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ABSTRACT: Cys-loop receptors mediate fast synaptic transmission in the
nervous system, and their dysfunction is associated with a number of diseases.
While some sequence variability is essential to ensure specific recognition of a
chemically diverse set of ligands, other parts of the underlying amino acid
sequences show a high degree of conservation, possibly to preserve the overall
structural fold across the protein family. In this study, we focus on the only two
absolutely conserved residues across the Cys-loop receptor family, two Trp side
chains in the WXD motif of Loop D and in the WXPD motif of Loop A. Using a
combination of conventional mutagenesis, unnatural amino acid incorporation,
immunohistochemistry and MD simulations, we demonstrate the crucial
contributions of these two Trp residues to receptor expression and function in two prototypical Cys-loop receptors, the
anion-selective GlyR α1 and the cation-selective nAChR α7. Specifically, our results rule out possible electrostatic contributions
of these Trp side chains and instead suggest that the overall size and shape of this aromatic pair is required in stabilizing the Cys-
loop receptor extracellular domain.

KEYWORDS: Cys-loop receptors, unnatural amino acids, structure−function, tryptophan cluster, glycine receptor,
nicotinic acetylcholine receptor

Fast synaptic transmission is mediated by ligand-gated ion
channels.1 In vertebrates, most excitatory signals are

elicited by cation-selective tetrameric glutamate receptors or
pentameric Cys-loop receptors, such as the nicotinic acetylcho-
line and 5-hydroxytryptamine receptors (nAChRs and 5-
HT3Rs). Conversely, most inhibitory signals are mediated by
anion-selective Cys-loop receptors for γ-aminobutyric acid and
glycine (GABAARs and GlyRs).2 The important physiological
and pharmacological roles of Cys-loop receptors are under-
scored by the diseases linked to mutations in these membrane
proteins3,4 and the fact that both frontline medicines and
deadly neurotoxins act by modulating Cys-loop receptor
function.5,6

All members of the Cys-loop receptor family share a
common architecture, in which a symmetrical arrangement of
five subunits establishes a central, ion-conducting pore. Each
subunit comprises an extracellular domain (ECD), with a core
of 10 β-strands forming a β-sandwich, and a transmembrane
domain (TMD) with 4 membrane-spanning helices (M1−M4),
of which the M2 helices line the pore.2 At the extracellular
interfaces between adjacent subunits, an arrangement of loops
A−C on the principal face and loops D−G on the
complementary face forms the agonist-binding sites. Although
the overall structure of this large receptor family has been
accepted for over a decade,7−9 detailed investigation is still
required to understand how these proteins diverge in ligand
recognition and signaling yet still maintain a common structural
scaffold. This is of particular importance with regard to our

understanding of disease-causing mutations and, ultimately, the
ability to create new and highly specific drugs. A surge in
structural data has recently greatly aided progress in the field,
with numerous X-ray and cryo-electron microscopic structures
of mammalian Cys-loop receptors now allowing unprecedented
insight into the structural features of this large receptor
family.10−15 It is clear that, in order to accommodate for a wide
variety of chemically diverse ligands, different Cys-loop
receptors have to display some sequence variability.16 By
contrast, as predicted by the high structural homology, other
parts of the underlying amino acid sequences need to show a
higher degree of conservation in order to preserve a similar
structural fold across the protein family. Here, we set out to
determine some of the key structural features that form the
main components of this common structural theme. To this
end, we focused on the only two absolutely conserved amino
acids in 187 functional Cys-loop receptor subunits (or related
proteins), a Trp in the Trp-X-Asp (“WXD”) motif in loop D
and a Trp in the Trp-X-Pro-Asp (“WXPD”) motif in loop A
(Figure 1). Although both loops contain residues that directly
bind agonists, these Trp side chains face away from and are
thus unlikely to directly interact with the agonist, according to
high-resolution structural data on Cys-loop receptors.13,17 A
special role of these side chains is implicated by the occurrence
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of a Trp-to-Cys mutation at the Loop D position in a human
family with hyperekplexia,18 a rare genetic disease linked to
GlyR malfunction and characterized by hypertonia and startle
responses to innocuous stimuli.19 Furthermore, it has been
shown in homomeric GlyRs and 5-HT3Rs and in heteromeric
GABAARs that receptors bearing conventional mutations at
these positions are not targeted to the cell surface.18−20 These
data confirm a role for the conserved Trp residues in receptor
expression, but the large structural and chemical differences
between tryptophan and conventional substituents (such as
phenylalanine, cysteine and glycine employed in those studies)
precludes a mechanistic or chemical explanation of exactly how
tryptophan achieves this role. Furthermore, the fact that
conventional mutations abolish cell surface expression means
that the role of these Trp residues in the function of mature
receptors alludes us.
Utilizing both anion- and cation-selective homomeric Cys-

