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Abstract. Quasi-two-dimensional and hybrid nanomaterials based on layered double hydroxides (LDH), cationic clays,
layered oxyhydroxides and hydroxides of metals possess large specific surface area and strong electrostatic properties
with permanent or pH-dependent electric charge. Such nanomaterials may impact cellular electrostatics, changing the ion
balance, pH and membrane potential. Selective ion adsorption/exchange may alter the transmembrane electrochemical
gradient, disrupting potential-dependent cellular processes. Cellular proteins as a rule have charged residues which can be
effectively adsorbed on the surface of layered hydroxide based nanomaterials. The aim of this study is to attempt to shed
some light on the possibility and mechanisms of protein “adhesion” an LDH nanosheet and to propose a new direction in
anticancer medicine, based on physical impact and strong electrostatics. An unbiased molecular dynamics simulation was
performed and the combined process free energy estimation (COPFEE) approach was used.

INTRODUCTION

The attention to clay minerals in medical applications dates back very far [1-3]. In recent decades inorganic two-
dimensional nanomaterials and bio-nanohybrids based on clay minerals have been employed for targeted drug and
gene delivery with controlled release [4, 5], medical imaging and protein separation [6], which is an intensively
developing field in nanomedicine, diagnostics and pharmaceutics [7, 8]. Hierarchical nanoparticles with an external
shell made of layered hydroxides and oxyhydroxides of metals are used as multifunctional bioactive agents for
biomedical purposes [9, 10] including anti-cancer therapy [11, 12].

Clay minerals have layered structure and can be formally divided into three groups depending on the sign of the
charge of the pristine nanosheet: neutral—nonionic clays (nanolayers may be glued together by hydrogen bonds),
negative—cationic clays (negatively charged layers glued by intercalated cationic species), positive—anionic clays
(layered double hydroxide (LDH) subfamily). Hosted hydroxide nanosheets of anionic and cationic clays can
strongly adsorb anions and cations, respectively, due to their electric charge. Thus, they can be considered as an
effective adsorbent and exchanger of organic anions and ions of biological environments, including charged and
polar fragments of proteins, e.g. anionic aspartic and glutamic amino acids or cationic arginine, lysine and
protonated histidine.

The molecular dynamics (MD) study presented here is an attempt to understand possible molecular mechanisms
of the interaction of the LDH nanosheet with membrane proteins due to competitive adsorption of charged amino
acid residues in the presence of extracellular anions. If the adsorption of polar and charged fragments of proteins is
sufficiently strong, this may disrupt nutrition and signaling processes of a cell, so the strong surface charge and
anion exchange capacity of LDH may become a new tool for cancer medicine, where selective targeting can be
provided by using hierarchical ferromagnetic-LDH nanohybrids etc.
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RESULTS AND DISCUSSION

Combined Process Free Energy Estimation

First we present the relatively fast computational technique we used to estimate the free energy of adsorption,
which is based on the potential of mean force (PMF) analysis [13].

Consider an NPT thermodynamic system, which is usually used for molecular dynamics simulations. The change
AG,y, of the free energy of the system is less than or equal to work done by some external force acting to on system

[14]
AGyq < Aoy )]

sys
In case of an irreversible process, entropy generation 8S,., >0 occurs. The inequality (1) can be rewritten in

equation form as
AGyys +T8S ey = Aoy 2

To estimate the free energy of adsorption of some molecule from the bulk water solution onto the sorbent surface,
let us consider the following combination of two processes:

1. Forward process—forced adsorption, in which an external force is performing the work for a molecule
translocation from the bulk water solution to the surface of the sorbent

MG + TOSL™ = Aot G)

2. Reverse process—forced desorption. An external force acts to remove the adsorbed molecule from the sorbent
surface into the solvent (7 is constant and equal to 7 of the forward process)

G+ TOSE™ = A )

