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We employ quantum biochemistry methods based on the Density Functional Theory (DFT) approach to unveil detailed binding

energy features of willardiines co-crystallized with the AMPA receptor. Our computational results demonstrate that the total

binding energies of the fluorine-willardiine (FW), hydrogen-willardiine (HW), bromine-willardiine (BrW) and iodine-willardiine

(IW) to the iGluR2 ligand-pocket correlate with the agonist binding energies, whose experimental sequence data match our

computational counterpart, excluding the HW case. We obtain that the main contributions to the total willardiines-iGluR2 binding

energy are due to the amino-acid residues in decreasing order Glu705 > Arg485 > Ser654 > Tyr450 > T655. Furthermore,

Met708, which is positioned close to the 5-substituent, attracts HW and FW, but repels BrW and IW. Our results contribute

significantly to an improved understanding of the willardiines-iGluR2 binding mechanisms.

1 Introduction

Disorders in the central nervous system (CNS) affect approx-

imately 1 billion of the people around the world, leading

to more hospitalizations than any other group of diseases1.

Autism, schizophrenia, Alzheimer, Parkinson and epilepsy2–6

have been ascribed to impairments on the ionotropic gluta-

mate receptors (iGluRs) functions, which are ligand-gated

ion channels that undergo structural changes after activation,

culminating with the channel opening and generating an ion

flux through the membrane7. The three major subclasses of

iGluRs can be differentiated according to their amino-acids se-

quence and pharmacology as: kainate (GluK1-5), N-methyl-

D-aspartic acid (NMDA; GluN1-3), and α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid (AMPA; GluR1-4)8, be-

ing related to physiological processes such as memory and

learning9.

AMPA receptors have a key role in fast synaptic transmis-

sion10, being well distributed throughout the CNS11. This

type of receptor has a tetrameric structure organized as a

dimer of dimers12, where each monomer is composed of

an extracellular amino-terminal region (ATD; approximately
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with 400 amino-acids), a ligand binding domain (LBD; ap-

proximately with 258 amino-acids) and a transmembrane re-

gion (TMD; approximately with 169 amino-acids)13, whose

molecular structures are depicted in Fig. 1. In it, each colour

corresponds to a single chain and the circles in the LBD region

represent the position of the ligand binding site in every sub-

unit. The iGluR-LBD is formed by polypeptide segments (or

lobes) S1 (390−506 amino-acids) and S2 (632−775 amino-

acids)14, which can be genetically combined and expressed as

a soluble protein15,16. Its structural representation is shown

in Fig. 2, which depicts the monomeric structure of the Lig-

and Binding Domain (LBD) coupled to a willardiine molecule

(PDB ID: 1MQH). The letters N and C represent the amino

and carboxyl terminal regions, respectively, that are linked to

the Amino Terminal Domain (ATD) and the Transmembrane

Domain (TMD) in the monomer. The circle marks the region

of the protein investigated in this work. The amino-acids in

this region are selected by increasing the binding region ra-

dius (r), see Table 1.

Crystallographic and electrophysiological studies have ad-

vanced significantly the structural and functional characteri-

zation of AMPA17. Isolated structures of LBD in complex

with agonists, partial agonists and antagonists suggest a corre-

lation between the degree of lobe closure and channel activa-

tion18–22. When bound to a full agonist, the lobes were closed

by approximately 19.1 to 21.3 degrees, leading to channel ac-

tivation with high efficacy levels14,15,18. In addition, antago-

nists have shown 2.5 to 9.6 degrees of lobe closure14, block-

ing receptor activation. Finally, partial agonists induce an in-

termediate closure of the LBD (13.1 to 19 degrees) and the
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Table 1 GluR2 residues interacting with fluorine-willardiine (FW), hydrogen-willardiine (HW), bromine-willardiine (BrW) and

iodine-willardiine (IW) as the binding pocket radius r increases. The most important residues interacting with willardiines are shown in

boldface. In red (blue) are the negatively (positively) charged residues, and in orange is the M708 residue.

opening of the ion channel.

The action of partial agonists in the production of sub-

maximal responses has not yet been completely under-

stood16,23. In this regard, a set of willardiines, from Acacia

willardiana and Mimosa asperata24–26, has been used to eluci-

date the molecular basis of partial agonism in AMPA16,23,27,28.