loop receptors, the glycine receptor α1 (GlyR α1) and the
nicotinic acetylcholine receptor α7 (nAChR α7), we employed
conventional mutagenesis and immunohistochemistry to
establish the requirement of these uniquely conserved Trp
residues for functional receptor expression. To more subtly
probe for a role of Trp side chains in the function of mature
receptors, we measured ligand-gated GlyR and nAChR
activation upon incorporation of unnatural amino acids and
conducted molecular dynamics simulations of wild-type (WT)
GlyRs. Our results rule out possible cation-π interactions with
these Trp side chains21 and instead suggest that the overall size
and shape of this aromatic pair is required in stabilizing the top
of the Cys-loop receptor ECD.

■ RESULTS AND DISCUSSION

Two Absolutely Conserved Trp Side Chains. To
determine which side chains show the highest degree of
conservation across a wide range of different Cys-loop
receptors, we aligned the amino acid sequences of 187 subunits
known to form functional receptors, including two that lack the
TMD (acetylcholine-binding proteins, AChBPs) and two that
lack the eponymous Cys-loop (ELIC and GLIC). Intriguingly,
we found that among all sequences, the only side chains that
were absolutely conserved were the Trp of the Loop D WXD
motif and the Trp of the Loop A WXPD motif (Figure 2).
Although the Loop D Asp and the Loop A Pro and Asp side

chains within these motifs also show a high degree of
conservation (Figure 2a), the only residues to be found in
every single one of the sequences were the two Trp side chains
(Figure S1, Supporting Information). Figure 2b highlights the
position of the two Trp residues in the context of their primary
structure for a selection of well-known receptors. Although
proximal residues are crucial to ligand recognition (reviewed in
ref 16), the role of these Trp residues is unknown, despite
recent evidence implicating the Loop D Trp in assembly of
GlyRs.18

A Role for Conserved Trp Side Chains in GlyR
Expression. The absolute conservation of the Loop D and
Loop A Trp residues implicates these side chains in some
crucial role in Cys-loop receptor function. To test for such a
role, we turned to the GlyR α1, a prototypical anion-selective
member of the family, and introduced a series of mutations at
both of these positions. Thus, we generated four mutant GlyRs,
Trp68Phe and Trp68Leu (Loop D) and Trp94Phe and
Trp94Leu (Loop A), expressed these in Xenopus laevis oocytes
and measured for responses to application of glycine. Intact
responses to glycine in each mutant would suggest that only the
hydrophobic character is important, whereas intact responses to
glycine only with the Phe substitution would implicate the
aromatic nature of the Trp side chains. As expected, WT GlyR
α1 responded to glycine concentrations in the low micromolar
range (Figure 3a), whereas all mutations abolished any
response to glycine, even at very high (100 mM) concen-
trations (Figure 3b). Impaired GlyR α1 subunit function may
be rescued by coexpression with WT β subunits, as shown for
α1 mutations linked to hyperekplexia.22 To test if the GlyR β
subunits could restore functional expression to Trp68Leu/Phe
or the Trp94Leu/Phe mutants, we coinjected oocytes with
mutant GlyR α1 RNA and an excess of GlyR β RNA (which
alone does not form functional channels23). However, none of
these mutant receptors responded to glycine application,
suggesting that Trp68Leu/Phe and Trp94Leu/Phe α1 subunits
can form neither functional homomers alone nor heteromers
with the GlyR β subunit (Figure 3c).
So far, our results suggested that the mutations altered

receptors to the point of either loss of surface expression or loss
of glycine-gated channel activation. Unlike glycine, the
unconventional agonist ivermectin forgoes the ECD, and
activates the GlyR channel by binding to the TMD. It can

Figure 1. Location of the two conserved Trp residues within the overall Cys-loop receptor structure. Side (a) and top (b) view of the α1 GlyR
structure (PDB: 3JAE) with the two Trp side chains highlighted in cyan/blue.
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thus be used to verify surface expression and intact channel
function in glycine-insensitive receptors.24 To test if Trp68 and
Trp94 mutations simply abolished glycine-gated activation, we
tested the effects of 10 μM ivermectin at each of the GlyR
mutants. Ivermectin did not elicit currents at any of the
mutants, nor did it enhance subsequent responses to glycine
(Figure S2, Supporting Information), as is usually the case for
glycine-insensitve mutants25). Thus, Trp68 and Trp94
mutations appear to prevent surface expression of GlyRs. To
verify this conclusion, we directly analyzed surface expression of
WT, Trp68Leu/Phe, and Trp94Leu/Phe mutant GlyRs using
immunohistochemistry. As shown in Figure 3d, surface-
expressed GlyR was clearly detected in WT-injected cells. In
Trp68Phe, Trp94Phe, and Trp94Leu injected cells, no surface-
expressed GlyR was detected. A relatively very small amount of
surface-expressed GlyR was detected for Trp68Leu injected
cells. This suggests that, indeed, the Trp68Phe and the
Trp94Leu/Phe mutations result in a lack of surface expression.

