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ABSTRACT: The publication of the first high-resolution crystal structure of
a eukaryotic Cys-loop receptor, GluClα, has provided valuable structural
information on this important class of ligand-gated ion channels (LGIC).
However, limited functional data exist for the GluCl receptors. Before
applying the structural insights from GluCl to mammalian Cys-loop receptors
such as nicotinic acetylcholine and GABA receptors, it is important to ensure
that established functional features of mammalian Cys-loop receptors are
present in the more distantly related GluCl receptors. Here, we seek to
identify ligand-binding interactions that are generally associated with Cys-
loop receptors, including the frequently observed cation−π interaction. Our
studies were performed on the highly homologous GluClβ receptor, because
GluClα is not activated by glutamate in Xenopus laevis oocytes. Mutagenesis
of the signal peptide and pore lining helix was performed to enhance
functional expression and sensitivity to applied ligand, respectively.
Conventional and unnatural amino acid mutagenesis indicate a strong cation−π interaction between Y206 and the protonated
amine of glutamate, as well as other important ionic and hydrogen bond interactions between the ligand and the binding site,
consistent with the crystal structure.

The Cys-loop receptors are a family of pentameric ligand-gated
ion channels involved in fast synaptic transmission. They are
the target of a variety of native neurotransmitters, along with
therapeutics targeting, among others, Parkinson’s disease,
Alzheimer’s disease, schizophrenia, pain, and nicotine addiction
in humans.1−3 Among vertebrates, members of this family
include the excitatory, cation-permeable, nicotinic acetylcholine
receptors (nAChRs) and 5-HT3A receptors, and the inhibitory,
anion-permeable, GABAA/C, and glycine receptors. These
receptors possess conserved structural elements, including an
extracellular ligand binding domain, four transmembrane
helices of which one, M2, forms the channel pore, and the
eponymous disulfide loop in the extracellular domain.
Until recently, structural models of Cys-loop receptors were

based on the low resolution cryo-EM structures of the Torpedo
marmorata nAChR4,5 or the high resolution X-ray crystal
structures of acetylcholine binding proteins,6 soluble proteins
homologous to the extracellular, ligand-binding domain of the
full length receptor. However, recent developments in
membrane protein crystallography have led to a wealth of
new high-resolution structures including two homologous
prokaryotic ligand-gated ion channels, ELIC and GLIC.7−9

Most recently, a structure has been reported for the first
eukaryotic Cys-loop receptor, GluClα, from Caenorhabditis
elegans.10

GluCl represents a true, eukaryotic Cys-loop receptor,
although no vertebrate GluCl has been identified. It is an
anion-permeable channel, and it displays 34% sequence identity

to its closest human homologue, the α1 glycine receptor. The
GluClα receptor was crystallized in the presence of the native
orthosteric ligand, glutamate, as well as the positive allosteric
modulator, ivermectin, an antiparasitic used to prevent
nematode infections in humans (thus preventing river blind-
ness) and in animals.3,11−13 Both ligands were shown to bind at
the interface of two subunits. At the orthosteric glutamate site,
the primary (+) face of one subunit contributes loops A−C,
and the complementary (−) face of an adjacent subunit
contributes loops D−F, as is seen in other Cys-loop receptors.
While the GluClα structure represents a milestone in the

study of Cys-loop receptors, relatively few functional studies on
this receptor have been reported. In contrast, a large number of
wide-ranging functional studies of mammalian Cys-loop
receptors have been reported.1,14,15 In our own laboratories,
we have developed a series of functional probes based on
unnatural amino acid mutagenesis that provide high precision
information on drug-receptor interactions and protein struc-
tural features. These include a cation−π interaction between
the protonated amine of endogenous ligands and one of several
conserved aromatic amino acids in the binding site, which has
been demonstrated in all Cys-loop receptors studied to date.16

In addition, several hydrogen bonding interactions, including
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hydrogen bonds to the protein backbone, have been established
to be important in several Cys-loop receptors.
In the present work, we set out to determine whether key

structural features of the C. elegans GluClα receptor have
functional consequences that parallel those seen in mammalian
Cys-loop receptors. Mutagenesis was performed on the closely
related GluClβ receptor, because the GluClα receptor is not
activated by glutamate in the absence of ivermectin in Xenopus
laevis oocytes.17 Every ligand-binding residue considered here is
conserved in the two forms. To facilitate these studies, the
receptor had to be optimized for expression in Xenopus oocytes
by altering the signal peptide and by introducing a mutation in
the pore-lining region. Our studies find functional significance
for many of the key features of the GluCl receptor structure
and also highlight the challenges of probing binding
interactions of invertebrate receptors.

