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ABSTRACT: Atomistic details on the mechanism of targeting activity by Spacer
biomedical nanodevices of specific receptors are still scarce in the literature, )

0 0 Qo Ligand
where mostly ligand/receptor pairs are modeled. Here, we use atomistic o
molecular dynamics (MD) simulations, free energy calculations, and machine
learning approaches on the case study of spherical TiO, nanoparticles (NPs) r;:‘:i':s'
functionalized with folic acid (FA) as the targeting ligand of the folate (V) —
receptor (FR). We consider different FA densities on the surface and Receptor
different anchoring approaches, ie., direct covalent bonding of FA y- T‘:;Tr
carboxylate or through polyethylene glycol spacers. By molecular docking, we
first identify the lowest energy conformation of one FA inside the FR binding
pocket from the X-ray crystal structure, which becomes the starting point of
classical MD simulations in a realistic physiological environment. We estimate the binding free energy to be compared with the
existing experimental data. Then, we increase complexity and go from the isolated FA to a nanosystem decorated with several FAs.
Within the simulation time framework, we confirm the stability of the ligand—receptor interaction, even in the presence of the NP
(with or without a spacer), and no significant modification of the protein secondary structure is observed. Our study highlights the
crucial role played by the spacer, FA protonation state, and density, which are parameters that can be controlled during the
nanodevice preparation step.
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1. INTRODUCTION FRa proteins placed on their apical surface. Upon the cell
tumorigenesis process, however, the disruption of cell
junctions determines the loss of cell polarity, and consequently,
the receptors become exposed to both apical and basal cell
surfaces. The latter is in contact with the blood vessels;
therefore, FRs find themselves exposed to folates from the
bloodstream. This effect can be nicely exploited for an efficient
targeting of tumors.”

The tertiary structure of FRa in complex with FA was
resolved in 2013 by X-ray crystallography:” the globular
structure comprises 6 a-helices, 4 f-sheets, and many loop
regions and is stabilized by 8 disulfide bonds formed by 16
conserved cysteine residues. The FA pteorate moiety is buried
inside a hydrophobic binding pocket, where the FA amine
group interacts with the FRa Asp81 residue: this is considered
to be the key ligand—receptor interaction for the molecular
recognition process. The glutamate portion of FA with its two

With the birth of nanomedicine, new noninvasive protocols
have been developed to defeat cancer. In this respect, strategies
exploiting the active targeting of tumor cells have been
successful and efficient. They consist of the molecular
recognition between a ligand and its target, located on the
surface of tumor cells. These cellular targets comprehend cell—
surface carbohydrates, cellular antigens, and cell—surface
receptors,” which are overexpressed by cancer cells, such as
the folate receptor (FR).”> The FR has a very strong and
specific affinity with folic acid (FA), also known as vitamin B9,
which makes FA an excellent targeting ligand for FR-targeted
therapies.”™°

The FR family comprehends four homologous glycosyl-
phosphatidylinositol (GPI)-anchored membrane proteins:’
FRa, located on the apical surface of healthy epithelial cells
and overexpressed on tumor cells; FRf, which is found on
activated macrophages; and FRy and FRJ, which are present,
respectively, in bone marrow and T-cells and whose function
remains unclear. For this reason, research has mainly focused
on FRa. FRa is involved in the internalization of oxidized
forms of folates that cannot be synthesized ex novo by the
human body but need to be consumed in the diet. The FA
internalization by healthy epithelial cells is carried out by the
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carboxylic groups instead stays outside the binding pocket in a
positively charged region of FRa.

Since then, much effort has been devoted to understanding
the details of the molecular recognition of FA by FRa. In this
respect, several theoretical studies, based on docking
calculations and molecular dynamics (MD) simulations, have
contributed to providing useful information on the FRa/FA
interactions at an atomic resolution level. For instance, Gu and
collaborators'®™"* combined density functional theory (DFT),
MD, molecular docking, and molecular mechanics/Poisson—
Boltzmann surface area free energy calculations to perform a
screening of several folate and antifolate derivatives and to
determine how substitutional functional groups could enhance
the ligand—receptor interaction. Moreover, Della-Longa and
Arcovito set up metadynamics calculations and reported a free
energy barrier for the FA escape from FRa of 18 kcal mol™"."*
Schaber et al, using unbiased classical MD instead,
demonstrated that FA binding occurs spontaneously on the
nanosecond time scale, without applying any bias to the
system.15

Certainly, the striking interaction between FA and the FR
can be exploited to design effective nanomedical devices for
drug release or tumor imaging, which upon FA functionaliza-
tion can be selectively driven toward FRa-expressing tumor
cells. This allows to obtain a targeted therapy with limited side
effects related to unwanted delivery of cargos at normal cells.
In this context, FA has been successfully conjugated onto the
surface of several carriers, either organic, including lip-
osomes,'® dendrimers,'” polymeric micelles,'® and luteic
acid/chlorin e6 aggregates,'””" or inorganic nanoparticles
(NPs).>"** Among them, titanium dioxide (TiO,) NPs are
used in the photodynamic therapy of tumors because of their
excellent photocatalytic properties. In particular, the gen-
eration of reactive oxygen species upon UV-—Vis light
irradiation of TiO, NPs™* leads to the oxidation of cell
membrane’s lipids and, at the end, to the disruption of the
tumor cells.

To the best of our knowledge, no atomistic simulations exist
that tackle the interaction of FA with FRa when the ligand is
conjugated to a NP. In a recent previous work by some of us,*
we designed models of FA-functionalized nanodevices based
on bare or polyethylene glycol (PEG)-coated (for enhanced
stealth properties) TiO, spherical NPs and investigated their
stability and behavior in water or physiological environment.

Here, we use classical MD simulations, free energy
calculations, and machine learning approaches to assess the
capabilities of these nanomedical devices to target FRa and
determine the interaction mechanism. In particular, through
molecular docking, we identified the lowest energy con-
formations of FA inside the FRa binding pocket in its
experimentally obtained crystal structure when complexed with
FA. Starting from the best FA docking poses, we set up
classical MD simulations of FRa bonded to a single FA ligand
in a realistic physiological environment and estimated the
binding free energy that can be compared to the existing
experimental data.” Then, we introduced the presence of the
spherical TiO, NP, which we decorated with increasing density
of FAs, in both their neutral and monodeprotonated states and
which are either directly covalently bonded to the surface or
through PEG spacers. Within the simulation time framework,
we confirmed the stability of the ligand—receptor interaction,
even in the presence of the NP (with or without a spacer).
Moreover, thanks to the atomic resolution provided by the
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level of theory of this study, we could also provide details of
the structural and dynamical interplay among the different
components of the nanoconjugate with FR, ie., the photo-
active TiO, core, the PEG polymer coating, and the targeting
FA molecules, and prove the crucial role played by the FA
density and protonation state on the interaction of the
functionalized nanodevice with the target protein.

