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1. Summary

Interactions of a foreign nanomaterial (NM) with biological tissues control its fate and biological
activity, including any eventual hazard. It is now well accepted that the interaction of NMs with
biological fluids leads to the formation of a protein layer on the surface of the NM which is known as
the protein corona. It has been established that the corona plays the central role in the bioactivity of
NMs. The list of proteins present in the corona in a specific biofluid sample depends, on the one hand,
on the NM chemistry and surface structure and reflects also the immediate interactions with the
available proteins. One can hope to identify the biologically relevant physicochemical characteristics
of the NM in the adsorbed proteins’ statistics (i.e., the factions of the different Amino acids (AAs) in
the protein corona).

This report describes integration of a corona modelling tool, based on the method developed within
the SmartNanoTox project, into the NanoCommons research infrastructure knowledge base and
computational platform. The main outcomes of the tool are adsorption energies for arbitrary proteins
on selected NMs of different sizes, the adsorption energy heat map for various protein orientations
(which provides insights into the most probable orientations for binding), and protein ranking by the
binding affinity to the specified NM which may facilitate prediction of protein coronas in the future
without the need for experimental inputs. Currently, the modelling is possible for selected set of NMs
including gold, titanium oxide, and silica, and is now ready to be offered to users as a Transnational
Access (TA) service.
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2. Introduction

Interactions of a foreign nanomaterial (NM) with biological tissues control its fate and biological
activity, including cellular attachment, uptake and any eventual hazard. Quantitative study of these
interactions is extremely challenging due to the presence of multiple molecule types and material
chemistries - as well as structure-specific effects, and while the immense system size prohibits the
atomistic level modelling. It is now well accepted that the interaction of NMs with biological fluids
leads to the formation of a protein layer on the surface of the NM which is known as the protein
corona. It has been established that the corona plays the central role in the bioactivity of the NM. NMs
of size of tens of nanometers can bind hundreds of different proteins [1-5].

The list of proteins present in the corona in a specific sample depends, on the one hand, on the NM
chemistry and surface structure and reflects the immediate interactions. On the other hand, it also
depends on the content of the biological fluid the NM is immersed in through the concentrations of
the solutes and their relative affinities for the NMs’ surface. Due to the presence of thousands of
protein types in certain biological fluids, such as blood serum, the variability of the corona content
may be immense. Still, one can hope to detect the influence of the physicochemical properties of the
NM in the adsorbed proteins’ statistics for different NMs, i.e., the count of a certain AA weighted by
the protein abundance in the corona, thus the factions of different AAs in the corona. Certain features
of proteins such as charged or hydrophobic patches, aromatic residues, etc. may tend to increase the
propensity of molecules to adsorb on specific surfaces. Therefore, the characteristics of the
preferentially adsorbing molecules, i.e. those with highest affinity for hte NM surface, form the NM
fingerprint with respect to its bionano interactions [6]. These fingerprints appear to be useful for
prediction of the biological activity of NMs, particularly NP-cell association,[6,7] which is a first step
towards NM internalisation and can induce numerous responses in the cell including receptor
activation.

Here, we present a simulation tool for evaluation of the adsorption energy of arbitrary proteins on a
specific NM surface, which was developed in SmartNanoTox project [8,9], and has now been
integrated into the NanoCommons computational platform to support its utilisation by the
community, including via Transnational Access (TA) provision. The goal of the tool is to compare and
rank biomolecules by their adsorption affinity to specific NMs and thus form a basis for producing NM
biointeraction fingerprints. In this deliverable report, we describe the modelling techniques, as well
as their coupling in Section 2. In Section 3, we describe the implementation of the tool into the
NanoCommons knowledge base and computational platform and in Section 4 an example of using the
tool for evaluation of adsorption energy of human serum albumin (HSA) protein onto gold NM is
presented.
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3. Methodology

3.1 Multiscale model of NM-protein interaction

Once an NM comes into contact with a biological medium, a protein corona forms on its surface [10].
It has been extremely challenging to develop a model that can predict the composition of the protein
corona around an inorganic NM, as this depends on a multitude of physicochemical properties both
of the protein, such as charge, isoelectric point and hydrophilicity/hydrophobicity and of the NM, such
as size, shape, pH, hydrophilicity/hydrophobicity, and charge distribution.