■ RESULTS AND DISCUSSION

Mutagenesis of Pore Lining Residues to Increase the
Sensitivity of GluClβ to Glutamate. Similar to many
nAChRs, the GluClβ homomeric receptor gives small current
responses to applied glutamate and demonstrates a relatively
high wild type EC50 of 0.35 mM. The high EC50 value is
problematic for measuring loss-of-function mutations for many
reasons. Glutamate is not soluble at concentrations higher than
50 mM in buffered solution, and while a hydrochloride salt
increases this solubility, it also dramatically increases the
osmolarity of the solution to several times that of frog Ringer
solution.21 Also, at high concentrations of glutamate, currents
are observed in uninjected oocytes, which may be due to
nonspecific activation of endogenous receptors or osmotic
response. These currents, while small, complicate measurement
of low-expressing mutants. Also, in high expressing mutants,
rapid desensitization of GluClβ occurs at concentrations greater
than 100 mM, prohibiting further measurements. Therefore, to
enable measurement of low expressing and large loss-of-
function mutants, it is important to lower the EC50 of the wild
type receptor.
Mutation of pore lining residues on the M2 helix of Cys-loop

receptors has had dramatic effects on ligand sensitivity,22−24

open channel duration,22,25 and receptor desensitization23,26 in
many studies, thereby facilitating measurement of low
expressing and large loss-of-function mutations.24,27−29 The
GluClα crystal structure (PDB ID: 3RIF) indicates that the
pore-lining residues are at the −2′, −1′, 2′, 6′, 9′, 10′, 13′, 17′,
and 20′ positions in the M2 helix (Supporting Information (SI)
Figure S1). These residues physically shape the channel and
influence the conductance and the equilibrium between inactive
and active conformations through the presence or absence of
steric bulk and polarity of the side chains.30 In this study, to
modulate these properties of the receptor, the pore-lining
residues were mutated to amino acids of varying size and
polarity (Table 1). Constitutive activity, a complication in many
studies,30 was only observed in mutations at the 9′ site, whereas
mutations to the other residues had varied effects on receptor
EC50 and current across the membrane. Of the mutations
tested, the T6′S mutation led to the greatest increase in
receptor sensitivity (44-fold), followed by mutation of the T10′
residue to either alanine or serine (27 and 32-fold, respectively)
and the T13′A mutation (9-fold). The T6′A and T13′S
mutants were not functional. These results suggest that smaller
side chains near the pore constriction facilitate channel
opening, and that while polarity of the 6′ side chain is
required, it is not important at the 10′ or 13′ positions. The
double mutant T6′S/T10′S gave large constitutive currents and
small agonist-induced currents, indicative of constitutive
activity, as was observed in the L9′A and L9′F mutants.
To test whether the T6′S mutation affects evaluation of other

side chain substitutions, a distal loss-of-function mutation was
incorporated into the wild type and T6′S containing receptors
for comparison (SI Table S1). This mutation, Y206F, is located
in the extracellular domain of the receptor at the agonist
binding site and disrupts an important hydrogen bond between
the bound glutamate and a nearby threonine side chain, T203
(see below). The loss-of-function observed in the T6′S/Y206F
mutant was 12.5-fold, compared to 12.3-fold in the single
Y206F mutant. These similar values indicate that the T6′S
mutation provides a constant multiplicative factor on other
mutations and should not affect measurement of binding site
interactions. No change in maximal agonist-induced currents

