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Ligand-gated ion channels perform a re-
markable feat: by coupling ligand binding to
the opening of an electrical pore, they are
able to unleash a flood of ions and decode
chemical signals into appropriate electrical
responses. Mapping out the precise confor-
mational changes in this process for each
type of receptor is challenging, but in the
case of the ionotropic glutamate receptor
(iGluR), our understanding has advanced
considerably in the last decade. The iGluR
family is composed of AMPA, kainate,
NMDA, and delta subtypes, with a func-
tional channel being composed of four sub-
units of a single type arranged as a dimer of
dimers. How these individual subunits
work together in a dimer is represented in
Hansen et al. (2009) (their Fig. 7b). Essen-
tially, each subunit possesses a clamshell-
like agonist-binding domain (ABD) and is
braced against its partner along the inner in-
terface of the dimers. Agonist binding forces
each subunit to “choose” a reaction: either
the lower domain swings up in a move
thought to pull open the channel’s pore, or

the upper jaw drops down, breaking the
dimer interface in a motion believed to in-
activate the channel despite the continued
presence of the agonist. At present, it seems
that members of the iGluR family roughly fit
into this framework.

However, in many families there is a
black sheep, and in the family of iGluRs, it is
the enigmatic delta subunits Glu�1 and �2.
Though classed as glutamate or glutamate-
like receptors because of their relatively high
amino acid sequence identity to other fam-
ily members, the delta subunits stand apart
from other glutamate receptors in two im-
portant respects. First and most striking,
they do not bind glutamate. Second, the best
described role of Glu�2 (in long-term de-
pression of parallel fiber inputs onto Pur-
kinje cells) does not require the binding of
any glutamate analogs (Yuzaki, 2005) or the
ability to act as an ion channel (Kakegawa et
al., 2007). However, if delta receptors are so
different, can they fit in the same structure–
function framework established for the
other family members?

Hansen et al. (2009) pursued this ques-
tion by probing the structural changes a
mutant form of Glu�2 undergoes during
increased activation via Ca 2� or inhibi-
tion via D-serine. Because Glu�2 is electri-
cally silent, the investigators used the
lurcher point mutation, which endows
Glu�2 with constitutive ion channel activ-
ity. A previous study from this group
(Naur et al., 2007) described the crystal
structures of Glu�2 and revealed that a

pair of Ca 2� ions binds the ABD at the
upper portion of the dimer interface
[Hansen et al. (2009), their Fig. 4]. The
stability of the homologous dimer inter-
face in AMPA and kainate receptors is be-
lieved to be crucial in determining how
readily these channels desensitize. Be-
cause the Ca 2� ions contact both partners
of the dimer, the authors hypothesized
that the binding of Ca 2� enhances the sta-
bility of a packed dimer conformation and
ultimately results in a larger response. If
true, this interpretation provides a struc-
tural correlate to the finding that Ca 2�

potentiates Glu�2Lc currents (Wollmuth
et al., 2000). Indeed, Hansen et al. (2009)
replicated this finding and also observed
that other divalents possess similar activ-
ity but only if they resemble Ca 2� in
atomic size [Hansen et al. (2009), their
Fig. 1]. Importantly, mutating the Ca 2�-
binding site to prevent divalent cation
binding also prevented divalent potentia-
tion, confirming that Ca 2� occupancy of
this position is necessary for this effect
[Hansen et al. (2009), their Fig. 4h].

Whereas Ca 2� (at 3 mM or less) (Woll-
muth et al., 2000) potentiates Glu�2Lc,
D-serine inhibits Glu�2Lc currents. As de-
scribed in a previous study (Naur et al.,
2007), D-serine binds to the ABD of the
Glu�2 subunit, closing the domain upon
itself. Interestingly, this form of domain
closure is thought to activate all other
types of iGluRs, but D-serine inhibits cur-
rent flow through Glu�2Lc [Hansen et al.
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(2009), their Fig. 2]. The authors propose
that D-serine binding leads to a rearrange-
ment of the dimer interface, reducing cur-
rent through the channel in a mechanism
akin to desensitization in iGluRs. Muta-
tions to the D-serine-binding site found in
crystal structures eliminated the inhibi-
tory action [Hansen et al. (2009), their
Fig. 2], indicating that it is attributable to
D-serine binding to the ABD and not else-
where. Moreover, introducing disulphide
bonds to crosslink the subunits at the
dimer interface showed that D-serine’s in-
hibitory action requires rearrangement at
this interface [Hansen et al. (2009), their
Fig. 5].