For Trp68Leu, however, the presence of surface receptors
suggests that the absence of glycine-gated currents (Figure 3b)
must also be attributed to some functional defect of surface
receptors.

Probing the Role of Conserved Trp Side Chains in
GlyR Function. Our experiments showed that Trp68 and
Trp94 mutations preclude or drastically reduce functional
surface expression, and certainly in the case of Trp68,18

trafficking is obsolete in the absence of the Trp side chain. In
order to probe for a role of these residues in the function of
mature GlyRs, we turned to the in vivo nonsense suppression
method, which enables the introduction of more subtle Trp
analogues than Phe and Leu. In particular, we sought to
determine if Trp hydrogen bonding ability or the location of
Trp π electrons is involved in GlyR function.
To this end, we introduced a series of increasingly fluorinated

Trp analogues that have different distributions of π electrons
and thus, when incorporated into a receptor can incrementally

Figure 2. Two Trp residues in the extracellular domain of Cys-loop receptors are absolutely conserved. (a) Sequence logo of an alignment of 187
functional Cys-loop receptor subunits (full alignment in Figure S1, Supporting Information). (b) Amino acid sequence alignment of the ECDs of
selected anionic (top) and cationic (bottom) Cys loop receptors. The conserved amino acids in loops A and D are highlighted in red. Hum, human;
Cae, Caenorhabditis elegans; Dro, Drosophila melanogaster; Lym, Lymnaea stagnalis; Erw, Erwinia chrysanthemi; Glo, Gloeobacter violaceus. Alignment
performed in ClustalW2. (* = Excludes 25 residues that occur between the QQ in Loop D of the human alpha nAChR subunit.)
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impair cation-π interactions with ligands or vicinal side chains,
as reflected in electrophysiological measurements of decreased
function26,27 (Figure 4a). Furthermore, we aimed to change the
position of the indole nitrogen by incorporating the isosteric
Trp derivative, Ind, which cannot act as a hydrogen bond
donor28 (Figure 4a). Both in position 68 and 94, reintroduction
of the native Trp side chains via the nonsense suppression
method resulted in receptors that displayed WT-like properties
(Figure 4b/c, Table 1), thereby validating the nonsense
suppression approach at these positions. In position 68, the
introduction of one or two fluorines resulted in a reduction in
glycine potency (Figure 4b), shifting the EC50 value from 51.2
± 1.8 μM (Trp reincorporation) nonsignificantly to 63.8 ±
14.5 (F-Trp) or significantly to 511.7 ± 59.0 μM (F2-Trp, P <
0.001). Further fluorination, via incorporation of F3-Trp and
F4-Trp, only resulted in small changes in glycine potency
compared to F2-Trp (Table 1). Thus, the presence of fluorine
atoms bound to the Trp C6 and C7 atoms (in F2-, F3-, and F4-
Trp), but not C4 or C5, alters glycine sensitivity. Furthermore,
the cation−π binding ability of Trp68 is not related to potency
of glycine-gated activation (Table 1), as in case of a cation−π
interaction with Trp68 π electrons a monotonic increase in
EC50 would have been expected with fluorination.29 Similarly,
fluorination of Trp94 did not incrementally alter glycine-gated
activation (Figure 4c), with no significant changes from the
glycine EC50 of 70.3 ± 15.1 μM (Trp reincorporation) at F-
Trp, F2-Trp or F3-Trp-incorporated receptors (Table 1). In
fact, only incorporation of F4-Trp resulted in a significant
change in glycine sensitivity (245.3 ± 102.3 μM, P < 0.01).
When Ind was incorporated into position 68, we observed a
decrease in the Hill coefficient but no significant change in the
EC50 value for glycine activation (Figure 4d, Table 1),
suggesting that the indole nitrogen plays at most a minor

role in GlyR activation. No change in glycine sensitivity was
observed with Ind in position 94 (Figure 4e).
Changes in glycine potency upon Trp fluorination reveal that

Trp68 and Trp94 are indeed important to mature GlyR
function. Channel activation is not drastically dependent on the
indole nitrogen, nor on cation-π interactions with the aromatic
moiety. However, the nonlinear, but often significant changes
in glycine potency upon fluorination suggest that the exact size
and shape of the aromatic moiety is important to GlyR
activation.

