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ABSTRACT: Binding of argiotoxin in the closed state of Ca*’-permeable AMPA
receptor channels was studied using electrophysiological and molecular modeling
approaches. Experimental study unambiguously revealed that argiotoxin is trapped in the
closed AMPA receptor channels after agonist dissociation. Docking of the argiotoxin to
the channel model based on recently published X-ray structure demonstrated that the
drug can be effectively accommodated in the cavity of the closed channel only if the
terminal moiety of the molecule penetrates in the narrow portion of the pore below the
selectivity filter. Combining these results, we conclude that the selectivity filter of the
AMPA receptor channels is not sterically occluded in the closed state.

Ionotropic glutamate receptors are ligand-gated ion channels
that mediate the postsynaptic current in response to a
neurotransmitter binding. However, it was shown that the
glutamate-gated ion channels differ markedly from nicotinic
acetylcholine receptors and GABA, receptors. It was also
demonstrated that glutamate-gated channels are homologous to
the family of P-loop channels, which includes potassium,
sodium, and calcium channels." While the general similarity
between glutamate-gated channels and other members of the
superfamily is commonly accepted, the degree of resemblance
among the channels is still being discussed; in particular, under
question is how similar the mechanisms of gating are. Some
studies have provided evidence in favor of a rather close
resemblance,” whereas other investigations have revealed
obvious differences.>* Recent crystallization of the AMPAR
channel clearly demonstrated a remarkable similarity between
the closed states of the K KcsA channel and the AMPAR
channel.®

However, the structure of an open AMPAR channel is still
unknown, and it remains impossible to draw any conclusions
on the similarity between the open states. In such circum-
stances, the exact mechanisms of AMPAR channel gating
remain unclear. Because a tight bundle of the C-halves of the
M3 segments unambiguously corresponds to a closed gate, the
diverging of these segments during gating seems clear. This
gating mechanism agrees with numerous mutational studies and
with the data on use-dependent drug binding.°"® However, it
should be noted that K channels are also gated at the level of
the selectivity filter.">"" Most likely, gating at the selectivity
filter corresponds to the C-type inactivation of the K'
channels."? Recently, a coupling between the gates at the S6
segments’ level and at the level of the selectivity filter has been
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revealed."> Some studies have also suggested gating of
ionotropic glutamate receptors at the level of the selectivity
filter.'*"> Unfortunately, the selectivity filter region is not
resolved in the available X-ray structure of the AMPAR channel,
and we cannot judge if it is in a conducting or nonconducting
state while the channel is closed. In the absence of X-ray data
on the conformation of the selectivity filter, indirect approaches
can be used. Herein, we report the results of molecular
modeling of argiotoxin binding to the AMPAR channel in
combination with electrophysiological analysis of the mecha-
nism of argiotoxin action. The toxin was initially isolated from
the venom of Argiope lobata spider, and it was found that
argiotoxin blocks the ion channels of postsynaptic glutamate
receptors in insect neuromuscular junction and also blocks
mammalian ionotropic glutamate receptors."®'” This poly-
amine-containing toxin was used as a pharmacological tool in
several studies, and many synthetic derivatives were synthesized
and tested in order to analyze their structure—activity
relationships and to reveal topography of the binding sites in
the NMDAR and AMPAR channels.'®>® Being a large-size
molecule, the argiotoxin is suitable for the present study of the
closed AMPAR channel because it allows us to reveal the steric
limitations of binding in the channel cavity.

B MATERIALS AND METHODS

Wistar rats (12—17 days old) were anesthetized with urethane
and then decapitated. Maximum efforts were made to minimize
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Figure 1. Action of argiotoxin on the Ca®*-permeable AMPA receptor channels in giant striatal interneurons. (A) At —80 mV holding voltage the
kainate-evoked current (1) is blocked by 0.5 uM argiotoxin (2). The inhibition is reversible (3). (B) Voltage dependence of the AMPAR inhibition
by 0.5 uM argiotoxin. A negligible block at positive voltages suggests the lack of a voltage-independent action. (C) Trapping of argiotoxin in a closed
AMPAR channel. The initial response to kainate (1) is 75% blocked by 0.5 M of argiotoxin (2). Next, both kainate and the toxin are removed (3).
The testing response to kainate (4) after S min has a fast onset to a level almost equal to the equilibrium response at the end of stage 2. The
development of a further response has slow kinetics, which reflects the argiotoxin unbinding after channel opening. The fact that no recovery from
the block was observed during S min in the absence of kainate strongly suggests the trapping of argiotoxin in the closed AMPAR channels. (D)
Superimposition of the made from the same cell recordings of the trapping protocol (panel C, stages 3 and 4) and of the recovery from argiotoxin-
induced block in the presence of kainate (panel A, stages 2 and 3). The kinetics of recovery in these experiments coincides.

