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Highly fatal fast-channel syndrome caused

by AChR & subunit mutation at the
agonist binding site

ABSTRACT

Objective: To characterize the molecular basis of a novel fast-channel congenital myasthenic
syndrome.

Methods: We used the candidate gene approach to identify the pathogenic mutation in the acetyl-
choline receptor (AChR) & subunit, genetically engineered the mutant AChR into HEK cells, and
evaluated the level of expression and kinetic properties of the mutant receptor.

Results: An 8-year-old boy born to consanguineous parents had severe myasthenic symptoms
since birth. He is wheelchair bound and pyridostigmine therapy enables him to take only a few
steps. Three similarly affected siblings died in infancy. He carries a homozygous p.W55R muta-
tion at the o/e subunit interface of the AChR agonist binding site. The mutant protein expresses
well in HEK cells. Patch-clamp analysis of the mutant receptor expressed in HEK cells reveals
30-fold reduced apparent agonist affinity, 75-fold reduced apparent gating efficiency, and strik-
ingly attenuated channel opening probability (P, over a range agonist concentrations.

Conclusion: Introduction of a cationic Arg into the anionic environment of a/s AChR binding site
hinders stabilization of cationic ACh by aromatic residues and accounts for the markedly per-
turbed kinetic properties of the receptor. The very low P, explains the poor response to pyri-
dostigmine and the high fatality of the disease. Neurology® 2012;79:449-454

GLOSSARY

AChR = acetylcholine receptor; CMS = congenital myasthenic syndrome; EP = endplate; HEK = human embryonic kidney
fibroblast; Popen = channel open probability.

Congenital myasthenic syndromes (CMS) are heterogeneous disorders caused by defects in
endplate (EP)-associated proteins.! No fewer than 13 CMS disease proteins have been identi-
fied to date and mutations occurring in subunits of AChR are the commonest cause of CMS.
AChR is a ligand-gated ion channel with a pentameric structure consisting of 4 homologous
subunits with a stoichiometry of o, 387 in fetal and a,80¢ in adult receptor. Each subunit is
composed of 2 extracellular domains at its N- and C-terminal ends, an intracellular domain,
and 4 transmembrane domains connected by intracellular and extracellular linkers.? Two ago-
nist binding pockets of AChR are present at the /8 and a/e subunit interfaces (figure 1A).
The principal face of each binding site is formed by the a subunit, which contributes peptide
loops A-C, while the complimentary face is formed by either the 6 or the & subunit, which
contribute loops D-G? (figure 1B). In each binding pocket, the cationic agonist ACh is stabi-
lized by interaction with 5 conserved aromatic residues. We report and evaluate the conse-
quences of a spontaneous mutation of an aromatic residue at the a/e agonist binding site of

AChR (figure 1C).

From the Departments of Neurology (X.-M.S., A.G.E., ].B., S.M.S.) and Physiology and Biomedical Engineering (S.M.S.), Mayo Clinic, Rochester,
MN; and Department of Pediatric Neurology (S.E.), Hadassah University Hospital, Jerusalem, Israel.

Study funding: Supported by a grant from the National Institutes of Health (NS-6277, A.G.E.; NS-031744, S.M.S.) and by a research grant from
Muscular Dystrophy Association (A.G.E.).

Go to Neurology.org for full disclosures. Disclosures deemed relevant by the authors, if any, are provided at the end of this article.

Copyright © 2012 by AAN Enterprises, Inc. 449

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



[ Figure 1 Agonist binding sites of acetylcholine receptor (AChR)

(A) Structural model of extracellular domains of human AChR viewed from the synaptic space indicating positions of Trp residues at the /5 and o/ binding
sites. (B) Side view of the a and & subunits showing position of loops E, D, G, and F in the & subunit, and loops A, B, and C in the « subunit. (C) Stereo view of
the binding site showing positions of aromatic residues shrouding the binding pocket. In each panel the mutated e Trp55 at the o/¢ binding site is highlighted
inred. (Based on the crystal structure of the ACh binding protein [PDB 119B] and lysine scanning mutagenesis delineating the structure of the human AChR

binding domain.13)
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METHODS Protocol approval and consents. The inves-
tigations described in this study were approved by the Institu-
tional Review Board of the Mayo Clinic. The patient’s father

gave informed consent for the genetic studies.

