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We identify two heteroallelic mutations in the acetylcholine
receptor -subunit from a patient with severe myasthenic symp-
toms since birth: a novel §D140N mutation in the signature Cys-
loop and a mutation in intron 7 of the 8-subunit gene that dis-
rupts splicing of exon 8. The mutated Asp residue, which
determines the disease phenotype, is conserved in all eukaryotic
members of the Cys-loop receptor superfamily. Studies of the
mutant acetylcholine receptor expressed in HEK 293 cells reveal
that 6D140N attenuates cell surface expression and apparent
channel gating, predicting a reduced magnitude and an acceler-
ated decay of the synaptic response, thus reducing the safety
margin for neuromuscular transmission. Substituting Asn for
Asp at equivalent positions in the a-, 8-, and e-subunits also
suppresses apparent channel gating, but the suppression is
much greater in the a-subunit. Mutant cycle analysis applied to
single and pairwise mutations reveals that «Asp-138 is energet-
ically coupled to aeArg-209 in the neighboring pre-M1 domain.
Our findings suggest that the conserved aAsp-138 and aArg-
209 contribute to a principal pathway that functionally links the
ligand binding and pore domains.

Congenital myasthenic syndromes are heterogeneous disor-
ders in which the safety margin of neuromuscular transmission
is compromised by one or more specific mechanisms. Although
no fewer than 20 congenital myasthenic syndrome disease
genes have been identified, most congenital myasthenic syn-
dromes arise from mutations in muscle acetylcholine receptor
(AChR)? subunits (1). The muscle AChR belongs to the cystine-
loop (Cys-loop) superfamily of receptors and is a heteropen-
tamer composed of homologous subunits with stoichiometry
(a1),B187yin fetal and (al1),B18€ in adult muscle (2). Each sub-
unit consists of an N-terminal extracellular domain composed
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of 10 B-strands that form inner and outer -sheets, a trans-
membrane domain of four a-helices (M1-M4), a large cyto-
plasmic domain between M3 and M4, and an extracellular
C-terminal tail.

The AChR Cys-loop divides the inner from the outer
B-sheets of the extracellular domain and is situated at the inter-
face between the extracellular and pore domains. Its name
derives from a disulfide bond between a pair of cysteine resi-
dues separated by 13 residues, four of which are highly con-
served. One of these conserved residues, Asp-138 in the muscle
AChR a-subunit, is present at equivalent positions in all sub-
types and species of AChR subunits (Fig. 14) and also across all
subunits of all species of the Cys-loop receptor superfamily.
However, little is known about the contributions of the Cys-
loop Asp of the different subunits to AChR expression and
AChR activation.

Recent crystal structures of eukaryotic Cys-loop receptors
show that the residue equivalent to aAsp-138 localizes within
the hydrophobic core of the subunit, where it establishes elec-
trostatic contact with an invariant cationic residue equivalent
to aArg-209 in the pre-M1 domain of the muscle AChR (3). In
addition, anionic residues from the 3, , and B4 o loops interact
with the residue equivalent to aArg-209 (4, 5), which may serve
as a cationic hub linking multiple loops from the extracellular
domain to the pre-M1 domain (Fig. 1B).

Studies of a variety of Cys-loop receptors suggest that resi-
dues equivalent to aAsp-138 interact functionally with cationic
or polar residues from the pre-M1 domain, M2-M3 linker, and
C-terminal tail. In the heteromeric GABA , receptor, analyses
of charge reversal or disulfide trapping of residue pairs revealed
that the residue equivalent to aAsp-138 interacted with cati-
onic or polar residues from the pre-M1 (6) and M2-M3 regions
(7). In the homomeric glycine receptor, studies of substituted
cysteine pairs suggested that residues equivalent to aAsp-138
and aArg-209 form a salt bridge important for receptor func-
tion (8). Finally, in the muscle AChR, charge reversal experi-
ments revealed functional interaction between the residue
equivalent to aAsp-138 and a cationic residue in the C-terminal
tail (9). All of these studies used macroscopic current measure-
ments to assess function of the mutant receptors, and although
functional interdependence of the residue pairs was demon-
strated, functional consequences of the mutations at the level of
individual receptor channels were not investigated.
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FIGURE 1. A, structural model of extracellular domains of human AChR viewed from the intracellular side indicating positions of invariant Cys-loop Asp and
pre-M1 Arg residues (based on the crystal structure of the ACh binding protein (Protein Data Bank entry 119B) and mutational analyses of the human AChR
binding domain (36)). B, side view of the a subunit showing that the pre-M1 Arg serves as a cationic hub linking the Cys-loop, 3;_, loop, and 35, loop in the AChR

a subunit (Protein Data Bank entry 2BG9).