Table 1. GluClβ M2 Helix Mutations

mutation EC50 (mM) Hill n Imax (μA) fold shift

WT 0.35 ± 0.01 2.5 ± 0.2 20 0.4−4
AG-2′,-1′PA 0.46 ± 0.01 1.8 ± 0.1 10 12−66 1.3
A2′S 0.63 ± 0.01 2.0 ± 0.1 12 0.6−6 1.8
A2′T no response
T6′A very low response
T6′S 0.0080 ± 0.0005 2.4 ± 0.3 27 0.06−8 1/44
L9′A constitutively active
L9′F constitutively active
L9′V no response
T10′A 0.013 ± 0.001 2.8 ± 0.1 14 2−28 1/27
T10′S 0.011 ± 0.001 2.5 ± 0.1 14 0.3−4 1/32
T13′A 0.038 ± 0.001 2.8 ± 0.1 11 0.1−6 1/9
T13′S no response
A17′G >5 10
A17′S 0.23 ± 0.01 2.5 ± 0.1 10 0.6−12 1/1.5
A17′T 0.058 ± 0.001 2.8 ± 0.1 13 0.3−13 1/6
A20′S no response
A20′T 0.11 ± 0.02 1.7 ± 0.1 14 0.5−48 1/3
T6′S/T10′S constitutive activity, some glutamate response
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was observed in T6′S-containing receptors. Because of the large
increase in glutamate sensitivity and a demonstrated lack of
coupling between the T6′S mutation and the ligand binding
site, we concluded that incorporation of T6′S as a background
mutation is appropriate for measuring large loss-of-function
mutations in the GluClβ receptor.
Of the other mutations tested, only small shifts in EC50 were

observed. Mutagenesis of the −2′ and −1′ residues to match
the GluClα receptor sequence (AG to PA) resulted in no shift
of EC50 but a large increase in agonist-induced current. It is also
interesting to note that while the A2′S mutation had minimal
effect on receptor function, the A2′T mutation abolished
glutamate-induced currents. The converse mutation in GluClα,
T2′A, was previously shown to restore glutamate sensitivity to
an otherwise glutamate-insensitive channel.17 It is therefore
likely that the 2′ residue plays an important role in coupling
ligand binding to receptor activation.
Optimization of Receptor Expression. It has been

shown previously that surface expression of the GluClβ
homomeric receptor in HEK293 cells is low relative to the
homomeric GluClα and the heteromeric GluClαβ receptors,
because it is retained in the endoplasmic reticulum (ER) more
so than other GluCl receptors.24 We observe this functionally
in X. laevis oocytes, with approximately 10-fold enhanced
currents of the heteromer relative to the GluClβ homomeric
receptor (data not shown). Data for the homomeric GluClα
receptor are not available, because this receptor is not gated by
glutamate in X. laevis oocytes.17 The relatively low receptor
expression of GluClβ does not affect studies of wild type
GluClβ or conventional mutants. However, expression becomes
an issue when attempting to incorporate unnatural amino acids
by nonsense suppression, which often leads to lower expression
levels. In these cases, it becomes problematic to distinguish
between a receptor that does not respond to the applied
glutamate concentrations and a receptor that is expressed too
poorly to detect. To avoid this issue, we sought to increase
receptor expression without affecting the receptor’s function.
To enhance functional surface expression of GluClβ

receptors, point mutants or chimeras with GluClα segments
were made in regions of the receptor previously shown to affect
Cys-loop receptor trafficking and expression levels (SI Figure
S2).31−37 These regions include the signal peptide, the C-
terminus, and the intracellular M3-M4 loop, which contains
two RxR putative ER retention motifs in the GluClβ receptor.
Chimeras were made with GluClα because it does not
substantially accumulate in the ER and because of the high
similarity between the receptors, which minimizes the chance of
affecting receptor function. Of the mutations and chimeras
examined, only GluClβ with the α signal peptide and the RSR/
RRR_AAA mutant (replacement of all six residues in the two
ER retention motifs with alanine) gave enhanced expression
relative to the wild type receptor (SI Figure S3 and Table S2).
Conversely, introduction of a putative ER export motif (LxxLE)
in the M3-M4 loop decreased expression, and the M3-M4 loop
and α C-terminus chimeras resulted in nonfunctional receptors.
Mutation of either RxR motif singly to AAA had no effect on
receptor expression and replacement of the GluClβ α1 helix
with the corresponding segment from GluClα counteracted the
increased expression observed upon introduction of the GluClα
signal peptide. Removal of both RxR ER retention motifs
enhanced expression approximately 4-fold whereas the α signal
peptide chimera had approximately 8-fold enhanced expression.
The α signal peptide chimera gave currents comparable to

other Cys-loop receptors, and therefore mutant receptors not
responding to glutamate at the applied concentrations are
assumed to be nonfunctional rather than inadequately ex-
pressed. No shift in EC50 was observed for any of the chimeras
or mutants examined, with the exception of a less than than 3-
fold increase in EC50 of the α signal peptide chimera.

