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32 Abstract

37 Single-stranded RNA aptamers have emerged as novel biosensor tools. However, the immobilization
39 procedure of the aptamer onto a surface generally induces a loss of affinity. To understand this molecular
process, we conducted a complete simulation study for the Flavin mononucleotide aptamer for which
44 experimental data are available. Several molecular dynamics simulations (MD) of the Flavin in complex
46 with its RNA aptamer were conducted in solution, linked with six thymidines (T6) and, finally, immobilized
on an hexanol-thiol-functionalized gold surface. Firstly, we demonstrated that our MD computations were
51 able to reproduce the experimental solution structure and to provide a meaningful estimation of the Flavin
53 free energy of binding. We also demonstrate that the T6 linkage, by itself, does not generate a perturbation
of the Flavin recognition process. From the simulation of the complete biosensor system, we observe that

58 the aptamer stays oriented parallel to the surface at a distance around 36 A avoiding, this way, interaction
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with the surface. We evidenced a structural reorganization of the Flavin aptamer binding mode related to
the loss of affinity and induced by an anisotropic distribution of sodium cationic densities. This means that
ionic diffusion is different between the surface and the aptamer than above this last one. We suggest that
these findings might be extrapolated to other nucleic acids systems for the future design of biosensors with

higher efficiency and selectivity.

Introduction

Aptamers are highly structured single-stranded RNA or DNA oligonucleotides with approximately 20-100
bases in length. These can be selected to recognize a wide range of biomedical relevant proteins or small-
molecules with a great affinity and selectivity, with dissociation constants (K;) ranging from picomolar to
nanomolar. Besides, aptamers present a lowest immunogenicity than antibodies, can be reversibly
denatured and refolded without loss of activity, may be chemically synthesized in large quantities at lower
price and can be site-specifically modified '. Therefore, aptamers are widely regarded as ideal recognition

elements for biosensing applications 2,

The immobilization procedure of the aptamer onto a surface is a keystone in the design of a biosensor but
this step usually induces a decrease of the aptamer affinity and, 7 fine, a reduction of the biosensor device
sensitivity °. Several molecular effects are hypothesized for explaining this loss of affinity such as:
interaction with the surface, binding site occlusion, steric constraint and/or electrostatic repulsion "”. The
underlying molecular mechanism is hard to be obtained experimentally, so that molecular simulations
represent an affordable alternative to understand the structural factors responsible of the decrease in the

binding properties of the aptamer when this one is grafted on a surface.

Recently, a remarkable comparative study of the heterogeneous binding of 12 different immobilized
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aptamers was performed using surface plasma resonance ''. The comparison of the obtained binding
affinity constants to the homogeneous situation demonstrates the loss of affinity when the aptamers are
chemically immobilized onto gold sutrfaces. Among the different aptamer/target systems, the Flavin
mononucleotide (hereafter called Flavin) RNA aptamer can be used as an archetypal target for the

. 11
following reasons

Both its heterogeneous and homogenous affinity constants are known. The Kd of Flavin with its
aptamer is of 500 nM in solution '* whereas it increases to 710 nM when grafted on an hexanol-
thiol self-assembled monolayer on gold surface '°. The immobilization process clearly induces a loss
of affinity even if the recognition ability is still retained.

The 3D structure of the RNA aptamer/Flavin complex has been experimentally elucidated " (pdb
code 1FMN) and this structure represents a good starting point for a computational study.

On the reference work, binding assays were realized with surface plasmon resonance (SPR) so that
the detection process cannot be incriminated in the loss of affinity '’. The loss of affinity should be
explained only by the linkage of the aptamer onto the surface.

The T6 sequence which links the anti-Flavin aptamer to the gold-SAM surface is commonly used in
nucleic-acids biosensors '*. This one is not connected at the vicinity of the Flavin ligand so that we
cannot expect that the linkage perturbs the RNA recognition. Besides, SAM Au surfaces modified
with alkyl thiol are widely used > so that our findings would be easier to extrapolate to other

systems.

The simulation of a biosensor system at the atomistic level of description requires the consideration of a

51 high number of atoms which can be efficiently handled with MD based on classical force-field. MD

53 technique have been widely used to study the flexibility and to decipher the behavior of biological

macromolecules such as proteins, carbohydrates and nucleic acids uses specific potential energy functions

58 with empirical parameters (called a force-field) able to calculate the all-atom energy and forces of large
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18,19 . . . . .
in their water and ionic environment.

molecules such as protein, carbohydrates and nucleic-acids
Despite the potency of MD techniques and its wide application in biological context, only few works
report studies of nucleic-acids at the interface of an inorganic surface. For example, Schatz and
collaborators simulated DNA-functionalized gold nanoparticles * and the DNA A to B conformational
transition at the gold surface interface *'. To our knowledge, there is yet no molecular modeling study of a
complete RNA aptamer based biosensor. Investigation of biomolecule-surface interaction considering both
the molecular aspect of solvent and a realistic model of the surface is an important step for the
understanding of chemical properties at the interfaces. The role of solvent should be especially taken into

account since the surface hydrophobicity can drastically change the water organization around the

biomolecule at the interface, leading to a change in its affinity.

Within this context, we report here a complete molecular simulations study of a RNA-Flavin pair
immobilized on Au(1,1,1) surface through a flexible spacer. By comparison of computations made in
homogeneous and heterogeneous conditions, we demonstrated that the decrease of affinity is due to a
RNA helix distortion induced by an anisotropic distribution of cations around the nucleic acids. We then
proposed some modifications rules which might help to rationalize the design of more efficient biosensor

devices.

