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ABSTRACT. Guanine nucleotides behave as competitive antagonists at ionotropic glutamate receptors and
show neuroprotective activity in different experimental excitotoxicity paradigms, both in vivo and in
cultured cell preparations. Taking-6MP as the reference nucleotide, we have tried to understand how
these molecules interact with the agonist-binding site of the GluR#nino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA) receptor. Using a crystallographic model of the ligand-binding core of the
GIuR2 receptor in complex with kainate, we have previously analyzed the structural changes associated
to the binding of agonists to the receptor and suggested a mechanism for the coupling of agonist binding
to channel gating. In the present investigation we used the structure of the apo form of the receptor to
probe the primary interactions between GMP and GluR2 by means of an automated docking program. A
targeted molecular dynamics (TMD) simulation procedure was subsequently used to force the closing of
the protein and to study the rearrangement of the ligand and surrounding amino acids. The resulting
structure provides a plausible model of the nuclecticceptor complex. Indirect support for the validity

of our approach was obtained when the same methodology was shown to yield structures of the kainate
GIuR2 and 6,7-dinitroquinoxaline-2,3-dione (DNQXEIuR2 complexes that were in very good agreement
with the published crystallographic structures. Both the stacking interaction between the phenyl ring of
Tyr73 and the purine ring of GMP and a salt bridge between the phosphate group of GMP and Arg108
in the S1 domain, together with several hydrogen bonds, are proposed to secure the anchoring of GMP
to the agonist-binding site. Unlike conventional competitive antagonists, such as DNQX, occupancy of
the site by GMP still allows receptor segments S1 and S2 to close tightly around GMP without interacting
with the critical residue Glu209 that triggers channel opening. Thus, GMP appears to be rather a false
agonist than a competitive antagonist. This fact and the nature of the energy barriers that stabilize GMP
bound to the closed form of the receptor provide an explanation for the unusual behavior of some guanine
nucleotides in ligand-displacement experiments.

Excitotoxicity, associated with excessive glutamatergic  On one hand, in our previous studid${19), guanosine
activity, appears to be a consistent pathogenic factor in many5'-monophosphate (GMP) has been shown to behave as a
acute and chronic/degenerative disorders of the centralreliable glutamate antagonist and neuroprotectant, although
nervous system1j. Both abnormally high extracellular it is significantly less active than conventional synthetic
glutamate concentrations and alterations in receptor regula-competitive antagonists and it does not easily cross the
tion may contribute to the observed toxiciB~6). The use blood—brain barrier. On the other hand, GMP is not toxic
of glutamate antagonists has then been proposed as ger se, and it has the additional advantage over GDP, GTP,
potential therapeutic tool to help to control glutamate receptor and their analogues in that it does not interfere with cell-
hyperactivation, 7). Results from binding experiments have signaling mechanisms involving G-proteins and other GT-
consistently shown that guanine nucleotides (GMHs3 able Pases. Taken together, these findings support the desirability
to displace receptor-bound glutamate agonists and antagonistsf designing new nonnucleotidic compounds that interact
(8—11). Pharmacologically, GNs do indeed behave as with ionotropic glutamate receptors in the same way as GMP
competitive glutamate antagonists at ionotropic glutamate does.
receptors (iGluRs12—16) and display striking neuropro- We have recently used a crystallographic structure of the
tective activity in different experimental excitotoxicity ~GIluR2 AMPA receptorZ0) to analyze the structural changes
paradigms, both in vivo and in tissue cultuer{19).
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associated to the binding of agonists to the receptor, and wecharge of the system that includes the protein and the
have proposed a plausible mechanism for the coupling of corresponding ligand. The counterions were placed in a shell
agonist binding to channel gating1). We then thoughtthat  around the system using a Coulombic potential in a grid.
this model could also be advantageous to predict the structureThe neutral complex was then immersed in a truncated
of the GIUR2 receptor when bound to GMP and to identify octahedron solvent box, keeping a distant8 & between

the critical residues involved in the specific recognition of the wall of the box and the closest atom of the solute. The
this nucleotide. However, in the case of receptors such ascounterions and the solvent were added using the LEAP
GluR2, in which the interaction of the ligand takes place, in module of AMBER. Initial relaxation of each complex was