Two Trp Residues Are Important for nAChR α7
Expression. After establishing the critical role of Trp68 and
Trp94 in the expression and function of the inhibitory GlyR α1,
we sought to investigate the contribution of the equivalent side
chains in an excitatory member of the Cys-loop receptor family.
For this purpose, we chose nAChR α7, where the equivalent
residues are Trp59 (Loop D) and Trp85 (Loop A). We initially
used conventional mutagenesis to generate four nAChR
mutants, Trp59Phe, Trp59Leu, Trp85Phe, and Trp85Leu,
and injected the corresponding mRNAs into Xenopus oocytes.
Oocytes injected with either Trp59 mutant showed no
response to acetylcholine, even at very high (100 mM)
concentrations (Figure 5a). Similarly, oocytes injected with
Trp85Leu mRNA showed no response to acetylcholine (Figure
5a). In contrast, the Trp85Phe mutant displayed robust
acetylcholine-gated currents (Figure 5), with an acetylcholine
EC50 value of 4.6 ± 0.7 μM, representing only a minor
reduction in agonist sensitivity (Table 2). This suggested that
functional nAChR expression requires merely an aromatic side
chain in the Loop A position, and we therefore tested Tyr and
His substitutions for Trp85. However, oocytes injected with
Trp85Tyr (Figure 5a) or Trp85His mRNAs did not respond to
ACh application, arguing against that possibility. As Trp85 and
Phe85 receptors are both functional, the indole nitrogen does

Figure 3. Electrophysiological and immunohistochemical analysis of conventional mutant GlyRs. (a) Averaged current responses of oocytes injected
with WT GlyR α1 mRNA to increasing concentrations of glycine, as measured by two electrode voltage clamp (±SEM, n = 11). Inset shows an
example oocyte/experiment. (b) Representative experiments on oocytes injected with indicated mutant GlyR α1 mRNAs, showing no response to
application of 100 mM glycine (n = 5−6). (c) Representative experiments on oocytes coinjected with indicated mutant GlyR α1 mRNAs and WT
GlyR β in a 1:1 ratio, showing no response to application of 100 mM glycine (n = 5−6). (d) Immunohistochemical experiments. Xenopus laevis
oocytes were injected with indicated GlyR mRNAs (or H2O) and washed with anti-GlyR primary antibody (rabbit) and then Alexa 555-conjugated
secondary antibody (goat anti-rabbit).
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not seem crucial to functional expression of nAChRs. In
addition, as Phe85 receptors are expressed and Tyr85 receptors
are not, the terminal hydroxyl moiety, as opposed to phenyl π
electrons, which is similar in Tyr and Phe side chains,30 appears
to be detrimental to expression. We therefore saw no need to
probe the role of these Trp properties with unnatural amino
acid incorporation at the Loop A position. Furthermore, a
previous study has shown that the incorporation of halogenated
tryptophan analogues into the equivalent Loop A position of
muscle-type nAChRs has little effect on activation by
acetylcholine.29

In contrast, although conventional mutagenesis at the Loop
D position implicated Trp59 in expression, conventional
mutagenesis was unsuitable for probing function of mature
receptors, as neither conventional mutant showed responses to
acetylcholine. To generate functional receptors with more
subtly altered properties at position 59, we therefore
incorporated the fluorinated Trp analogues described above.
Mono- and difluorinated Trp analogs were indeed tolerated at
this position, and were activated by acetylcholine with EC50
values of 1.0 ± 0.1 and 1.3 ± 0.2 μM, respectively (Figure S3,
Table 2). This was not significantly different from Trp-
incorporated receptors, with an EC50 value of 0.9 ± 0.1 μM

(which, in turn, showed no significant difference to WT
nAChRs, EC50 = 2.1 ± 0.3 μM, Table 1). Unfortunately,
function could not be measured with receptors containing F3-
Trp, F4-Trp or Ind, as we failed to observe any inward currents,
even at very high agonist concentrations. However, as GlyR
EC50 values were significantly altered by either F-Trp or F2-Trp
substitutions (Table 1) and these nAChR EC50 values were not
(Table 2), we tentatively interpret this as evidence against a
role for nAChR Trp59 electrostatics in channel activation. This
leads us to conclude that Trp59 does not play a major role in
the function of the receptor, although a Trp (or Trp-like) side
chain is crucial for expression of the receptor. Thus, and
although we could not test the effects of higher fluorinated Trp
derivatives at position 59, the nAChR data suggest that both
Trp59 and Trp85 are integral to surface expression of nAChRs
and hint that channel activation is rather independent of the
unique properties of Trp at these positions.