Computer simulations of the interactions of NMs with proteins can offer a great support to
experiments because of their great speed and flexibility [11]. Full-atomistic simulations have already
proven to be a valuable tool in elucidating the binding mechanisms of proteins on metallic NMs [12-
14]. However, their performance is severely hindered by the inefficiency in simulating systems with
large NMs due to the high number of pair interactions that need to be evaluated. To speed-up the
calculations, a cut-off of at the order of a nanometer is often introduced. However, this results in an
underestimation of the adsorption energies of proteins on NMs due to the neglect of the influence
from the core of the NM, which contributes much to their mutual attraction (especially at radii of over
10 nm) and so cannot be neglected. In this section, we describe a coarse grained (CG) model of protein-
NM interactions that overcomes most of the challenges in the inclusion of NM core in the interaction.

While the number of atom-atom pairs in this problem is extremely large, the overall energy includes
numerous instances of the same contributions, like the pair interaction of a given amino acid (AA) with
a unit volume of the NM. One can dramatically reduce the amount of calculations by pre-computing
those interactions for the specific materials in a specific medium. For a protein, one would need to
pre-compute the interaction potentials between the AA and the NM through water, bearing in mind
that different potentials will be needed for the interaction with the NM surface and the core. Assuming
that these interactions do not depend on the position of the AA inside the protein and are additive
(the two most significant approximations of our model), one can quickly scan multiple proteins once
the potentials are known.

We calculate the coarse-grained adsorption energy for a protein molecule as a sum of energies of non-
bonded (van der Waals + excluded volume) and electrostatic interactions between the AA and
segments of the NM as:

Uno(d, 0,9) = 52 U; (hi(d, 6, ) "
Uel (d, 9, ¢) = ZNAA M e_Khi(d:9:¢) (3)

i=1 R+h,(d,0,p)

where, Ris the NM radius, h;(d, 8, ¢) is the distance between the AA center and the NP surface, which
depends on the distance d from the protein center of mass (COM) to the surface and orientation

angles (6, ¢)), k = /8mlgl, is the inverse Debye length where [ = prr—-

I is the solution ionic strength, 1, is the electrostatic surface potential of the NP, g; is the charge of
the AA, and N, 4is the number of AAs. The non-bonded interaction energy includes contributions from
the surface and the core of the NM:

is the Bjerrum length and
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U;i(hi(d,6,9)) = (Us); + (U, (4)

where U U, are the potential energies of interaction between the i-th AA and surface or core parts
of the NM, respectively. The surface part is calculated using atomistic molecular dynamics (MD)
simulation with a fixed cut-off and thus includes occasional hydration effects, local charge effects or
surface geometry, while the core part covers the long-range contributions to the interaction from the
rest of the NM, beyond the MD cut-off distances to ensure that the proteins sees the entire
nanoparticle.

In the remainder of this section, we describe the systematic procedure of evaluation of the required
potentials of mean force. In the final section, we test the model by simulating the adsorption of some
common blood serum proteins on gold NMs.