Since 1980, willardiine and its analogues have been tested and

proved to be a neurotransmitter composite29–32. The substitu-

tion of a single atom at the position 5 of the uracil ring of (s)-

willardiine by F , Cl, Br and I has lead to different responses,

suggesting their utilization in structure-function studies33.

A comparison between the structures of glutamate coupled
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Fig. 1 (color online) The Y-shaped GluR2 receptor structure and its

monomers composed by the Amino-Terminal Domain (ATD), the

Ligand-Binding Domain (LBD) and the Transmembrane Domain

(TMD). Each colour corresponds to a single chain, and the circles in

LBD region represent the position of the ligand binding site in every

subunit. The PDB code is 3KG213.

Fig. 2 (color online) Structural representation of the

Ligand-Binding Domaing (LBD) interface. The Binding Pocket

Sphere (BPS) with radius (r) is also shown in this picture as a circle

around the willardiine ligand. N and C represents the amino and

carboxyl terminal regions.

to iGluRs-LDB with other full and partial agonists suggested

that the groups α-amino and α-carboxyl occupy similar posi-

tions in the receptor34. This pattern was also observed dur-

ing the superposition of the crystal structures of glutamate

and four partial agonists willardiine, while the substituents

attached at γ-position occupy different regions of the recep-

tor10,35.

Experimental, computational and crystallographic analysis

has been used to describe partial agonism by 5-substituted

willardiines in AMPA receptors28,32,33,35,36. The crystal struc-

ture of GluR2-LBD with four willardiines provided an oppor-

tunity to identify subtle structural differences on the receptor

created by a single atom change in the ligand. The analy-

sis of crystallographic structures can be done based on impor-

tant tools like the distances and sizes of connections (virtual

screening), the de novo design, molecular docking and molec-

ular dynamics37,38, these methods being limited by the lack of

information on the interaction between specific residues of the

receptor and the different ligands, which would be quite use-

ful for the design of new drugs. Indeed, the use of quantum

mechanics (QM) for in silico drug design has become quite

popular in recent years due to its high accuracy in estimating

relative binding affinities39,40.

However, the high computational cost of QM methods to

calculate the energies of interaction of macromolecules de-

mands a balance between the computer execution time and the

accuracy of the results. In view of this, fragmentation meth-

ods have been developed to make macromolecules computa-

tionally less expensive41. The molecular fractionation with

conjugated caps (MFCC) method42,43 has been widely used

particularly to calculate the interaction energy between amino-

acid fragments and ligands44–46.

The aim of this work is to present an adequate descrip-

tion of the interaction of four willardine partial agonists with

GluR2 through quantum biochemistry techniques within the

Density Function Theory (DFT) framework. The individual

contribution of each amino-acid residue was calculated apply-

ing the MFCC scheme42,43 considering residues at the bind-

ing site, but also including other relevant residues. The sim-

ulations were performed using the X-ray structure of GluR2

co-crystallized with FW, HW, BrW and IW (PDB ID: 1MQI,

1MQJ, 1MQH and 1MQG respectively)16. A comparison be-

tween our theoretical binding energies and the experimental

one is also made and their features discussed.

2 Materials and Methods

Crystallographic data of the willardiines FW, HW, BrW and

IW co-crystalized with iGluR216 were downloaded from

the PDB database (http://www.rcsb.org) under the following

codes (resolutions) 1MQI (1.35Å), 1MQJ (1.65Å), 1MQH

(1.8Å) and 1MQG (2.15Å). The state of protonation of all
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ligands at physiological pH was obtained using the Marvin

Sketch code version 5.3.2 (Marvin Beans Suite - ChemAxon).

Hydrogen atoms, not resolved by the X-ray diffraction and

therefore absent in the crystallographic files, were added to the

structures and submitted to a classical geometry optimization

fixing the other atoms. This optimization was performed us-

ing the classical force field CHARMm (Chemistry at Harvard

Molecular Mechanics), which is especially parametrized for

organic molecules47.