MD Simulations Reflect the Requirement of Trp Side
Chains for GlyR Function. Similar to a recent study using
MD simulations to probe agonist and antagonist binding in a
GluCl-based homology model of GlyR α1 with unprecedented
detail,31 we used the recently published single particle EM GlyR
α1 structure11 to conduct MD simulations. Specifically, we took

Figure 4. Incorporation of unnatural amino acids (UAAs) into the GlyR. (a) Chemical structures of Trp and selected UAAs, F4-Trp (4,5,6,7-F4 Trp)
and Ind (2-amino-3-indol-1-yl-propionic acid). (b−e) Averaged current responses of oocytes coinjected with TAG-containing GlyR mRNA and
UAA-tRNA conjugate (±SEM, n ≥ 5 over two batches of oocytes) as measured by two electrode voltage clamp (±SEM, n = 11). (b) and (c) refer to
fluorinated tryptophan incorporation (see inset legend for details); (d) and (e) refer to Ind incorporation. Trp-incorporated data are from the same
batches of oocytes/experiments as the mutant constructs in the respective graphs.
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advantage of the approach to assess the immediate environment
of the two conserved Trp side chains in the GlyR α1. We found
that the conformation of the Trp pairs was very stable,
facilitated by a hydrogen bond between the indole nitrogen of
Trp68 and the backbone oxygen of Trp94. Interestingly, in one
subunit, we found the simulations to suggest a hydrogen bond
between the indole nitrogen of Trp68 and a stable water
molecule that may help to position and orient the side chain
(Figure 6a), a fact that may reflect the reduced Hill coefficient

with the incorporation of the unnatural amino acid Ind into
position 68 of the GlyR α1. Further, in support of the notion
that the tryptophan pairs contribute stability to the ECD, our
MD simulations showed virtually no side chain movement/
rotation of these residues over the experimentally assessed time
course (Figure 6b). We observed similar behavior in the
simulation trajectories of our previous homology models.

Trp Residues in Cys-Loop Receptor Expression.
Substitution of Loop D or A Trp residues for conventional
amino acids abolished agonist-gated currents in nAChRs and

Table 1. Results for Glycine-Evoked Current Recordings
after Incorporation of Amino Acids with the Nonsense
Suppression Methoda

GlyR α1 construct EC50 (μM) nH n

WT 56.3 ± 9.1 2.6 ± 0.2 11
Trp68TAG + Trp 51.2 ± 1.8 3.1 ± 0.2* 7
Trp68TAG + F-Trp 63.8 ± 14.5 2.0 ± 0.3*** 6
Trp68TAG + F2-Trp 511.7 ± 59.0*** 1.3 ± 0.1*** 6
Trp68TAG + F3-Trp 380.0 ± 95.1** 1.3 ± 0.2*** 5
Trp68TAG + F4-Trp 384.7 ± 98.7** 1.3 ± 0.1*** 6
Trp68TAG + Ind 48.2 ± 11.7 1.6 ± 0.4** 7
Trp94TAG + Trp 70.3 ± 15.1 2.2 ± 0.1 6
Trp94TAG + F-Trp 15.3 ± 3.9 1.2 ± 0.3* 4
Trp94TAG + F2-Trp 43.8 ± 7.7 2.1 ± 0.1 3
Trp94TAG + F3-Trp 12.8 ± 1.2 1.7 ± 0.2 4
Trp94TAG + F4-Trp 245.3 ± 102.3** 0.6 ± 0.1*** 3
Trp94TAG + Ind 74.2 ± 17.4 2.0 ± 0.2 8

aDisplayed are values of concentration for half-maximal activation
(EC50), Hill coefficient (nH), and number of experiments (n). Trp
analogue-incorporated constructs were compared to Trp rescue
experiments (Trp68TAG + Trp or Trp94TAG + Trp) for the
respective positions by one-way ANOVA with Tukey’s multiple
comparison test (*P < 0.05; **P < 0.01; ***P < 0.001).

Figure 5. Electrophysiological analysis of conventional mutant
nAChRs. (a) Representative recordings at oocytes injected with
indicated mutant nAChR α7 mRNAs; bars indicate application of 10
mM acetylcholine. No response was observed at ≥6 oocytes for each
construct over two batches of oocytes. (b) Averaged current responses
to increasing acetylcholine concentrations at oocytes injected with WT
(black) or Trp85Phe (blue) nAChR α7 mRNA (±SEM, n = 11). Inset
figures show representative individual experiments (scale bars: WT 5 s
and 0.3 μA; Trp85Phe 5 s and 2 μA).

Table 2. Results for Acetylcholine-Evoked Current
Recordings after Conventional Mutagenesis or
Incorporation of Amino Acids with the Nonsense
Suppression Methoda

nAChR α7 construct EC50 (μM) nH n

WT 2.1 ± 0.3 2.0 ± 0.2 12
Trp85Phe 4.6 ± 0.7* 3.4 ± 0.4* 9
Trp59TAG + Trp 0.9 ± 0.1 2.3 ± 0.4 6
Trp59TAG + F-Trp 1.0 ± 0.1 2.2 ± 1.0 4
Trp59TAG + F2-Trp 1.3 ± 0.2 1.8 ± 0.4 6

aDisplayed are values of concentration for half-maximal activation
(EC50), Hill coefficient (nH), and number of experiments (n). Asterisks
indicate statistical significance compared to WT (for Trp85Phe;
Student’s t test; *P < 0.05) or compared to Trp rescue experiment
(Trp59TAG + Trp) for Trp analogue-incorporated constructs (one-
way ANOVA with Tukey’s multiple comparison test).