Combining both equations (3) and (4), the following relation can be obtained for an adsorption-desorption
pseudo-cycle:

Atorward _ freverse

ex ex T forward rever:
AGads = . P : _E(Ssggn - Sg?:ne SE)' (5)

Let us further assume that both the forward and reverse processes are constant velocity pulling procedures (i.e.
cv-SMD [13]) with similar and sufficiently small velocities, so that the entropy generation of both stages is
approximately equal

58S forward ~S reverse ( 6)

gen gen

In that case the second term in (5) falls away and the following approximation results
Aforward _ freverse

AGads ~ ext 2 ext . (7)

In case of ordinary adsorption, when the adsorbed state is energetically favorable and corresponds to a local free
energy minimum, the next three inequalities are satisfied (Fig. 1)

Az <0, (8)
A% >0, ©)]
| <[ (10)
Taking this into account, the relation (7) can be rewritten as
_| forward| _| jreverse
AG =T et (in

If forward and reverse pulling processes are reversible then the entropy generation is zero 85, =0 and absolute

forward

Areverse
Xt

ext

values of the work performed by the external force are equal |

= |AG|. The irreversible part may be

roughly evaluated as the half-width of the “corridor” between the forward and reverse PMF estimations.
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Combined forward-reverse process for glutamic acid anion adsorption
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FIGURE 1. PMF analysis for the combined forward-reverse process of glutamic amino acid anion adsorption
on the Mg/Al-LDH surface. Blue curve is the PMF profile evaluated for the forward process of forced adsorption,
green curve is the PMF profile for the reverse process of forced desorption. The result of the COPFEE procedure
is represented by the black curve. The inserts show the typical GLU anion conformations during adsorption/desorption
(green van der Waals spheres with red oxygen atoms). Semi-transparent yellow spheres represent chloride ions.
Water is not shown

Competitive/Selective Adsorption of Organic Anions on LDH in the Presence of CI” ions

In the framework of this study the glutamic amino acid residue (GLU) was chosen for the investigation of
adsorption, since GLU is an anionic compound and is one of the twenty building blocks of the proteins. A positively
charged Mg/Al-LDH nanosheet was chosen as a representative of anionic clay minerals, since it has a well-known
crystal structure [15]. Chloride ions are the most prevalent anions of the extracellular medium, and tend to be
concentrated near the positively charged nanosheet and to screen thereby screen its surface charge.

Conducting a cv-SMD (v = 0.2 A/ns) simulation for the combined process of GLU adsorption/desorption on

Mg/Al-LDH in the presence of chloride ions it was found that the external work in the forward process is
Aforwa.rd — reverse —

ot —27 kJ/mol, and in the reverse process A"~ = 53 kJ/mol. Employing the relation (11) the following

estimation for the free energy of the (competitive) adsorption is obtained: AG:ds =40 kJ/mol.
The result obtained with this COPFEE procedure is in sufficiently good agreement with the result of SMD
simulation from Ref. [16] obtained via multiple PMF evaluation, AG™ ~ AGSEY — AGE! = (-53.3 £ 10.9) — (-8.7

ads ads ads
+ 1.8) =—44.6 £ 12.7 kJ/mol. Thus, the proposed COPFEE procedure may give an acceptable estimation of the free
energy adsorption for small molecules.

The obtained value AG:ds = —40 kJ/mol for the free energy of competitive adsorption of GLU by Mg/Al-LDH in
the presence of Cl indicates that GLU residues will bind with the LDH surface exchanging CI™ anions. Glutamic
amino acid is a building block for many polypeptides and proteins, which is why it can be supposed that protein
segments containing this residue may be adsorbed by Mg/Al-LDH nanosheets as well. This effect of LDH may

disturb the functioning of proteins and coupled cellular processes, and especially membrane proteins acting as ion
channels.

