
and their average positions issued from the last 10 ns of molecular dynamics trajectories.

System HAS
precession nutation
Best 20 345
Start 45 315
MD 22+7.7 338+4.8

The most striking results from these analyses is the
very good convergence of the results obtained from MD
trajectories and the highlighted best docking poses from
DockSurf. This strongly support these favorable positions
of protein onto the gold surfaces. Besides, a supplemental
analysis was performed to report these dihedral angles
along the MD trajectories. These values are plotted onto
the mappings elucidated by DockSurf and displayed on
the middle panel of figure 7. It is remarkable to observe

Apolipoprotein

precession nutation AGgm

150 130 -2336.9

80 110 -646.9
144 +4.5 126 +2.0

that, for both systems, the pathways of molecular
dynamics follow the mountains and valleys of our
software conformational maps.

The consistency of the results obtained from
both methods for Serpin, HSA, and apolipoprotein
indicates that DockSurf is a useful tool for quickly
identifying favorable binding positions on solid
surfaces, especially given the time and expertise
required for MD simulations.
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Figure 8: Results from molecular dynamics simulations of HSA (top) and apolipoprotein (bottom). From left to right: DockSurf
results mapping indicating the best positions for both protein systems; Starting and final positions of the molecular dynamics
simulations shown with arrows for both systems in the middle; illustrations, on the right panel, of these MD evolutions. For
this last representation, water molecules and ions are removed for the sake of clarity.

Conclusions and prospects:

In this study we develop a software to quickly
predict the orientation and interaction of a protein
onto a planar inorganic surface. In that intention, a
specific all-atom force-field for protein was
parameterized with QM computation to encompass
as much as possible physical effects at the interface.
An original exploration strategy authorizes a more
exhaustive computations of protein/surface
adsorption leading the identification of several
favorable binding poses. As far as we know, there is
no experimental structure at the atomic scale of
protein immobilized onto an inorganic surface so
that the validation of DockSurf was made with
intensive MD calculations. Convergence of results
was astounding and strongly validate the approach
of DockSurf. Besides, this software is freely
accessible on a website and can be launch easily
from an internet browser. This website is directly
linked to the protein databank and propose
visualization tools for the resulting conformational
maps and protein coordinates, so that DockSurf
could be wused without any computational
knowledge and remains accessible for a broad
audience.

60 80 100 120 140 160 180
Precession

DockSurf is limited to Au{111} surfaces and
proteins. However, extension to other
biomolecules, such as nucleic acids, and surfaces
will be further realized. In fact, the inherent
parameters for each type of surface are cleverly
placed at the beginning of the program, allowing
the possibility of adding new parameters without
having to read and understand the program. This
will allow to easily enrich the number of mineral or
organic surfaces.
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