Figure 6. MD simulations on the Trp side chains and their
environment in the GlyR α1 structure (3JAE). (a) MD simulation
suggests an interaction between the indole nitrogen of Trp68 and a
stable water molecule in one of the subunits. (b) Simulation of Trp68
and Trp94 χ1,2 dihedral angles over a 150 ns time window hints at
significantly reduced conformational flexibility of the conserved Trp
residues. The five GlyR α1 subunits are marked by different colors.
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GlyRs in nine of ten cases; the only exception was the
Trp85Phe (Loop A) nAChR. This suggested that cell surface
expression of Cys-loop receptors specifically requires a Trp side
chain at these positions. This was experimentally confirmed for
GlyRs, where none of the mutants were detected to the extent
of WT GlyRs at the oocyte surface, unlike WT GlyRs, which
were abundantly detected.
GlyR α subunits form functional homopentamers, whereas β

subunits do not.23 Chimeric α subunits, containing small
segments of β subunit sequence in the ECD, are also incapable
of forming functional homopentamers unless particular α-
specific amino acids are reintroduced into those segments.32

One example is an Asp-Ser pair of residues in α subunits (Lys-
Cys in β subunits), only two positions upstream of the Loop A
WXPD motif. The presence of this Asp-Ser pair allows an α−β
chimeric subunit to form functional homopentamers alone or
assemble functional heteropentamers with WT α subunits.32 In
contrast, the Lys-Cys pair precludes the expression of
functional homomers and apparently even prevents the
expression of subunits that can coassemble with WT subunits.32

It is easy to imagine that the β subunit Lys-Cys pair prevents
expression of a functional subunit by inducing an inappropriate
Loop A conformation, including an altered orientation of the
Loop A Trp. Our MD simulations suggest that such a
conformational change is incompatible with the structure of a
functional receptor. According to our electrophysiological
experiments, the presence of WT β subunits did not confer
any function to the mutated α subunits. This provides further
evidence that the Trp side chains are necessary for the
formation of structurally intact subunits, as even mutant α
subunits of low agonist sensitivity are known to assemble
functional heteromers with WT β subunits.22 In the case of the
Loop D Trp, this is reiterated by the result that Trp68Cys
mutant subunits are trafficked more to the Golgi apparatus than
to the cell surface.18 Interestingly, that recent study suggests
that mutations of Loop D Trp or of the downstream Asp in the
Loop D WXD motif are both recognized by control apparati
after leaving the endoplasmic reticulum, as opposed to
mutations to other parts of the receptor that result in
endoplasmic reticulum retention.18

Regarding nAChRs, receptor expression was not probed with
immunohistochemistry, but oocytes injected with all conven-
tional mutant mRNAs, with the exception of Trp85Phe,
showed no responses to acetylcholine in electrophysiological
experiments, suggesting that excitatory nAChRs also rely on the
Loop D Trp side chain for appropriate expression. Although
the Loop A Trp85Phe nAChR was functional, indicating that a
Trp side chain is not an absolute requirement in Loop A, Tyr85
and His85 substitutions were not tolerated. Thus, the Loop A
position is also very sensitive to mutation in both anion- and
cation-selective Cys-loop receptors, explaining the high level of
conservation at both Trp positions. Indeed, among functionally
not yet characterized Cys-loop receptor subunits, we found
only three examples of divergence from Trp at these positions
to either Phe or Tyr (see Uniprot ID E3CTP9, Q9W4G1,
Q9VVH4).
Trp Residues in Cys-Loop Receptor Function. The

deleterious effects of Loop D/A Trp mutations on receptor
expression make it difficult to probe the role of these side
chains in characteristic Cys-loop receptor functions such as
ligand-gated channel activation. Thus, the possible functional
role of two uniquely conserved residues in close proximity to
the ligand-binding site remains unknown. To circumvent the

deleterious effects on expression and to probe function more
subtly, we incorporated unnatural Trp analogues at these
positions. Such analogues can be used to probe cation−π
interactions with Trp π electrons and hydrogen bonds with the
Trp indole nitrogen.26,33 Although fluorination of Trp68 and
Trp94 in the GlyR caused marked changes to GlyR activation,
the changes in activation were not correlated to π electron
density of either Trp68 or Trp94, and were more correlated to
the presence of fluorine atoms at the distal part of the Trp68
side chain. Examining the recent GlyR α1 and α3 structures
(refs 11 and 14; PDB IDs 3JAE and 5CFB, respectively), it is
easy to imagine that the addition of fluorine atoms to either the
Trp68 or Trp94 side chain (same numbering in the GlyR α3)
would disrupt what appears to be an edge-to-face (Loop A Trp-
to-Loop D Trp) arrangement.34 The alteration of this otherwise
stable tryptophan pair could in turn alter the conformation of
Loops A and D, which are directly involved in ligand-binding,
thus altering ligand-induced receptor activation.35