Simulation details

1. Description of simulation systems

a. RNA/Flavin

Coordinates of the RNA aptamer were extracted from the PDB under the accession code 1FMN B This
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entry represents a solution structure of the RNA aptamer in complex with Flavin mononucleotide, called
Flavin hereafter (see figure 1). The sequence of the single strand RNA aptamer (5-GGCGU GUAGG
AUAUG CUUCG GCAGA AGGAC ACGCC-3") is characterized by a stable hairpin structure. MD
simulations were performed with the amber 12 software . A force-field composed by the ff99SBildn **
and gaff ** set of parameters was used to describe the RNA system in interaction with Flavin. The AM1-
BCC method ** was used to determine the Flavin partial atomic charges. These conditions, employed for
all systems, have already been demonstrated to be consistent for the description of RNA/ligand
interactions "%, To take into account the solvation, the RNA/Flavin system was immersed in a rectangular
box of 6475 TIP3P water molecules extending to a distance of 10 A from any solute atom, leading this way
to a system of 20644 atoms. These typical values have been demonstrated able to mimic the enthalpic and

entropic water solvent behavior for a RNA 2,

b. TG6-RNA/Flavin

In the T6-RNA/Flavin system, a chemical linker, composed by 6 Thymine nucleotides (T6) was added on
the 5 position of the RNA aptamer, thus on the G1 residue. The 3’ position of the T6 tail was connected
to an hexanol-thiol (HS-(CH,),-O) build with the maestro software *. Similarly to the Flavin ligand, the
partial atomic charges of the hexanol-thiol moiety were determined with the AM1-BCC method. The T6-
RNA/Flavin system was immersed in a rectangular box of 9435 TIP3P water molecules extending to a

distance of 10 A from any solute atom, leading this way to a system of 29747 atoms.

c. Hexanol-thiol SAM Gold Surface

The gold surface model used in this work is the (2v3 X ¥3)R30° Au(111) plane with 2 slab layers (six Au

atoms for each layer) with saturation coverage c(2 X 2) of hexanol-thiol SAM that means one thiol
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molecule per three gold surface atoms. The structure was optimized in the framework of density-functional
theory (DFT) at PBE level of calculation *' under periodic boundary conditions as implemented in VASP
5.4.1 software . The generalized gradient approximation (GGA) was used with the Perdew-Burke-
Ernzerhof functional (PBE) **. The electron-ion interactions were described by the projector augmented
wave (PAW) ** method, representing the valence electrons, as provided in the code libraries. The
convergence of the plane-wave expansion was obtained using a cut off of 500 eV. The sampling in the
Brillouin zone was performed on a grid of k-points of 6x6x1 for the geometry optimizations. The
convergence tolerance in the electronic self-consistency loop was 10 eV/cell, while convergence in the
relaxation of the ionic positions was defined by all force components falling below 1 meV/A. An
optimized interatomic distance of 5.10 A, was found between two sulfur atoms. The hexanol-thiol
molecules take an asymmetric bridge position on the surface giving the S-Au bonds length to 2.39 and 2.15
A. The molecules are oriented relative to the surface with tilt angle (angle between the main axis of the
molecule and the surface normal vector of 49.6°. The (2V3 X V3)R30° supercell describing the surface,
displayed on figure 1, was then employed to generate a surface large enough to contain the To6-

RNA/Flavin system.

Insert figure 1 here.

d. Gold-SAM-T6-RNA/Flavin

A representative structure of T6-RNA/Flavin was grafted onto the Gold-SAM surface (see figure 1). A
water box of TIP3P molecules was built with the solvate module of VMD software *’, leading to a global
systems of 72531 atoms. This module was used in order to solvate the system only on the z direction and
also to add a 15 A layer of vacuum to avoid interactions between layers in the PBC box. Position of Au, S

and its first covalent carbon atom were kept frozen during the simulation so that distance and tilt angle,
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determined previously at the QM level, were respected on the MD simulations. Interaction with the gold
atom of the surface is described with the Van der Waals term of the force-field according to the following

equation:

Gold NB 12 6
E = ae; () —(24) | @
ligand/surface — 6-ij ( )
e Tij Tij
i=1 j=i+1

On equation (1) empirical parameters are needed to compute interactions with the gold atoms on the

38-39

surface. We used the combined rules of Lorentz-Berthelot to consider all interactions with the Au and

X other atoms according to equations 2 and 3:

Oqy + Oy

Opu-x = T (2)eay-x = \ Eau X €x(3)

Values of gy, and €4, were taken from the literature * and respectively set to 2.569 A and 0.458 eV with

the help of the parmed module included in the Amber package software.
e. Gold-SAM/water

For comparative purpose, the Gold-SAM/water system was constructed with the same dimensions as the
Gold-SAM-T6-RNA but without the nucleic acid grafted. 45 Na" and CI ions were added to this system in
order to get the same ionic strength of the Gold-SAM-T6-RNA system. Other parameters are identical to

the previous system.
2. MD simulations
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All systems were neutralized by adding Na* counter ions so that the Particle Mesh Ewald method *' can be
employed to compute electrostatic interactions under periodic boundary conditions. The simulations
started with a first minimization for the solvent whereas all solute atoms were restrained with a harmonic
potential with a force-field constant of 50 kcal.mol’.A". This step was followed by an identical energy
minimization process without restraint on the solute. The heating phase consisted in 6 steps of 10 ps of
MD in the NVT ensemble with temperature jumps of 50 K (from 0 to 300 K) where a weak harmonic
potential (5 kcal.mol".A™" force-field constant) are set for the solute atoms to avoid meaningless structural
distortion. The SHAKE algorithm * was used for all covalent bonds containing a hydrogen atom allowing

to use a time increment of 2 fs.