Evaluating Potential Cation−π Interactions. A cati-
on−π interaction between agonist and receptor is a universal
feature of Cys-loop receptors. These binding sites are rich in
aromatic residues, and in most nAChRs and the 5HT3A
receptor, a Trp on loop B provides the π system. Receptors
for smaller agonists such as GABA and glycine do not typically
have Trp residues at the agonist binding site, and the cation−π
interaction is formed to a Phe or Tyr. Along with loop B,
aromatics on loops A and C have been shown to make
cation−π interactions to agonists.
To facilitate visualization of the discussed residues in the

GluClα crystal structure, the residue identifier for the
corresponding GluClα amino acid is included after the GluClβ
number (ex. Y206(200) corresponds to Yβ(α)). The GluClα
numbering is included for the first mention of the residue only.
The glutamate-bound GluClα crystal structure suggests a
strong cation−π interaction between Y206(200) on the C loop
and the protonated amine of glutamate (Figure 1). The crystal

structure also indicates the potential for a weaker, but still
significant, electrostatic interaction between the α carbon of the
ligand (which carries a substantial positive charge) and the face
of Y156(151), located on the B loop. Aromatic residues occur
at the aligning positions of most Cys-loop receptors and have
been previously shown to participate in important cation−π
interactions in other receptors with their corresponding
ligands.27,38−41 Additionally, a phenylalanine, F96(91), on
loop A and a tryptophan on the D loop of the complementary
face, W62(59), are conserved members of the aromatic binding
box. However, these residues are not predicted to participate in
an electrostatic interaction with the ligand or any other residue.
A major difference between the GluCl receptors and other Cys-
loop receptors is the absence of a second aromatic residue on
the C loop (C1).

Figure 1. Glutamate binding site and predicted electrostatic
interactions between the ligand and its surrounding amino acids.
Residues from the primary face are colored in green and the
complementary face in blue.
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We have established a general protocol for evaluating
cation−π interactions,16 in which the aromatic of interest is
substituted with electron withdrawing groups that are known to
diminish the cation−π binding ability of the ring (Figure 2). A
clear correlation between cation−π binding ability and receptor
function, as reported by EC50, indicates a functionally
significant cation−π interaction. An especially relevant system
is a series of progressively fluorinated phenylalanine derivatives,
which monotonically lower the cation−π binding ability. Such a
study shows no electrostatic interaction between the ligand and
either F96 or Y156, as indicated by the very small losses-of-
function upon incorporation of F3−Phe, a highly electron-
deficient ring system (Table 2).
In contrast, electron-withdrawing groups added to Y206

strongly impacted receptor function. As before, we study

substituted Phe analogues to avoid complications associated
with lowering the pKa of a Tyr residue when electron-
withdrawing groups are added. Most telling is the large effect
for 4-CN-Phe vs 4-Br-Phe. The two substituents present a
similar steric perturbation, but only CN is strongly deactivating
in a cation−π interaction. We were unable to study the full
series of fluorinated Phe derivatives that we have previously
employed, because 3,5-F2−Phe gave receptors that did not
reach their maximal response upon application of our highest
concentration of glutamate, 100 mM. There is apparently a
strong steric penalty for substituents in the meta position at
residue 206, where the side chains of T201(195) and
T203(197) could be impacted, as incorporation of 3,5-Me2-
Phe also resulted in nonfunctional receptors. As such, our study
is restricted to 4-substituted Phe derivatives. With this more

Figure 2. Chemical structures of amino acids used in this study.