Incorporation of Trp derivatives into the nAChR (which was
only performed at the Loop D Trp59 position) caused no
change in acetylcholine-gated activation. This tentatively
suggests that, in mature nAChRs, the side chain properties of
the Loop D Trp are not crucial to receptor function,
contrasting our findings with the GlyR. Perhaps this difference
relates to the fact that in amino acid-gated, anion-selective
receptors, a terminal moiety of the agonist glutamate or glycine
is oriented directly toward Loop D of the complementary
ligand-binding face.13,36 By contrast, in nAChR-related, amine-
binding receptors, the equivalent terminal moiety is oriented
more toward Loop E,17,37 perhaps somewhat alleviating the
reliance of the receptor on Loop D structure.

■ CONCLUSIONS

Focusing on the most uniquely conserved residues in the Cys-
loop receptor ECD has revealed that at both positions, the Trp
residue is required or at least strongly favored for cell surface
expression across different receptors. In contrast, different Cys-
loop receptors may differ in their use of these Trp side chains
for agonist-gated activation. These results add a structural
insight into the implication of the Loop D Trp in GlyR-related
disease.18,38 In agreement with Hassaine et al.,12 we conclude
that a pair of tryptophans at the top of the Cys-loop receptor
ECD is crucial to stability and structural integrity, with
mutations affecting both receptor expression and function.

■ METHODS
Molecular Biology. All human GlyR α1 and β constructs were in

the pGEMHE vector and contained the C41A mutation (which
removes the only extracellular Cys side chain, but has no effect on
receptor function or pharmacology39); all nAChR α7 constructs were
in pAMV and contained the L247T mutation to reduce desensitiza-
tion.40 nAChR α7 constructs were coexpressed with hRIC-3 cDNA in
pGEM (a generous gift from Dr. M. Treinin, Hebrew University).41

All mutants were generated using standard site-directed mutagenesis,
followed by sequencing of the entire coding region. mRNA for oocyte
injection was generated with the T7 mMessage mMachine kit
(Ambion, Austin, TX). Oocytes (stage V−VI) from female Xenopus
laevis frogs were prepared by collagenase treatment in OR2 (in mM:
82.5 NaCl, 2 KCl, 1 MgCl2, 5 HEPES, pH 7.4) and injected with 50
nL of mRNA alone or mRNA plus tRNA (see Unnatural Amino Acid
Incorporation, below). After an incubation at 18 °C for 12−72 h,
oocytes were used for electrophysiological recordings or immunohis-
tochemical analysis.
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Unnatural Amino Acid Incorporation. The principle of the in
vivo nonsense suppression methodology for unnatural amino acid
(UAA) incorporation is outlined elsewhere.33 Briefly, the amine of the
UAAs 2-amino-3-indol-1-yl-propionic acid (Ind) and fluorinated Trp
derivatives (4,5,6,7-F4-Trp) (all prepared as previously described27)
was protected with nitroveratryloxycarbonyl (NVOC). For coupling to
the dinucleotide dCA (Dharmacon, Lafayette, CO), the carboxyl
group was activated as the cyanomethyl ester. After storage in DMSO
(−80 °C), the product was ligated to a modified (G73) Tetrahymena
thermophila tRNA (synthesized using an oligonucleotide (Integrated
DNA Technologies) as a template). Immediately before coinjection
with the mutated receptor mRNA, the (NVOC) protection group of
the aminoacylated tRNA-UAA was removed by 400 W UV irradiation
for 55 s. Typically, we coinjected 10−80 ng of tRNA-UAA and 25−50
ng of mutated receptor mRNA containing an amber stop codon
(TAG) at the position of interest, in a total volume of 50 nL. tRNA
coupled to dCA alone (i.e., with no appended UAA) was coinjected
with the TAG-mutated receptor mRNA, and these oocytes were
recorded in parallel to all other experiments as a control for
nonspecific incorporation of endogenous amino acids. In such control
experiments, we did not observe any detectable currents at all GlyR
and nAChR constructs, even with high (100 mM) agonist
concentrations, suggesting negligible levels of nonspecific incorpo-
ration.
Electrophysiology. Two-electrode voltage-clamp recordings were