2. COMPUTATIONAL DETAILS

2.1. Nomenclature. In this section, we introduce the
nomenclature used along the manuscript to indicate the
various systems considered in this work. In the absence of the
NP, the FA molecule docked inside the FR binding pocket is
labeled LIG, with the protonation state indicated at the apex,
i, LIG’, LIG'", or LIG*” when it is neutral, singly, or doubly
deprotonated, respectively. Referring to LIG at different
protonation states, we use multiple apexes, such as “LIG*'™”
or “LIG%'™*~”. Finally, for the receptor/ligand complexes, we
labeled FR/LIG®, FR/LIG!~, and FR/LIG>", where the symbol
“/” represents a noncovalent interaction.

The FA molecules attached to the NP are labeled FAs"'~ or
FAs*, depending on whether they are deprotonated or not,
except for the one FA molecule in the FR pocket that is labeled
LIG""™ or LIG, where b stands for covalently bonded to the
NP (either through a PEG chain or directly to the NP surface).
Accordingly, the overall FA-functionalized PEGylated nano-
systems are denoted as TiO,—PEG-n-FAs™ or TiO,—PEG-n-
FAs®'~, where n indicates the number of FA molecules
attached to the PEG chains (either 10 or 20), and upon
interaction with FR become FR/ TiOZ—PEG—n—FAst and FR/
TiO,—PEG-n-FAs"'~. Here, “/” and “-” stand for noncovalent
interactions and covalent bonding, respectively. Finally, the
non-PEGylated FA-functionalized systems are named TiO,-48-
FAs"-y and TiO,-48-FAs®'"-y, where y means that all of the
FA molecules (48) are covalently bonded to the TiO, surface
through their y-COOH group. Upon interaction with FR, they
become FR/TiO,-48-FAs*-y and FR/TiO,-48-FAs"'~-y, re-
spectively.

2.2. Rigid Receptor Docking Calculations. System
preparation and docking calculations were performed through
the Glide package®' of the Schrédinger Suite program (release
2021-1). The protein structure, obtained by X-ray diffraction
(PDB ID: 4LRH, 2.8 A resolution), was prepared using the
Protein Preparation Wizard.>* In this step, the protonation
states of FRa (hereinafter FR) amino acids (AAs) at pH = 7.0
were assigned. The ligand molecule (referred to as LIG) was
prepared with the LigPrep tool. We considered the lactamic
tautomeric form of FA since a combined NMR and DFT study
demonstrated that it is the most stable FA tautomeric form in
solution.>®> We studied three cases, the first where LIG is
neutral (LIG®) and the other where one (LIG'™) or both of the
two (LIG?>7) carboxyl groups of LIG glutamate are
deprotonated. In the case of LIG'", the dissociated carboxz'l
group is @-COOH, as it is the most acidic out of the two.”
The motivation to test different protonation states comes from
the fact that all three of them, in principle, could be stabilized
in the FR binding pocket, where the surrounding environment
is different from the solution at physiological pH. Rigid
receptor docking was performed with the Glide software’* and
the OPLS_2005 force field (FF).* The grid box was defined
by using the ligand crystallized in complex with the protein.
We used the glide extra precision (XP) scoring function to
rank the computed docking poses.

https://doi.org/10.1021/acsbiomaterials.3c00942
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The LIG binding energy, AE,;,4in, Was defined as shown in
eql

AEyinging = Errsnic — (Epr + Evig) (1)

where Egp,11g) Epp, and Ejjg are, respectively, the total energy
of the complex, isolated receptor, and isolated ligand. The
binding energy calculations were performed through the
MacroModel program implemented in the Maestro software,
using the OPLS_200S5 FF, in generalized born implicit solvent
(GBIS).*

2.3. Classical MD Simulations. The MD simulations of
LIG in complex with FR that did not involve the TiO, NP
were carried out by employing the NAMD 2.13 open-source
code’” and its CUDA module for GPU-accelerated calcu-
lations, where FR and LIG were described, respectively, by the
CHARMM36°® and the CGenFF*” FFs. The best docking
poses for the FR/LIG complex (Section 2.2) were chosen as
starting point geometries. The FR/LIG systems were
immersed in a 100 X 100 X 100 A® cubic CHARMM-
modified rigid TIP3P* water box in the presence of 0.15 M
NaCl with the CHARMM-GUI interface.”” The FR net charge
(+3) was neutralized with 3, 2, or 1 additional CI™ ions, in the
case of LIG®, LIG'", and LIG, respectively, randomly put in
the bulk water phase. Initial structures were relaxed with the
Conjugate Gradient algorithm and then equilibrated at a
temperature of 303 K, held constant by using a Langevin
friction force with a damping coefficient of 0.1 ps™ (NVT
ensemble), under periodic boundary conditions, making use of
a constant 2 fs time step for the integration of the Newton’s
equations of motion, by means of the impulse-based Verlet-1/1-
RESPA integrator.”” The particle mesh Ewald (PME)
scheme™ was used to evaluate the long-range electrostatic
interactions using a real-space cutoff of 12 A. Lennard-Jones
interactions were truncated with a 12 A cutoff, with a switchin
function applied between 10 and 12 A. SHAKE/RATTLE*"*
and SETTLE" algorithms in combination were used to
impose holonomic constraints on all covalent bonds including
hydrogen atoms. During the 1 ns equilibration phase, a
constraint on the initial geometry was imposed on the FR
backbone atoms. The constraints were then removed along the
following production phase, performed at 303 K in an NPT
ensemble, where a Nosé—Hoover Langevin piston scheme*”**
with a piston period of 50 fs and a piston decay of 25 fs
ensured constant pressure (1 atm). During MD production,
the phase space was explored for a total simulation time of 500
ns.

For the MD simulations involving the TiO, NP, we made
use of the LAMMPS (29 Sep 2021 version®’) open-source
code. The bare TiO, NP model was designed by our group in
previous works*”" and consists of a spherical anatase NP,
carved from the crystalline bulk anatase structure and fully
relaxed, first at the DFTB level of theory with a simulated
annealing procedure, followed by a DFT-B3LYP optimization.
The stoichiometry of the NP is (TiO,),,;-10H,0, and it is
characterized by an approximate diameter of 2.2 nm. The
surface S- or 6-fold coordinated Ti atoms of the NP were
saturated, in a recent paper by some of us,*° by 48 FA
molecules, making either bidentate or chelated coordinative
bonds upon dissociation of the FA y-COOH group (TiO,-48-
FAs’-y). The PEGylated NP model was built and validated by
our group in previous studies,’”>” where the NP was grafted
with 50 methoxy-PEG molecules (H;C—[OCH,CH,],—OH,
with n = 11) and fully optimized through atomic relaxation at
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the DFTB level of theory and MD simulations. On this model,
we added either 10 or 20 FA molecules, as randomly
distributed as possible, by a covalent linkage through an
ester bond involving the terminal C of PEG methyl and the FA
y-carboxylic group (TiO,—PEG-n-FAs"). The FA-function-
alized PEGylated TiO, systems were only partially relaxed at
the DFTB level of theory.”