For the RNA/Flavin and T6-RNA/Flavin systems production trajectories of 100 ns were obtained in the

4344 .
with a

NTP ensemble. Temperature regulation at 300 K was ensured through Langevin dynamics
collision frequency of 2 ps’. For the Gold-SAM-T6-RNA/Flavin and Gold-SAM/water systems, N'TP
simulations are inconsistent since pressure cannot be isotropic because of the surface. Therefore, NVT

simulations were conducted for 100 ns with the Nosé-Hoover method * with a thermostat time constant

of 0.1 ps to control the temperature at 300K.

3. Analyses

a. Structural analyses

VMD was used to observe the MD trajectories of systems and make the figures. Root Mean Square

Deviations (RMSD) and other structural data were computed with the cpptraj module of AmberTools *.

Representative structures of MD simulations were extracted from their trajectories by selecting the
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conformation which displayed the lowest RMSD of their average coordinates.

b. Free energy of binding

©CoO~NOUTA,WNPE

6

Free energies of binding of the RNA/Flavin association were determined with the MMGBSA technique *.
14 Other more precise techniques such as Steered Molecular Dynamics or Umbrella Sampling are here
16 difficult to undertake because the dissociation of Flavin could trigger the unfolding of the RNA aptamer.
Indeed these structures exist only in the presence of their respective ligands and are folded by these ones.
21 In the case of MMGBSA, only the interaction is computed and this method has proven its efficiency to
23 provide meaningful values of binding free energies for protein/ligand systems "%, DNA/ligand *,
25 RNA/ligand *" and even carbohydrates systems >, Besides, the purpose of this paper is not a quantitative
28 description of RNA aptamer biosensor but a rough evaluation of the interaction energy of ligand using
30 MM/GBSA. Therefore, pethaps the trend of binding energy could be accessible by this method, but the
32 absolute values could include significant inaccuracy. The method uses the following set of equations (4-9)

to determine the free energy:

39 RNA + Flavin = complex

44 (AGbinding) = (Gcomplexe) - ((GRNA> + (GFMN>) €))

49 (G)=(GI™*)+(GFovemt) (5)

54 (G{s‘olvent> — (Gipolar) + (Ginon—polar) (6)

59 (GI*) = (Ef*) = T(S?™) ()
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(S7%°)y =(s5% DA (ST ) (ST ) (8)

translationa rotationa vibrationa

(AGhinaing) = {AEjmaing) = TASjinaing) + (AGoinding) (9)
Binding free energies analyses were made on the last 50 ns of each 100 ns trajectories ensuring this way
that equilibrations are reached for all systems. Values in brackets denote the average obtained from
calculations of snapshots coordinates, extracted every 20ps. Subscripts 1 represent the species used for the
calculation (complex, nucleic acid or Flavin). Ei, Si and Gi are, respectively, the energy, entropy and free
energy of i. The solvent free energy is shared into non-polar and polar contributions (equation 6). For the
gas phase entropic contributions (equation 8), the vibrational contribution were estimated with a normal
mode analysis, for a subset of 10% of the total snapshots, according to the method developed by Kottalam
and Case . Although MMGBSA give a rather crude estimation with a relative weak accuracy of the

binding free energy, this method is useful for understanding observed affinities and trends **.
c. Conformational free energy

The free energy landscape of a macromolecule can be deduced from a MD trajectory by using statistical

mechanics. 2D maps were computed from the MD trajectories using two arbitrary structural coordinates,

@, and D,. The free energy is computed according to the formula:

P(p¢1,¢z)

AG(®,, ®,) = —kzT - In )l (10)

Pmax (pcbl,cbz

In equation 10, ky and T are the Boltzmann constant and the temperature (300 K) of simulations. P(p) is
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the probability density function of the reaction coordinates defined by the @, and ®, variables. P (p) is

the most probable state probability. The script of this software is available in supplementary data.

Results and Discussion

For all MD simulations we monitored the kinetics, potential, and overall energies along the trajectory, as
well as the densities, pressures or volumes, and temperatures. All these data demonstrate the consistency of
the studied systems. For all systems, RMSD curves of selected residues were produced, along the 100 ns
trajectories, to observe molecular movements and fluctuations. Figure 2 summarizes the RMSD curves

obtained for the RNA aptamer, the Flavin ligand, and the T6 extension of all systems.

Insert figure 2 here.

1. MD of the RNA/Flavin system

The 100ns MD simulation of the RNA/Flavin system shows that there ate few evolutions from the
experimental structure. A look at figure 2 illustrates this behavior since only small variations are observed
along the MD. Indeed, the RNA aptamer presents a RMSD evolution below 5 A from the experimental
starting structure (at t=0). Then, the curve quickly reached a plateau and the variations recorded are weak.
A similar conclusion can be raised for the Flavin moiety with an evolution below 2 A which stays stable
along the trajectory. The initial growth of RMSD is due to the fact that a nucleic acid experimental
structure is not the most stable one, mainly because in the solid state the RNA is influenced by crystal
packing forces™. The global flexibility of the RNA aptamer is in accordance with our knowledge on nucleic

27, 50, 56-

acids structural studies *. Besides, this low value of RMSD clearly indicates that we should not

observe a difference of binding interaction mode for the analyte. Figure 3 illustrates this fact with a

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry Page 12 of 42

superimposition of the representative structure of the MD trajectory and the experimental structure (in
grey color). We observe that the G10-U12-A25 triple helix, as described on experimental studies", remains
stable during the MD simulation. This fact emphasizes the stability of this RNA motif required for the

Flavin interaction.