Molecular genetic studies. Molecular genetic studies were
performed by previously described methods.® We directly se-
quenced CHRNAI, CHRNBI1, CHRND, and CHRNE using
genomic DNA extracted from blood. The p.Trp55Arg mutation
detected in CHRNE was traced with allele-specific PCR in fam-
ily members and was not present in 400 normal alleles of 200
unrelated controls. Expression of the mutant AChR in HEK
cells is described in appendix e-1 on the Neurology® Web site at
www.neurology.org.

Patch-clamp recordings from AChRs expressed in HEK cells
at low and high concentrations of ACh were obtained in the
cell-attached configuration at a membrane potential of —80 mV/
at 22°C and with bath and pipette solutions containing (mM)
KCl 142, NaCl 5.4, CaCl, 1.8, MgCl, 1.7, HEPES 10, pH 7.4.4
The recordings and their analyses were performed by previously

described methods (see reference 4 and appendix e-2).
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RESULTS Clinical data. An 8-year-old boy born to
asymptomatic second-degree cousins had severe my-
asthenic symptoms since birth. He is wheelchair
bound; pyridostigmine therapy enables him to take a
few steps. He has a 19% decremental EMG response
in the trapezius muscle, and single fiber EMG re-
veals a mean jitter of 102 us (normal <50 us).
Three similarly affected siblings died in infancy, 1
similarly affected brother is alive, and 2 other sib-
lings are unaffected.

Mutation analysis. Sequencing of the each AChR
subunit gene revealed a homozygous replacement of
Trp by Arg in CHRNE at codon 55: p.W55R
(c.163T>C) (reference sequence NM_000080.3).
The mutated Trp is conserved across the AChR &, v,
and & subunits of all species and is located at the a/e
agonist binding site interface (figure 1). No DNA
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Figure 2 Single-channel currents elicited from human embryonic kidney
acetylcholine receptor

fibroblast cells transfected with wild-type
(AChR) and eW55R-AChR
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Left: Representative channel openings elicited by 50 nM ACh. Right: Logarithmically binned
burst duration histograms fitted to the sum of exponentials. Arrows indicate mean duration

of burst components.

was available from other family members but ho-
mozygosity of the proband is strong evidence for the
asymptomatic parents being carriers and for trans-
mission by recessive inheritance.

Expression studies. '>’I-a-bungarotoxin binding
studies revealed that the mutant receptor expressed at
86% of wild-type. Hence the deleterious effects of
the mutation likely arise from altered AChR activa-
tion kinetics.

To examine kinetic consequences of the eW55R
mutation, we recorded single channel currents from
HEK cells expressing mutant and wild-type AChR at
a low concentration of ACh (50 nM). The resulting
channel events appear as isolated openings or as sev-
eral openings in quick succession, called bursts (fig-
ure 2 and table 1). The burst duration histograms
reveal 2 exponential components for eW55R-AChR

and 3 for wild-type AChR. For wild-type AChR, the
longest component of bursts has a mean duration of
3.31 msec, but for eW55R-AChR the corresponding
value is only 0.37 msec, predicting fast decay of the
synaptic current.

To identify kinetic steps in AChR activation al-
tered by eW55R, we recorded channel openings over
a range of ACh concentrations and constructed his-
tograms of open and closed dwell times (figure 3).
Wild-type AChR generates well defined clusters of
openings with 10 uM ACh but eW55R-AChR does
so only with 100 uM and higher concentrations of
ACh. The mutant clusters have longer closed times
with fewer and briefer openings than wild-type. For
both wild-type and eW55R-AChRs, the longest
closed-time component shifts to the left with increas-
ing ACh concentration, but the mutant histograms
shift less than the wild-type.