Interaction energies for each residue at the binding site

were performed using the DMol3 code48,49, within the Den-

sity Functional Theory (DFT) formalism. The Generalized

Gradient Approximation (GGA) Perdew-Burke-Ernzerhof

exchange-correlation functional(PBE)50 and the Local Den-

sity Approximation (LDA) exchange-correlation functional

according to the Perdew-Wang parameterization (PWC)51

were chosen. It is true that the local density approximation

is not the best option to achieve a good description of hydro-

gen bonds, but some DFT studies with this functional show

good results for systems in which non-covalent interactions

are relevant52–54. Moreover, recent works37,38,44,45,55 have

also shown satisfactory outcomes for calculations of interac-

tion energies between amino-acids and ligands using a Double

Numerical Plus polarization (DNP) basis set.

In order to improve the description of the non-covalent in-

teractions, Ortmann et al.56 and Grimme57 have developed

semiempirical approaches to provide a better compromise be-

tween the cost of first principles evaluation of the disper-

sion terms. Here, we used the DFT + D method follow-

ing the GGA-PBE-Grimme and LDA-PWC-OBS (OBS is the

Ortmann-Bechstedt-Schmidt correction56) schemes to calcu-

late interaction energies of the four willardiine-GluR2 com-

plexes. The DNP basis set, which, is comparable to the

6− 311+G (3df, 2pd) basis set48,49,58, was selected for the

calculations to expand the Khon-Sham orbitals for all elec-

trons. The orbital cutoff radius was set to 3.7Å, and the self-

consistent field convergence threshold was adjusted to 10−6

Ha.

The interaction energy between each willardiine molecule

and the amino-acid residues were calculated by using the for-

malism of the MFCC (Molecular Fractionation with Conju-

gate Caps) method42,43. The MFCC approach turns possible

the investigation of a large number of amino-acid residues in a

protein37,38. This technique of molecular fractionation lessens

the computational time with no loss in accuracy59,60.

A convergence study of the interaction energy as a func-

tion of the ligand binding pocket radius was performed to put

a limit to the number of amino-acid residues to be analysed

without missing important interactions,38. We investigated the

variation of the total interaction energy considering the contri-

butions of all amino-acid residues within a sphere of radius r,

with origin in the ligand, capping the dangling bonds of each

amino-acid residue61. Here we label the ligand molecule as

L and the i− th amino-acid residue interacting with the lig-

and as Ri. The Ci−1 (Ci+1) cap is formed from the neighbour

residues covalently bounded to the amine (carboxyl) group of

the residue Ri along the protein chain. As a matter of fact, for

the willardine-iGluR2 systems here studied, the nearest five

amino-acid fragments at each side of the Ri residue were used

to build the Ci−1 and Ci+1 caps, providing a better description

of its electronic environment. For these fragmented structures,

the interaction energy between the ligand and the individual

fragments, EI(L−Ri), is calculated according with:

EI(L−Ri) = E(L+C1−iRiCi+1)−E(C1−iRiCi+1)

− E(L+C1−iCi+1)+E(C1−iCi+1), (1)

where the first term E(L+Ci−1RiCi+1) is the total energy of

the system formed by the ligand and the capped residue; the

second term, E(Ci−1RiCi+1), is the total energy of the residue

with the caps; the third term E(L+Ci−1Ci+1) is the total en-

ergy of the system formed by the caps and the ligand, and

E(Ci−1Ci+1) is the energy of the caps with dangling bonds

hydrogenated. The total interaction energy for each willardi-

ine is obtained by adding up the interaction energies with each

amino-acid residue within a given binding pocket radius. Wa-

ter molecules were taken into account in the calculation pro-

cedures when hydrogen bonds are formed with the residues

of interest or with the caps. A hydrogen bond length limit of

2.5Å was adopted in this case.

3 Results and Discussions

Complexes with full agonists, partial agonists and antagonists

are useful to relate structural and dynamic properties of the

glutamate receptor S1S2 domain to functional properties that

can be only measured for the intact protein. The series of

willardiines considered in the present study are particularly

suited for this analysis because they differ structurally at just

one position, having functional properties that vary according

to their electronegativity (potency and binding affinity) and

size (efficacy and desensitization)33.

The partial agonism of 5-substituted willardiines can help

to understand the mechanisms of activation and desensitiza-

tion of AMPA receptors. It was proposed that the size of

the halogen substituent is directly involved in the modulation

of the binding site and, consequently, in the closure of the

lobes10,16,28,35. Results reported in Refs.16,35,62, which relied

on electrophysiological and crystallographic data, have been

pivotal to grasp the partial agonism mechanism in iGluR2,

showing that the potency increases with the electronegativity.