Insert figure 3 here

The free energy of binding for the Flavin analyte was determined with the MMGBSA technique and its
various contributions are compiled in table 1. A negative value of -24.7 kcal.mol” signifies that the binding
process is spontaneous. We also pay attention on the various contributions of the free energy. The
enthalpic gas phase electrostatic contribution is highly repulsive since the aptamer carries numerous
negative charges which are close together. However, this repulsive contribution is compensated by the
solvent free energy which incorporates the electrostatic shield effect of water molecules and cations. This
behavior is in accordance with our knowledge on MMGBSA computations for nucleic acids *"*". The free

energy values elucidated here will be further used as references for the other systems.

Insert table 1 here

2. MD of the T6-RNA/Flavin system

A nucleic acids biosensor contains three different elements: a surface, a nucleic acid strand and a linker
which is grafted on the surface and connected to the oligonucleotide strand. Only few investigations have
been made on the role of this linker. Nevertheless, recently, Martin and coworkers produced an interesting
methodological study on the optimal length and nature of nucleic-acids linker on microarrays °. They,

experimentally, demonstrated that oligo-thymidine linkers do not perturb the aptamer behavior, in contrast
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with guanine linkers, for example. They also established that the optimal sequence length should be
between 4 and 10. Therefore, the T6 linker fits these requirements and this is why it is widely used for

. . . 14
grafting nucleic-acids onto surfaces .

We conducted a MD simulation of the T6-RNA /Flavin system in order to investigate the role of this T6
tail on the recognition process. The RMSD curves displayed on figure 2 nicely illustrate the behavior of the
new molecular system. Since we started from the experimental solution structure of the RNA/Flavin
aptamer, weak RMSD values of the aptamer and Flavin ligand indicate that there are no large structural
variations for these parts. Besides, a compatison of values previously obtained for the RNA/Flavin system
suggests that the comportment of these molecular fragments is identical. The visualization of the molecular
trajectory confirms this assumption: the structure organization of the aptamer and its interaction with the
Flavin is identical to the RNA/Flavin reference system. Similarly, the binding free energy of Flavin, as
shown on table 1, is identical to the previous system with a value of -26.2 kcal.mol". Therefore, we can
conclude that the T6 tail do not interferes with the aptamer and its flexibility is high as observed on its

RMSD curve (figure 2)..

The second objective of the T6-RNA/Flavin MD exploration was to elucidate the preferential orientation
of the T6 fragment toward the aptamer. Indeed, we expected that the simulation of the Gold-SAM-T6-
RNA/Flavin system would tequite a long equilibration time if the system starts far from an optimal
orientation of the T6 linker. To determine the best orientation of the T6 tail we defined two distances to
describe its flexibility. The first distance, dq,, is located between the sulfur atom of the hexanol-thiol
moiety, thus the extremity of the T6 tail, and the O5” atom of G1 which represents the first residue of the
aptamer where the T6 is linked. The second distance, ds g, is located between the same sulfur atom and
the O2” of the G10 residue, which is roughly close to the center of gravity of the aptamer. These two

distances were chosen in order to describe the elongation of the T6 tail (d1) and the folding to the center
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of the aptamer (d2). The 3D free energy landscape map obtained by employing equation 10 is displayed on
tigure 4. The analysis of this map indicates that only one favorable zone is present in the 3D free energy
map. This means that transitions between structures, according to these reaction coordinates, do not
require crossing around high energy barriers. The favorable zone is broad which denotes that the flexibility
of the T6 linker is substantial. Even if the favorable energy valley is broad, only one optimal conformation
exists and this one has a d1 and d2 equals to, respectively, 18.7 A and 29 A. This conformation, also

displayed on figure 4, is selected for being grafted on the Gold-SAM surface.

Insert figure 4 here

3. MD of the Gold-SAM-T6-RNA/Flavin system

MD of the Gold-SAM-T6-RNA /Flavin system was conducted in the canonical NVT ensemble and with a
restrained surface. These conditions are classical when a rigid surface (organic or inorganic) is included on
a MD simulation **. The visualization of the MD trajectory was very informative: the aptamer stays
oriented in parallel to the surface at a distance of around 36 A. We did not observe an event where the
aptamer lies down onto the surface - which was our first hypothesis to explain the Flavin affinity decrease.
Besides, we did not perceive any interaction of the aptamer with the hydroxyl groups of the hexanol-thiol
moieties through hydrogen bond. Therefore, if grafting has a role on the recognition process of the Flavin

this one is subtlet.

The related RMSD curves of figure 2, advise about the flexibility of the system. Globally, a plateau is
reached after some nanoseconds of MD indicating the ability of the system to be equilibrated. The RMSD
of the Flavin ligand show only small variations, around 2 A, for all systems. This is due to the aromatic

nature of this ligand which is thus poorly flexible. The RMSD curve of the aptamer is higher than for the
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T6/RNA-Flavin and RNA-Flavin systems suggesting a structural change due to the sutface vicinity. On the
other hand, the RMSD of the T6 tail is lower than for the previous system indicating that the T6 fragment
is less flexible when it is grafted on the gold surface, which is expected. From this molecular trajectory, we
computed the free energy landscape as function of the coordinates d1 and d2 defined previously. This map,
displayed as supplementary data (figure S1) and compared to that obtained for the T6-RNA /Flavin system,
shows a translation of the global minimum. The new surface is narrower than for the previous isotropic
conditions (i.e. not grafted on a surface) and suggests that the grafting on the functionalized gold surface

limits the flexibility of the T6 tail.