Here we identify a mutation of the invariant Cys-loop Asp
residue in the AChR 8-subunit in a patient with myasthenic
symptoms since birth and analyze the consequences of the
mutation at the level of individual receptor channels. Further-
more, we examine functional consequences of the Asp-to-Asn
mutation at equivalent positions of the AChR «-, 8-, and e-sub-
units and use thermodynamic mutant cycle analyses to assess
interactions between aAsp-138 and the invariant cationic res-
idue arArg-2009.

Experimental Procedures

Mutation Analysis—We directly sequenced muscle AChR
a-, B-, 6-, and e-subunit genes using the patient’s genomic
DNA. Using allele-specific PCR, we determined whether the
patient’s mutation was present in family members and 400 nor-
mal alleles of 200 unrelated controls.

Construction and Expression of Wild-type and Mutant
AChR—Sources of human a-, 8-, 8-, and e-subunit cDNAs and
subcloning of the cDNAs into the CMV-based mammalian
expression vector pRBG4 were as previously described (10).
The mutations were engineered into wild-type AChR subunit
c¢DNAs in pRBG4 using the QuikChange site-directed mu-
tagenesis kit (Agilent Technologies). The presence of each
mutation and absence of unwanted mutations were confirmed
by sequencing the entire inserts. HEK 293 cells were transfected
with plasmid DNA encoding a-, B-, 8-, and e-subunits and
pEGFP-NI1 at a ratio of 2:1:1:1:1, using the FuGENE 6 transfec-
tion reagent (Roche Applied Science) (11).

a-Bungarotoxin Binding Measurements—The total number
of [***IJa-bungarotoxin ([***I]a-bgt) sites on the surface of
transfected HEK cells was determined as described previously
(10). Briefly, intact cells were harvested 3 days after transfection
by gentle agitation in PBS with 5 mm EDTA. Cells were briefly
centrifuged, resuspended in high potassium Ringer’s solution,
and divided into aliquots for measurements of a-bgt binding.
The total number of a-bgt binding sites was determined by
incubation for 1 h in the presence of 5 nm ['**T]a-bgt. Unbound
toxin was removed by washing with potassium Ringer’s solu-
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tion containing 300 uM d-tubocurarine, followed by filtration
using a cell harvester (Brandel Inc.). Radioactivity retained by
the glass fiber filters (Whatman GF-B, 1 um cut-off) was mea-
sured with a y counter. Nonspecific binding was determined in
the presence of 300 uMm d-tubocurarine. Binding properties of
ad dimers were determined in cells made permeable with
saponin by modification of an established method (12). After
removing the growth medium, cells were incubated for 5 min in
PBS/EDTA plus 0.1% BSA and 0.5% saponin prior to incubation
with ['**T]a-bgt.

Patch Clamp Recordings and Single Channel Kinetic Anal-
ysis—Recordings were obtained in the cell-attached patch con-
figuration at a membrane potential of —80 mV at 22 °C and
with bath and pipette solutions containing 142 mm KCl, 5.4 mm
NaCl, 1.8 mm CaCl,, 1.7 mm MgCl,, 10 mm HEPES, pH 7.4.
Single channel currents were recorded using an Axopatch 200A
amplifier (Axon Instruments) at a bandwidth of 50 kHz, digi-
tized at 5-us intervals using a Digidata 1322A (Axon Instru-
ments), and recorded to a hard disk using the program Clampex
version 8.2 (Axon Instruments). Recordings obtained with ACh
concentrations of 1 um or less were analyzed at a uniform band-
width of 11.7 kHz with an imposed dead time of 15.3 us.
Recordings obtained with ACh concentrations of 10 um or
more were analyzed at a bandwidth of 10 kHz and an imposed
dead time of 25 us using TAC version 4.0.9 software (Bruxton).
Dwell time histograms were plotted on a logarithmic abscissa
and fitted with the sum of exponentials by maximum likelihood
(13).

To estimate rate constants underlying AChR activation, we
employed desensitizing concentrations of ACh that cause
events from a single receptor channel to cluster into sequences
of identifiable activation episodes (14). Clusters were identified
as a series of closely spaced openings preceded and followed by
closed intervals greater than a defined critical time. The critical
time was determined by a method that misclassifies an equal
number of events between two adjacent closed-time compo-
nents (15). For each receptor, the critical time that provided the
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best fit for the closed-time histogram was chosen for the final
analysis. Clusters with fewer than five openings were excluded
from analysis. Individual clusters were examined for homoge-
neity based on the mean P, and open duration for each cluster,
and clusters within 2 S.D. values of the mean were accepted for
further analysis (16, 17). The resulting global set of open and
closed dwell times from wild-type and mutant AChRs was ana-
lyzed using the program MIL (QuB suite), which uses an inter-
val-based maximum likelihood method that also corrects for
missed events (16) to yield fitted rate constants in a kinetic
scheme for receptor activation.