the number and sufferings of animals used. The rats’ brains
were removed quickly and cooled to 2—4 °C in an ice bath.
Transverse striatal slices (250 #M thick) were prepared using a
vibratome (Campden Instruments Ltd., Loughborough, UK)
and stored in a solution containing (in mM): NaCl 124, KCI S,
CaCl, 1.3, MgCl, 2.0, NaHCO; 26, NaH,PO, 1.24, p-glucose
10, aerated with carbogen (95% O,, 5% CO,). Single neurons
were freed from slices by vibrodissociation. Antagonism of
Ca’*-permeable AMPAR was studied on striatal giant
interneurons, which were identified by their shape and size.
They have a large (>25 ym) soma of polygonal shape, whereas
principal cells are significantly smaller and almost spherical. All
experiments were performed at room temperature (22—24 °C).
The whole-cell patch clamp technique was used for recording
membrane currents generated in response to applications of
100 uM kainate. Currents were recorded using an EPC-8
amplifier (HEKA Electronics, Lambrecht, Germany), filtered at
S kHz, sampled, and stored on a personal computer. Drugs
were applied using the RSC-200 perfusion system (BioLogic
Science Instruments, Claix, France) under computer control.
The extracellular solution contained (in mM): NaCl 143, KCI
S, MgCl, 2.0, CaCl, 2.5, p-glucose 18, HEPES 10 (pH was
adjusted to 7.3 with HCI). The pipet solution contained (in
mM): CsF 100, CsCl 40, NaCl S, CaCl, 0.5, EGTA 5, HEPES
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10 (pH was adjusted to 7.2 with CsOH). Drugs were purchased
from Sigma. All experimental data are presented as means & SD
estimated from at least four experiments.

All calculations were performed using the ZMM program.
The nonbonded energy was calculated using the AMBER force
field”” with a cutoff distance of 8 A, and the hydration energy
was calculated using the implicit solvent method.*® Electrostatic
interactions were calculated using the distance-dependent
dielectric function, and the atomic charges of argiotoxin were
calculated by the semiempirical method AM1*° using MOPAC.
The MCM method® was used to optimize the model. During
energy minimizations, alpha carbons of the P-helices were
constrained to corresponding positions of the template using
pins. A pin is a flat-bottom energy function, which allows an
atom to deviate penalty-free up to 1 A from the template and
imposes a penalty of 10 kcal mol™! A~ for deviations >1 A. The
model was MC-minimized until 2000 consecutive minimiza-
tions did not decrease the energy of the apparent global
minimum.

B RESULTS

Experimental Analysis. The action of the argiotoxin on
the AMPAR channel has been the subject of many studies,>"
and it was demonstrated that argiotoxin selectively blocks Ca’*-
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Figure 2. Modeling of the AMPAR channel. (A) Aligned sequences of KcsA K" and AMPAR channels. Position of the selectivity filter residues (Q/R
site) is marked by “!”. Position of homologous Trp67 in KcsA and TrpS87 in AMPAR is marked by “+”. Position of the closed gate (Thr617 and
Thr107) is marked by #. (B) Superimposition of the KcsA (PDB code 1BL8) and GluRB (PDB code 3KG2) structures. Structural alignment was
performed by minimizing rmsd of the inner helix alpha carbons. With this alignment, the pore helix of GluRB appears to be shifted by one turn
relative to the position in KcsA and other potassium channels. This is reflected in the location of Trp578 relative to the homologous Trp67 in KcsA.
(C) Superimposition of the X-ray structure of GluRB and its model. The selectivity filter (GInS86) in the X-ray is shown by thin sticks. In the model,
the side chains (thick sticks) were assumed to form the cyclic motif due to the intersubunit H-bonds.

permeable GluA2-lacking AMPAR channels. The action was
found to be voltage- and use-dependent, suggesting open
channel block as the primary mechanism of action. The fact
that mutations at the Q/R site control the argiotoxin sensitivity
confirmed this view. For many AMPAR channel blockers, the
trapping mechanism was proven.>”*> These compounds can
enter the AMPAR channel only when it is in an open state.
However, after the channel has closed, the blocking molecules
remain trapped in the closed channel and cannot leave until it
opens again.