a first step, with a different conformation of the receptor achieved by performing 10000 steps of energy minimization
(generally an “open” form), and then the complex undergoes using a cutoff of 10.0 A. Subsequently, and to start the MD
a conformational change that stabilizes a “closed” form of simulations, the temperature was raised from 0 to 298 K in
the ligand-receptor complex, the use of this methodology a 200 ps heating phase, and velocities were reassigned at
is not straightforward. We have then resorted to a two-step each new temperature according to a Maxw@&bltzmann
computational approach that first uses automated dockingdistribution. During this period, the positions of the.@oms
methods on the open form of the receptor and then is of the solute were restrained with a force constant of 20
followed by TMD simulations so as to induce the confor- kcakmol-2-A~1. In a second phase, lasting 100 ps, the force
mational change that leads to the final configuration of the constant was reduced stepwise. Finally, the system was
complex. For control purposes, the validity of this approach allowed to relax in the absence of restraints (UMD) for 100
has been tested on a well-known agonist (kainate) and aps. The TMD simulations were then performed by adding
typical competitive antagonist (DNQX), each of which forms an additional penalty term to the energy function:

a distinct complex with the GIuR2 ligand-binding core that

has been characterized by X-ray crystallograp®g, 22). E =",Kn(R — Ry’

Its subsequent application to GMP has allowed us to propose ) .

the structure of GMP-bound GIuR2 and to identify putative WhereKis the force constantyis the number of atoms used
critical residues involved in the specific recognition of this s templateR, is the current rmsd, ang is the value of
nucleotide by the receptor. We believe that the information the target rmsd. The € atoms of the closed form of the
obtained can be of help in the design of nucleotide surrogatesS1S2 GIUR2 construct (Protein Data Bank code 1GR2) were
that share the low toxicity of GMP, having similar or higher used as the template. Since TMD, in this implementation,
antiexcitotoxic activity, while at the same time being able requires a reference structure with exactly the same number

to reach higher concentrations in brain tissues. of atoms as the system of interest, and the crystal structure
lacks two loops (residues 3U5 and 129-143), we have

MATERIALS AND METHODS used our previously model-built structur2l} to which we
added the counterions and water molecules, in the way

Experimental Methods explained above, following the replacement of kainate by

either DNQX or GMP as required. The target rmsd value
was set to 0.0, and the force constant for the TMD was
progressively increased (0.05 keabl~1-A~1 per run) during
10 consecutive runs of 25 ps each. The mean penalty energy
was monitored every 25 ps. In the case of the GitRB2P
complex, two UMD simulations of 1 ns each were performed
using as initial conformation either the final structure of the
TMD trajectory or an intermediate “snapshot”. The SHAKE
algorithm was used throughout to constrain all bonds
involving hydrogens to their equilibrium values so that an
integration time step of 2 fs could be employed. The list of
Docking Studies.A docking exploration with AU- nonbonded pairs was updated every 25 steps, and coordinates
TODOCK 3.0 @4) was performed for the three ligands Wwere saved every 2 ps. Periodic boundary conditions were
examined. This program allows full flexibility in the ligands, applied, and electrostatic interactions were represented using
while keeping the geometry of the receptor frozen. The the smooth particle mesh Ewald method with a grid spacing
exploration of docking positions was carried out through 100 of ~1 A. Residue numbers referred to in this work cor-
runs of the Lamarckian genetic algorithm, using the AU- respond to those in the S1S2 GIuR2 construct (PDB 1GR2
TODOCK default parameters. The resulting docking posi- file).
tions were clustered according to an rmsd criterion of 1 A.
The docking exploration was restricted to the region corre- RESULTS AND DISCUSSION
sponding to the cleft between the two subdomains that make Experimental Results: Nonreciprocal Displacement of
up the ligand-binding core. Kainate, CNQX/DNQX, and GMP in Chick Cerebellar
Molecular Dynamics SimulationdMolecular dynamics Membranes.Some years ago, when carrying out ligand-
(MD) simulations were performed using the SANDER binding displacement experiments withi[kainate andJH]-
module of AMBERS8 and the parm94 parameter 88}.(The GppNHp, in chick cerebellar membranes, we found that
open form of the GIUR2 receptor that we reported previously while GNs consistently displaced the binding of both ligands
(21) was used as input for the MD simulations. An adequate in a purely competitive fashion, neither kainate nor glutamate,
number of CI ions were added to neutralize the net positive even at high concentrations, would displace boutidi-[