The NP was described by an improved Matsui-Akaogi FF,
reparametrized by Brandt and Lyubartsev,”* while CGenFF
was chosen for the adsorbed FA, PEG, or PEG-FA molecules.
The FF used for the functionalized NP has been tested and
validated for a TiO, NP tethered with small organic molecules
by some of us”” and employed in previous works.*”*® The FR/
TiO,—PEG-n-FAs® and FR/TiO,-48-FAs"-y topologies were
generated by means of the Moltemplate’” package for
LAMMPS, and the systems were immersed, respectively, in a
170 X 170 X 170 A® or 135 X 135 X 135 A® cubic rigid
CHARMM:-modified TIP3P water box, built up with the
Packmol®® software. The starting point configuration of FR in
complex with the LIG® molecule is the last snapshot of the 500
ns MD simulation of the corresponding system without the
NP. During all the atomistic MD simulations, we held fixed the
geometry of the NP core and of the anchoring PEG —OH or
FA —COO™ groups at the DFTB geometry, and we treated the
NP as a rigid body, free to translate and rotate as a whole,
fixing its internal degrees of freedom at the DFTB-optimized
geometry through the RIGID package®” in LAMMPS, as we
did in some previous works by some of us.****°° This
approach keeps the DFTB relative atomic positions within the
TiO, NP and avoids any core misshaping during the MD
simulation. Whatever was not fixed, instead, was free to evolve
in time, at 303 K (NVT ensemble), making use of a constant 2
fs time step for the integration of Newton’s equations of
motion, where the SHAKE algorithm imposed holonomic
constraints on all the covalent bonds involving hydrogen
atoms. Periodic boundary conditions were used. Long-range
electrostatic interactions were evaluated by the particle—
particle particle—mesh solver using a real-space cutoff of 12 A.
Short-range Lennard-Jones interactions were smoothly trun-
cated with a 12 A cutoff by means of a switching function
applied between 10 and 12 A. Several minimization steps
ensured that no overlaps between the atoms occurred, then a 1
ns equilibration followed, where constraints were applied to
the FR backbone, and finally, after removing the constraints,
the phase space was explored for a total production time of 200
ns.

2.4. Simulation Analysis. Atomic radial distribution
function (rdf) was computed with the Radial Distribution
Function plugin of VMD,®" considering all the atoms at a given
distance r from the reference and falling in a spherical shell
with a thickness of 0.1 A.

The hydrogen bond analysis was carried out by means of the
Hydrogen Bonds tool provided by VMD. The criteria for the
H-bonds classification were set as 3.0 A for the maximum
donor—acceptor distance and 20° for the maximum acceptor—
donor—hydrogen angle.

The calculations of the nonbonded interaction energies
(vdW and electrostatic) were performed through the USER-
TALLY package, implemented in the LAMMPS code and with
the NAMD Energy tool for VMD.

Contact surface area computation was conducted exploiting
the Voronoi tessellation method as implemented in the
VORONOI®* package of LAMMPS.

https://doi.org/10.1021/acsbiomaterials.3c00942
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All distances and angles were measured with the
CPPTRAJ*® module implemented in AmberTools and with
the open-source software LOOS 3.1.°* The angle vs distance
heatmaps were plotted with an in-house Python script.

Protein secondary structure analysis was conducted with the
Timeline utility of VMD.

2.4.1. Free Energy Calculations. The simulation protocol
used in this work for the free energy calculations involves two
steps: the first step is Steered Molecular Dynamics (SMD),
followed by Umbrella Sampling (US) simulations. The SMD
step was necessary to collect a series of configurations along
the selected reaction coordinate (&) that represents the
unbinding of the complex. During this procedure, the subunits
were pushed away from one another by applying a biasing
potential to their centers of mass (COMs). The COMs of the
subunits were oriented along the x-direction of the Cartesian
space. During the pulling simulations, a harmonic potential of
1000 kJ mol™" nm™ was applied only along the x-direction
with a pull rate of 0.01 nm ps~'. The x-dimension of each
simulation box was enlarged to guarantee that the pull distance
was always less than half of the length of the box vector along
which the pulling was conducted. Frames representing a COM
spacing of 0.1 nm, referred to as configurations, were extracted
from the pulling trajectories and were used as starting points
for the US simulations. The US simulations were performed at
303 K and 1 atm for 2 ns, where each configuration was
restrained within a window corresponding to the chosen COM
distance by applying a harmonic potential of 1000 kJ mol™
nm 2 All the SMD and the US simulations were carried out
using the CHARMM36 FF and the GROMACS® code. The
Potential of Mean Force (PMF) was calculated from the
umbrella histograms using the Weighted Histogram Analysis
Method (WHAM)® implemented in GROMACS. For the
PMF calculations, the following parameters were used: 50 bins
per 1 nm, 100 bootstraps to obtain an average bootstrapped
PMF, and error estimates. The PMF was set to zero at the
protein—ligand COM distance, where the pull force dropped
to the minimum. Individual umbrella histograms were
weighted with estimated integrated autocorrelation times
(IACTs) smoothed along the reaction coordinate (x-direction)
usinég7 Gaussian functions with standard deviation ¢ = 0.15
nm.

2.4.2. Cluster Analysis with Self-Organizing Maps. A Self-
Organizing Map (SOM) is an unsupervised learning method
that allows the visualization of multidimensional data in a low-
dimensional representation.”® Several applications of SOMs to
the analysis of biomolecular simulations can be found in the
literature ranging from clustering of ligand poses in virtual
screening® to analysis of pathways in enhanced sampling MD
simulations.”*~"?

In this work, we used the PathDetect-SOM tool’* for the
SOM training using a 10 X 10 sheet-shaped SOM (without
periodicity across the boundaries) with a hexagonal lattice
shape. The input features used to train the SOM consisted of a
set of protein—ligand intermolecular distances, defined by
visual inspection of the MD simulation. This set of distances
was used to build the set of conformations for SOM training.

The training algorithm for SOMs involves several steps:

1. Initialization: at the outset, a grid of neurons arranged in
a two-dimensional lattice is created. The grid’s
dimensions are determined by a specified hyper-
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parameter. Each neuron is assigned an initial weight
vector, randomly initialized.