Initially, we analyzed the argiotoxin action on steady-state
currents evoked by an application of 100 uM weakly
desensitizing AMPAR agonist kainate (Figure 1A). The ICs,
value at —80 mV was estimated as 0.19 yM from the
concentration dependence of the block. In our experiments
argiotoxin blocked the AMPAR channel in a voltage-dependent
manner. The electrical depth of the binding site was estimated
from analysis of the action of 0.5 yM argiotoxin at different
holding voltages using the Woodhull model. Fitting the voltage
dependence data suggested a z§ value of 0.93 (Figure 1B).
These data are in agreement with previous studies.

Despite previous studies concerning the action of argiotoxin
on AMPAR channels, there is no unambiguous evidence of its
trapping in the closed channels. Therefore, we performed
experiments to address this point. Figure 1C shows the
experiment that revealed the trapping mechanism of the block.
After the recording of the control response to 100 uM kainate,
0.5 uM argiotoxin was applied for 90 s and produced a 71 + 7%
block. Next, both kainate and argiotoxin were simultaneously
removed from the solution. A testing kainate application was
performed after S min, and it was clearly seen that the recovery
from block during the interval between the removal of the toxin
and the kainate and the testing kainate application did not
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exceed 5%. The recovery from block developed during the
kainate testing application. A 64 + 9% recovery was reached
during 2 min of the kainate application. The data indicate that
recovery from argiotoxin block takes place only in the presence
of kainate, i.e., that the toxin molecule is trapped in the closed
AMPAR channel when kainate is removed.

It is possible that the binding mode of the toxin in a closed
channel differs from that in an open channel. In this case the
stability of the drug-channel complex should also depend on
the channel state. If it were so, the kinetics of recovery from
block would be different in the protocols shown in the Figure
1IA,C. In the continuous presence of an agonist the toxin is
bound predominantly to the open channels. In the trapping
protocol the toxin is bound to the closed channels. However,
the kinetics of recovery was found to be the same in both cases
(see Figure 1D). The time constant was 46 + 9 s in the
continuous presence of an agonist and 42 + 8 s in the trapping
protocol. Thus, our experiments do not support the idea of
significantly differing binding modes of argiotoxin in the open
and the closed states of the AMPAR channel.

Molecular Modeling. The AMPAR channel structure was
modeled according to the recent X-ray data.” The unresolved
selectivity filter residues were modeled according to our
previous studies,” which suggested a cyclic motif of the Q/R
site stabilized by the side chain to backbone intersubunit H-
bonds. The position of the Q/R site residues (GIn586) in the
X-ray structure® generally agrees with our prediction. Thus,
alpha carbons deviate from the prediction” by 2.1 A only. The
backbone carbonyl oxygen and side chains in the X-ray
structure are directed toward neighboring subunits, allowing
closure of the proposed” intersubunit H-bonds (Figure 2C). In
our model,” the backbone oxygen of Gly588 faces the pore and
Asp590 forms the intrasubunit bond with Trp578. It should be
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Table 1. Energetics of Different Binding Modes of Argiotoxin®

energy (kcal/mol)

argiotoxin binding model total intraligand intrareceptor ligand—receptor
channel model with wide selectivity filter
free docking (94) —2442 + 3 -7+x1 —-2393 £ 5 —45 £ 4
constrained docking (87) —2398 + 4 -S+2 —2360 + 4 =375
remote drug (66) —2426 + 3 -19+2 —2405 + 2 0
channel model with occluded selectivity filter

free docking (97) —2220 £ 3 -9 +2 —2174 + 4 —41 + 4
remote drug (84) -2217 + 4 -19+2 —2198 + 3 0

“The data are presented as mean = SD in the ensemble of low-energy structure obtained by the two-step optimization. The total numbers of

structures in the ensembles are shown in parentheses.