Table 2. Unnatural Amino Acid Mutagenesis of Aromatic Binding Site Residuesa

EC50 (mM) Hill n Imax (μA) fold shift

WT 0.93 ± 0.02 1.8 ± 0.1 26 2−13
T6′S 0.013 ± 0.001 2.7 ± 0.2 17 2−13
Y156F 15 ± 1 2.3 ± 0.2 15 1−5
Y206F 0.10 ± 0.01 2.6 ± 0.3 14 0.14−7

F96TAG
Phe 0.012 ± 0.001 2.8 ± 0.3 12 0.1−4
F1−Phe 0.080 ± 0.002 2.8 ± 0.2 7 0.1−0.5 7
F2−Phe 0.0047 ± 0.0001 4.1 ± 0.5 12 0.04−1 1/3
F3−Phe 0.039 ± 0.001 2.4 ± 0.2 11 0.06−0.6 3

Y156TAG
Phe 17 ± 1 1.7 ± 0.1 15 1−4
OMe−Phe no response
F1−Phe 14 ± 1 2.0 ± 0.1 20 0.1−5 1/1.2
F2−Phe 49 ± 3 1.8 ± 0.1 13 0.2−4 3
F3−Phe 65 ± 5 1.7 ± 0.1 11 0.3−2 4
Cha no response

Y206TAG
Phe 0.16 ± 0.01 3.0 ± 0.2 8 0.07−0.30
F1−Phe 0.64 ± 0.01 2.8 ± 0.1 9 0.04−0.34 4
F2−Phe >100 8 0.1−0.6 >250
OMe−Phe 0.56 ± 0.01 1.8 ± 0.1 11 0.1−1.4 4
Br−Phe 0.98 ± 0.03 2.5 ± 0.1 15 0.08−6 6
CN−Phe 19 ± 1 2.8 ± 0.2 14 0.8−6 119
Me−Phe 0.098 ± 0.003 2.4 ± 0.1 12 0.05−7 1/1.8

aData for F96 and Y156 were obtained from a receptor containing the α signal peptide for enhanced functional expression and data for Y206 were
obtained from a wild type receptor. All mutants have the T6′S background mutation.
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limited data set, a linear plot of calculated cation−π binding
energy and the log ratio of the mutant EC50 to the wild type
could be obtained (Figure 3). Although this is a limited data
set, we feel the correlation of Figure 3, along with the very large
CN/Br ratio (∼20) makes a compelling case for a cation−π
interaction to Y206.

In addition to the 3,5-F2−Phe mutation, full saturation of the
dose−response relation was not seen for 4-CN-Phe in the α
signal peptide-containing template (SI Figure S4). The α signal
peptide was required to obtain suppression data at the F96 and
Y156 sites; however, suppression data could be obtained for
both the wild type and α signal peptide-containing Y206
mutations (Table 2 and SI Table S3). Data were obtained in
both templates for Y206 mutations to ensure that the signal
peptide did not affect receptor function. To estimate an EC50
value, obtained data were fit to the Hill equation. As shown in

Figure 3, very similar results are obtained for receptors with
either the α or the β signal peptide, providing evidence that
altering the signal peptide has no effect on receptor function
once it reaches the plasma membrane, and boosting confidence
in the EC50 values obtained for the receptors with the α signal
peptide. The Y206 3,5-F2−Phe mutant in both constructs
began to respond to glutamate but did not near a plateau.
These data were fit to the Hill equation (SI Figure S4);
however, we do not believe that the resulting EC50 values
represent an accurate indication of receptor function. We have
therefore reported this mutation as having an EC50 >100 mM.
The D loop tryptophan was not examined, because it is not
located near the binding site in the crystal structure.

Probing Other Noncovalent Interactions. In addition to
a strong cation−π interaction, other noncovalent interactions
between glutamate and the receptor were identified. Two
arginine residues on the complementary subunit, R40(37) and
R59(56), were predicted by the crystal structure to form ionic
interactions with the main chain carboxylate and the side chain
carboxylate of glutamate, respectively (Figure 1). These
interactions are confirmed through receptor mutagenesis. The
R59 residue appears to be more sensitive to mutagenesis than
R40, because R59 could not tolerate mutation to alanine,
whereas R40A demonstrated a large but measurable loss-of-
function of approximately 140-fold (Table 3). Mutagenesis of
either residue to glutamate resulted in a nonfunctional receptor.
Two intersubunit hydrogen bond networks are predicted by

the GluClα crystal structure: one between the C loop of the
primary subunit and the F loop of the complementary subunit
and another between the B loop of the primary subunit and the
E loop of the complementary subunit (Figure 4). Motivation to
study the former comes from previous studies in the muscle-
type nAChR, where an intersubunit hydrogen bond between an
aspartate side chain (γD174/δD180) on the complementary
subunit and a backbone nitrogen (αS191) on the β-hairpin turn
of the C loop was shown to be important for channel gating.42