Binding experiments with chick cerebellar membranes
were carried out exactly as described previougB),(using
[®H]kainate (NEN Life Science NET875, 58 Ci/mmoBRH]-
CNQX (NEN NET1022, 17.27 Ci/mmol), andH]|GMP
(Sigma G5662, 10.4 Ci/mmol) as radioactive ligands and
unlabeled kainate, DNQX, and GMP as displacers, at
concentrations in the 10 to 102 M range. 1G¢s were
calculated from SigmaPlot 7 built-in logistic equations.

Computational Methods
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a Tritiated kainate, CNQX (a close analogue of DNQX), and GMP @
were displaced with varying concentrations of unlabeled drugs (ranging ‘g
from 107° to 102 M) and the IGes calculated from the displacement  » 20 |
curves by use of SigmaPlot 7 software. Results shown are the mean oig
two determinations with duplicate samples.

Docking energy

J 0
_ . . < GMP
GppNHp @3). Prior to checking whether the computational 50 1

approach that we have outlined above to explore the 49
interactions between GMP and GluR2 could throw some light

on this unexpected behavior, we have repeated the experi- i e

ments in detail but using®iflGMP as the tritiated GN and 20 e
including conventional competitive antagonists in the analy- 10 | |_|

sis. Table 1 fully confirms this nonreciprocal displacement 0 = ﬂ = e o [ 14

pattern that distinguishes GMP from both agonists and 2 4 6 8 10 12

proven competitive antagonists. An explanation for this Cluster number

behavior, that takes into account the results of our TMD ggure 1: Docking of kainate, DNQX, and GMP to the open
simulations, is suggested later in this section. conformation of GIuR2. The resulting structures after docking were

Automated DockingThe open form of the GIuR2 ligand-  clustered according to an rmsd criterion of 1 A. Bars represent the
binding core, as previously obtained from a MD trajectory Number Off St”r’ft‘fref '”.C'“dled o eva.ch cluster. The mean docking
simulating S+S2 domain separation2{), was used to energy of each cluster is also showd)(
automatically dock GMP and analyze its interaction with the phosphate group of GMP, respectively. For both kainate and
receptor. Both kainate (a rigid analogue of glutamate with DNQX this interaction has been described in the X-ray
agonistic properties) and DNQX (a typical competitive crystal structures of the respective complex2; £2). The
antagonist), whose binding to the receptor has been structurtydrogen bond observed between the amino group of docked
ally characterized?2), were studied in parallel so as to check kainate and the amide carbonyl oxygen of Pro101 is also in
program performance and establish functional comparisonsagreement with the crystallographic structure of the GlR2
with GMP. kainate complex40). Ligand recognition by the GIluR2 S1

After 100 docking runs, the results were clustered using a domain through the guanidinium group of Arg108 in an open
rmsd tolerance of 1.0 A, and the mean docking energy of conformation is consistent with our previous results obtained
each cluster was measured. Figure 1 shows the energyduring the study of the structural changes associated to the
profiles and cluster distributions (only for the first 12 clusters) binding of agonists to the recepta2l), which suggested
obtained for kainate, DNQX, and GMP, respectively. In all that the primary interactions between glutamate or kainate
cases the most populated cluster was also that with the lowestind the open form are established with this domain.
docking energy. It must be noted that, in the open structure, The crystal structure of the GIURDNQX complex shows
that was used for docking, the binding site is not arranged a strong electronic density at the base of helix2B) (that
as in the final conformation of the complex but consists rather has been attributed to the presence of a sulfate ion, based
of a charged pocket in the S1 domain that the ligand on its tetrahedral shape and intensity. This anion interacts
recognizes prior to promoting the closure of the domains with the protein mimicking the interactions of the anionic
(21). An analysis of the docking energy for the structures groups of the agonists with helix F. Taking into account the
belonging to the most favorable cluster shows a predomi- presence of a phosphate group in the GMP, and the
nance of the electrostatic term over the van der Waals homology between the two anions sulfate and phosphate,
contributions, which can be explained by the structural we have placed a phosphate ion in the GIHRIENQX
considerations described below. complex using the GRID26) program with a negative probe.