These experiments have put forth a
structural description of how Ca2� can in-
crease Glu�2Lc activity by stabilizing its
dimer interface, whereas D-serine has the
opposite effect, decreasing activity by pro-
moting dimer separation. So how do these
two modulators compete with each other?
In Hansen et al. (2009) (their Fig. 3 and their
Fig. 4), they show that as one increases
D-serine, and thus promotes dimer instabil-
ity, one needs increasing amounts of Ca2�

to sustain a given level of potentiation. Sim-
ilarly, the amount of D-serine needed to in-
hibit the channel increases with Ca2� con-
centration. Addition of Ca2� also changes
the steepness of the D-serine dose–“re-
sponse” curves. As seen in Hansen et al.
(2009), their Figure 3a and their Table 1, the
Hill coefficient, n, which describes the steep-
ness of the curve, shifts from having a value
of near 1 in the absence of Ca2� to 2 in the
presence of 10 mM Ca2�. However, it is dif-
ficult to infer additional mechanistic infor-
mation from this shift.

It is curious that in Glu�2 crystal struc-
tures, D-serine, induces the same form of
domain closure typically seen for agonists at
other iGluRs yet acts as an inhibitor at
Glu�2Lc. One explanation could be that mu-
tant Glu�2Lc channel behaves differently
than predicted by the Glu�2 ABD crystal
structure. The authors suggest another pos-
sibility: that structural constraints prevent
D-serine from attaining its full potential as
an agonist. They focus on a pair of Cys resi-
dues (C756 and C811) fond in both AMPA
and NMDA receptors. Previous work has
shown that breaking this disulfide bond
with dithiothreitol in NMDAR promotes
activation (Choi et al., 2001), and removing
the bond via mutation in AMPARs in-
creases agonist potency (Abele et al., 1998).
Therefore, the authors suggest that as in
other iGluRs, this bond may tonically atten-
uate the activation of Glu�2Lc. As predicted,
mutating one residue of the pair (C811S) to

prevent the formation of the disulphide
bond appeared to remove this tonic attenu-
ation and converted D-serine into a weak
partial agonist at Glu�2Lc receptors [Hansen
et al. (2009), their Fig. 6, bottom left] and a
strong agonist when the dimer interface was
strengthened using the previously charac-
terized engineered cross-links [Hansen et al.
(2009), their Fig. 6, bottom right]. However,
none of these manipulations endowed the
wild-type Glu�2 receptor with any detect-
able activity in either the presence or ab-
sence of D-serine or Ca2�.

In light of the findings of Hansen et al.
(2009), it appears that Glu�2 is capable of
conformational changes similar to those
of its iGluR cousins, despite their differing
functional roles. However, an important
caveat in this and other studies of Glu�2 is
the use of the lurcher mutation, which
may have unpredictable effects on the
now-functional channel’s behavior. In
AMPA receptors, the lurcher mutation
dramatically increases agonist efficacy
(Taverna et al., 2000), and yet in the other
Glu� subunit, Glu�1, the effects of this
mutation are minor if present at all
(Schmid and Hollmann, 2008). Because it
is unclear precisely how the lurcher muta-
tion works, the conformational changes in
response to ligand binding to Glu�2Lc

may be subtly or, perhaps, substantially
different from those in wildtype.

Apart from this caveat, this study raises
an interesting question about Glu�2’s
mechanism of action. This subunit under-
goes conformational changes like other
iGluRs, but unlike them does not require a
functioning pore for one of its major roles
(Kakegawa et al., 2007). The authors high-
light the possibility that Glu�2 uses ligand-
induced conformational changes to signal
metabotropically. However, two findings
appear to contradict this idea. First, many
Glu�2 functions do not require amino acid-
induced conformational changes, since a
mutant Glu�2 which was altered to prevent
amino acids such as D-serine from binding
works just as well as a wild-type Glu�2
(Yuzaki, 2005). Second, a recent study has
revealed that Glu�2 can induce presynaptic
terminal differentiation even without its
ABD, the site of both D-serine and Ca2�

binding (Kuroyanagi et al., 2009). On the
surface, these findings argue against Glu�2
using ligand-induced conformational
change for metabotropic signaling. How-
ever, it is possible that GluR�2 has addi-
tional unexamined roles which require
D-serine, Ca2�, or some as yet unidentified
ligand. It is also possible that ligand-induced
conformational changes are not necessary

for initiating signaling but rather modulate
existing signals. If so, might other iGluRs
share this common property of electrically
independent signaling, such as the metabo-
tropic action described for certain kainate
receptors (Ruiz et al., 2005)? Investigating
this most unusual of the iGluRs could ulti-
mately provide insight into the capabilities
of the whole family.
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