For each wild-type or mutant AChR, single channel dwell
times obtained over a range of ACh concentrations (10-1,000
M) were fitted simultaneously. The final set of rate constants
was checked by comparing probability density functions calcu-
lated from the rate constants and the experimental dwell time
histograms and by the ability of the rate constants to predict the
mean burst duration at limiting low concentrations of ACh
(18, 19).

Simulation of Miniature Endplate Currents (MEPC)—
MEPCs were simulated using MCell software (version 3.3) for a
model of the rat neuromuscular junction (20, 21). The geome-
try of the synaptic cleft was defined as an open box with AChRs
distributed on a 5 X 5-um area that was 0.05 um from the
presynaptic membrane. For the wild-type AChR, the AChR
density was set to 10,000/um? on the crests and 2,970/um? on
deeper regions of the folds. For the mutant AChR from the
patient, the density was reduced in proportion to the cell sur-
face expression determined by the ['**I]a-bgt binding measure-
ments. A quantum of 1,000 ACh molecules, the maximum
allowable, was released at time 0, and each molecule was fol-
lowed with a time resolution of 0.5 ws. The diffusion constant of
ACh in the cleft was 2.1 X 10~° cm®/s. The association and
dissociation rates for the formation of the complex between
AChand AChEwere2 X 108 M~ *s™'and 1.4 X 10*s™, respec-
tively. The rate constants for the wild-type and mutant AChRs
derived from kinetic analysis of open and closed dwell times
were applied to the model. The amplitude of the simulated
MEPC for the wild-type AChR was normalized to the mean
amplitude of the MEPCs from control human EPs (22).

Thermodynamic Mutant Cycle Analysis—We performed
mutant cycle analysis to determine whether the functional con-
tributions of two residues, X and Y, are independent or interde-
pendent. The functional consequences of mutating residue X,
with and without the mutation of residue Y, are computed from
the free energy change associated with a given reaction step for
the wild-type AChR and the mutants AChR,, AChR,, and
AChR,. In the case of the AChR, the relevant reaction step was
the apparent channel gating equilibrium constant of the dili-
ganded receptor, 6, which has an associated free energy change
(AG) = —RTIn#. Although 6 is a composite of closed-state
priming and channel gating steps (23) and thus is an apparent
equilibrium constant, it remains a highly sensitive measure of
interresidue coupling. The changes in gating free energy due to
the mutations X, Y, and XY relative to the wild-type are desig-
nated AAG,, AAG,, and AAG,,. These terms are related to the
free energy of interresidue interaction, AAG,,,, as follows:
AAG,, = AAG, + AAG, + AAG,,, (24, 25). Given this rela-
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tionship and noting that AAG; for the individual mutant AChR
is AGy — AGy, AGy, — AGy, AGyy — AGy, AAG,,, can be
calculated from —RTIn((6y, X 0y,)/(0x X 6)), where 0 is the
apparent channel gating equilibrium constant for wild-type
(W) and mutant (X, Y, and XY) AChRs (4, 26).

Statistics—Error estimates of the scheme rate constants for
wild-type and mutant receptors in Tables 1 and 2 were com-
puted by the MIL program from the curvature of the likelihood
function at its maximum (16). To compute the S.E. for AAG, the
likelihood surfaces for each fitted B or « are assumed to be
symmetrical about the maximum. The S.E. of AAG is then com-
puted from the S.E. for each rate constant (i.e. S.E. By) as fol-
lows (5),

S.E. = RTsqrt(var(log By) + var(log o) + var(log By)
+ var(log ay) + var(log By) + var(log ay) + var(log(Bxy)

+ var(log ay)) (Eq.1)

where var(log Bx) = (S.E. Bx/Ba)% var(log o) = (S.E.on/ctp)?.

Study Approval—All human studies were in accordance with
the guidelines of and were approved by the institutional review
board of the Mayo Clinic. The parents of the patient reported in
this study provided informed consent to participate.