conducted using a custom-made recording chamber and an automated
perfusion system (AutoMate Scientific). Glass capillaries with a
resistance of 0.5−1 MΩ were backfilled with 3 M KCl and cells were
voltage-clamped at a holding potential of −40 mV (GlyR α1) and −80
mV (nAChR α7), respectively. ND96 (in mM: 96 NaCl, 2 KCl, 1
MgCl2, 1.8 CaCl2, 5 HEPES, pH 7.4) was used for electrophysiological
recordings. Currents were recorded using an OC-725C amplifier
(Warner Instruments), and data was acquired at 200 Hz with an Axon
Digidata 1550 digitizer (Molecular Devices). Offline data analysis was
conducted using Clampex 10.5.1.0 software (Molecular Devices), and
signals were digitally filtered at 2 Hz for analysis and display. The
empirical Hill equation, fitted with a nonlinear least-squares algorithm,
was used to obtain half-maximal concentrations (EC50) and Hill
coefficient (nH) values for ligand-induced activation. All results are
expressed as means ± SEM of three or more independent experiments
from at least two batches of oocytes.
Immunohistochemistry. The procedure was adapted from a

recent study.42 Two days after mRNA injection, oocytes were fixed in a
3.7% solution of p-formaldehyde in phosphate buffered saline (PBS,
0.01 M: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, pH 7.4) for 3 h and washed in a 1% (w/v) solution of bovine
serum albumin (BSA) in the same buffer (3 × 10 min) at room
temperature. Oocytes were incubated overnight in a polyclonal rabbit
anti-GlyR antibody (ThermoFisher Scientific catalog number PA1-
4661) diluted 1:1000 in wash buffer. On the following day, oocytes
were washed in 1% BSA/PBS and incubated with a goat anti-rabbit
IgG secondary antibody conjugated with Alexa Fluor 555 (Thermo-
Fisher Scientific catalog number A27039) diluted 1:500 at RT for 3 h
(all antibody dilutions in 1% BSA/PBS). After washing in 1% BSA/
PBS, oocytes were quick-frozen in isopentane and sectioned into 50
μm slices with a CM3050 S cryostat (Leica). Slices were mounted in
70% glycerol in PBS on adhesive microscope slides and imaged with a
Zeiss LSM 710 laser scanning confocal microscope equipped with a
20×, 0.8 NA Plan-Apochromat objective and two photomultiplier
tubes. Alexa Fluor 555 was excited at 561 nm, and fluorescence data
was collected from 570 to 750 nm.
Sequence Alignment. All sequence alignments were performed

with ClustalW2,43 and the entire sequence alignment for loops A and
D is shown in Figure S1. The sequence logo in Figure 2 was generated
using WebLogo.44

Molecular Dynamics Simulations. Analysis of our previously
reported simulation of human GlyR131 suggested that this Trp pair
was conformationally stable. During our analysis, structures for the α1
glycine receptor from Danio rerio were solved by single particle cryo-
electron microscopy11 as well as a crystal structure for the human α3

glycine receptor14 were determined. We thus performed MD
simulations of the extracellular domain (ECD) only (for expediency)
of the α1 GlyR in complex with glycine (PDB: 3JAE) to investigate the
behavior of this Trp pair. We used the Amber 12 package45 with the
ff12SB force field. Missing side chain atoms were added with the xleap
module of AMBER. The ECD was solvated with an octagonal box of
TIP3P water molecules and neutralized using Na+. Minimization was
performed in two steps. First, only the water molecules and ions were
minimized with 1000 steps of steepest descent minimization and 1000
steps of conjugate gradient minimization. Second, the restraints on the
protein were removed and the whole system was relaxed with 3000
steps of steepest descent minimization and 3000 steps of conjugate
gradient minimization. The cutoff of the nonbonded interactions was
set to 12 Å for the energy minimization process. After minimization,
MD was performed. Initially, the solute was restrained and the whole
system was gradually heated from 10 to 300 K in 100 ps in the NVT
ensemble. Then the system was equilibrated in the NPT ensemble
where the temperature and pressure were kept at 300 K and 1 atm,
respectively. Finally, in the production process, the whole system was
relaxed and a 50 ns molecular dynamics run was carried out. For all
MD steps, the time step was set to 0.002 ps, the particle mesh Ewald
(PME) method46 was applied to deal with long-range electrostatic
interactions, and the lengths of the bonds involving hydrogen atoms
were fixed with the SHAKE algorithm.47
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ECD, extracellular domain; EC50, agonist concentration
required for half-maximal activation; GlyR, glycine receptor;
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nAChR, nicotinic acetylcholine receptor; TMD, transmem-
brane domain; WT, wild type; WX(P)D, amino acid sequence
motif in which W stands for tryptophan, X for any amino acid,
P for proline and D for aspartic acid
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