3.1.1 Coarse-grain protein model

In contrast to NMs, which populate a whole universe of chemistries and structures, the description of
biomolecules can be significantly compressed due to their chemical uniformity, e.g. the same AAs are
present in all proteins or the same nucleic acids in all DNA. The AA sequence alone, however, does not
provide exhaustive information as the shape and functionality of the protein depends on its 3D
structure. The 3D structure of the molecule, where possible, can be retrieved from the Protein Data
Bank (PDB). For our calculations, we consider the proteins as rigid 3D globules with fixed
conformations corresponding to their crystal structures as presented in the PDB. The model thus
preserves two main structural features that guide the binding mechanisms, i.e., the overall shape of
the protein and the charge distribution. Although proteins may change conformation upon interaction
with the NM surface, this only happens when the attraction forces are sufficiently strong, as, for
example, can be observed for dense metals like gold, silver, or large nanoparticles of size of tens of
nanometres, where the adsorption energies may exceed 102 kJ/mol per molecule. As these strong
attractions make adsorption irreversible, we expect that the conformational changes do not affect the
corona content even if they lead to even stronger adherence of the proteins to the NM surface, so
they can be safely neglected.

We here use a one-bead-per-AA (united atom — UA) model of globular proteins, which is suitable for
estimating the adsorption energy [8]. Our UA protein model, in which every AA in the protein is
substituted by a single bead whose center is placed at the position of the a-carbon atom, is illustrated
by Figure 1.

Figure 1. All-atomistic (left) and united atom — UA (right) models of lung surfactant protein D (SP-D).
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3.1.2 Coarse-grain NM

The protein model described above allows us to reduce the number of components in treating the
protein. NM size, however, also plays a fundamental role in the formation of the corona and in the
interactions at the bio-nano interface. The number of atoms needed to represent an NM is again a
severe limitation to all atomistic calculations. Simulation of NMs of size greater than 10 nm in
biological media is an unfeasible task even for modern computers and the CG model for describing
NMs is therefore highly needed.

Our model starts by considering the contributions that different atoms in the NM (e.g. Ti versus O in
a TiO, NM) give to the binding interaction. Note that, as is the case experimentally, the
parameterisation is different for different crystal phases and different surfaces / faces, from which a
weighted average is calculated over the different crystalline phases to produce the energy for the
specific NM (e.g. rutile or anatase). Based on the nature of these contributions, we partition the NM
into a core segment and a surface segment. The outer layer on the NM surface is directly in contact
with the solvent and the pair interaction with the protein residues must include solvent effects as well
as the chemical composition, charge, and hydrophilicity/ hydrophobicity of the NM surface. Therefore,
the interaction of each residue with the nearest part of the surface must be parameterized to reflect
these details, using full-atomistic simulations. The size of the surface segment is thus determined by
the cutoff, 7., used in the full-atomistic simulation (typically, 1 to 2 nm). Geometrically, the surface
segment is a lens formed by the intersection of a sphere of radius 7;, centered on the AA bead, and a
sphere of radius of the NM, R, centered on the NM itself (Figure 2). The core comprises the majority
of the atoms, but these only interact with the protein via long-range forces, for which we assume that
a continuum-level description is sufficient. The core of the NM is then modeled as a single bead of the
shape of a sphere of radius R with a cut-out surface lens. The potential between the core and the AA
beads in our model is calculated using the Lifshitz theory [15] for interaction between two macroscopic
bodies. In the next two subsections, we describe how the potentials are parameterized for the AA-NM
interaction.

3.1.3 Generation of surface potentials
Adsorption free energy profiles (or potentials of mean force - PMFs) can be calculated using adaptive
well-tempered metadynamics (AWT-MetaD) [9,16-19]. This method uses a time-dependent bias term
which is evolved according to:

av(zt _ N2
% = we VEDD/AT gxp [— (z—2()) /2 az(t)] (5)

withwbeing the initial filling rate and AT being a temperature boost factor that determines how large
a part of the free energy space is reached, z is the distance from the AA centre of mass to the surface.
The positions and widths of the added Gaussians are changed on-the-fly as exponentially weighted
averages, as follows:

2(t) = = [ dt'z(t)e /) o
and
o) = %fot dt'(z(t") — z(t))%e~ -t/ o)
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The single parameter 7, determines the time window used to estimate fluctuations in z. The free
energy is recovered in a single simulation from the expression [14]:

Fo(z) = — %1_{130 [V(z,t) + kgTInQ(z,t) const.X t] (8)

where £2(z, t)is the accumulated histogram of the reaction coordinate z up to time t. The constant on
the right-hand side is independent of z and t. The logarithmic divergence as t — oo is irrelevant as
long as we are interested in free energy differences only along z-axis. The AWT-MetaD simulations
need to be run for ca. 200 ns to allow the system to visit all states many times for each AA or lipid
segment.