To determine the consequences of the mutations
on rate constants underlying receptor activation, we
analyzed the global set of open and closed dwell
times according to Scheme 1 shown below:

ki, ki, B k.
A+ R==AR + A= A,R==A,R*==A,R,
k., k., « k.,

Here, 2 agonists (A) bind to the receptor (R) with
association rate constants k ; and k_ ,, and dissoci-
ate with rate constants k_; and k_,. The receptor
with 2 agonists bound opens with rate constant 8
and closes with rate constant o Asterisk indicates the
open state and Ry indicates the blocked state. At high
concentrations, ACh blocks the open channel with
rate constant k_,, and the channel unblocks with
rate constant k . The fitted rate constants allow cal-
culation of the equilibrium dissociation constants so
that K, = k_,/k, , K, = k_,/k,,, Ky =k_,/k,y,
and the channel gating equilibrium constant 6 =
B/a. For wild-type human AChR, the @/8 binding
site has a higher agonist affinity than the a/e binding
site,” so that the first binding step occurs at the a/8 site.

[ Table 1 Open intervals and burst durations of wild-type and mutant AChRs in HEK cells® ]
Open intervals Bursts |
71, Ms 75, MS 73, MS 71, MS 75, MS 73, Ms
(area) (area) (area) (area) (area) (area)
Wild- type 0.037 + 0.03° 0.31 = 0.05 1.35 +0.05 0.036 = 0.002° 0.47 = 0.06 3.31+0.12
(0.17 = 0.02) (0.27 = 0.04) (0.67 = 0.04) (0.24 = 0.02) (0.21 = 0.03) (0.58 = 0.04)
eW55R 0.12 = 0.002°¢ 0.33 £ 0.03 0.10 = 0.05¢ 0.37 = 0.06
(0.54 +0.17) (0.78 + 0.14) (0.37 + 0.11) (0.85 + 0.10)

Abbreviations: AChR = acetylcholine receptor; HEK = human embryonic kidney fibroblast.
2 Values indicate means + SE of 21 patches for wild-type AChR and 5 patches for sW55R-AChR. ACh, 50 nM; final band-

width 11.7 kHz. Membrane potential = —80 mV.
b Not detected at 12 patches.
¢ Not detected at 3 patches.
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Figure 3 Activation kinetics of wild-type and eW55R-acetylcholine receptor (AChR) and channel
open probabilities
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(A, B) Left column shows individual clusters of single-channel currents recorded at indicated ACh concentrations from
human embryonic kidney fibroblast (HEK) cells. Right columns show histograms of closed and open durations at each ACh
concentration with superimposed probability density functions (smooth curves) generated from a global fit of the scheme
to dwell times obtained for the entire range of ACh concentrations. Fitted rate constants are shown in table 2. (C) Channel
open probability (Pypen) @s function of ACh concentration. Symbols and vertical lines indicate means and standard devia-
tions. Smooth curves are P, predicted by the fitted rate constants in table 2.
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[ Table 2 Kinetic parameters of wild-type and mutant AChRs expressed in HEK cells ]

| ki1 k_g Ki/luM ki k_2 KoluM B @ 0 Kib k_p Kg/mM |

Wild-type 816 1,036+108 13 842 10679 =*167 127 57139+1219 2410+65 24 272 103,239 + 2,274 3.82

£W55R 81 1,036 13 8+1 30152=*5412 3,769 1,223 = 106 3868 +47 032 12+0.7 68824 +2434 574

Abbreviations: AChR = acetylcholine receptor; HEK = human embryonic kidney fibroblast.
Rate constants + SD are inunits s~ 1, except fork , 1, k5, and k,,, whichare uM~1s 1. Ky =k_4/k 1, Ko=k_5/k, 5, Kg = k_p/k p, and 8 = p/a. The values of
k.1 and k_; for the mutant receptor are constrained to that of wild type with the assumption that the 2 binding sites are independent.

For the mutant receptor, we constrained k., and
k_, to the wild-type values with the assumption that
the 2 binding sites are independent and affinity of
ACh for the «/8 binding site is unchanged by the
mutation. This scheme together with fitted rate con-
stants describes well the closed and open duration
histograms of wild-type and mutant receptors.