Besides, the peak current and the extent of receptor desensi-

tization varies according to the size of the substituent, which
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implies that the extent of lobes closure affects the response of

the receptor16,23,28,35,62,63 .

Recently, Ahmed et al.64 and Matinez et al.65, have shown

the importance of the willardiine protonation state in the ac-

tivation of GluR2. To give a good explanation about the 5-

substituted willardiine interactions with the AMPA receptor,

we used the Marvin Sketch software to obtain their pKa curves

at 7.3 pH value. In Fig. 3, we see the molar fraction curves in

pH values between 0− 12 (Fig. 3a), and the molecular view

of the two distinct protonation states of the four willardiine

derivatives compounds (Fig. 3b). Our results shown that the

uncharged protonation state has a larger contribution in com-

parison with the charged state, in agreement with Hill et al.66

and Ahmed et al.64. For this reason, all calculations were

made here with the N3 atom of the uracil ring in the uncharged

state.

Fig. 3 (color online) Protonation state of 5-substituted willardiines

as a function of pH. (a) Molar fraction curves at pH 7.2−7.4. (b)

The two distinct molecular states for fluorine-willardiine (FW, solid

lines), hydrogen-willardiine (HW, chain-dotted lines),

bromine-willardiine (BW, dashed lines) and iodine-willardiine (IW,

chain-doubled dotted lines) are depicted.

We analysed the binding pocket of the receptor employing

the MFCC scheme to obtain the individual contribution of the

amino-acid residues inside a binding pocket with a selected ra-

dius, ranking the most relevant interactions between residues

and ligands. The total binding energy was obtained by adding

up the individual contributions. To evaluate the binding inter-

actions through fragment-based quantum mechanics method,

it is important to take into account every significant attrac-

tive and repulsive amino-acid residue which can influence this

mechanism. Therefore, instead of taking an arbitrary region of

the binding site, we performed a search for an optimal bind-

ing pocket radius for which no significant variation in the total

binding energy could be observed after a radius increase. For

this task, the binding pocket radius r was varied from 2.0Å to

12Å for all willardiines. In order to describe the most impor-

tant ligand-residue interactions exhibited by GluR2 we have

considered the compounds subdivided into two regions, as one

can see in Fig. 4a. Fig. 4b depicts the electron density iso-

surface for FW,HW,BrW and IW series to observe how the

electrons are distributed around the molecules and how their

distribution is affected by the 5-substituted halogen atom. Dif-

ferences in the electron density can be observed in the halogen

substituent region.

Fig. 4 (color online) Willardiines FW, BrW, IW and HW: chemical

representation at pH 7.3 and electron density distribution. (a)

Region (i) contains the carboxyl and amine functional groups, while

region (ii) corresponds to the uracil ring and its 5-substituents. (b)

Electrostatic potencial surface and willardiine centroids.

Figures 5a and 5b show a comparison between the
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calculated interaction energies E(r) for the 5-substituted

willardiines considering the binding pocket radius r =
4.0,6.0,8.0,10.0,12.0Å. In Fig. 5a, using the GGA-PBE-

Grimme approach, we found that at the smallest bind-

ing pocket radius (4.0Å) the absolute value of the total 5-

substituted willardiines interaction energy follows the order

HW > BrW > FW > IW , which does not reproduce the cor-

responding experimental data14. For a binding pocket ra-

dius above 10.0Å, the absolute value of the binding energies

E(r) follows the willardiine sequence FW > HW > BrW >

IW . This result is close to the experimental sequence FW >

BrW > IW > HW 16,33, meaning that the binding energy of

each halogenated willardiine can be compared to its experi-

mental value, the difference being in the position of the HW .

The same occurs for the LDA-PWC-OBS case (see Fig. 5b),

considering a smaller binding pocket radius (4.0Å), although

only above the 10.0Å radius the total binding energy stabilizes

as a function of r. One can note that, in this case, the LDA-

PWC-OBS is very effective, confirming previously reported

data55.