Results

Characteristics of the Congenital Myasthenic Syndrome
Patient—An 11-year-old girl was hypotonic and apneic at birth.
During infancy and early childhood, she had severe weakness of
all muscles. Because she could not swallow, she was fed through
a gastrostomy tube, and she had recurrent apneic episodes
requiring ventilatory support. At 1 year of age, electromyo-
graphic studies revealed a defect in neuromuscular transmis-
sion. She improved with high doses of the cholinesterase inhib-
itor pyridostigmine, which prolongs the lifetime of ACh in the
synaptic cleft, and improved further with 3,4-diaminopyridine,
which enhances the number of acetylcholine quanta released by
nerve impulse. At age 11, she has no further apneic episodes, is
able to walk with support, can speak a few words with a palatal
support, and attends a school for children with special needs.
There are no similarly affected family members.

Mutation Analysis—To determine the molecular basis of the
patient’s illness, we sequenced each AChR subunit gene. This
revealed two mutations in the &-subunit of the receptor
(CHRND): a paternally inherited c.481G—A/p.6D140N muta-
tion located in the signature Cys-loop (Fig. 2) and a maternally
inherited splice site mutation within intron 7, c.821-2A—C.
Because the parents are asymptomatic, each mutation in the
ACHhR & subunit is recessive. Neither mutation was detected in
400 normal control alleles. Neither variant is listed in the
Exome Variant Database (Exome Variant Server, NHLBI GO
Exome Sequencing Project (ESP), Seattle, WA), and 6D140N is
predicted to be disease-causing by both Mutation Taster and
Polyphen-2. The splice site mutation disrupts splicing of exon 8
in one &-subunit allele, so the second allele harboring the
6D140N mutation determines the phenotype. Nucleotide num-
bers start from the translational start site, with +1 correspond-
ing to the A of the ATG translation initiation codon (NM_
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AChR 6
5Asp140Asn
Cys-loop
M2
M3

FIGURE 2. Position of the 8D140N mutation in the & subunit of AChR (Pro-
tein Data Bank entry 2BG9). Left, extracellular and transmembrane domains
of the & subunit. Right, structure of the interface between extracellular and
transmembrane domain demarcated by a rectangle in the left panel.

000751.2). Codon numbers start from the first codon of the
mature peptide (NP_000742.1). The mutated 6Asp-140 is con-
served at equivalent positions of all subunits of the Cys-loop
superfamily of receptors of all species. To date, mutations of
equivalent residues in non-8-subunits of AChR have not been
reported.

Expression of 8D140N in HEK Cells—To assess the patho-
genic effects of the 8D140N mutation, we engineered the muta-
tion into the wild-type human &-subunit and co-transfected
¢DNAs encoding mutant or wild-type 8-subunits with comple-
mentary wild-type «-, B-, and e-subunits into HEK cells.
Expression of the mutant AChR on the surface of intact cells,
measured from the binding of [***I]a-bgt, was reduced to 20%
of wild-type (Fig. 3A4). Furthermore, substitution of Glu for
0Asp-140, which maintains the negative charge, reduced
expression to ~40% of wild type, and substitution of positively
charged, aromatic, or hydrophobic residues reduced expres-
sion to 10% or less (Fig. 3A). Substituting Asn for the equivalent
Asp in the different AChR subunits decreased cell surface
expression in the following subunit-dependent manner: wild
type = €, > B,, > a,, > J,,, where the subscript specifies the
mutant subunit (Fig. 3B). Note that the a-subunit mutation
introduces two mutations per AChR but has a smaller effect
than the single mutation in the 8-subunit. Thus, the contribu-
tion of the invariant Cys-loop Asp residue to cell surface
expression depends on the electrostatic charge and size of the
side chain and also on the subunit harboring the Asp residue.
To gain insight into why the 6D140N mutant reduces AChR
surface expression, we determined the ability of the mutant
subunit to form a stable complex with the wild-type a-subunit.
Compared with cells expressing wild-type «- and 8-subunits,
which form intracellular a-6 dimers, cells expressing wild-type
a- and mutant 8-subunits exhibited a 60% decrease in [***I]a-
bgt binding (Fig. 3C). Thus, the 6D140N mutation impairs
dimerization of the a- and 6-subunits, which is an early step in
AChR assembly (27).

Single Channel Currents from the 8D140N Mutant Elicited by
Low ACh Concentrations—To gain insight into the effect of the
6D140N mutation on AChR function, we recorded single chan-
nel currents in the presence of a limiting low concentration of

3294 JOURNAL OF BIOLOGICAL CHEMISTRY

A % of Control a-bgt bound
0 2[0 4]0 6[0 8]0 1 (.)0 1 2]0
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FIGURE 3. Specific a-bgt binding to intact (A and B) and saponin-permea-
bilized (C) HEK cells transfected with the indicated AChR subunit cDNAs
(see “Experimental Procedures”). The results are normalized for a-bgt
binding to wild-type AChR (A and B) or wild-type ad dimers (C) and represent
mean = S.D. (error bars) of at least three experiments.