Like for the previous systems, we determined the free energy of binding of Flavin through MMGBSA
analysis (table 1). The computed global free energy of binding has a value of -11.6 kcal.mol' which
corresponds to a drastic decrease of affinity when compared to the systems computed in isotropic
conditions. This loss of affinity is in accordance with experimental results for Flavin's aptamer where the
dissociation constant evolves from 500 nM in solution to 710 nM when the aptamer is grafted on the
functionalized gold surface "> "% Besides, even if the free energy of binding has been increased when the
aptamer was immobilized on the gold surface, this value is significantly negative (-11.6 kcal.mol") which
means that there is still a molecular recognition of Flavin by the biosensor. All these results are in
accordance with experimental data and emphasize the reliability of the simulation. A detailed analyze on
the various energy contributions indicates that the loss of affinity may be explained by a decrease of
dispersive effects. These effects encompass Van der Waals, hydrogen bonds or stacking interactions and

thus suggest a structural reorganization.

Insert figure 5 here

As suspected from the RMSD analyzes, the binding mode of the Flavin evolves drastically when the
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aptamer is grafted onto the surface. The G10-U12-A25 triple helix configuration is disturbed and forms a
five planes paralleling with Flavin from two sides in the RNA-Flavin-T-S-surface system. Indeed, the
aromatic fragment of Flavin is encompassed in a stacking interaction involving residues U12, A13, G10,
the Flavin and A25, as shown on figure 5. We also record three weak hydrogen bonds between the
phospho-hydroxyl moiety of Flavin and the bases of A1l and G27 residues (figure 5). The association of
Flavin with RNA aptamer is thus thermodynamically favorable. However, after the structural evolution of
the binding mode, the base-pair association with residue A26 is missing. This base pair is known as a
strong stabilizing element of the Flavin association . The evolution of the binding mode is thus in
accordance with a higher free energy of binding. To elucidate this phenomenon, we carefully visualized the
MD trajectory of the Gold-SAM-T6-RNA/Flavin with a specific focus on the Flavin's binding pocket.
After 7,898 ns we observe quick rotations of phosphodiester dihedral angles which trigger the disruption
of the A13-G24 and U12-A25 base pairs. Released, the U12 and A13 bases generate a stacking with the
G10 residue. This provokes a 90° global orientation of the Flavin molecule which then stacks up with these

three bases.

The remaining question is then: why the Flavin’s binding mode evolves when the aptamer is grafted on the
surface? Our observations demonstrate that we cannot directly incriminate the gold atoms or the hexanol-
thiol fragments since they are located too far, around 32 A, for creating interactions with the ligand.
Therefore, we analyzed the ionic distribution around the binding pocket of Flavin since ionic concentration
is known to have a drastic influence on nucleic acid structure ' ", Moreover, structural rotations around
phosphodiester torsion angles triggered by Na' concentration evoke the well-known B-Z transition on
DNA *%. Therefore, we focused our investigation on the role of Na' cations. Firstly, we computed the
radial distribution function (RDF) of water and Na' around Flavin for the T6-RNA/Flavin and Gold-
SAM-T6-RNA/Flavin systems. These graphs are available on supplementary data (figure S2). The

comparison of these curves show that the densities of water molecules around Flavin are almost the same

ACS Paragon Plus Environment



Page 17 of 42 The Journal of Physical Chemistry

©CoO~NOUTA,WNPE

in the different two systems, when that of Na' is 25% more for the surface system than the T6-
RNA/Flavin system at the direct proximity of the binding pocket (radius of 2.8 A). Besides, the ionic
distribution in the T6-RNA/Flavin system highlights a periodicity which is classical in isotropic system
whereas this periodicity is not observed when the aptamer is immobilized on the surface (figure S2, right).
This fact was also perceived when we determined the mean square displacements (MSD, equation 11) of
the Na" cations along the x, y and z axis during the trajectory time for the T6-RNA/Flavin and Gold-
SAM-T6-RNA/Flavin systems (see figure S3). From these computations we can determine the diffusion

coefficient, D, according to the Einstein equation:

S_1 (11N , , J_ L. MSD
= 5= Jim ;x;tzloc(t)—xo) + (0 = y0)? + (2(0) — 2002} = 5= x lim —— (1)

In this last equation, n is the number of dimensions and is classically set to 3 which signifies that the ions
can move on the three axes (3D). According to equation 11, we found a similar diffusion coefficient for
the T6-RNA/Flavin and Gold-SAM-T6-RNA systems with respective values of 1.5 10 and 1.2 10° cm?/s.
Nevertheless, on figure S3, we see that the MSD curves along the x, y and z axis are almost the same for
the T6-RNA /Flavin system whereas, for the Gold-SAM-T6-RNA /Flavin system, the MSD curve of the z
axis is flat and never rise which is quite different than the curves along the x and y. This means that the
Na" cations cannot move freely and are confined along the z axis because of the functionalized gold

surface.
Insert figure 6 here

Therefore, we deciphered the ionic density along the z-axis of the Gold-SAM-TG6-RNA/Flavin system. To

do so, we divided the whole space in 22 layers of 4 A each, along the z-axis (see illustration on figure 6).
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Then we counted, for each i layer (L), the number of ions (p) along the trajectory (t to T). Finally, we
normalized the values by dividing by the total number of trajectory frames (T). The equation 12

summarizes this calculation:

T
1
L =;lei(t> (12)

This equation was computed for the Gold-SAM-T6-RNA/Flavin and the Gold-SAM/water systems and
the histograms are displayed on figure 6. The script of this software is available on supplementary data.
These histograms are then a good witness of the sodium cationic densities along the z-axis. For both
systems, we observe low cationic densities on the first layer (from 0 to 4 A) because the first layer is mainly
occupied by the hexanol-thiol moieties where there is no room for Na'. The cationic histograms densities
of the Gold-SAM /water system show that the Na" are distributed uniformly along the z-axis when there is
no nucleic acid grafted on its surface (figure 6). In the Gold-SAM-T6-RNA/Flavin system, the distribution
is not uniform (figure 6) and densities raised around 36 A, which is the position of the aptamer organized
parallel to the surface. The increase of cationic densities is due to the presence of the negative charges of
the RNA phosphodiester groups which attract the sodium ions. Besides this electrostatic effect, we
observed an anisotropic distribution around the RNA aptamer of cationic densities. Indeed, this density is
25 % higher between the surface and the RNA than upon RNA. We thus assert that this anisotropic
distribution of sodium ions around the Flavin is responsible for the structural evolution to the aptamer

21, 70

binding mode. This conclusion echoes the previous results found on DNA chips where a similar

increase of ionic density (around 20%) was observed and associated to an increase of DNA melting

70
temperature .