This backbone nitrogen was later shown to be optimally
positioned by a hydrogen bond network initiating from a
neighboring vicinal disulfide bond (αC192/αC193) on the C
loop.43 While the GluCl receptors, as well as all non-α nAChRs,

Figure 3. Plot of cation−π binding energy vs mutant receptor loss-of-
function at Y206. A linear trend is indicative of an electrostatic
interaction with the face of the residue examined. Data for both the
wild type and α signal peptide-containing templates are plotted
together and indicate no effect of altering the signal peptide on
receptor function.

Table 3. Conventional Mutagenesis of Binding Site Residuesa

mutation EC50 (mM) Hill n fold shift Ω ΔΔG (kcal/mol)

WT (T6′S) 0.0080 ± 0.0005 2.4 ± 0.3 27
R40A 1.1 ± 0.1 2.1 ± 0.1 17 140
R40E no response
R59A no response
R59E no response
Y206A no response
Y206F 0.10 ± 0.01 2.6 ± 0.3 14 13
T203A 0.64 ± 0.01 2.3 ± 0.1 19 80
T203A/Y206F 0.21 ± 0.01 2.2 ± 0.1 18 26 1/37 2.1
Q174A 0.11 ± 0.01 2.4 ± 0.2 14 14
N202A 0.010 ± 0.001 3.3 ± 0.2 16 1.25
Q174A/Y206F 0.92 ± 0.04 2.2 ± 0.2 13 115 0.67 0.23
Y156A no response
Y156F 6.4 ± 0.4 1.6 ± 0.1 17 800
S126A 4.7 ± 0.1 2.5 ± 0.1 22 590
S126A/Y156F no response

aAll mutants have the T6′S background mutation.
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lack this vicinal disulfide, other structural motifs may have
evolved to perform the same function.
The GluClα crystal structure predicts an intrasubunit

hydrogen bond between the side chains of T203(197) and
Y206(200) on loop C in approximately the same relative
position as the vicinal disulfide. Additionally, a glutamine,
Q174(169), is located two residues away from the aspartates of
the F loop in the γ and δ subunits of the nAChR and is 3.6 Å
from the side chain of an asparagine on the β-hairpin turn of
the C loop, N202(196), suggesting the possibility of a
hydrogen bond. While these interactions are different than
those observed in the muscle type nAChR, they have the
potential to be functionally analogous.
To analyze these potential interactions, mutant cycle analysis

was performed. The data indicate a strong functional coupling
between the side chains of T203 and Y206, with a coupling
strength of 2.1 kcal/mol (Table 3), between the T203A and
Y206F mutants. A 14-fold loss-of-function was observed for the
Q174A mutant, providing evidence that this side chain is
important for receptor function. Interestingly, the N202A
mutant gives receptors with a wild type EC50, despite an
indication of a possible hydrogen bond between Q174 and
N202 in the crystal structure. No long-range functional
coupling was observed between Y206 and Q174. These
findings do not support a long-range functional coupling
between structural and/or ligand-binding elements on the C
loop and an intersubunit hydrogen bond with the F loop,
although such an interaction is seen in the nAChR. The only
other polar neighbor of Q174 is an asparagine also on the
complementary subunit, N36(33), suggesting that no function-
ally important intersubunit interaction exists between the C
loop of the primary subunit and the F loop of the
complementary subunit. It is possible that the salt-bridges
formed between the two arginine residues on the comple-
mentary subunit and the carboxylates of the ligand are sufficient
to shape the ligand binding site on the complementary side,
making an additional interaction between the C and F loops
redundant.
While the functional coupling between the side chains of

T203 and Y206 is likely unrelated to the effects caused by the
vicinal disulfide, it provides support for the ligand-binding
interactions previously discussed and predicted by the crystal
structure. T203 is predicted to act as a hydrogen bond donor to
the side chain carboxylate of glutamate and as a hydrogen bond
acceptor to the hydroxyl of Y206. The hydrogen bond between