Figure 2 shows the location and orientation of the best Figure 2b shows the phosphate group, after 10000 steps of
solutions for bound kainate, DNQX, and GMP in the GIuR2 minimization, in a position close to that found for the sulfate
ligand-binding core. The ligands are placed in the cleft in the crystal structure.
separating the S1 and S2 domains. For all three ligands, most Molecular Dynamics Simulation3.o study the behavior
of the contacts are with residues in the S1 domain. The of the GIuR2 ligand-binding core in the presence of the
strongest interaction, in all cases, is the salt bridge betweendifferent ligands, TMD simulations of the three complexes
the guanidinium group of Arg108 in S1 and thecarboxy- were undertaken. The closing of the domain was forced using
late of kainate, the two keto groups of DNQX, or the the previously adopted closed structure of the GluR&nate
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Ficure 3: Domain closure of GIuR2 along the TMD trajectory.
Closure was monitored by measuring the distance between C

atoms of residues Arg108 and Ser158. Key: GluR2/kainate (gray),
GIUR2/DNQX (dark gray), and GIuUR2/GMP (black).

hydroxyl group of Thrl59, on the other side. These two
residues are located at the N-terminus of the F helix in the
S2 domain. The kainate amino group forms two hydrogen
bonds, one with the carboxylate of Glu209 and another with
the carbonyl oxygen of Pro101.

In the case of the DNQX complex (Figure 3), closure of
the domains is also fast, but the interdomain distance reaches
a value of~13 A, in good agreement with the 12.0 A
measured in the crystallographic structure of the GliR2
DNQX complex £2) and much higher than that correspond-
ing to the closed form in the presence of kain&6)(The
rmsd of the average structure from the last 400 ps of the
MD simulation with respect to the crystallographic structure
is 2.8 A, but this relatively high value is mostly a conse-
guence of a different pivoting motion of the S1 and S2
domains with respect to each other, probably as a conse-
guence of the different link used in the construct. In addition
to the electrostatic interaction with Arg108 described above,
DNQX is stabilized by a stacking interaction between its
quinoxalinedione ring and the aromatic ring of Tyr73, as
well as by a hydrogen bond between one of the nitro groups
FiGURE 2: Schematic representation of the most favorable dockin and the hydroxyl group of Thr190, both described in the
structure of kainate, DI\FI)QX, and GMP in the open conformationg prys_tallographlc cpmple><_2@): The pOSItlon.of the phosph_ate
of GIURZ. ion incorporated in the initial conformation is placed in a

position analogous to that of the sulfate ion in the crystal-
complex as the targe2{). The simulations were performed lographic struc.ture. The superpositio_ns of crystal structures
in the presence of explicit water, and no additional restric- Of the GIUR2, in the presence of kainate and DNQX, and
tions were imposed. Figure 3 shows the degree of domainthe respective snapshots obtained upon completion of the
closure, along the simulation time, monitored as the distance TMD procedure are shown in Figure 4. The good overall
between the @ atoms of residues Ser158 and Arg108, which agreement between the simulated and crystallographic struc-
are located in different domains at the interface and are bothtures of the kainate and DNQX complexes supports the
involved in kainate binding. validity of this approach.