. Data sampling: during each training iteration, a data
point is randomly selected from the data set. This data
point serves as the input for the current iteration.

. Competition: the algorithm calculates the similarity
between the input data point and the weight vectors of
all neurons in the grid. This similarity measurement,
based on Euclidean distance, identifies the Best
Matching Unit (BMU). The BMU is the neuron
whose weight vector is most similar to the input data
point.

. Cooperation: a neighborhood Gaussian function is
employed. This function defines the extent to which
the BMU influences its neighboring neurons. Neurons in
closer proximity to the BMU undergo more substantial
weight updates, while those farther away are adjusted to
a lesser degree.

. Learning rate decay: to facilitate convergence, the
learning rate (controlling the magnitude of weight
updates) and the radius of the neighborhood function
decrease as training progresses. This enables more
refined adjustments in later stages of training,

. Iteration: the training process continues iteratively by
repeatedly sampling data points, updating neuron
weights, and adjusting the radius of the neighborhood
function over 5000 training cycles.

After training, each frame of the simulations was assigned to
a neuron on the map, and each neuron represented a protein—
ligand conformational microstate. In a second step, the
neurons were further grouped into a small but representative
number of clusters by agglomerative hierarchical clustering
using Euclidean distance and complete linkage. The number of
clusters was chosen based on the Silhouette profile.

3. RESULTS AND DISCUSSION

The presentation of the results is organized as follows: in
Section 3.1, we describe the docking calculations carried out to
find the most stable conformations of LIG at different
protonation states inside the protein binding pocket of the
crystal structure of FRa in complex with LIG. These docking
poses are then used as the starting point for the atomistic MD
simulations of the ligand—receptor systems in solution at
physiological salt concentration in Section 3.2. After that, in
Section 3.3, we analyze the effect of the presence of a
conjugated TiO, NP on the ligand—FR interactions, again
considering different protonation states of both LIG” and FAs".

3.1. Docking of One FA Molecule Inside the FR
Binding Pocket. As a preliminary computationally cheap
investigation, we set up docking calculations to determine the
best poses (i.e., conformations) of LIG inside the FR binding
pocket. The crystal structure of FRa in complex with FA is
present in the Protein Data Bank (PDB code 4LRH).” Since
no information is provided on the position of the hydrogen
atoms (which are not detected by X-rays), we processed the
file with the Maestro software to set the correct protonation
state of the AAs at physiological pH based on the pK, values of
their titratable groups. Regarding the ligand, we considered
three protonation states: LIG® (neutral), LIG'~, or LIG*~
(with one or two LIG carboxyl groups deprotonated,
respectively). This choice was made to determine which LIG
protonation state establishes the strongest ligand—protein

https://doi.org/10.1021/acsbiomaterials.3c00942
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interaction since all three of them, in principle, could be
stabilized in the FR binding pocket, where the surrounding
environment is different from the solution at physiological pH.
In the case of LIG'", the dissociated carboxyl group is a-
COOH (i.e.,, the —COOH bonded to the C atom in & position
with respect to the glutamate amide C atom), as it is the most
acidic of the two types of LIG carboxylic groups.”” We
performed rigid receptor docking calculations where the FR
geometry was kept fixed at the crystallographic position, while
LIG was free to move and rearrange inside the FR binding site.

Figure 1 shows the interaction diagrams of LIG*' ™~ inside
the FR binding pocket relative to the best LIG poses: (i) the
LIG pterin fragment is docked inside the FR binding pocket,
where its amine group forms one H-bond with the Asp81
residue, which is considered to be the most important ligand—
receptor interaction for the molecular recognition process.” In
addition, the pterin aromatic rings for all LIG*' ™~ interact
with the Trpl71 and Tyr8S residues through m—n stacking
interactions, and the pterin carbonyl oxygen is an H-bond
acceptor from Argl03 (LIG*'™*7) and Ser174 (LIG'") and
Argl06 (LIG*"); (ii) for the LIG glutamate, @-COOH is H-
bonded to Gly137, Trp138, and Trp140 residues in LIG' ™",
y-COOH to Trpl02 in LIG'™", and Lysl136 in LIG™,
whereas the N atom to Hid135 in LIG!'™?", while in LIG?, the
benzene ring forms n—7 stacking interactions with Trp102,
Hid13S, and Trpl40 residues and cation—z stacking with
Argl03.

These results are in good agreement with X-ray crystallog-
raphy,” except for the fact that LIG pterin is experimentally
found to also interact with Hid13S5 and not with Tyr8S. In
particular, the glutamate fragment interactions are in full
agreement when LIG is doubly deprotonated (LIG*”). Also,
the experimental observation that the p-aminobenzoate group
does not establish any interaction with the protein would cause
the exclusion of LIG’. We have also calculated the Root-Mean-
Square Deviation (RMSD) of atomic positions of FA docking
poses with respect to the crystallographic structure: 2.417,
0.914, and 1.070 A for LIG®, LIG'", and LIG*", respectively.
The RMSD is excellent for LIG'~ and LIG*", while it is slightly
higher for LIG, but the differences arise from the rotation of
the FA glutamate, which is more exposed to the solvent and
establishes fewer interactions with the protein. Based on this
comparative analysis, we can conclude that docking poses are
proper starting points for the MD simulations of the FR/
LIG"™?" systems, and we are led to believe that LIG is
probably in a deprotonated form.

On the best docking poses, we calculated the LIG binding
energy to FR (AEbmding, eq 1) in a GBIS implicit water solvent
using the OPLS_200S FF. The results are presented in Table
1.

We observe that the binding energy gets more negative as
the ligand negative charge increases: these results are
rationalized considering that the FR AAs within S A from
the ligand bear a total net charge of +3; therefore, the trend of
FR-LIG electrostatic interaction is LIG?™ > LIG!™ > LIG®, see
Table S1.

3.2. MD Simulations of One FA Molecule in the FR
Pocket at Physiological Conditions. Based on the results
from the previous section, here we discuss the 500 ns atomistic
MD simulations of FR in complex with LIG at different ligand
protonation states in a physiological environment, where the
docked structures are the starting point geometries for the
simulations. In Figure 2, the time evolution of distances
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FR/LIG?

FR/LIGZ

PHE
62

TYR

60

Figure 1. Interaction diagrams of LIG”' 7>~ in the FR binding pocket
from docking calculations. Green and red lines indicate the 7—7 and
the cation— stacking interactions, respectively, whereas violet arrows
represent the hydrogen bonds.

Table 1. LIG*' ™2~ Binding Energies in the FR Binding
Pocket from Docking Calculations in the GBIS Implicit
Water Solvent

System AEyding (keal mol™)
FR/LIG® —34.418
FR/LIG!™ —49.369
FR/LIG* —56.586

between selected atoms of LIG and FR AAs of the active site,
along the 500 ns MD simulations, is reported for the FR/
LIG>' 2~ systems.
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Figure 2. Time evolution of distances between selected atoms of LIG* 7>~ and FR AAs for the 500 ns simulations of the FR/LIG*' ™~ systems in

a physiological environment.