Y206 and T203 likely strengthens the cation−π binding energy
of the tyrosine due to an increase in electrostatic potential on
the ring system, caused by the electron donating properties of
the acidic phenol. These effects were previously predicted with
gas phase calculations of phenol and formamide, a hydrogen
bond acceptor, where a hydrogen bond significantly enhanced a
cation−π interaction in the gas phase.44 This may account for
why tyrosine, a weaker cation−π binder than tryptophan in
isolation, is capable of forming such a strong cation−π
interaction with glutamate in this receptor and why tyrosines
are overrepresented in cation−π interactions in Cys-loop
receptors relative to phenylalanine. It can also be argued that
the hydrogen bond exists to position Y206 in an orientation
optimal for a strong cation−π interaction. It is important to
note that the cation−π interaction determined here was
measured with phenylalanine derivatives that lack the hydrogen
bond to T203. Data indicate a cation−π binding strength
similar to other primary amines as indicated by the slope of the
cation−π plot.38,40,41,45 Regardless of mechanism, we exper-
imentally observe the importance of this hydrogen bond with
the Y206F mutation, which results in a 13-fold loss of function.
The directionality of hydrogen bonding predicted by the crystal
structure is confirmed by incorporation of 4-MeO-Phe at Y206.
This mutation does not reverse the loss-of-function seen in the
Y206F mutant and therefore provides evidence that Y206 is
acting as a hydrogen bond donor. The T203A mutation
resulted in an 80-fold loss-of-function, likely caused by breaking
its interaction to both glutamate and Y206.
In addition to intersubunit interactions between the C and F

loops, the crystal structure suggests a hydrogen bond
interaction between the side chains of Y156 on the B loop of
the primary subunit and S126 on the E loop of the
complementary subunit. Mutagenesis of these residues
individually to remove the polar side chain resulted in a large
EC50 increase of 800-fold and 590-fold, respectively (Table 3).
These large and similar losses-of-function indicate that an
interaction between the two side chains is likely to occur and is
important for receptor function; however, functional coupling
could not be determined because the EC50 of the double
mutant could not be measured. The high EC50 values of the
single mutants are near the limit of our detection, and
therefore, any additional loss-of-function would escape
detection.
In other anion-selective Cys-loop receptors where a tyrosine

is found at the aromatic position on loop B, different effects are
observed upon mutagenesis of the tyrosine to phenylalanine. In
the glycine receptor, this residue is naturally a phenylalanine,
and therefore, a hydrogen bond with the complementary
subunit is not possible. In the GABAC receptor, a less than 5-
fold loss of function is observed upon mutagenesis of tyrosine
to phenylalanine.40 However, in the GABAA receptor, a large
400-fold loss-of-function was observed, similar to that seen here
in the GluClβ receptor.45 Interestingly, substitution of tyrosine
with 4-MeO-Phe was able to recover the receptor to wild type
EC50 in GABAA, indicating that the tyrosine acts as a hydrogen
bond acceptor, whereas in GluClβ, substitution with 4-MeO-
Phe led to a nonfunctional receptor indicating that it acts as a
donor. These data suggest that the interactions between the
primary and complementary subunits vary, even between highly
related receptors, and that a hydrogen bond at this site is not a
universal feature of Cys-loop receptors.
In summary, a collection of interactions that were predicted

by the crystal structure of the homologous GluClα receptor was

Figure 4. Predicted hydrogen bond interactions between the primary
and complementary subunits near the ligand-binding site in the 3RIF
crystal structure. Residues on the primary face are shown in green,
residues on the complementary face in blue, and glutamate in white.
Hydrogen bond network between (A) the C loop of the primary
subunit and the F loop of the complementary subunit and (B) the B
loop of the primary subunit and the E loop of the complementary
subunit.
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examined in the GluClβ receptor. Unnatural amino acid
mutagenesis indicates a strong cation−π interaction with a
tyrosine residue on loop C, Y206. This ligand-binding
interaction is a conserved feature of the mammalian Cys-loop
receptors studied to-date and is found here for the second time
in a distantly related nematode Cys-loop receptor.46 While this
interaction shows that many of the features between distant
classes of Cys-loop receptors are conserved, many interactions
were found that are receptor-specific. An inter-subunit
hydrogen bond between loops C and F shown to be important
in the muscle type nAChR is absent in GluClβ. Conversely, an
important inter-subunit interaction between loops B and E in
GluClβ is absent in many more closely related anion-selective
homologues. These data indicate that while the crystal structure
of a receptor can serve as an excellent starting point for other
homologous receptors, additional information can be obtained
from functional studies coupled with chemical biology.