noted that in the AMPAR channel the X-ray position of Trp578
significantly differs from the position of the homologous Trp67
residue in the KcsA K* channel®* (Figure 2A,B). This obvious
difference does not agree with the strong similarity between
AMPAR and K' channels claimed by Sobolevsky and
colleagues.” From the comparison of the X-ray structures, it
seems that the entire pore helix (helical part of M2) is shifted
about 1 helix turn from the position seen in the K" channels. As
noted by the authors,® “Within the pore lays the M2 helix,
positioned largely on the basis of tube-shaped electron density
and the anomalous difference density peak from the SeMet-
labeled GIn 586 to Met (Q/R site) mutant.” Because of the
shift, the cavity in the AMPAR X-ray structure is larger than in
K* channel structure (Figure 2B). Since one of the goals of our
modeling was to estimate the steric limitations of drug binding
in the cavity of a closed AMPAR channel, we used the same
pore helix geometry as in the original AMPAR X-ray structure.”

The amino acid sequences of AMPAR channels are highly
conservative within the pore region. The key difference
determining pharmacological sensitivity and permeability is
Gln to Arg substitution in the selectivity filter (Q/R) site. GIn
residue provides Ca’* permeability as well as sensitivity to
cationic blockers including the argiotoxin." The positively
charged Arg residue in GluA2 subunit is responsible for low
channel conductance and Ca** permeability and for low
sensitivity to argiotoxin of the GluA2-containing AMPAR
channels. This validates the use of the AMPAR X-ray structure®
with the GInS86 residue for modeling of argiotoxin action on
the Ca’**-permeable AMPARS.

The model was optimized using the MCM protocol to find
unresolved side-chain conformations. The energetics of the
model with a remote argiotoxin molecule is shown in the Table
1. In these calculations the drug molecule was placed 50 A from
the channel to exclude the channel—drug interactions and to
find intrinsic energetically optimal conformations of both the
channel model and the drug. Next, the argiotoxin molecule
(Figure 3A) was placed in the central cavity. A total of 10 000
orientations of the toxin were randomly generated, and each
structure was optimized using the MCM protocol. During this
step, the backbone of the channel model was kept rigid to
prevent model disordering by high-energy contacts in the
randomly generated starting point. In the next step, the 100
lowest energy complexes found were further optimized with
variable backbone torsions of the model and bond angles of the
toxin. The low-energy structures found at the second stage of
optimization (all structures possessing energy within 10 kcal/
mol from the global energy minimum) were considered as
possible complex conformations. This two-stage MCM docking

8216

protocol provides effective exploration of the binding site and
allows finding the lowest energy binding modes of a drug.*®

Table 1 demonstrates that the intraligand and intrareceptor
energies in a complex are higher than in the situation with a
remote argiotoxin molecule. This is obvious because the drug—
channel interactions result in some deviations of the toxin
molecule and the channel from their optimal conformations.
However, the interaction energy compensates this increase of
internal energies. The total complex energy was found 17 kcal/
mol better than the energy of a system with a remote drug
molecule (Table 1). The list of residues significantly
contributing to the binding energy is shown in Figure 4A.
These residues form the internal shell of the channel cavity
(Figure 4B). The pattern of argiotoxin-sensing residues
revealed by the modeling agrees well with the results of the
SCAM**® and mutational experiments with glutamate receptor
channel blockers.>”*® In particular, one of the most
contributing residues is the GIn586 (Q/R site). In the GluA2
subinit, this position is occupied by Arg residue. The
electrostatic repulsion between the positively charged Arg
side chain, and the cationic toxin clearly explains the low
sensitivity of the GluA2-containing AMPAR to argiotoxin. The
residues L610, 1613, and T617 face the channel cavity in the X-
ray structure and significantly interact with the drug in our
argiotoxin binding model. Cys mutants in these positions are
labeled by MTS reagents in the absence of glutamate. More
surprising is high contribution of the W610, which face the
pore near the bottom of the cavity. This position is not labeled
in SCAM,” and it is not pore facing with the Kcsa-like positions
of the P-loops.