In addition, it has been demonstrated that nucleic acid structures are stabilized by an isotropic distribution
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% this fact being even amplified for RNA ©. Such structural perturbations triggered by local

of cations
variations cationic distributions, should be observed in the range of the nanosecond or even sub-

18 . . . . . .
nanosecond ° which is in accordance with our simulations.

This way, we propose that the global parallel orientation of the aptamer, when it is grafted on a
functionalized gold surface, induces a perturbation of the cationic distribution around the aptamer which
triggers a structural variation of the binding mode. We think that this type of event might be extrapolated
to other RNA aptamers grafted on gold surfaces. Moreover, we believe that a chemical modification of the
T6 linker could re-orient the RNA aptamer perpendicularly to the surface avoiding, this way, the

anisotropic distribution of cations around the ligand binding pocket. We are now working in this direction.

Conclusions

The presented study represents a complete simulation of the Flavin mononucleotide RNA aptamer
biosensor system. This type of investigation, even if not totally new, is scarce and only few references are
available since these simulations requite a deep control of the surface/biomolecule interface. Therefore, by
itself, this study represents a significant improvement on the atomic description of a nucleic acid behavior
when this one is immobilized on a surface. This work was divided into several parts. Firstly, the results
show that MD computations were able to reproduce the experimental solution structure and to provide an
estimation of the Flavin free energy of binding to its RNA aptamer. Besides, the influence of the T6
linkage was investigated and shows that, by itself, the T6 tail does not generate a perturbation of the Flavin

recognition process.

The modeling of the complete biosensor system was then considered. Visualization of the trajectory shows

that the aptamer stays oriented parallel to the surface at a distance around 36 A which thus avoids any

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry Page 20 of 42

direct interaction. However, the Flavin's free energy of binding increase significantly when the system is
grafted on the surface which is in accordance with the experimental data. A structural reorganization of the
Flavin RNA aptamer explained this fact and is associated with the jump of binding free energy. Indeed, the
evolution of the Flavin aptamer binding mode is triggered by an anisotropic distribution of sodium cationic
densities perpendicularly to the surface. This signifies that ionic diffusion is different between the surface
and the aptamer than above this last one. These findings are in accordance with literature data found for
other systems and nicely explain the discrepancies of free energies encountered for nucleic acids biosensors.
Moreover, this study identifies that the parallel/perpendicular orientation of the aptamer toward the
surface is a keystone for the recognition and must be mastered. This result can then be extrapolated to
other nucleic acids biosensors and our prospect is now to design and/or modify the linkage so that the

nucleic acids will be perpendicularly oriented to the surface and the cation densities would remain isotropic.
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22 Figure 1. Left, molecular scheme Flavin mononucleotide. Right, The2v/3 x ﬁAu(lll)SAM—surface unit

25 system used for Gold-SAM QM optimization.
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Figure 2: RMSD cutves recorded along the 100 ns molecular dynamics of the RNA/Flavin (a) T6-

RNA/Flavin (b) and Gold-SAM-T6-RNA/Flavin (c) systems. For each curves, when available, RNA,
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Flavin (FMN) and T6 fragments are respectively displayed with black, red and green curves.
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Figure 3: superimposition of the experimental solution structure of the Flavin aptamer (pdb code 1FMN in
grey color) and the representative structure extracted from the molecular dynamics simulation of the

RNA/Flavin system (with CPK color, carbon in green).
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Table 1: The FMN ligand binding free energies on the different studied systems. All values are in kcal.mol and were
determined with the MMGBSA technique (see material and method).

System name RNA/FLavin T6-RNA/Flavin Gold-SAM-T6-RNA/Flavin

Gas contribution

10 AE (1) 576.8 682.2 571.7
AE,q4, (2) -58.2 -66.4 -44.6
13 AH gy (142) 518.6 615.8 527.1
TASgus (3) -10.6 -12.4 -11.8
16 AG s(4=1+42-3) 529.2 628,2 538.9

©CoO~NOUTA,WNPE

19 Solvent contribution

21 AEg,r(5) -3.8 4.5 -3.8
22 AEg, (6) -550.1 -650.0 -546.8
24 AGypyen (7=5+6) -553.9 -654.4 -550.5

27 Total

AG e (116) 26.7 32.2 24.9
30 AGigper(2+5) -62.0 -70.9 -48.4
32 AGhpinding (4+7) -24.7 -26.2 -11.6
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Figure 4: Left : 3D free energy landscape of the T6-RNA/Flavin system. The free energy AG, on the z axis,
is given in kcal/mol. The x and y axes represent dg;, and dg ¢, in A. The surface is presented with mesh
lines on the xyz coordinates whereas, on the xy plane, a map is presented as isocontours, and with a color
ranking from blue (-3.0 kcal mol™) to orange (0.0 kcal mol™). Right : the low energy conformation of the

T6-RNA/Flavin system.
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21 Figure 5: Structural organization of the Flavin inside the aptamer binding pocket before (a) and after (b) its

23 grafting on the gold functionalized surface.
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Figure 6: a) The structural organization of the RNA aptamer grafted on the functionalized gold surface.

s-12 I

12-16 [

16-20 |
2024 [
EEIVER e —
4g-52 .