The efficacy of the HW and the three halogenated willardi-

ine analogs FW , BrW , and IW , is correlated to the degree of

closure of iGluR2-LBD lobes16,33. However, other mecha-

nisms may influence the recognition and receptor activation,

as the interaction between dimers. Besides, the dynamics of

the AMPA receptor in complex with agonists, partial agonists

and antagonists are not an easy task, as stressed by many au-

thors. Among them, Postila et al.32, although not addressing

whether or not the closed lobe is required for activation of

the channel, suggests that the closed lobe form is unstable for

these partial agonists in agreement with many experimental

works, being probably not required for the activation of the

ion channel. Fenwick et al.33 suggest that ligands with lower

potency may be weakly bound to the protein, with the forma-

tion of multiple conformations to the ligand and amino-acids

side-chain. Due to the mobility in the protein structure, there

are many conformations obtained from the X-ray diffraction

of the complex willardiine-GluR2. Thus, it is difficult to ob-

tain the optimal conformation for our analysis, i.e., those that

responds to the ligand binding affinity.

A detailed quantitative analysis to justify this conclusions

is the following: the amino acids depicting a higher inter-

action energy with HW are positioned in a similar way to

that observed in FW . These amino acids interact with the

atoms (C9)OO-, (N8)H, (C4)O4 and (N3)H with close prox-

imity in HW , being responsible to a greater interaction energy

not observed for BrW and IW since the size/electronegativity

of the substituent halogen groups (Br and I) create a repul-

sion for some closed amino acids, such as M708 and C425.

However, M708 and C425 have attractive energy for FW and

HW . Furthermore, contrary to what is observed for FW and

HW , amino acids that have a higher energy of interaction with

BrW and IW are positioned close to the atoms (C2)O2, (N3)H

and (C9)OO-. A full relation of the binding energy for all

aminoacids is found in the provided supplementary material.

Fig. 5 (color online) Total willardiine interaction energy for FW,

HW, BrW and IW considering pocket radius values of 4.0Å, 6.0Å,

8.0Å, 10.0Å, and 12.0Å. (a) GGA-PBE-Grimme

exchange-correlation functional results. (b) LDA-PWC-OBS

exchange-correlation functional results. The absolute value of E(r)
obeys the sequence FW > HW > BrW > IW , reproducing the

experimental data16 excluding the HW case.

Figure 6a-d shows a BIRD graphic panel (BIRD being an

acronym of the keywords binding site, interaction energy and

residues domain) with the interaction energies between the

5-substituted willardiine molecules and the most important

amino-acid residues at the binding region. The panel depicts:

(i) the interaction energy (in kcal/mol) of the residue with the

ligands, illustrated by the horizontal bars, from which one can

assign quantitatively the role of each residue in the binding

site, i.e., their effectiveness as well as if they attract or repel

the willardiines; (ii) the most important residues contributions

to the bonding in the left side; (iii) the region (boldface letters,

identified in Fig. 6) and the atoms of the ligands closer to each

residue at the binding site. The binding energy of the amino-

acid residues interacting with the willardiine molecule inside

the binding pocket will be defined here as the negative of the

corresponding interaction energy calculated using the MFCC
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Fig. 6 (color online) Binding site, interaction energy and residues domain (BIRD) graphic panel showing the most relevant residues of (a)

FW, (b) HW, (c) BrW and (d) IW that contribute to the binding of each ligand.

method.

As one can see from Fig. 6, fourteen amino-acid residues

are the most important for the stabilization of FW : T480,

R485, T655, E705, P478, S654, Y450, L479, L650, G653,

M708, E402, K656 and E486, while five amino-acid residues,

K730, E657, A477, E688 and K722, display positive (repul-

sion) interaction energies. For HW , there are thirteen amino-

acid residues helping the stabilization process: T480, R485,

T655, E705, P478, S654, M708, Y450, L479, L650, G653,

E402 and E486, while five amino-acid residues, K730, E657,

A477, E688 and K722, work against the binding. For the case

of BrW , there are thirteen amino-acid residues which are at-

tractive: T480, R485, T655, E705, P478, S654, Y450, L479,

G653, L650, K656, E402 and E486, while four amino-acid

residues, M708, K730, E657 and K722, repel the ligand . Fi-

nally, for IW we have thirteen attractive amino-acid residues:

T480, R485, E705, T655, P478, S654, Y450, L479, G653,

L650, K656, E402 and E486, and four repelling amino-acid

residues, M708, K730, E657 and K722.