In general, although distance values oscillate with time, it is
important to underline that the ligand is found inside the FR
binding pocket during all the three 500 ns MD simulations.
Moreover, a large percentage of ligand—receptor interactions
found in the crystal structure’ and from our docking
calculations (Section 3.1) are also observed along the MD
simulations, especially in the case of FR/LIG*". Only the
interaction of LIG glutamate with Trp140 is not observed in
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any of the three simulations, which may be due to the fact that
the carboxyl groups of LIG are exposed to the solvent;
therefore, there is a competition between ligand—protein and
ligand—solvent interactions.

A conformational analysis of FR allows us to determine
whether the protein secondary structure is modified along the
500 ns MD simulations. According to the results in Figure S1,
all the main secondary structure elements (i.e., a-helices and -
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sheets) are preserved all over the simulation; therefore, we can
state that the FR crystal structure conformation is maintained,
when immersed in a saline solution of 0.15 M NaClL

In Table S2, the interplay among ligand, receptor, and
solvent is presented in terms of intermolecular H-bonds and
nonbonded interaction energies, calculated as an average of the
last 100 ns of each simulation. In particular, as one would
expect, the number of H-bonds between LIG and FR or
between LIG and water increases with the negative net charge
of the ligand from LIG® to LIG'™ to LIG*". In parallel, the
ligand—receptor electrostatic interactions and the ligand
solvation energy grow. For a more detailed analysis, see the
text below Table S2.

A more quantitative analysis of the ligand—receptor
interaction is based on thermodynamic data, namely, the
Gibbs binding free energy of LIG inside the FR binding pocket
(see Section 2.4.1 for computational details). The PMF
profiles of LIG binding to FR at the three LIG protonation
states were calculated from the umbrella histograms (Figures
S2—54) using the WHAM, and they are reported in Figure 3.

T T T T T T T T T

Ue 0 — ALA
— FRILIG
2l — FRLIG" -
| — FRLIG® J
4 -
—'; 6 AG =-9.2 (£ 0.7) -
£ | J
= L v o
© el e

- AG =-13.8 (£ 1.2)
AG =-14.5 (+ 0.7)

Figure 3. Free energy profiles of LIG binding to FR calculated from
US simulations for FR/LIG® (black), FR/LIG'™ (red), and FR/LIG*~
(green) systems.

We clearly observe a greater affinity of FR for the deprotonated
forms of LIG (red and green lines) with respect to the
protonated state (black line). Moreover, the results suggest
that the binding is slightly stronger for LIG*~ than LIG'™:
however, the difference in the binding free energy values lies
within the estimated error bar, and therefore, it is not
significant. Our results are consistent both with the
experimental finding by Chen et al,” who reported a FA
dissociation constant of 200 pM, corresponding to a
dissociation free energy value of about 14 kcal mol™, and
with the metadynamics calculations by Della-Longa and
Arcovito,"* who obtained a dissociation free energy value of
about 18 kcal mol™. This comparison between experimental
and computational data suggests that the most probable
protonation state of LIG inside the FR binding pocket is either
LIG'™ or LIG*".

SOMs (see Section 2.4.2 for analysis details) were used to
perform cluster analysis on the conformations of FA inside the
FR binding pocket. We trained a 10 X 10 sheet-shaped SOM
(without periodicity across the boundaries) using a data set of
intermolecular distances between protein and ligand, as shown
in Figure SSa. Figure 4 presents the results of the cluster
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analysis using the 500 ns trajectories of the FR/LIG’, FR/
LIG'", and FR/LIG” systems as a training set. Specifically, we
depict the respective neuron population map (Figure 4a—c),
where the dimension of the white circles represents the
population size of each neuron cluster. The seven clusters are
defined by the algorithm based on agglomerative hierarchical
clustering using Euclidean distance and complete linkage, and
they are labeled with a capital letter in alphabetical order (from
A to G). The optimal number of clusters (7) was chosen as the
one with the highest silhouette score in the range 5—10
(Figure SSb).

Additionally, we provide a graphical representation of the
ligand conformation inside the FR binding pocket for the
representative neuron of the most populated cluster in each
protonation state (Figure 4d—f).

All these three clusters (Figure 4d—f) exhibit the same
binding mode of the pterin ring, primarily influenced by the
interaction between the ligand amine group and Asp81, as well
as the stacking interactions with the Tyr85 and Trpl71 rings.
Differently, the region of the ligand containing the carboxylic
acid groups exhibits the highest variance during the
simulations. This last observation is partially expected because,
despite their interactions with specific protein residues (e.g.,
Lys136, Trp140, and Trp138), the carboxylic groups reside in
a solvent-exposed region, granting them increased mobility and
contributing to the higher variance observed during the
simulations.

The analysis of the population revealed that the simulations
of LIG'™ and LIG*™ are more similar to each other. Indeed,
even if they do not map the same exact neurons, their frames
are assigned to the same clusters: for instance, clusters A, B,
and C are populated by neurons coming from both FR/LIG'~
and FR/LIG*™ trajectories (Figure 4b,c), whereas the FR/LIG®
system occupies clusters D, E, and F (Figure 4a). This is due to
a loss of interactions with Lys136, Trp140, and Trp138 by the
carboxylic groups and a consequent shift toward Arg61.

To conclude this section on SOMs, based on the results, we
confirm that the protonation state of the second carboxyl
group has a lesser impact on the energetic stability of the
binding modes compared to the deprotonation of the first
carboxylic acid group, and this is in agreement with what was
obtained from the free energy profiles in Figure 3. In fact, we
do not observe relevant differences in the ligand binding
geometry of the two deprotonated systems (Figure 4e,f).

3.3. Effect of the NP: MD Simulations of TiO,—PEG-n-
FAs® and TiO,-48-FAs®-y in the FR Pocket at Physio-
logical Conditions. In this section, we report the results
obtained studying the dynamics of PEGylated or non-
PEGylated, FA-functionalized TiO, NPs where one of the
FA molecules is docked inside the FR binding pocket in either
its neutral (LIG™), described in Section 3.3.1, or singly
deprotonated state (LIG*'™), described in Section 3.3.2. In the
presence of the NP, the doubly deprotonated state (LIG**")
cannot even be conceived because the y—COOH groups are
used as the anchoring groups, either through direct covalent
bonds to the surface Ti atoms or through ester bonds to the
PEG chains.