ACh (50 nm). Atalow concentration of ACh, channel openings
appear as bursts of several openings in quick succession, with
each burst arising from a different channel. The mean burst
duration equals the time constant for decay of the synaptic cur-
rent (18, 28) and thus provides insight into the consequences
for neuromuscular transmission. Compared with bursts
recorded from the wild-type AChR, bursts from the mutant
receptor are noticeably briefer (Fig. 4). Histograms of burst
durations reveal several exponential components, the longest of
which has a mean duration of 3.3 ms for the wild-type AChR
and 1.8 ms for the mutant (Table 1). The decrease in mean burst
duration predicts a more rapid decay of the synaptic response at
mutant compared with normal endplates, reducing the safety
margin of neuromuscular transmission.

To investigate the subunit dependence of the invariant Cys-
loop Asp on mean burst duration, we made analogous record-
ings from mutant AChRs in the presence of low concentrations
of ACh. The mean burst duration decreased in the following
subunit-dependent manner: wild-type > 6,, > €, > B, > o,
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(Table 1 and Fig. 4). Notably, the mutation in the a-subunit
reduced the mean burst duration by 15-fold compared with
that of the wild-type AChR. Thus, as observed for cell surface
expression, the Asp-to-Asn substitution affects the mean burst
duration in a subunit-dependent manner.

Patch Clamp Recordings from the 8DI40N Mutant at
Increased ACh Concentrations—To gain further insight into the
functional consequences of the 8D140N mutation, we recorded
single channel currents over a range of increased ACh concen-
trations. Under these conditions, individual AChR channels
activate in clusters of many channel openings in quick succes-
sion, which terminate by desensitization. The durations of
openings and closings within clusters give information on the
kinetics of state transitions within a mechanism of receptor
activation, including rate constants for agonist association and
dissociation and channel opening and closing. The rate con-
stants are estimated by fitting a kinetic scheme to the sequences
of intracluster open and closed dwell times.

For both the wild-type and mutant AChR, closed dwell times
within clusters become progressively briefer as the ACh con-

_
. o
JTN fumu... 0

Wild-type 50nMACh 3.31ms

L M
LM !

6D140N 50 nM ACh N 1465 ms
" - | " £100-
L iy v il bl 2 50-
§ Ll 4 4 4 E
] \ “ g
A1 R WANALIA B s b b st g > )
w's 4 3 2 -
0.21 ms
aD138N 1 uMACh 40 ‘
| 20

RN B
| J | |

L] f o 0
S5 4 3 2 4

Log durations(s)

FIGURE 4. Single channel currents elicited by ACh from HEK cells express-
ing wild-type, 6D140N, and aD138N AChRs. Left, channel openings are
shown as upward deflections. Right, logarithmically binned burst duration
histograms fitted to the sum of exponentials. Arrows, peaks of burst compo-
nents. The values for major components are indicated for each AChR.

TABLE 1
Burst durations of wild-type and mutant AChRs in HEK cells

centration increases, and the closed duration histograms mir-
ror the concentration-dependent change from long to brief
intracluster closings (Fig. 5). Notably, the change from long to
brief intracluster closings occurs at a higher concentration of
ACh for the mutant compared with the wild-type AChR. In
addition, at intermediate ACh concentrations, the ratio of brief
to long closings is greater for the wild-type than for the mutant
AChR. These qualitative changes in intracluster closings sug-
gest that the mutation affects one or more kinetic transitions
that precede the channel-opening step.

To identify rate constants altered by the mutation, we fitted
the following minimal kinetic scheme to sequences of open and
closed dwell times obtained over a range of increased ACh
concentrations.

ki ki, B ko
A+R==AR+ A= AR=A,R* = A,R;
K_1 k_z o K—b
Scheme 1

In this scheme, two agonists (A) bind to the receptor (R) with
association rate constants & ; and k_ , and dissociate with rate
constants k_; and k_,. The doubly occupied receptor opens
with rate constant 8 and closes with rate constant «, and ACh
blocks the open channel with rate constant &, ,, and it dissoci-
ates from the block state with rate constant k—,. Due to band-
width limitations, the previously identified closed state
between A,R and A,R*, known as flip or primed (23, 29), is not
included in this scheme; thus, the fitted rate constants 3, «, and
k_, are apparent rate constants. Also, a desensitized state is not
included because each cluster begins following recovery from
desensitization and ends upon return to the desensitized state,
so that closings within clusters represent transitions between
activatable states.