5256 [

se-60 [

68-72 |
72-76 [

76-80 [

80-84 ™
84-88 |

The aptamer and flavin are displayed with molecular surface colored, respectively, in green and pink. The
gold surface atoms are presented in yellow with Van der Waals balls whereas the hexanol-thiol self-
assembled monolayer moieties are exposed with sticks and CPK atomic colors (for the sake of clarity, the
hydrogen atoms are not displayed on this figure). The T6 tail is also shown with sticks but the carbon atom
color is green to distinguish this part from the hexanol-thiol fragments. Sodium ions are exhibited with
blue Van der Waals balls whereas water molecules are removed from the visualization. Dashed lines,
parallel to the gold surface and spaced by 4 A, illustrate the accounting of cations along the molecular
dynamics (see text). b) histograms of the cations distributions (see equation 12) along the molecular
dynamics trajectories of the Gold-SAM-T6-Aptamer/Flavin (blue) and the Gold-SAM/water systems
(red). The horizontal axis represents the distances to the gold surface whereas the vertical axis is the

normalized computation of cations.
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15 5 10 15 20 25 30 35 40 45
18 Figure S1: Comparison of the free energy landscape maps obtain for the T6-RNA/Flavin system in
20 isotropic conditions (in red) and when this system is grafted onto the gold functionalized surface (in

black). The x and y axis represent, respectively, the distances d1 and d2 as defined in the text.
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Figure S2: Radial Distribution Function (RDF) of water (left) and Na+ (right) in the Gold-SAM-T6-
RNA/Flavin (plain line) and T6-RNA/Flavin (dash line) systems. See text for the interpretation of these

curves.
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50 Figure S3: Molecular Squate Displacement (MSD) in function of time (in ns) of Na" cations along the x, y
52 and z directions. Top and bottom graphs tespectively represent the T6-RNA/Flavin and Gold-SAM-TG6-

54 RNA/FMN systems.
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Supplementary data: additional scripts for structural analyses.

Script 1: map_DG.pl

Page 36 of 42

This perl script use statistical mechanics to compute a conformational free energy landscape with two

arbitrary structural coordinates (equation 10 on the manuscript). Temperature of simulation is 300 K but

might be change (variable $T). DG unit is kcal/mol but may be change to kJ/mol (variable $kcal). This

software needs, as input, a file with three columns: an index, X and Y values. Such file may be easily

obtained, for example, with the VMD software.

#!/usr/bin/perl

# interface

print "\n\n";

prlnt "*******************\n"’.

print "* Free energy map *\n";
print "*******************\n",.

print "\nHi, this soft determine the DG map for two calculated metrics.";

print "usage map DG.pl ~ file\n";
print "\n\nThe file must contains three columns:\n";

print "\tFirst : an index (1,2,3,...)\n";
print "\tSecond : X values\n";

print "\tThird : Y values\n";

print "\tThe first row must be removed (no label)\n";
print "\n\nEnjoy. Florent Barbault\n";
#

# Variable declaration

#

# input variables

#

$file=SARGV[0Q];

#

# reading the data

#

$i=0;

open (FILE, "< S$file");
while (<FILE>)
{
@tab = split ('
$X[$i]=Stab[1l];
S$Y[$i]=Stab[2]
$i=%$i+1;

}

Stot=$1i;

print "You have $tot data\n";

#

# checking the lowest and highest values of x and y

#

Sxmin=$X[0];

", S )

’
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1

2 $xmax=$X[0];

3 S$ymin=$Y[0];

4 Symax=SY[0];

5 for ($1=0;$i<$Stot;S$i++)

6 {

7 1if ($X[$1] < S$Sxmin){ S$Sxmin=$X[$i];}

8 if ($X[$1] > S$xmax){ S$xmax=S$X[$i];}

9 if ($Y[$1] < $ymin){ Symin=$Y[$i];}

10 if (SY[$i] > Symax){ Symax=$Y[S$i];}
}

i% print "\n your values are ranked between";

13 print "\n $xmin < X < $xmax";

14 irint "\n $ymin < Y < S$ymax";

ig # questions: x,y min and max and number of bin
#

i; print "\nDo you want to keep these extremum values as axis limit?";

19 print "\nType Y for yes, all other values will lead to no\t";
$choix=<STDIN>;

20 chop ($choix) ;

21 if ($Schoix eq 'Y'")

22 {

23 Sxm=$xmin;

24 $xM=$xmax;

25 Sym=Symin;

26 SyM=S$Symax;

27 } else {

28 print "\nX min value:\t";

29 Sxm=<STDIN>;

30 chop ($xm) ;

31 print "X max value:\t";

32 $xM=<STDIN>;

33 chop ($xM) ;

34 print "Y min value:\t";

35 $ym=<STDIN>;

36 chop ($ym) ;

37 print "Y max value:\t";

38 $yM=<STDIN>;

39 chop ($yM) ;

40 }

41 print "\nHow many bin you want in the X and Y directions:\t";

42 $bin tot=<STDIN>;

43 chop ($bin tot);

44 $dx=($xM-$xm) /Sbin tot;

45 $dy=($yM-$ym) /$bin_tot;

46 print "\nName of the DG map file:\t";

47 $file out=<STDIN>;

48 chop ($file out);

49 #

50 z counting occurence

g; open (FOUT, "> map.dat");
$xcoord=0;

53 5 —n.
ycoord=0;

o4 $xbas=0;

55 $Sxhaut=0;

56 Sybas=0;

S7 Syhaut=0;

gg for ($i=1;%$i<=$bin tot;$i++)