The functionalized NP systems considered here are some of
those modeled in our previous work:*" (i) TiO,~PEG-10-FAs"
and (ii) TiO,—PEG-20-FAs®, where 50 methoxy-PEGs,
chains are grafted onto the NP surface and, respectively, 10
and 20 of them are covalently conjugated to FA through an
ester bond involving the FA y-COOH group, and (iii) TiO,-
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Figure 4. Results of the SOM/cluster analysis using the FR/LIG’, FR/LIG!", and FR/LIG*™ 500 ns trajectories as a training set: neuron
population map of FR/LIG® (a), FR/LIG'~ (b), and FR/LIG*" (c) systems; graphical representation of ligand conformation inside the FR binding
pocket for the representative neuron of the most populated cluster of FR/LIG® (d), FR/LIG'~ (e), and FR/LIG>™ (f) systems.

FR/TiO2-PEG-10-FAsb0

FR/TiO2-PEG-20-FAsb0

FR/TiO2-48-FAsb0-y

Figure S. Last frame snapshots from the 200 ns MD simulations of the FR/TiOz—PEG—IO-FAsbo, FR/TiOZ—PEG—ZO-FAst, and FR/TiO,-48-
FAs™-y systems. Titanium is shown in pink, oxygen in red, carbon in cyan, nitrogen in blue, and hydrogen in white. LIG*® and PEG-LIG™ chains
are displayed in green, and FR is indicated in cartoon representation which is colored according to its secondary structure. In the PEGylated

systems, the PEG-LIG™ chains are represented in blue.

48-FAs®-y, where 48 FA molecules have their »-COOH groups
dissociated and bound (either in a bidentate or chelated mode)
to surface Ti atoms. In all cases, the starting point
configuration of the FR in complex with the LIG® molecule
is the last snapshot of the 500 ns MD simulation of the
corresponding FR/LIG system (Section 3.2). All the 200 ns
simulations were performed at 303 K in a 0.15 M NaCl water
solution after a 1 ns equilibration phase (see computational
details in Section 2.3). For nomenclature purposes, hereinafter
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the FA molecule inside the FR pocket will be referred to as
LIG* (neutral) or LIG"~ (deprotonated) in order to
distinguish it from the other undocked FA molecules (referred
to as FAs™ or FAsbl_).

3.3.1. FAs in Their Neutral State. In Figure S, we report the
last frame snapshots from the 200 ns MD simulations of the
FR/TiO,—PEG-10-FAs™, FR/TiO,—PEG-20-FAs™, and FR/
TiO,-48-FAs™-y systems. We first observe that LIG* is still
docked inside the FR binding pocket at the end of all of the

https://doi.org/10.1021/acsbiomaterials.3c00942
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Figure 6. Time evolution of distances between selected atoms of LIG®'~ and FR AAs for the 200 ns simulations of the FR/ TiOZ—PEG-IO-FAsb0
(a), FR/TiO,—PEG-20-FAs*® (b), FR/TiO,-48-FAs""y (c), FR/TiO,—PEG-10-FAs"'~ (d), FR/TiO,—PEG-20-FAs®'~ (e), and FR/TiO,-48-

FAs"'~-y () systems in physiological environment.

simulations. In addition, in FR/TiO,—PEG-20-FAs*’, FR also
interacts with one undocked FA*® molecule and seems to be
closer to the functionalized NP than in FR/TiO,—PEG-10-
FAs™. Finally, in the non-PEGylated system, FR is interacting
with a higher number of FAs™
PEG spacer, is much more in contact with the NP, creating a

and, due to the absence of the

kind of protein corona around it.
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To assess the convergence of the simulations, in Figure S6,
we report the time evolution of the TiO,-LIG™ and TiO,—FR
COM distances along the MD simulations for the three
systems. We observe that convergence is reached in a shorter
time for the non-PEGylated system due to the reduced
mobility of the rigid FAs™, covalently bonded to the NP,
compared to when they are conjugated to PEG chains. We
have also determined the extent of interaction between the
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Figure 7. Conformational analysis on FA orientation with respect to the TiO, NP along the last 50 ns of the 200 ns MD simulations of the FR/
TiO,—PEG-10-FAs™, FR/TiO,—PEG-20-FAs*’, FR/TiO,-48-FAs"-y, FR/TiO,—PEG-10-FAs*'~, FR/TiO,—PEG-20-FAs*'~, and FR/TiO,-48-
FAs'~-y systems in physiological environment. As shown on the right, the distance d is between the Ti atom at the center of the NP and each FA
(or LIG®) COM (green line), the angle © is the one formed by the NP central Ti atom, the C atom of each FAb (or LIGb) y-carboxyl group, and
the C atom of each FAb (or LIGb) in the pterin portion bringing the amino group, respectively (orange lines).

functionalized NP and the FR by calculating their contact
surface area along the MD simulation. The trends are shown in
Figure S7. In particular, for the PEGylated systems, the contact
surface area increases with time since the PEG chains tend to
coil, and therefore, the FR can get closer to the NP. Moreover,
the contact surface area is larger for FR/TiO,—PEG-20-FAs™
than FR/TiO,—PEG-10-FAs™: this can be explained by a
more polar environment around the NP at higher FAs™
density, which favors the interaction with the protein holding
a net positive charge. On the contrary, in the case of the FR/
TiO,-48-FAs™-y system, the contact surface area decreases
along the simulation and, at the end, sets at a value that is twice
that for the PEGylated systems. Hence, the effect of the PEG
chains is that of decreasing the contact surface area between
the protein and the functionalized nanodevice. Moreover,
regarding the non-PEGylated system, it is reasonable that the
protein optimizes its arrangement around the functionalized
NP. This conformational rearrangement could potentially
involve changes in the protein secondary structure.

In order to get further insight into this aspect, we performed
a secondary structure analysis on FR along the 200 ns MD
simulations for the FR/TiO,—PEG-10-FAs*®, FR/TiO,—PEG-
20-FAs™, and FR/TiO,-48-FAs"-y systems: the results are
reported in Figure S8. In general, all six a-helices are conserved
along the simulations, except for the one in the region
comprised by residues 164—170, which alternates with H-
bonded turns during the first 150 ns but is stable until the end
of the simulation in the FR/TiO,~PEG-20-FAs™ system. The
four fB-sheets are well conserved in the PEGylated systems,
especially in the FR/TiO,—PEG-10-FAs™ one. On the
contrary, in the FR/TiO,-48-FAs**-y system, 2 f-sheets are
lost at residues 92—98 and 104—110. Therefore, in the non-
PEGylated system, we observe no perturbation of the a-helices
but only the loss of 2 f-sheets upon interaction with the NP.
This change in the protein conformation results from the
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intimate contact between FR and the functionalized NP when
there are no PEG chains acting as molecular spacers.