For both the wild-type and 6D140N AChRs, the above
kinetic scheme describes the closed and open dwell time distri-
butions over the range of ACh concentrations, as indicated by
the close correspondence between the computed probability
density functions and the dwell time histograms (Fig. 5). The
fitting analysis reveals that for the mutant relative to the wild-
type AChR, the apparent channel opening rate constant f3
decreases, the apparent ACh dissociation rate constant k_,
increases, and the apparent channel closing rate constant «
decreases (Table 2). These changes in rate constants are
expected to alter the synaptic response to nerve-released ACh.

Values indicate means * S.E. with number of patches in parentheses. ACh concentration was 50 num for all except 1 um for aD138N and 8D140N/eD138N. Temperature

was 22 = 0.5 °C, bandwidth was 11.7 kHz, and membrane potential was —80 mV.

Bursts (measured)

71 (area)

T2 (area) T3 (area)

Wild type (n = 21)
SD140N (11 = 4)

aD138N (1 = 4)
BD138N (1 = 3)

eD138N (1 = 4)
5D140N/ eD138N (1 = 5)

0.036 = 0.002% (0.24 * 0.02)
0.32 = 0.060 (0.41 =+ 0.019)
0.22 = 0.015 (1.00 = 0.00)
0.049” (0.19)

0.040 = 0.018 (0.21 =+ 0.022)
1.70 = 0.082 (1.00 = 0.00)

ms (no. of patches)

0.47 + 0.06 (0.21 *+ 0.03)
1.81 + 0.18 (0.59 = 0.023)

3.31 =+ 0.12 (0.58 = 0.04)

0.60 = 0.050 (0.94 = 0.060)
1.67 = 0.14 (0.84 * 0.055)

“ Not detected at three patches.
 Not detected at two patches.
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FIGURE 5. Activation kinetics of wild-type (A), 5D140N (B), and «D138N AChRs (C). The left column shows representative single channel currents at the
indicated AChR concentrations recorded from HEK cells. Bandwidth was 10 kHz. The center and right columns show corresponding histograms of closed and
open duration dwell times with superimposed global fits for Scheme 1. Fitted rate constants are shown in Table 2.

First, the probability that a doubly occupied AChR will transi-
tion to the open state, given by the ratio B/(B8 + k_,), is 0.55 for
the mutant and 0.83 for the wild-type AChR. Second, the chan-
nel opening equilibrium constant, given by the ratio /«, is 18
for the mutant and 24 for the wild-type AChR. Third, the mean
burst duration, given by (8/k_, + 1)/« is 2.2 ms for the mutant
and 2.6 ms for the wild-type AChR; these values are similar to
the mean burst durations obtained from recordings at limiting
low ACh concentrations (Table 1). Thus, the 8D140N mutation
reduces the probability that a doubly occupied receptor chan-
nel will open, reduces the opening equilibrium constant, and
shortens the burst duration.

Simulation of MEPCs—The preceding kinetic analysis shows
that the 6D140N mutation alters multiple steps in the activa-
tion process, whereas the ['*’I]a-bgt binding measurements
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show that the mutation reduces cell surface expression. To
assess the overall consequences for neuromuscular transmis-
sion, we simulated MEPC:s for the wild type and mutant AChRs
based on the kinetic scheme, the fitted rate constants, and the
AChR density inferred from measurements of cell surface
expression (see “Experimental Procedures”). The simulations
show that the mutation attenuates the peak of the MEPC to 58%
of normal (Fig. 6A4). However, this attenuation is not as great as
the decrease in cell surface expression alone, which was 20% of
normal. To reconcile the apparent disparity between the peak
of the MEPC and AChR density, we repeated the simulations
for a range of AChR densities. The simulations reveal a non-
linear relationship between the peak of the MEPC and AChR
density, so that reducing the AChR density to 20% reduces the
peak response to only 50% (Fig. 6B). This non-linear relation-
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FIGURE 7. A, stereo view of the interface between extracellular domains and transmembrane domains shows spatial disposition of interacting charged residues
in Cys-loop, pre-M1, B,_, loop, and Bg_, loop (based on the crystal structure of 5-HT;, (Protein Data Bank entry 4PIR)). B, a mutant cycle of energetic interaction
among aAsp-138 and aArg-209. Single channel currents correspond to each species of AChR elicited by 300 um ACh. Numbers over the arrows indicate the
difference in the apparent gating free energy between the two different AChRs in kcal/mol. S.E. values were computed as described under “Experimental
Procedures.” The 95% confidence limit, or twice the S.E., indicates a coupling energy significantly different from zero. The indicated diagonal arrow shows the

coupling free energy (AAG;,,,) for aD138E/aR209K.

the accelerated decay reduce the net current during an MEPC
to 38% of normal.