60
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{

for ($3j=1;$j<=$bin tot;$j++)
{
Sxcoord=$xm+$1i*$dx—-$dx/2;
Sycoord=Sym+$3*Sdy-$dy/2;
Soccur=0;

for ($ind=0;S$ind<$tot;Sind++)
{
Sxbas=$xcoord - $dx/2;
$xhaut=$xcoord + $dx/2;
Sybas=$ycoord - $dy/2;
Syhaut=$ycoord + $dy/2;
if ($X[$ind] >= $xbas)
{
if ($X[$ind] < S$xhaut)
{
if ($Y[$ind] >= S$ybas)
{
if (8Y[$ind] < $yhaut)
{

Soccur=$occur+1;

printf FOUT ("\n %6.2f %6.2f %$6.2f", $xcoord, Sycoord, Soccur) ;

calculate DG

H oW W

SR=8.314;
$ST=300;
Skcal=1000*4.18;
Sfactor=$R*$T/Skcal;
close (FOUT) ;
open (FG, "> map DG.dat");
$1=0;
Stotal=0;
$SOCCUR=0;
$SOCCUR_max=0;
Smax=0;
open (FILE, "< map.dat");
while (<FILE>)

{

@table = split(' ',S$ );
Sxx[$i]=Stable[0];
Syy[$il=Stable[1l];

Soc[$i]=Stable[2];

SOCCUR=$0OCCUR+Soc[$1];

if (Soc[$i] > $OCCUR max) { SOCCUR max=$oc[$i];}
$i=5i+1;

}

Stotal=$1i;
#print "S$SOCCUR S$factor";
$DG=0;

for ($ind=0;S$ind<$total; S$ind++)
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1
2 {
3 if ($oc[$ind] != 0.0){ $DG=-$factor*log($oc[$ind]/$OCCUR max); if ($DG >
4 Smax) {$Smax=$DG; } }
5 if (Soc[$ind] == 0.0){ $DG=0;}
6 printf FG ("\n %6.2f $6.2f $6.2f",$xx[$ind], Syy[$ind], $DG) ;
7 }
38 close (FG) ;
9 close (FILE) ;
10 $1i=0;
11 open (FSOR, "> $file out");
12 open (FILE, "< map DG.dat");
14 t |
15 @table = split(' ',$ );
16 if (Stable[2] != 0.0){ $table[2]=Stable[2]-Smax; }
17 printf FSOR ("\n %6.2f %6.2f %6.2f",S$table[0], Stable[1], Stable([2]);
18 $i=%$i+1;
}

;g Stotal=$i;
21 close (FSOR);

system "rm map.dat";
gg system "rm map DG.dat";
24
25
26 . .
27 Script 2: sodium count.
28
29 This software count the number of sodium ions between user-defined layers from a series of pdb. These
30
g; pdb should be obtained from a cpptraj script and a file listing their names must be given as input. The
33 L Lt : .
34 output file is a “comma separated variable” file (csv) and could be open in any excel-like software. Other
35
36 ions or moieties may be computed with this script (change line 57 Na+ in other ions). The average distance
37
gg of the SAM is also computed.
40
41
42
43 #!/usr/bin/perl
44 # interface
45 print "\n\n";
46 prlnt "****************\n";
47 print "* Sodium count *\n";
48 print "****************\n";
49 print "\nHi, this soft count the number of sodium in layers. The layers and number
50 of layers are defined by the user.";
51 print "\nYou have to first create a file with the list of pdb files inside";
52 print "\nFor example, typing in a shell : 1ls -1 distance.* > file input.flo will
53 give you this required file";
54 print "\n\nusage :\t prog distance sodium.pl file input.flo";
55 print "\n\nEnjoy. Florent Barbault, 23 June 2015\n";

#
g? # input variables

#
gg $file input=$ARGV[0];
60
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print "Height of each layer \t :";
Sheight =<STDIN>;

chop ($height) ;

print "Number of layer \t :";
$num_ layer=<STDIN>;

chop ($num_layer) ;

open (FILE, "< $file input");

open (FSOR, "> dist.csv");

while (<FILE>)

{

$name=$_;

$1=0;
$dist SAM=0;
$3_moy=0;

print "\nAnalysis of file S$name";
open (FICH, "< S$name");
while (<FICH>)
{
@tab = split(' ',$ );
Satom[$i]=Stab[2];
Sres[$i]=$tab[3];
$Z[$i]=S$tab[7];
if (Sres[$i] eq 'SAM')
{
if (Satom[$i] eq 'O1l'")
{
$dist75AM=$diSt75AM+$Z[$i];
$j _moy=$j moy+l;
}
}
$i=%$i+1;
}
close (FICH);
Stot=%1i;
$dist SAM=($dist SAM/$j moy)-12.314;
print "File Sname height of SAM $dist SAM";
print FSOR "File S$name height of SAM $dist SAM";
$zcor=5dist SAM+12.314; #12.314 height of the gold
for ($1=0;$i<$Stot;S$i++)
{
if (Sres[$i] eq 'Na+')
{
$Szna=$7Z[$i]-Szcor;
for ($inc=0;S$inc<Snum layer;S$inc=Sinc+1)
{
Sinci=$inc+1;
if ($zna >= $inc*S$Sheight)
{
if ($zna < $inci*$Sheight)
{
Slayer([$inc]=$layer[$inc]l+1;
}

for ($inc=0;Sinc<Snum layer;S$inc=Sinc+1)
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{

$inci=$inc+1;

print FSOR "\n layer $inc between $inc*$height and $inci+$height count for
Slayer[$inc]l";

Sbas=$inc*S$height;

Shaut=$inci*$height;

print "\n layer $inc between S$bas and $haut count for $layer[$incl";

}

10 print "\n";

11 close (FILE) ;
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