In the case of the kainate complex (Figure 3), closing of Domain closure in the presence of GMP shows quite a
the domains happens very rapidly. Before 50 ps the inter- different behavior (Figure 3). In a first step, the two domains
domain distance reaches values very close to those found irreach a degree of closure similar to that found in the DNQX
the three-dimensional structure of the crystallographic kain- complex, but after 100 ps, further closing of the domains
ate-GIluR2 ligand-binding core complex. The rmsd between takes place such that final values similar to those found in
the average structure from the last 100 ps and the crystal-the kainate complex are reached and maintained for the rest
lographic structure is only 1.4 A. Most of the interactions of the simulation. Even though TMD is not an appropriate
that stabilize bound kainate in the closed form can be found method to analyze changes in the energy profile along the
in this simulated average structure, including the hydrogen conformational transition pathway, we can obtain information
bonds between the 3-carboxymethyl group of kainate, on oneabout this behavior by monitoring the constraint energy
side, and the NH groups of Serl58 and Thr159, and the during the TMD simulation (Figure 5). This energy provides
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GluR2/Kainate GIURZ/DNQX

Ficure 4: Comparison between crystal structures (blue) of GIuR2, in the presence of kainate and DNQX, and the snapshots obtained after
TMD (yellow).
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o 50 100 150 200 250 Ficure 6: Domain closure of GIuR2 along the UMD trajectory.
Time (ps) UMD was started from the intermediate conformation (gray) and

from the final conformation (dark gray) of the TMD trajectory

Ficure 5: Evolution of the constraint energy along the TMD (black). Closure was measured as in Figure 3.

trajectory: GluR2/kainate (circles), GIuR2/DNQX (squares), and
GIuR2/GMP (triangles).

a qualitative estimate of the resistance of the system to adopt
the target conformation so that any increments in this value
can be interpreted as reflections of the existence of an energy
barrier that the system must overcome. Once the energy
barrier is surpassed, the system evolves without resistance
and the penalty energy decreases. In the case of the GIuR2
kainate complex a low energy barrier could be detected
between the open and the closed conformations. For force ~7]
constant values higher than 0.2 keabnt*-mol~* (once the -
closed conformation has been reached) the energy constrain
increased in a linear fashion. In the case of the GlR2
DNQX complex, no local energy minimum could be
detected. After a sharp increase, similar to that observed in
the case of the GluR2kainate complex, the constraint
energy increased linearly. Interestingly, an energy barrier
quite higher than that observed for the GluRé&inate FIGURE 7: Cartoon representation of the proposed structure of the
complex was found during the domain closure motion of GluR2-GMP complex.

GluR2 in the presence of the GMP. This result suggests that

the intermediate GIuR2 conformation behaves as a transitionused as the starting point, thus supporting the view that this
state and is therefore unstable. To check this possibility, form is unstable. The stable conformation of the GlaR2
UMD simulations were performed using as starting points GMP complex seems to be the closed form obtained at the
the intermediate and the final conformations obtained from end of the TMD procedure.

the TMD in the presence of GMP (Figure 6). The degree of GMP Binding SiteThe GluR2-GMP complex, in its final
opening of the GIluUR2GMP complex remained constant conformation (Figure 7), is stabilized by several interactions
during the simulation when the simulation started from this with residues belonging to both the S1 and S2 domains. GMP
final conformation. By contrast, the distance between the is almost completely buried in the cleft separating the S1
two domains increased until it reached values similar to thoseand S2 domains of the GIuR2 ligand-binding core. A stacking
of the open form when the intermediate conformation was interaction with the phenyl ring of the Tyr73 stabilizes the
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a)
Ser 156 . % Arg 108
Ser 158 L i
s Thr 189

Thr 189

Thr 190 Thr 190

Ficure 8: Residues involved in GMP binding to GIluR2. Hydrogen bonds between GMP and the residues of GIUR2 are seen as red dashed
lines in the stick representation (a). The van der Waals representation of the atoms (b) is also shown to highlight the stacking interaction
between the guanine moiety of GMP and Tyr73.