Mutations of Equivalent Asp Residues in Non-58-subunits—
To determine the kinetic consequences of mutations of the
equivalent Cys-loop Asp residues in the non-6-subunits, we
again recorded single channel currents over a range of
increased ACh concentrations and analyzed the sequences of
single channel dwell times as described for the mutation
O0D140N. The analyses reveal that the mutants, BD138N and
€D138N, attenuate the apparent equilibrium constant for chan-
nel gating to an extent similar to that by the 6D140N mutant
(Table 2). However, as anticipated from measurements of mean
burst duration (Table 1), the aD138N mutation attenuates the
apparent channel gating equilibrium constant by 2 orders of
magnitude, due to a decrease in the apparent channel opening
and an increase in the apparent channel closing rate constants.

Functional Consequences of the Number of Subunits with
Mutated Asp Residues—The 6D140N mutant is present in one
copy per AChR, whereas the «aD138N mutation is present in
two copies per AChR. To determine whether the severe conse-
quences of the aD138N mutation arise from the presence of
two mutant subunits, we combined 6D140N and eD138N into a
single AChR and determined the functional consequences.
Recordings in the presence of a limiting low concentration of
ACh show that the mean burst duration of the double mutant
AChR (1.7 ms) is very close to that of either single mutant (1.8
and 1.7 ms), yet it is much longer than that for the «D138N
mutant (0.22 ms) (Table 1). Analysis of recordings in the pres-
ence of increased ACh concentrations shows that the apparent
channel gating equilibrium constant for the double mutant
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ACHR is essentially the same as that for either single mutant
ACHhR, yet it is much greater than that for the «D138N AChR
(Table 2).

Interaction of aAsp-138 with Surrounding Residues—Recent
x-ray crystal structures of Cys-loop receptors show that
within the structural transition zone between the extracel-
lular and transmembrane domains, electron-rich residues
from three structural regions converge upon an invariant argi-
nine residue from the pre-M1 domain (3, 31-33) (Fig. 7A). The
conserved aGlu-45 at the apex of the 3, ,loop and the invariant
aArg-209 from the pre-M1 domain were the first pairwise con-
tacts in this region shown to be functionally interdependent (4).
Subsequently, functional interdependence was demonstrated
between the conserved aGlu-175 and aTrp-176 from the g o
loop and «aArg-209 (5). However, it remained unknown
whether the anionic aAsp-138 from the Cys-loop, and aArg-
209 were functionally interdependent. To determine whether
aAsp-138 and aArg-209 are functionally interdependent, we
generated a series of pairwise mutations of aAsp-138 and
aArg-209 and used single channel kinetic analysis to determine
the functional consequences of the single and double mutants.

Initially, we tested the following pairwise mutations designed
to maintain a strong interaction between the pair of residues:
aD138E/aR209H, aD138E/aR209Q), aD138N/aR209S, aD138N/
aR209G, aD138N/aR209Q and aD138N/aR209H, and aD138C/
aR209C. However, none of these pairwise mutants yielded
detectable single channel currents, suggesting a delicate struc-
tural interplay between aAsp-138 and aArg-209 or between
this pair and the surrounding residues. We therefore made
more conservative mutations of «Asp-138 and aArg-209 that
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maintained the charge on each residue but altered either the
size or branching pattern of the side chains (Fig. 7B). The more
conservative pairwise mutation, aD138E/aR209K, yielded
readily detectable single channel currents marked by notably
brief channel openings flanked by prolonged closings, suggest-
ing that the apparent channel gating step was impaired. Kinetic
analysis of the single channel dwell times reveals a 14-fold
decrease of the apparent channel opening rate constant and a
2-fold increase of the apparent channel closing rate constant,
resulting in a 26-fold decrease of the apparent channel gating
equilibrium constant (Table 2). By contrast, analyses of the sin-
gle residue mutations, «D138E and aR209K, reveal only mod-
est attenuation of the apparent channel gating equilibrium con-
stant (Table 2). Thus, the functional consequences of the
double mutation are much greater than those of either individ-
ual mutation. Mutant cycle analysis (24), based on the apparent
channel gating equilibrium constants, reveals an interresidue
coupling free energy of 1.2 kcal/mol (Fig. 7B). The magnitude of
this coupling free energy, although less than expected for
charge reversal mutations of both residues, could be rational-
ized based on the conservative structural changes of the substi-
tuted side chains. Thus, aAsp-138 and aArg-209, which are
proximal in crystal structures of multiple Cys-loop receptors,
contribute to the apparent channel gating step in a functionally
interdependent manner. Together with previous results show-
ing functional interdependence between aArg-209 and sur-
rounding anionic and electron-rich residues (4, 5), the present
results further show that the apparent channel gating step
depends on multiple charge-charge interactions within the
region between the extracellular and transmembrane domains.