The fitted rate constants in table 2 indicate that
the eW55R increases the dissociation constant of the
diliganded receptor 30-fold by decreasing the for-
ward binding rate constant 10-fold and increasing
the dissociation rate constant 3-fold, and reduces gat-
ing efficiency 75-fold mainly by decreasing the chan-
nel opening rate constant 46-fold. Because Scheme 1
does not include the recently detected primed state
between closed and open states,®” the fitted rate con-
stants are apparent rate constants. Nevertheless, the
open probability (P,,.,) within defined clusters is
not affected by this omission, and is computed from
the sum of open times divided by the sum of open

and closed times. A plot of P, over a range of ACh

Open
concentrations reveals a marked decrease and shift to
the right of P

ure 3C). The plotted points are well described by

values for the mutant recepror (fig-

open

P, pen curves computed from the fitted rate constants

and support the validity of the estimated rate con-
stants shown in table 2.

DISCUSSION The correct diagnosis of a CMS is
important because it dictates appropriate therapy. In
most CMS clinical, EMG, and molecular genetic
studies point to the correct diagnosis but diagnosis of
a fast-channel CMS requires in vitro microelectrode
or single-channel patch-clamp recordings. Moreover,
only single-channel patch-clamp recordings can elu-
cidate the mechanistic consequences of the identified
mutation.

We detected a homozygous missense mutation of
an aromatic Trp residue in the & subunit at the a/e
binding site of AChR in a highly fatal form of CMS.
To our knowledge, no spontaneous mutation of an
aromatic residue in the binding pocket of AChR has
been reported to date. eW55R-AChR expresses well
in HEK cells, has very low apparent ACh affinity for
the a/e site, and exhibits markedly reduced apparent
gating efficiency. The findings underline the impor-

tance of the aromatic residues that shroud the AChR
agonist binding sites.®~'° A contribution of Trp55 in
the 7, 8, and & subunits to agonist binding has been
previously emphasized.'~'? Single-channel record-
ings from mouse eW55R-AChR expressed in HEK
cells yielded a very low P, ., although kinetic analy-
sis was not performed.'?

Introduction of a cationic Arg residue into the
aromatic-rich anionic /e binding site of AChR hin-
ders stabilization of cationic ACh and markedly re-
duces apparent agonist affinity. In addition, the
mutation hinders isomerization of the receptor from
the closed to the open state, slows the apparent open-
ing rate, speeds the apparent closing rate, and reduces
open channel probability. The altered channel ki-
netics predict a short duration and low amplitude
of the endplate potential that falls short of the
threshold for activating postsynaptic voltage-gated
Na channels. Finally, the very low opening proba-
bility of the mutant receptor over a range of ACh
concentrations explains the limited clinical re-
sponse to pyridostigmine.
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Classification scheme requirements for therapeutic questions AAN classification of recommendations

A

(CIass I. Arandomized, controlled clinical trial of the intervention of interest M

with masked or objective outcome assessment, in a representative v - ’ f f -
population. Relevant baseline characteristics are presented and substantially A = Established as effective, ineffective, or harmful (or established )

equivalent among treatment groups or there is appropriate statistical as useful/predictive or not useful/predictive) for the given condition
\ adjustment for differences. ) in the specific population. (Level A rating requires at least two

r N \ consistent Class | studies.)
/Class Il. A randomized, controlled clinical trial of the intervention of interest \ (___—:/\
B = Probably effective, ineffective, or harmful (or probably

in a representative population with masked or objective outcome Y e i -
assessment that lacks one criterion a-e in Class | or a prospective matched useful/predictive or not useful/predictive)} for the given condition in
cohort study with masked or objective outcome assessment in a the specific population. (Level B rating requires at least one Class |

representative population that meets b-e in Class |. Relevant baseline study or two consistent Class Il studies.)

characteristics are presented and substantially equivalent among treatment /:—;/

groups or there is appropriate statistical adjustment for differences. C = Possibly effective, ineffective, or harmful (or possibly

i useful/predictive or not useful/predictive) for the given condition in
Class lll. All other controlled trials (including well-defined natural history the specific population. (Level C rating requires at least one Class ||

controls or patients serving as their own controls) in a representative

study or two consistent Class Il studies.
population, where outcome is independently assessed or independently y )
derived by objective outcome measurements.

Class IV. Studies not meeting Class |, Il, or lll criteria including consensus or
expert opinion.

U = Data inadequate or conflicting; given current knowledge,
treatment (test, predictor) is unproven.
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