Willardiines and glutamate bind to the ligand-binding core

in a similar fashion16. Regions (i) and (ii) of willardiine (Fig.

4a) create a hydrogen bond network with R485, P478, T480

and S654, T655, E705 residues, like other agonists15,35. In

order to display a systematically view of the interaction ener-

gies, the most important residues that contribute to the binding

of the willardiines are represented in Table 2. This shown that
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FW HW BrW IW

Residue Group d (Å) EGGA(LDA) d (Å) EGGA(LDA) d (Å) EGGA(LDA) d (Å) EGGA(LDA)

T480 i(C9)O91; i(N8)H 1.84; 1.96 -11.21(-20.06) 1.90; 2.15 -10.73(-18.67) 1.88; 2.11 -10.03(-17.21) 1.87; 2.17 -7.38(-14.93)

R485 i(C9)O91, O92 1.75; 1.88 -24.29(-32.79) 1.81; 1.84 -28.34(-36.44) 1.68; 1.74 -25.91(-32.97) 1.71; 1.78 -23.47(-31.72)

T655 ii(C2)O2; ii(N3)H 1.95, 2.38; 1.90 -8.80(-19.94) 2.03, 2.43; 1.87 -10.37(-20.78) 2.03, 2.39; 1.91 -10.92(-19.82) 2.03; 2.14 -9.88(-16.82)

E705 i(N8)H; ii(C4)O4 1.95; 1.99 -51.21(-63.95) 1.96; 1.97 -47.77(-60.84) 1.84; 2.00 -51.24(-65.84) 1.78; 2.15 -53.80(-68.47)

P478 i(N8)H 2.01 -13.97(-17.61) 2.02 -14.51(-17.97) 2.09 -13.47(-15.47) 2.00 -16.29(-20.02)

S654 i(C9)O92 2.01 -19.53(-28.77) 2.06 -20.74(-28.10) 2.04 -18.36(-23.79) 2.02 -15.37(-22.46)

Y450 i(N8)H 2.82, 4.33 -15.60(-28.08) 2.89, 4.40 -14.00(-25.71) 3.00, 4.56 -16.13(-24.32) 3.00, 4.55 -16.05(-26.76)

L479 i(C9)O91 2.71 -10.28(-14.07) 2.64 -9.45(-13.25) 2.63 -19.16(-18.65) 2.69, 2.69 -27.27(-28.73)

L650

ii(C5); ii(C4)O4-FW

2.95; 4.09 -10.36(-19.55) 2.15; 4.15 -10.64(-19.76) 3.05; 4.27 -13.13(-19.85) 3.34; 5.75 -7.29(-10.69)i(C7)H; ii(C4)O4-HW/BrW

ii(C4); ii(C4)O4-IW

G653
i(C7)H-FW/HW/IW

2.60 -12.83(-15.53) 2.69 -15.36(-18.08) 2.66 -22.78(-26.35) 2.57 -7.59(-8.73)
i(C9)O92-BrW

M708

ii(C6)H; ii(C5)F-FW

2.53; 2.86 -5.96(-7.52) 2.53; 2.38 -6.09(-8.93) 3.09 25.80(8.45) 2.76 24.82(6.28)
i(C7)H; ii(C5)H-HW

ii(C5)Br-BrW

ii(C5)I-IW

E402 ii(C6)H 3.88 -7.33(-7.73) 3.76 -8.55(-9.08) 4.07 -7.45(-8.08) 4.00, 4.45 -7.32(-9.35)

K656 ii(C2)O2 3.91, 4.14 -6.07(-8.78) 4.00 -1.07(-2.44) 3.99 -7.23(-9.24) 3.99 -4.39(-3.79)

Y702 ii(C4)O4 4.61 1.76(-0.44) 4.56 1.70(-0.59) 4.63 -1.51(-1.37) 3.97, 4.33 0.45(-1.56)

K730
i(C7)H-FW/HW/IW

5.26 2.87(2.57) 5.45 1.94(1.63) 5.30, 5.77 1.77(3.17) 5.39 3.63(3.70)
i(N8)H-BrW

E657 ii(C2)O2 5.70 3.82(3.64) 5.80 5.17(5.07) 5.77 1.12(2.64) 5.98 1.00(1.72)