To focus on the dynamics of the active site, we conducted a
similar analysis to that of Section 3.2, determining the ligand
arrangement inside the binding pocket as a function of time,
for the 200 ns MD simulations of the FR/TiO,—PEG-10-
FAs™, FR/TiO,—PEG-20-FAs*®, and FR/TiO,-48-FAs"-y
systems (Figure 6a—c). In general, we observe a more
sustained oscillation of distance values for FR/TiO,—PEG-
10-FAs® (Figure 6a) rather than FR/TiO,—PEG-20-FAs™
(Figure 6b) or FR/TiO,-48-FAs™-y (Figure 6¢). Compared
to the MD simulations without the NP (Section 3.2), we
register a reduction in the number of AAs of the pocket
interacting with the ligand, although the interaction with
Asp81 (the fundamental one) and those with Trpl02 and
Argl03 both survive. Therefore, the presence of the NP
perturbs the dynamics of the ligand in the binding site but only
marginally, given that LIG*® remains in the pocket all over the
200 ns long simulation for all the three systems.

In Table S3, instead, we analyze the last S0 ns dynamics of
the FR/TiO,—PEG-10-FAs"™, FR/TiO,—PEG-20-FAs®, and
FR/TiO,-48-FAs*’-y systems from the energetic point of view
and in terms of the number of H-bonds formed. Regarding the
LIG-FR interactions, while vdW and electrostatic energies are
comparable in FR/TiO,—PEG-10-FAs", the contribution is
majorly electrostatic in the FR/ TiOZ—PEG-ZO—FAst and FR/
TiO,-48-FAs™-y systems. One can notice that the LIG*-FR
interaction is maximized in the presence of the spacer and at
the highest FA density, which is probably due to the fact that
the binding pocket is not deformed due to excessive TiO,—FR
contact, as it is in the case of the TiO,-48-FAs*"-y system, and
more FAs™ decrease the LIG*-FR distance, compared to the
TiO,~PEG-10-FAs™ system.

In Figure 7, we analyze how the FA molecules arrange with
respect to the NP along the last 50 ns of the 200 ns MD
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simulations of the FR/TiO,—PEG-10-FAs™, FR/TiO,—PEG-
20-FAs*®, and FR/ T102-48-FAsb°-y systems. In particular, in a
2D graph, we plotted the angle 6 formed by the NP central Ti
atom, the C atom of each FA* (or LIG™) y-carboxyl group,
and the C atom of each FA™ (or LIG) pterin bringing the
amino group (on the vertical axis) against the distance d of
each FA COM from the Ti atom at the center of the NP (on
the horizontal axis).

In the case of the PEGylated systems, we observe a greater
number of recurrent conformations for the undocked FA
molecules (FAs™) at increasing FAs™ density on the TiO, NP.
However, the opposite trend is observed for LIG*. Indeed, for
the system with 20 FAs®, we found a single predominant
arrangement of LIG™ corresponding to a distance of 36—37 A
and an angle of 160—170° whereas for that with 10 FAs™,
there is another frequently observed ligand conformation at a
higher distance (37—38 A) and a reduced angle (130—140°).
These findings are in line with the results of Figure 6, where we
found that the deviation of the distance values of LIG™ inside
the FR binding pocket is larger in the FR/TiO,—PEG-10-
FAs" system, indicating that LIG* has a higher mobility, than
in FR/TiO,—PEG-20-FAs™. Finally, regarding the non-
PEGylated system in Figure 7, we register a much lower
conformational variability for the 47 undocked FAs™, whereas
LIG" is found to lie at a short distance (18—19 A) with a
tilting angle of 140—145°.

Still related to structural parameters, in Figure S9, we report
the radial distribution function profiles of PEG, FAs™ LIGY,
and FR, calculated with respect to the Ti atom at the center of
the NP on the last 50 ns of the 200 ns MD simulations of the
FR/TiO,—PEG-10-FAs*® (Figure S9a) and FR/TiO,—PEG-
20-FAs* (Figure S9b) systems. These results, together with
those of Table S3, reveal a stronger interaction between the FR
and the functionalized NP at the highest FAs*® density.

3.3.2. Effect of the FA Deprotonation. In this last section,
we perform MD simulations of the FR/TiOZ—PEG-n-FAsM_
and FR/TiO,-48-FAs*' -y systems at 303 K in a 0.15 M NaCl
water solution, where LIG"'~ and all of the FAs®'~ molecules
have their a-COOH group deprotonated. In Figure S10, we
report the time evolution of the TiO,-LIG"~ and TiO,—FR
distances. In the case of the PEGylated nanosystem with 10
FAs*'", the TiO,-LIG*'~ and TiO,—FR distances, initially set
to have stretched PEG chains, after the first 20 ns of the MD
simulation drop to about 40 and S0 A, respectively, and
oscillate around those values until 180 ns; then they slightly
increase to 42—43 and 52—53 A, respectively, causing the loss
of some FR/PEG interactions. In the case of the PEGylated
system with 20 FAs"'~, instead, the corresponding distances
fluctuate around 30 and 40 A, respectively. For the non-
PEGylated system, TiO,—FR and TiO,-LIG*'~ distances
converge to 26 and 38 A, respectively. Moreover, in Figure
S11, we report the FR/TiO,+PEG + FAs’'~ contact surface
area computed along the 200 ns MD simulations.

Comparing the results in Figures S10 and S11 with those in
Figures S6 and S7, we observe that distances, both taken from
COM or rdf profiles in Figure S12, do not always correlate
with the contact surface area. In FR/TiO,-48-FAs®-y, the TiO,-
LIG® and TiO,—FR distances increase for FAs®'~ and LIG"'~,
although the contact surface area is almost unchanged with
respect to neutral. For FR/TiO,—PEG-10-FAs’, although
distances increase, the contact surface areas increase too.
Finally, for the FR/TiO,—PEG-20-FAs" system, a distance
decrease corresponds to a contact surface area increase.
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Regarding the dynamics of LIG"'~ inside the FR binding
pocket, we see from Figure 6d—f that in all the systems, LIG"'~
has a very stable interaction with FR Asp81 and a quite stable
one with Argl03 along the last 50 ns of the simulation.
Moreover, in FR/TiO,—PEG-10-FAs*'~, LIG®'~ interacts with
Leu59 and Argl03 in the second half of the simulation. In the
FR/TiO,—PEG-20-FAs*'~ and FR/TiO,-48-FAs® -y systems,
there is an additional stable interaction with Trpl71 and
Arg61, respectively. Comparing these results with the ones of
LIG™ (Figure 6a—c), we find a general agreement due to the
fact that LIG®'™ stays inside the FR binding pocket all along
the 200 ns MD simulations, strongly interacting with Asp81,
and, as in the case of LIGY, the oscillation of the distance
values describing FR-LIG"~ interactions results more
sustained in FR/TiO,—PEG-10-FAs"'~ than FR/TiO,—PEG-
20-FAs®™ or FR/TiO,-48-FAs®'~-y. Then, the interactions
with other AAs are relatively similar.