We further used the free energies F,,(z) for each AA as estimates of the surface terms U;(z), U;(z) =
F,(z) with the integration constant set to zero. Upon evaluating the PMFs, we also calculated the
mean adsorption free energies for each AA as:

Eqsa = —kgTln [%foa exp (— W) dz] (9)

The integration cut-off distance § is set at 0.8 nm, as all the PMFs usually vanish at that distance.
Generally, the interaction with a convex surface of a NM of finite radius is less than that for the flat
slab due to the lesser number of atoms of the NM within the interaction cut-off distance. To account
for this reduction, we correct the PMFs for the flat surface by a distance-dependent multiplicative
function f(h) that reflects also the cut-off radius (7;.) used in the calculations as well as the radius R
of the NM:

Us(h,R) = Us(h, ) f (h) (10)

Here, U;(h, R), Us(h, ) are the PMFs for the curved and flat surfaces, respectively, andhis the
minimum distance between the AA-bead center and the NM surface. By taking the appropriate limits
for R, we can calculate a correction factor for any geometry. A diagram showing how an AA bead
interacts with a CG NM is shown in Figure 2 [9].

: N
! Baa
Bl

& _.

n,

Figure 2. Left: A schematic of an amino acid (AA) bead of radius R, interacting with a NM of radius
R, where the distance between the centres of the two particles is given by D and the distance between
the surface of the NM and the centre of the bead is given by h. The NM is divided into a surface region
(yellow) containing the volume within a distance 7, of the centre of the bead, and a core region (blue)
containing the volume outside this cutoff range. Right: Schematics of the surface region for a spherical
NM (top) and a planar slab (bottom), indicating the angle 6,,,,, used for the calculation of the surface
correction factor.
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We assume that the relevant point-point interaction is dominated by dispersion forces that scale as
™8, where r is the distance between the interaction centers (e.g. atoms). We then assume that AAs
are much smaller than the NM. In this case, the attraction energy for a small particle of volume V to a

large sphere of radius R, such that R > V1/3, given the finite cut-off r,,, can be calculated as:

c Bmax 2 Zsi 9
Us(h, R) = &V [, [ [ —5—d¢dbdr (11)
2 2 2
9. — cos—1 (=RAR+R)” (12)
max ( 2r(R+h) )max
_ _ meV (h=2R | —61Z+81r.(h+R)-3h(h+2R)
Us(h, R) = h+R (12h3 12rf ) (13)

Here, ¢ is the interaction energy per unit volume. For R — o Eq. (13) reduces to that of a flat surface:

Us(h,oo)=nev(i 2+ h) (14)

6h3 313 | 2rf

and the correction factor is calculated as:

f= Us(h+R) _ 1Z(h—2R)+2r.h(h—2R)-3h?(h+2R)
T Us(hoo) 2(rZ+2r.h+3h2)(h+R)

(15)

Figure 3 [9] shows how the volume correction factor changes with the distance from the AA to the
surface for a set of NM radii. One can see that, as the radius increases approaching the flat surface
limit, f — 1 for all values of h.

1.00
0.95
0.90 1
.~
0.85 5 nm

—— 10 nm
0.809 = 20rm

— 50 nm
0.75 = v

00 02 04 06 08 10 12 14 16

b [nm]

Figure 3. Correction factor f (h) vs. distance from the surface h, Eq. (15), for a range of NM radii.