Layered Double Hydroxide Nanosheet Interaction with Ion Channel

A short molecular dynamics study of ~0.1 us was performed to investigate the interaction of an extracellular
portion of an ion channel with a fragment of an Mg/Al layered double hydroxide nanosheet. A bacterial voltage
gated sodium channel NayAb embedded into a POPC lipid bilayer was chosen for the model, since their all-atom
structure is well-studied [17, 18]. The presence of the hosted POPC bilayer provides a suitable environment for the
membrane protein.
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FIGURE 2. GLU residues of the external loops of the ion channel replace chlorine ions on the LDH surface during competitive
adsorption, # = 0.1 ps (chloride ions form an anionic shell around LDH, not shown). Colors: glutamic acid residues E189 of the
turret loops—green VdW-spheres with red oxygen atoms, grey cylinders represent secondary structure of SIN—S6 segments,
orange a-helices—S6 segments, gate residues M221 (methionine)—yellow VdW-spheres, P and P2 segments of selectivity
filter—pink and bright blue, respectively, voltage sensors R99-R108 in segments S4—red helices, POPC lipids—
light-grey/light-blue. Water and ions are omitted for clarity

The results of the unbiased MD simulation showed that chlorine ions formed an anionic shell around the LDH
fragment, screening the electrostatic charge on it. Despite this, the nanosheet attracted the protein, and the formation
of hydrogen bonds between carboxyl groups (as acceptor) of Glul89 residues of the modelled NayAb ion channel
(Fig. 2, green) and hydroxyl groups (as donor) of the Mg/Al-LDH nanosheet fragment was observed. The residues
Glul89 were connected to the P and P2 segments (pink and bright blue helices, respectively), which formed a pore
and a selectivity filter of the ion channel. The hydrogen bonds between the nanosheet and Glu189 could contribute
to deformation of the selectivity filter’s “fine structure”, thereby disrupting its functioning. Since Glul189 were also
connected to the S6 segments (Fig. 2, orange transmembrane a-helices), the opposite ends of which formed the
channel gate-Met221 (Fig. 2, yellow), one would expect that the bonds formed with the hydroxide surface might
affect the behavior of the channel gate as well.

Moreover, during the simulation, a slow translational motion of the center of mass of the ion channel and the
lipid bilayer towards the LDH fragment was observed. The estimated average velocities of these movements are
12 nm/ps for the protein center of mass and 6 nm/pus for the membrane center of mass. An analysis of the dynamics
of z coordinates of the centers of mass of voltage-sensors (VS) S4 segments (Fig. 2, red helices) showed, that
voltage-sensors were moving towards LDH together with the protein, but with a lower velocity. This can be
explained by the fact that VS carry a positive charge on arginine residues R99, R102, R105 u R108 [17], and the
electrostatic repulsion away from the LDH promotes their slow relative displacement with respect to the whole
protein toward the intracellular side of the membrane. The average relative velocity of this displacement was
approximately 1.5 nm/us. It may be expected that at the microsecond time scale the displacement of VS relative to
the ion channel center of mass would be sufficient to start a channel gating process [19]. Furthermore, the
electrostatic impact on the voltage-sensor domain (VSD) would hold the ion channels in the closed state even when
the membrane is depolarized. Additionally, in the contact zone with the cell, the LDH nanosheet can come
geometrically close the channel entrance, completely blocking its function. The observed binding and possible other
impacts of LDH on the NayAb structure and its functioning will hopefully motivate further investigations.
Disruption of ion channel functionality is one of the possible ways to adversely influence tumour cell viability.

SIMULATION DETAILS

The Mg/Al-LDH Nanosheet MD Models
An LDH nanosheet having the chemical composition [Mg4A12(OH)12]2+ - 2CI" - nH,O was chosen for the model.
The structure was built using X-ray crystallographic data from Refs. [15, 20]. Lennard-Jones (LJ), bond and angle

parameters as well as partial atomic charges were taken from [16] based on the CLAYFF force field [21] with
modified oxygen partial charge and LJ parameters of hydrogen atoms. In the SMD simulation series, a planar LDH
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fragment with periodic boundary conditions was used. The average surface charge density of the modeled LDH
fragment was ¢ = 0.66 C/m’.