■ METHODS
Molecular Biology. The mammalian codon optimized GluClβ

receptor from C. elegans18 was subcloned into the pGEMhe vector and
the stop codon of the receptor was mutated from TAG to TGA.
Mutagenesis of the GluClβ receptor was performed using the
QuikChange protocol (Stratagene), and for nonsense suppression
experiments, a TAG codon was mutated into the site of interest. The
cDNA was linearized using SbfI (New England Biolabs) and mRNA
was produced from the linearized plasmids by using the T7 mMessage
Machine kit (Ambion).
74mer THG73 tRNA was in vitro transcribed from a DNA

oligonucleotide template containing two 5′ methoxy (C2′ position)
nucleotides to site-specifically truncate transcription by the T7
MEGAshortscript kit (Ambion).19 Amino acids chemically appended
to dCA were ligated to the 74mer tRNA, resulting in full-length
acylated tRNA, using methods previously described.20 Acylation of
tRNA was confirmed using MALDI mass spectrometry using a 3-
hydroxypicolinic acid matrix. The NVOC protecting group on the
amino acid was removed immediately prior to injection through a 5
min irradiation step using a 1 kW xenon lamp with WG-335 and UG-
11 filters.
Chimeras. Chimeras were synthesized by mutating in an EcoRI

restriction enzyme site (GAATTC) in both the GluClα and GluClβ
receptors at the desired cut site. First, the inherent EcoRI site in the
GluClα M3-M4 loop (ATGAATTCC) was removed using silent
mutations (ATGAACAGC) to eliminate undesired cutting. The
mutated receptors were then cut with EcoRI and HindIII (5′ of the
encoded gene) and the fragments separated by gel electrophoresis on a
1% agarose gel. The resulting bands were isolated and purified using a
gel extraction kit (Qiagen) and the desired GluClα and GluClβ
fragments were ligated together using DNA ligase. The engineered
EcoRI restriction site was then mutated back to the wild type α/β or
β/α sequence and mRNA was produced as described above.
Oocyte Preparation and Injection. Stage V−VI Xenopus laevis

oocytes were harvested and injected with RNA as previously
described.20 For nonsense suppression experiments, 37.5 ng of
receptor mRNA was coinjected with excess deprotected ∼1 μg/μL
tRNA solution both 48 and 24 h before recording. For conventional
mutagenesis, 12.5 ng of receptor mRNA was injected 48 h before
recording. As a negative control, all nonsense suppression sites were
tested with a full length 76mer tRNA lacking an attached amino acid to
ensure no read-through expression was observed.
Data Collection and Analysis. All oocyte experiments were

performed on an OpusXpress 6000A (Axon Instruments) using two-
electrode voltage clamp mode. The recording buffer was calcium-free
ND96 (96 mM NaCl, 2 mM KCl, 1 mM MgCl2, and 5 mM HEPES,
pH 7.5). The initial holding potential was −60 mV. Data were sampled
at 125 Hz and filtered at 50 Hz. A calcium-free ND96 prewash was
applied for 30 s (1 mL/min) followed by application of agonist for 15
s (4 mL/min). Agonist was then washed out with calcium-free ND96

buffer for 116 s (3 mL/min). Agonist-induced currents were measured
from the baseline. Glutamate dose solutions were made in calcium-free
ND96 buffer from a 50 mM (pH 7.5) stock solution. The maximum
dose of 100 mM glutamate was made from the glutamate-HCl salt in
water and brought to a pH of 7.5.

Data were fit to the Hill equation, Inorm = 1/(1 + (EC50/A))
nH,

where Inorm is the normalized current peak at [agonist] = A, EC50 is the
concentration of agonist that elicits a half-maximum response, and nH
is the Hill coefficient. EC50 values were obtained by averaging the Inorm
values for each agonist concentration and fitting those values to the
Hill equation. ΔΔG values were calculated by the equation ΔΔG =
−RT ln Ω, where Ω = [EC50(mut1,2) × EC50(WT)]/[EC50(mut1) ×
EC50(mut2)].
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