3.1.4 Generation of the core potential

The NN core plays a crucial role in the protein adsorption as it contains most of the NM. A serious
limitation of all-atom models is the difficulty of obtaining a correct accounting of the attraction by the
core atoms. This problem is mainly due to the short-range cut-off employed in simulations leading to
a considerable underestimation of the adsorption energies. The latter, however, can be easily

calculated in the continuum approximation, which is commonly used in colloid science. The correction
9



D5.6 First corona simulation tools integrated into NanoCommons KnowledgeBase -

POl Omimioris.
we propose in this report is to evaluate the contribution of the core of the NM at distances r > r,.by
treating the remote part of the NM as a single sphere less the part within the cut-off distance from
the specific AA. The interaction energy between an AA and the NM core can be computed using the
Hamaker method for dispersion forces. We take into account only the part of the NM that is beyond
the reach of the PMF cut-off distance ... Then, for two spheres or radii R, R4 4at a distance D between
their centers, such that the interaction energy is the Hamaker potential:

_ —Aiz3 4RRa4 4RRpa D?>~(R-Rpa)*
Ucong(D) = 12 (DZ—(R+RAA)2 + D2—(R—Raa)? +2In (DZ—(R+RAA)2)) (16)

At the shorter distances, the Hamaker potential must be corrected for the interaction with the lens
cut out of the NM by a sphere of radius 1. centered at the AA center of mass, as it is covered by the
PMF:

A
UC(D) = Uc,long(D) + Uc,lens ~ Uc,long(D) + 1;3

1

4m?R3, ( D-3R —6r3+8r,_.D—3h(D+R))
< 3D ((D—R)3+ re (17)

In the above equations, A4,3 is the Hamaker constant for interaction between material 1 (e.g. protein)
with material 2 (e.g. the NM) through material 3 (e.g. water), which is the only material dependent
term in the equation. The Hamaker constant for the AA (phase 1)-material (phase 2) interactions
through a medium (phase 3) can be obtained as follows:

_ _ 2_22\(n2_ 12
Ajg3 = %kBTM-F% (nf-n3)(n3-n3)

18
(ertea)(eatea)  BVZ (nf4nd)"/*(n3+n3)"*((n3+n3)" *+(ng+n3)""?) 1l

Where n; are the refractive indices of the materials in the visible region, v, is the main electronic
absorption frequency in the UV range (typically 3x10™ s*) for material 2 and ¢; are the dielectric
permittivities of the materials, which are equal to n? in the visible part of the spectrum. In the case
where one of the materials is a conductor, Eq. (18) must be modified to take into account the high
values of the polarisability and therefore of the dielectric constant. The equation for a dielectric-
conductor interaction in a medium is given by [15]

Aoe = 3 (n%—n%) h\[v1v3v; (19)
123 7 g2 \n2+n2) [v v +—2

2 2
ny-nz

where v; are the frequencies of maximum absorption for the material in the UV region; for metals this

corresponds to the plasma frequency.

3.1.5 Evaluation of the adsorption free energy

To evaluate the average adsorption energy for a protein globule on a NM we scan the configurational
space (i.e. all possible orientation in which a protein can adsorb on the surface of the NM) by a
systematic rotation of the protein and calculate the Boltzmann-averaged energy. There are three
degrees of freedom (DOF) that must be scanned [8,21]: The orientation of the protein (Figure 4) can
be described by a vector from the center of mass (COM) to an arbitrary point of the molecule. It is
characterized by two angles: ¢and 8 and by rotating the molecule an angle —¢ about the z-direction
and then by an angle —8 + 180° about the y-axis will make the position vector point towards the
surface (along the negative z-axis). The third DOF is the distance from the COM to the closest point of
the surface, d.gp- Instead of obtaining the actual adsorption free energy by calculating the PMF for