Simulation 1. Free Energy of Flutamic Acid Anion Adsorption
by Mg/Al-LDH in the Presence of Cl Ions

The PMF profiles of the combined process of GLU adsorption-desorption on the Mg/Al-LDH surface in the
presence of chloride ions were evaluated using constant velocity steered MD simulation. The velocity of the pulling
procedure was 0.2 A/ns. Initial simulation domain dimensions were about 16x18x42 A. Simulation was performed
under the NP,T conditions, where P, means that the xy dimensions of the computational box were constant during
SMD. The simulation box had periodic boundary conditions and contained 1133 atoms including 308 water
molecules and 11 chloride anions, which at the initial time step were partially adsorbed. The net charge of the
Mg/Al-LDH fragment was 12 e. To estimate the free energy of adsorption the COPFEE approach was used, which is
described above. Initial (and final) position of the GLU center of mass was z = 10 A, where z = 0 is the central plane
of the Mg/Al-LDH nanosheet. Total simulation time was 60 ns.

Simulation 2. The Interaction of an Mg/Al-LDH Nanosheet with an lion Channel

An unbiased classical MD simulation of the interaction of an Mg/Al-LDH fragment with an ion channel from the
extracellular side was performed to understand if the external (turret) loops of the ion channel would adhere to the
nanosheet surface, which is surrounded by shielding chloride anions. The NayAb voltage-gated sodium channel was
chosen for the model, whose atom-level structure is well-known. All-atom structural data [17, 18] were used. To
provide more realistic simulation the sodium channel was embedded into a 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidyl-choline (POPC) bilayer consisting of 559 lipids in a water environment with CI” and Na'ions. To
parameterize the ion channel and the cell membrane models the CHARMM27 force field [22] was used. Initial
position of the LDH fragment was 10 A above the membrane surface. The size of the computational domain was
160%x160x140 A. The total number of atoms in the system was about 340 000, total simulation time was 0.1 ps.

General Simulation Parameters

The equilibration of each system was performed in NVT conditions for about 10 ns. The cutoff distance for non-
bonded interaction was 10 A. The LJ potential and pairwise Coulomb interactions were smoothly shifted to zero
between 8 and 10 A. Periodic boundary conditions were applied along all directions. The full electrostatics was
calculated, using PPPM (particle-particle particle-mesh) algorithm [23] with an accuracy of 10™*. The CHARMM?27
force field was utilized for ions and water (TIP3P) parameterization. All simulations were performed at human body
conditions 77=310 K and p = 1 atm. The integration time step was 1 fs.

The VMD software package [24] (http://www ks.uiuc.edu/Research/vmd) was used in model preparation and
3D-visualization of the results. The reported MD simulations were performed with the LAMMPS package (Sandia
National Laboratory) [25] (http://lammps.sandia.gov/index.html).

CONCLUSION

A quick way to estimate the free energy of adsorption of small molecules based on the PMF method was
proposed, which may reduce the computational cost. Employing the presented procedure the free energy of glutamic
acid anion adsorption by Mg/Al-LDH nanosheet was estimated in the presence of chloride anions. The studied
glutamic amino acid is a common part of proteins. For example, each of the four turret loops of voltage dependent
sodium channel NayAb contains the GLU residue. The MD simulations showed that these extracellular loops of the
ion channel form hydrogen bonds with the hydroxide surface in the contact zone of LDH and the cell. Analysis of
the obtained MD results allowed us to identify possible ways in which LDH may affect the voltage-gated sodium
channel. These are perturbation of structure and dynamics of the selectivity filter and the gate groups as well as
deactivation motions in the voltage-sensor domain and geometric covering of the channel entrance.
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