In all low-energy structures obtained, the toxin adopts a
semifolded conformation (Figure 3B). Carbonyl oxygens of the
toxin molecule form intramolecular H-bonds with one or two
amino groups. As a result of this H-bonding, the folded part of
the toxin molecule forms a “head” with polar groups buried and
the hydrophobic surface exposed. The head fills the channel
cavity and interacts with the hydrophobic pore-exposed side
chains. In all structures, the terminal guanidinium group was
not involved in the pattern of intramolecular H-bonds but
formed an extended “tail”. The tail permeated through the Q/R
site. and reached the ring of the pore-exposed oxygens
belonging to the GlyS88 residues (Figure 3B). This binding
mode is in agreement with our earlier proposals.”***° For our
study, it was important that a significant part of the argiotoxin
molecule bound in the closed channel was inside the narrow
channel part below the selectivity filter. In other words, for this
type of binding in a closed channel, it is necessary that the
selectivity filter must not be collapsed. Furthermore, the
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Figure 3. Docking of argiotoxin to the AMPAR channel model. (A)
Chemical structure of the argiotoxin. (B) Result of the unconstrained
docking (the lowest energy structure is shown). The folded headgroup
is accommodated in the cavity between the closed gate (Thr617) and
the selectivity filter (GInS86). The terminal charged group penetrates
deeper into the narrow channel portion and reaches the GlyS88. (C)
Result of constrained docking (the lowest-energy structure is shown).
The entire molecule was forced to remain between Thr617 and
GIn586 by a constraint.

8217

channel must be wide enough to accommodate the tail of the
toxin.

While the accommodation of the tail in the narrow channel
part was necessary for the energetically optimal binding mode
of argiotoxin found in our calculations, this could be an artificial
result because the conformation of the narrow part was
modeled without a precise X-ray template structure. To check
the possibility that argiotoxin could be accommodated in a
closed AMPAR channel without placing its tail in the narrow
part, we performed additional calculations.

To prevent the permeation of the terminal part of argiotoxin
molecule below the selectivity filter, we imposed an additional
constraint, which stopped the argiotoxin molecule from
crossing the plane of alpha carbons of GIn586. In the structure
obtained through the docking procedure, the drug molecule
was found completely folded (Figure 3C). In this binding
mode, the energy of the ligand—channel interaction was slightly
increased but remained negative (see Table 1). However, the
intrareceptor interactions became 47 kcal/mol higher. The
partitioning of the channel energy increase (Figure 4C,D)
shows that most of the changes occur for the residues that
surround the cavity and at the region of the gate (the C-part of
M3 segments). This is due to the steric limitations of the
channel cavity. To accommodate the entire argiotoxin molecule
in the cavity between the closed gate and the selectivity filter,
the channel must adopt an unfavorable conformation. As a
result, the total energy of the complex is 28 kcal/mol worse
than in the system with a remote drug.

To achieve this result, we imposed a limitation for argiotoxin
binding in the pore. To further check the possibility that an
entire molecule of argiotoxin can be accommodated in the
cavity of the closed channel between the closed gate and the
selectivity filter, we built a model with a sterically occluded
selectivity filter. In this model the side chains of GIn586 formed
a 16-membered cycle by side chain to side chain H-bonds. The
dimensions of this cycle are too small to accommodate the tail
of an argiotoxin molecule.

We optimized this model and docked the argiotoxin inside as
described above. As expected, in the resulting low-energy
structures the conformation of the argiotoxin molecule was
folded. Intraligand and intrareceptor energies were found to be
significantly higher compared to the situation with a remote
drug molecule (Table 1). It means that the placing of the toxin
inside the cavity forces the ligand and the channel to adopt
energetically unfavorable conformations. Essentially, the result
is the same as in the original model with a constraint preventing
the tail of the toxin molecule to penetrate the narrow part of
the channel (see Table 1).

Thus, our modeling results suggest that effective binding of
the argiotoxin molecule in the closed AMPAR channel is
possible only if the terminal part of the drug molecule
penetrates the narrow channel part through the selectivity filter.
Both attempts to dock the toxin molecule between the closed
gate (bundle of M3 helices) and the selectivity filter (GIn 586
ring) resulted in much worse energetics, reflecting the fact that
the central cavity of a closed channel is too small to
accommodate the argiotoxin molecule.