10
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all orientations and conformations of the protein molecule, we calculate a composite energy U , which
is the sum of all the pairwise interactions between the surface and the AAs. In the energy U, some of
the interactions (van der Waals) are represented by the potential energy while the other ones
(electrostatic and surface PMFs) include ensemble averages over the positions of water molecules,
ions, and segment orientations, and in this sense represent the free energy of adsorption. For each
configuration (¢;, 6;), the total energy is calculated as a function of distance of the COM, U(D, ¢, 6;),
to the surface for the case of a slab or to the center of the NM for the case of a NM. Following a similar
approach as in Kokh et al. [21], and denoting the reaction coordinate D = z, the mean interaction
energy between a protein with orientation (d)i, Hj) and a spherical NM is given by:

E(¢i. 9]') = —kgTIn [mf:ﬂlDz exp (— %) dD] (20)
where a = a(qbi, Gj) is the maximum interaction distance from the center of mass of the protein to
the NM surface for the given orientation. The mean adsorption free energy is obtained by averaging
this interaction energy over the distribution of orientations,

Eqa =X Y P E(¢:6)) (21)

The weighting factor in Eq. (21) is given by:

P;j = sin6; exp (— W) (22)
B

Figure 4. Definition of protein orientation. (a) Any “atom” of the protein can be described by a position
vector from the COM, whose orientation is characterized by two angles ¢ and 8. The angles
correspond to azimuthal and polar rotations that would turn the original vector towards the surface
(along the negative z-axis). The remaining degree of freedom is the distance of the COM, doy, to (b)
the surface for a slab or (c) to the center of the NM [8].

3.1.6 Simulation parameters

We use AWT-MetaD to compute PMFs of AA residues at NM surfaces. There are 20 naturally occurring
AAs. We also consider two protonated versions of histidine (HID and HIE) so there are 22 biomolecules

11



D5.6 First corona simulation tools integrated into NanoCommons KnowledgeBase -
e OO 1

in total, as per Figure 5 below. The backbone fragments of amino acids are terminated by neutral NH;
and COOH groups in order to mimic their behavior in a long peptide chain. AAs are described by the
AMBERO3 force field [19]. Here we used parameters from the force field by Heinz et al. [22]. We used
the Lorentz-Berthelot combination rules to describe the interaction of NM atoms with water and AA.
For water, the TIP3P model is used.

Aminoacids side chain analogues (except GLY, PRO)

P NH__NH
Alanine (ALA): CH, Arginine (ARG): ™€ g Y
NH,
Asparagine (ASN): NH; Asparic acid (ASP): ch—<
(o] o
Cysteine (CYS): HyC SH Glutamine (GLN): ™€ ‘
0
o /0 :14 _CHy SN O
Glutamic acid (GLU): \% Histidine (HIDHIE: / 77 ¢ T
= N — N :
H
! (ILE) H,C L (LEV) HaC
Isoleucine (ILE): v eucine (L :
| I Ve,
¢ H3C
/\/\ : o HC—$
Lysine (LYS): HsC NH;  Methionine (MET): \
\——CH,
CH,
Phenilalanine (PHE): ©/ Serine (SER): H4C——OH
CH,
Threonine (THR): \ Tryptophan (TRP): | |
OH N
H

CHy i
Tyrosine (TYR): /O Valine (VAL): : \_CH3
HO

Figure 5: AA side chain analogues, showing also the protonated histidines (HID, HIE).

The adsorption energy calculations described in Section 3.1.5 are implemented in a C++ program,
UnitedAtom, which handles the summation of the interaction potential over all the AA beads and the
numerical integration of Eq. (20). Briefly, the potential as a function of distance is tabulated for each
bead, and this data is used together with the known structure of the protein to tabulate the total
potential as a function of the distance from the centre of mass of the protein to the NM. The protein
orientations are sampled from 0 to 355° in steps of 5° in the azimuthal direction and from 0 to 175°
in steps of 5° in the polar direction. Energies are thus evaluated for 2592 different orientations. A
more detailed account of the rotation procedure is given in references [8,9]. To improve the sampling
of orientations, the energy at each nominal orientation is calculated as the average of 16 randomly-
sampled orientations.