purine ring of GMP (Figure 8). A similar stacking interaction neither kainate nor glutamate would displace boutit]-[
involving Tyr73 and the quinoxalinedione planar moiety of GppNHp from chick cerebellar membran@8); At that time
DNQX has been found in the complex of this antagonist we were at a loss to explain this lack of reciprocity, especially
with GIUR2 @2). taking into account that GNs behave as pure competitive
GMP is also stabilized by hydrogen-bonding interactions kainate displacer2@). We have now repeated these experi-
involving several residues (Figure 8a). The negative molec- ments with fH]JGMP, including well-known competitive
ular electrostatic potential emanating from the phosphate antagonists in the cross-comparisons, and obtained identical
group allows the formation of a strong salt bridge with results (Table 1). Interestingly, the behavior of the GMP
Arg108 as well as several hydrogen bonds with polar residues(S1S2)GIuR2 complex described above offers a simple but
Serl156 and Ser158. As in the case of the kainate complex,plausible explanation for this anomaly. The interaction of
these latter interactions take advantage of the macrodipolekainate and glutamate with the agonist-binding site, and
of the F helix to keep together the S1 and S2 domains. particularly with Glu209, triggers the opening of the ionic
Similar interactions have been found between the N-terminuschannel. In so doing, and as a result of the associated
of the F helix and the sulfate ion present in the crystal conformational change, the agonist is likely forced to leave
structure of the GIuUR2DNQX complex @2). The N7 and this site, which can then be occupied by other ligands in the
06 atoms of guanine (the negatively charged edge of thevicinity, including competitive antagonists and GNs. In
purine ring) interact with residues Thr189 and Thr190 at the contrast, the binding of GMP to the ligand-binding core of
N-terminus of the H helix in a similar way to that of the GIuR2, which does not involve a direct interaction with
N-terminus of the F helix. A similar interaction has been GIlu209 and is further strengthened by the existence of the
described for the 7-nitro moiety of the DNQX and the energy barrier revealed in the TMD experiments, appears to
hydroxyl group of Thr19022). result in a fairly stable complex that is not easily dissociated
Is GMP a True Antagonist®nlike what is observed in  in the presence of an excess of agonist or competitive
the complex with the synthetic antagonist, in the complex antagonist. This false agonist-like nature of GMP fully
between GMP and the GIuR2 ligand-binding core the degreeexplains its functional antagonism toward glutamate and
of closure is similar to that observed in the complexes with other excitotoxic drugs and also its neuroprotective activity.
agonists. However, GMP has no contact with the carboxylate This proposal paves the way for the design of new families
of the essential Glu209. Formation of a hydrogen bond of neuroprotective agents based on the molecular scaffold
between the amino group of agonists and the carboxylate ofand mode of interaction with iGluRs of the GMP mono-
this residue has been previously proposed as the triggeringnucleotide.
event for channel gating2Q). In the closed form of the
agonist-GIuR2 complexes, this interaction stabilizes the CONCLUSIONS
packing of structural elements that connect the ligand-binding . . . ) -~
core to the first transmembrane segment, which serves as a !N @ substantial number of proteins, including specific
dynamic link between the ligand-binding event and channel "eceptors, the ligand is buried in a closed-form binding site
gating. The unpacking of this region in the equally closed thatis generatgd during the complex formation. This situation
form of the GMP-GIUR2 complex would allow GMP to hamp_ers the dlrgct use of_structura! data from the pharma-
behave as a false agonist, and this fact, together with thecological target in the design of active compounds.
energy barrier described in Figure 5, would account for the In this work we present an approach that circumvents this
unusual pharmacological behavior of this ligand in binding limitation by using the open structure of the apo form of
experiments: whereas the displacement of iGIUR agoniststhese receptor proteins to determine the primary interactions
and competitive antagonists by GNs is already an establishedbetween the ligand and the target molecule by automated
fact 8—11), some years ago we found, to our surprise, that docking procedures. A subsequent molecular dynamics
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simulation under conditions that favor the closing of the
ligand-binding cleft and the rearrangement of ligand and
surrounding protein residues is used to yield a good ap-
proximation to the structure of the closed structure of the
complex. The good agreement found between our simulated 13
complexes and those experimentally solved for the kainate
GluR2 and DNQX-GIuR2 complexes supports the validity
of this approach.

The application of this method to the study of GMP
binding to the ligand-binding core of the GIuR2 ionotropic
glutamate receptor can aid in pointing out the critical residues
involved in the specific recognition of this mononucleotide.

Furthermore, our simulations have suggested a plausible

explanation that accounts for the unusual pharmacological
behavior of this ligand. We expect that this information will
now be used to design alternative molecular scaffolds that,
while sharing the low toxicity of GMP, may be more active

and able to achieve higher concentrations in brain tissues.
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