A477 i(N8)H 6.17 1.04(1.07) 6.19 1.26(1.32) 6.25 -0.51(0.42) 6.15 -0.02(0.43)

E688

ii(C5)F-FW

9.27 1.47(1.35) 9.46 1.53(1.49) 9.79 -1.02(0.67) 10.00 -1.15(-0.27)
ii(C5)H-HW

ii(C5)Br-BrW

ii(C4)O4-IW

E486 i(C9)O91 10.29 -6.16(-6.18) 10.42 -6.92(-6.99) 10.32 -10.29(-8.67) 10.30 -9.88(-9.08)

K722 ii(C4)O4 10.51 2.54(2.48) 10.47 2.52(2.44) 10.19 2.02(1.93) 10.17 2.90(2.05)

Table 2 GGA (LDA) interaction energies and distances between the most important residues and 5-substituted willardiines at the binding

pocket site of iGluR2. Red (blue) color stands for negatively (positively) charged residues and orange is the key residue Met708.

ten of the twenty amino-acids listed belong to region (i), and

most of them show attractive interactions, with only two re-

pulsive residues (K730 and A477). This is in accord with a

previous study36 which mentions region (i) as a recognition

site of AMPA receptors. Region (ii), which is located at the

γ-carboxyl position of glutamate, has seven important inter-

acting residues with three of them repelling (E657, E688 and

K722).

As observed in Fig. 7, E705 is the residue with the most

intense binding energy contribution, attracting the ligand

through a salt bridge between its side chain and the α-amino

group in region (i) (N8), and through a hydrogen bond in re-

gion (ii) (O4). After agonist binding, E705 undergoes a re-

arrangement that affects the domains closure35. Some works

indicate that mutation or neutralization of E705 destabilizes

LBD by decreasing the electrostatic repulsion between S1S2

domains35,67–72. Fig. 8 displays the electrostatic potential iso-

surfaces with projected electron densities for the willardines

bound with the most important residues E705, S654, Y450,

P478, and R485 at the binding pocket site.

The second highest energy contribution belongs to R485,

whose side chain is facing the α-carboxyl group of all four

willardiines in region (i) and exhibits ionic and hydrogen bond

interactions. The presence of R485 as a docking site to AMPA

agonists is confirmed by molecular, theoretical and crystal-

lographic studies45,71,73. S654 and T655 form H-bonds in

regions (i) (O92) and (ii) (O2 and N3), respectively16,33,45.

T655 forms only two hydrogen bonds, with IW having the
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Fig. 7 (color online) Distances between GluR2 residues and FW, HW, BrW, and IW. Their interaction energies are the most significant to the

total binding energy of the 5-substituted willardiines.
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lowest energy among other willardiines-T655 complexes (Fig.

6d). These three residues are positioned in close conforma-

tion to other complexes, stabilizing the α-carboxyl (R485 and

S654) and γ-carboxyl (T655) regions of the ligands74.

Y450 form a cation-π interaction in region (i) with the four

willardiines. Holm et al73 have reported that mutation Y450A

results on a dramatic reduction in potency of glutamate to ex-

clude the Y450 steric effect. As we can see, T480 interac-

tion energy varies following the FW > HW > BrW > IW

sequence, like S654, and forms two hydrogen bonds in region

(i). Molecular dynamics shows that modifications in T480 in-

crease significantly the D1-D2 repulsion68, because the back-

bone amide stabilizes the α-carboxyl group75. P478, along

with T480, creates hydrogen bond with the α-amino group of

the willardiines.

K656 interacts with FW and BrW by water mediated hidro-

gen bonding (W461 and W325 molecules, respectively), with

larger binding energy than K656-HW or IW complexes. Like-

wise, L650 shows the lowest energy when interacting with IW ,

being the only L650-willardiine complex without water medi-

ated hydrogen bonds (see Fig. 7). It was pointed out that water

molecules play a key role in modulating the cleft conforma-

tion35. This result is confirmed by our methodology if one

considers the variation of calculated interaction energy values

in residues with small distance shifts and water-mediated hy-

drogen bonds, such as L650 and K656.

Fig. 8 (color online) Electrostatic potential isosurfaces with the

projected electron densities for 5-substituted willardiines, (a) FW ,

(b) HW , (c) BrW and (d) IW, interacting with the attractive residues

E705, Sr654, Y450, P478 and R485.