12
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4. Software tool

Protein UniProt ID

GROMACS —» PMF of Au - AA E,yfor AA

United atom
model/
generation

Evaluation
of core
potential Energy heat E g4 for
map protein

Electrostatic
potential
energy

Figure 6. The workflow of the corona modelling tool developed in SmartNanoTox and integrated into
NanoCommons.

In Figure 6, the workflow in the corona modelling tool is presented. Starting from a Protein UniProt ID
and where a 3D PDB structure file is available the United atom tool will, with the use of certain
parameters such as the Hamaker constant, the zeta potential, the refractive index and the PMF of the
specific NM of interest with AAs, produce an energy heat map as given by equation (20). From this,
the mean interaction energy between an NM and a protein, i.e., the mean adsorption free energy, is
obtained by averaging the interaction energy over the distribution of orientations as explained in more
detail above. If the 3D PDB structure is not known or note available from the database, the code will
call

wget https://www.uniprot.org/uniprot/P02768.fasta

to download the protein structure and subsequently the i-Tasser program [26] is run to create a PDB
structure file which is fed into the United atom tool to follow the procedure as described above.

A user with access to the NanoCommons Knowledge Base User Interface (Ul) selects a specific NM and
a (single) protein of interest visualise their interaction (see Figure 2) with the selection steps and Ul
shown in Figure 7 below.

13
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Select Input for Analysis-0000000046

Nanoparticle

Add | Remove
Protein

Add Remove

& Cancel Analysis © Check Data Input

Figure 7. NanoCommons KnowledgeBase Ul for data input to perform corona analysis.

The selection of the NM is restricted to types with existing force fields from atomistic simulations;
force fields for TiO; rutile and anatase, silica, gold NMs and CNTs are available to date. A dropdown
list as shown in Figure 8 of pre-parameterised NMs is provided so that users can choose one of the
parameterized NMs. In the future, this library will be extended by new materials. The user Input is
checked for correctness (see Figure 9) before running the calculations.

Add Objects

Results: 15 Per page:

Names &4 au T Search + Add
O selected items: 0 Show/Hide »  Sortby~
Particle ID NanoFASE name Designator Names
(+) NPOO812 Au carboxylic acid-functionalized (JRC) Au carboxylic acid-functionalized (JRC)
(+) NPOD811 Au amine-functionalized (JRC) Au amino-functionalized (JRC)
(+) NPO0D810 Au amine-functionalized (JRC) Au amino-functionalized (JRC)
(+) NP0O0B0D9 Au pristine Au pristine
(+) NPOO741 Au50-UoB;Aus0-UoB Citrate capped
(+) NPOO740 Au20-UoB;Au20-UoB Citrate capped
(+) NPOO739 BBIAUB0O;BBIAUBO-Citrate
(+) NPOO738 BBIAuG0;BBIAUGO-Citrate
() NPOO737 BBIAUZ0;BBIAU20-Citrate
() NPOO709 Aust-Ag2s Aust-Ag2s Aust-Ag2s
o NPOD480 Au_PEG-COOH;10166E Gold 12 nm PEG-COOH
o NPOD479 Au_PEG-OMe;10166D Gold 12 nm PEG-OMe
(+) NPOO478 Au_PEG-OH/PEG-OMe(50:50)

Add Close

Figure 8. Snapshot showing the list of pre-parametrized NMs available in the NanoCommons
KnowledgeBase.
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Confirm Input for Analysis-0000000046

NanoParticles Input 1 NanoParticle selected: NPOOS09
Selected number of NanoParticles OK
Protein Input 2 Proteins selected: P06276
Q9BVT3

Please select exactly one Protein

@ Adjust Input

Figure 9. Confirmation step of the chosen by the user in order to perform corona analysis via the
NanoCommons KnowledgeBase.