B DISCUSSION

In the present study we have demonstrated that argiotoxin,
which blocks the open AMPAR channel, is trapped in the
closed channel after agonist removal. Modeling the argiotoxin
binding to the closed channel using recently published X-ray
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Figure 4. Partitioned energy of the argiotoxin interaction with the closed AMPAR channel. (A) Contributions of the individual residues in the
argiotoxin—channel interactions as estimated from the unconstrained docking. (B) Spatial distributions of the residues, which contribute more than 2
kecal/mol. (C) Increase of the intrareceptor energy, partitioned by individual residues as estimated from the constrained docking. (D) Spatial
distribution of the residues, with energies increased more than 0.5 kcal/mol.

data suggested that effective binding of the argiotoxin in the
closed AMPAR channel is possible only if the terminal
guanidinium group of the drug penetrates into the narrow
part of the channel below the selectivity filter. Taken together,
the results suggest that the selectivity filter in the AMPAR
channel is not sterically occluded when the channel is in the
closed state.

In this work we assumed that the trapping blocking molecule
does not prevent closure of the activation gate and that the
cavity of the closed channel is large enough to accommodate
the molecule. Such binding mode has been revealed for
tetrabutylammonium in the closed KcsA channel.** Contrary,
significant interaction with the channel gating machinery is
believed to be responsible for the “foot-in-the-door” mecha-
nism of blockade. In principle, it is possible that the binding
energy of argiotoxin in the closed AMPAR channel is weak, but
the drug remains trapped simply because the closed gate
occludes the exit pathway. If it were so, after the channel
reopening the toxin would quickly leave the channel. However,
recovery from block in trapping protocol was not faster than in
the continuous presence of an agonist (see Figure 1D). This
finding indicates that the closing of the AMPAR channel gate
does not force the argiotoxin to adopt a low-energy binding
mode and supports our conclusion.

We did not consider the possibility that some argiotoxin
moieties could be located within the constriction of the M3
helices. The closed conformation of P-loop channels is
stabilized in particular by tight interactions in the bundle of
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M3 helices.* During the initial optimization of the AMPAR
model we also found strong stabilizing contacts in the M3
segments. Our calculation demonstrated that location of
argiotoxin moieties within the constriction of M3 helices
without displacing of the helices and destabilizing of the closed
channel conformation is impossible. It should be noted that
even single mutation in the M3 bundle destabilizes the closed
channel significantly and results in spontaneous opening.>*’
Certainly, by ruling out alternative models, we cannot
ultimately prove our model of argiotoxin binding. Such strong
conclusions come only from direct experiments. However, in
the absence of direct data the analysis of different possibilities
using molecular modeling allows to find the most probable
model, which can serve as working hypothesis for further
studies.

For our analysis, we selected argiotoxin because of the large
size of its molecule. For smaller ligands, for example for
philanthotoxin-343 or IEM-1925, modeling does not provide
strong evidence. Small molecules can be forced to stay entirely
in the cavity without steric hindrances. Conversely, the large
size of the argiotoxin molecule makes it a sensitive probe for
the dimensions of the cavity of a closed AMPAR channel.
Comparing the available X-ray structures of the closed AMPAR
channel and the KcsA K" channel, we found significant
difference in the positioning of the P-loops. The KcsA channel
has been crystallized many times at different conditions. The P-
loops in all available X-ray structures of the K" channels are
very similar. The cause of the difference could be the limited
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resolution of the AMPAR channel structure, or it could reflect a
real structural difference between the channels. This important
question requires further investigation. In our study we
modeled the P-loops (M2 segments in glutamate receptors)
as in the original work.’ This choice does not affect our
conclusions because in this case the central cavity is larger than
in the KcsA structure. For a KcsA-like position of the P-loops
our conclusion that the argiotoxin poorly fits the cavity of the
closed channel would be even stronger.

Our present findings about the binding mode of argiotoxin in
the closed AMPAR channel provide a new insight into our
understanding of currently unresolved elements of the AMPAR
channel structure and its mechanism of gating. Such knowledge
is important for design of specific biochemical tools. It should
be noted that our results do not rule out AMPAR gating at the
level of the selectivity filter because the gating conformational
changes do not necessarily involve steric pore occlusion. A
disruption of the permeable conformation of the selectivity
filter causing channel impermeability would be more likely.'>"?
We conclude that if any gating changes in the selectivity filter of
AMPAR take place, they should be of similar character.
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