Lastly, our analysis show that M708, which is positioned

in the cavity surrounding the halogen substituent, interacts at-

tractively with HW and FW, and repulsively with BrW and IW

(see Table 1). This suggests that, together with the steric ef-

fect promoted by the size of the 5-substituted molecules, the

closure of the individual domains might also be affected by

the attractive/repulsive effect promoted by the electronegativ-

ity of the substituent atom. Thus, the increase in size of the

5-substituent and the repulsive effect of Br and I over Met708

can lead the ligand-binding core to adopt distinct conforma-

tions which reduce the domain closure and, consequently,

shorten the intra-dimer separation in the ion channel gate.

Among the 20 amino-acid residues analyzed in this work (see

Table 2), E705 and R485 are the residues with larger contri-

bution to the binding of 5-substituted willardiines interacting

with the atom groups i(N8)H; ii(C4)O4 and i(C9)O91,O92 of

the willardiines. The residues Y450, T480, and P478, among

others, contribute with attractive interactions, while E657,

K730 and K722 repel all 5-substituted willardiines. Moreover,

it was suggested that Y450 has a key role in the orientation of

glutamate through cation-π interaction71, while M708 seems

to interact directly with the 5-substituent attracting HW and

FW, and repelling BrW and IW.

4 Conclusions

One of the major goals in medicinal chemistry regarding drug

discovery and design is to achieve an accurate description of

the binding mechanism between the macromolecules of in-

terest and their ligands. Quantum chemistry methods have

proven to be a powerful tool to go in that direction, mainly

due to the improvement of density functional theory (DFT)

methods to describe intermolecular interactions40.

The partial agonism of 5-substituted willardiines can be

used to understand the mechanisms of activation and desen-

sitization of AMPA receptors. It was proposed that the size

of the halogen substituent is directly involved in the modu-

lation of the binding site and, consequently, in the closure

of the lobes and activation of the ionic channel18–21. As a

matter of fact, results reported in Refs.16,35 have been piv-

otal to the understanding of the partial agonist mechanism in

iGluR2. However, it is not clear what is the protonation state

of the 5-substituted willardiine responsible for the activation

level observed in those works. Note that recently a reasonable

number of papers have showed that partial agonists probably

have different lobe orientations distributions, whose most sta-

ble crystal structures does not represent the entire mechanism

of channel activation (Refs.23,76–82 to cite just a few).

To fill this gap, we have performed DFT-dispersion cor-

rected calculations using the GGA-PBE-Grimme and LDA-

PWC-OBS exchange-correlation functionals to find out the

interaction energy profile of a set of 5-substituted willardi-

ines with GluR2. The main advantage of the methodology

proposed here is the possibility to evaluate what amino-acid

residues are more relevant to the stabilization of 5-substituted

willardiines, which can be useful for drug design. A molecu-

lar fractionation scheme (MFCC) has allowed us to infer that
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modifications in the region (ii), which define the specificity to

willardiines (γ-position of Glu), are prone to create new potent

agonists or antagonists83.

In summary, we have investigated the interactions among

5-substituted willardiines and the extended GluR2 binding

pocket using quantum chemistry calculations. We also

demonstrate the necessity of taking into account a larger bind-

ing pocket size, including more distant amino-acid residues

in order to obtain a good correlation between experimental

and simulation data. After a convergence study on the size

of the binding pocket sphere, we have taken into account all

ligans-residue interactions within a radius of 12 Å from the lig-

and. Observe that FW , BrW , and IW have significant charged

states at physiological pH. We tried to take this into account,

but unfortunately we did not achieve a proper computer con-

vergence of their total binding energies. Notwithstanding, it

was already shown that uncharged protonation state is a pos-

sible representation of the molecule at physiological pH64–66.

Our results suggest that the protonation state with uncharged

uracil ring can represent the partial agonist effect on iGluR2

of the studied willardines. For willardiine-GluR2 complexes,

the most important residues affecting the binding mechanism

are: L650, E402, K656, T702 and E468. Significant energy

contributions to the ligand binding also originate from other

residues, following the sequence E705 > R485 > S654 >

Y450 > T655 (in order of binding strength), as well as the

interaction with M708.
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