If the input is correct the user can start the analysis (see Figure 10).

Confirm Input for Analysis-0000000046

NanoParticles Input 1 NanoParticle selected: NPO0O809
Selected number of NancoParticles OK

Protein Input 1 Protein selected: P06276
Selected number of proteins OK

@ Adjust Input P Start Analysis

Figure 10. Start button to run the corona analysis via the KnowledgeBase.

The NanoCommons Knowledge Base then calls the simulation docker with the following input
information for NM and protein:

NMe: material (ID), size, zeta potential value

Protein - PDB file including 3D structure, if no PDB entry is available UniProt FASTA sequence file is
called and fed into I-Tasser routine [26] to generate the 3D structure. Then, the following output is
generated:

A heat map data file with a corresponding image in png format and the average Boltzmann adsorption
energy. The output will be stored in the KnowledgeBase linked to NM and protein and available in
tabulated form (csv, txt). Ranking or comparison to another specific protein can be done. To predict
corona compositions (i.e., abundances of the given proteins), initial solution concentrations must be
provided.

The columns of the heat map output are:
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Phi: The orientation of the protein around the Z axis (between 0° and 360° degrees) with respect to
the starting orientation in the PDB file.

Theta: The orientation of the protein around the rotated Y axis (between 0° and 180°) with respect to
the starting orientation in the PDB file.

Adsorption Energy: The average adsorption energy between the protein and the NM when the protein
is rotated by ¢ and 8 above (in units of kgT).

Error in Adsorption Energy: The code calculates the adsorption energy several times, with slight
variations to 8 and ¢ (a random value between -2.5° and 2.5° to each). This value is the standard
deviation of those energies (in units of kzT). Figure 10 shows an example of a heat map of HSA
adsorbed onto an Au NM [9].

150 =3
-30 M
-5 &
o 100 @
D -60 ~
~N
50 -5
-90
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0 50 100 150 200 250 300 350

-20

-40
m
-60 g
-80 =
-100 2
120 =
-140 2

-160

0 50 100 150 200 250 300 350

¢O

Figure 10. Orientation-specific binding energy E of HSAon an R =5 nm (top) and R =50 nm
(bottom) Au NM [9].
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5. Summary

The corona simulation tool presented here performs calculations of the adsorption free energy for
arbitrary proteins based on pre-calculated atomistic potentials of mean force for the specified NM and
amino acids. The integration of this corona simulation tool into the NanoCommons KnowledgeBase
allows any user interested in data on the biological activity of NMs to access libraries of the
KnowledgeBase and calculate the corona on a specific (or different types of) NM and to store the
outcome (data) of the simulation, in a form of a adsorption energy heat map (see Figure 10), into the

KnowledgeBase. As more NMs are pre-parameterised the range of NMs included in the drop-down
menu available to users will increase.

Abbreviations

3D: Three-Dimensional

AMBERO3: Assisted Model Building with Energy Refinement 2003
AA: Amino Acid

AWT-MetaD: adaptive well-tempered metadynamics
CG: Coarse Grain

CNTs: Carbon NanoTubes

COM: Center of Mass

CSV: comma-separated values

DOF: Degrees of Freedom

DNA: Deoxyribo-Nucleic Acid

FASTA: FAST-AIl

GROMACS: GROningen MAChine for Chemical Simulation
HID: Histidine

HSA: Human Serum Albumin

i-Tasser: iterative-Threading ASSEmbly Refinement
MD: Molecular Dynamics

NM: Nanomaterial

NP: Nanoparticle

PDB: Protein Data Bank

PMF: Potential of Mean Force

SP-D: Lung surfactant protein D

UA: United Atom
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UniProt: Universal Protein Resource
UV: Ultra Violet
TA: Transnational Access

TIP3P: Three-site Transferable Intermolecular Potential

TXT: Text
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