In Table S4, we report the corresponding energetic analysis
as in Table S3 for the systems with FAs*'~ and LIG"'~,
considering the last 50 ns of the MD simulations. The most
relevant differences, going from values in Table S3 to those in
Table S4, are that the extent of the FAs®>—FAs interactions is
reduced since negatively charged molecules are less prone to
interact among themselves rather than when they are neutral
because of electrostatic repulsion; the TiO,—FAs"® electrostatic
interactions increased, as well as the FAs® interactions with FR.
The FR-LIG!~ interaction energy is larger for the FR/TiO,—
PEG-20-FAs'~ system than the FR/TiO,-48-FAs"' "y system.
One may notice a particularly high FR-LIG"~ interaction for
the FR/TiO,—PEG-10-FAs"'~ system. However, this is
probably due to an artifact of the MD simulation where
Lys19 is found to interact with LIG*'~ instead of taking part in
the H-bond network responsible for the protein secondary
structure. Considering the overall nonbonding interactions
between the nanodevice (TiO,—PEG-n-FAs"' ") and the FR, at
the bottom of Table S4, we can conclude that the one at higher
FAs"~ coverage density is more interacting than that at lower
coverage density (—265 vs —173 kcal mol™). In the case of
FR/TiO,-48-FAs®' "=y, the interaction would be even larger
(—298 kcal mol™"), but we have already discussed in Section
3.3.1 that this is due to a large deformation of the protein
secondary structure, which is expected to cause a loss in the
protein function.

We also report in Figure 7 the angle vs distance 2D plots for
the three systems with LIG™'~ and FAs"'~ similarly as the ones
shown for LIG and FAs™. In the case of FR/TiO,—PEG-10-
FAsbl_, there is one recurrent conformation of LIGP!™
associated with a distance of 42—43 A from the NP center
and an angle of 160—170° and one recurrent conformation of
FAs'~ associated with a distance of 27—28 A and an angle of
30—40°. In the case of FR/TiOz—PEG—ZO—FAsbl_, we observe
a narrower maximum probability spot for LIG™ ™ (at a distance
of 32 A and an angle of 110—115°) but a broader distribution
for the FAs®~ molecules (maximum probability at distances of
24—27 A and angles of 55—75°). At last, for the FR/TiO,-48-
FAs"'"-y system, we identified two highly recurrent spots on
the density map for FAs®'~ (one at a distance of 24 A and an
angle of 120°—125° and the other at a distance of 25 A and an
angle of 25°) and only one for LIG™~ (at a distance of 27—30
A and an angle of 100—110°).

To complete the analysis of this section, we have performed
a secondary structure calculation on FR, reported in Figure
S13, to check whether the conformation of the protein is
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altered because of the change in the protonation state of the
FA molecules functionalized on the TiO, NP. Once again, we
can state that no relevant changes have been found, within the
simulation time framework, except that residues between 200
and 214 alternate between an a-helix and a right-handed 7-
helix for most of the simulation in the FR/TiO,—PEG/10-
FAs"'~ system and only for a short time in the FR/TiO,—PEG-
20-FAs*'™ system.

In order to make our considerations more robust, we have
performed a first replica of 200 ns MD simulation of FR/
TiO,—PEG-20-FAs"'~ starting from the same equilibrated
structure we used for the original simulation but assigning
different initial velocities to the atoms and a second replica of
S0 ns MD simulation of FR/TiOZ—PEG—ZO—FAsbl_ starting
from the structure at 150 ns of the original simulation but
assigning different initial velocities to the atoms. The analysis
of these two replicas is provided in the Supporting Information
in terms of the corresponding images and discussion (Figures
S14—S18 for the first replica and Figures S19—S23 for the
second replica). Indeed, we observe that the three simulations
provide a consistent scenario, which strengthens our
conclusions.

4. CONCLUSIONS

In this work, we investigated the dynamics of PEGylated or
non-PEGylated, FA-functionalized TiO, NPs interacting with
the FR by classical MD simulations.

As a preliminary step, we have focused on the receptor/
ligand complex in the absence of the NP. In particular, we have
considered three case studies, where the two carboxyl groups
of LIG are either both protonated (LIG’) or the a-COOH
group is deprotonated (LIG'") or both are deprotonated
(LIG*") since the special environment of the FR binding
pocket could in principle allocate the ligand at different
protonation states. Our docking and free energy calculations
have shown a higher affinity of FR for the deprotonated forms
of LIG than for the neutral one, specifically LIG>~ > LIG'~ >
LIG’. We have also found a good accordance between our
calculations and existing experimental’ and theoretical'* works
in terms of binding free energies. These results suggest that the
most probable protonation state of LIG when docked in the
FR pocket at physiological pH is either —2 or —1. The free
energy results are in agreement with the SOM analysis, where
we found that the protonation state of the second carboxylic
group of LIG () has a lesser impact on the stability of the
binding modes compared to that of the deprotonation of the
first —COOH group (a).

Then, the main body of the work concerns a roundish TiO,
NP decorated with many FAs" molecules, either by direct
covalent binding to the surface (47 FAs®) or through some
PEG polymer chains acting as molecular spacers (9 or 19 FAs®,
depending on the coverage density). Our MD simulations have
revealed that among the two PEGylated systems considered,
the one with the highest FAs® density has a greater interaction
with the FR due to a more pronounced polar environment
around the PEGylated NP. In the absence of the PEG spacers,
we observe an excessive interaction between the nanodevice
and the FR, leading to a larger protein deformation due to a
protein corona effect.

We analyzed the effect of the protonation state of FA
molecules on the NP interaction with FR by comparing FAs™
and FAs"'~ (FAs®?~ cannot be considered because y-COOH is
used as an anchoring group). Compared to the case with FAs™

and LIG®, the two most interesting observations are that the
contact surface area between the functionalized NP and the FR
is boosted, especially for the PEGylated system with the
highest FAs® content, and that the FR—FAs® interactions
increase, whereas the FAs"—FAs® ones decrease, which denote
a better capability of the functionalized NP to target FR. The
protein conformational analysis has also confirmed that the FR
secondary structure is not significantly altered by the presence
of the ligand in the pocket or even of the NP along the MD
simulation, and the most evident changes have been registered
with the non-PEGylated NP.

In conclusion, we envision that this pioneering computa-
tional work provides not only a better understanding of the
molecular origin of ligand recognition to its receptor but also
valuable information at an atomistic level of resolution on the
effect of the presence of an attached inorganic NP, acting as a
FA carrier, on the FA binding to the FR.
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