Discussion

We identify the cause of a congenital myasthenic syndrome
and, in the course of investigating the underlying mechanism,
reveal new and unexpected insights into AChR structure-func-
tion relationships. To our knowledge, the 8D140N mutation is
the first naturally occurring mutation of the invariant Cys-loop
Asp in the eponymous receptor superfamily. The mutation
reduces cell surface expression of AChR to 20% of wild type and
impairs the speed and efficiency of the apparent channel gating
step. The effects of the mutation on AChR expression and func-
tion are expected to reduce the amplitude and accelerate the
decay of the endplate current, reducing the patient’s safety mar-
gin for neuromuscular transmission. Furthermore, by analyz-
ing the kinetics of single channel open and closed dwell times,
we find that the invariant Cys-loop Asp is essential for the
proper kinetics of AChR activation, that its contribution to the
kinetics is subunit-dependent, and that in the a-subunit, it is
one of three conserved anionic residues that interact with an
invariant Arg to promote rapid and efficient activation.

The 6D140N mutation reduces AChR expression on the cell
surface through impaired association with the a-subunit, an
early step in the assembly process (27). The ability of the mutant
8-subunit to associate with the a-subunit depends exquisitely
on both the negative charge and size of the side chain at position
SAsp-140 because both charge neutralization (Asp to Asn) and
increasing the size (Asp to Glu) markedly reduce expression.
On the other hand, mutations in the - and a-subunits reduce
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expression to a lesser extent, whereas mutation of the e-subunit
does not alter expression. Because AChR expression is a multi-
step process, our studies do not exclude possible effects of the
mutation on subunit biosynthesis, protein folding, post-trans-
lational modification, and targeting for proteasome degrada-
tion. In addition, given the unavailability of a muscle biopsy, a
decrease in AChR density at the patient’s endplates could not
be confirmed. However, because the kinetic consequences of
the mutation are moderate and the patient’s symptoms are
severe, a decrease in AChR density at the patient’s endplates
seems likely.

Our single channel kinetic analyses reveal that the sD140N
mutation alters kinetic steps essential to rapid and efficient
neuromuscular transmission. The apparent rate for channel
opening is reduced, whereas that for ACh dissociation is
increased (Table 2). As a consequence, the probability that a
doubly occupied AChR will open decreases from 0.83 for the
wild-type AChR to 0.55 for the mutant, an overall decrease to
66% of normal. In addition, the mean burst duration decreases
from between 3.3 and 2.6 ms for the wild type to between 2.2
and 1.8 for the mutant (Tables 1 and 2).

To assess the functional consequences of the reduced expres-
sion and altered activation kinetics, we simulated MEPCs for a
model neuromuscular junction. The simulations incorporated
the fitted activation rate constants and an AChR density pro-
portional to the measurements of cell surface expression. The
simulations confirm that the mutation reduces the peak of the
MEPC and accelerates the decay. Due to the non-linear rela-
tionship between the peak of the MEPC and AChR density (30),
the reduction of the peak to 58% of normal is close to that
expected from the reduction in AChR density alone (Fig. 6).
The accelerated decay of the simulated MEPC is very close (2.2
ms) to the mean burst duration computed from the formula
(B/k_, + 1)/ and the rate constants in Table 2. A further
reduction of the ionic current is expected from the reduced
probability that a doubly occupied AChR will open, given by the
formula, B/(B + k_,), to 66% of normal. This reduction is not
evident in the simulated MEPC because the number of ACh
molecules in a quantum is limited to a maximum of 1,000, or
about 10-fold less than in a quantum of ACh at the motor syn-
apse (34), and the assumption of instantaneous ACh occupancy
in the above formula does not hold. The decrease in peak cur-
rent (58%), accelerated decay (66%), and reduced opening prob-
ability (66%) predict that the mutation reduces the total ionic
current to 25% of normal and thus compromises the safety mar-
gin for neuromuscular transmission.

In the course of defining the structural mechanism of the
pathogenic mutation 6D140N, we found that the equivalent
Asp in the a-subunit is even more important for rapid and
efficient channel gating. The greater contribution of the a-sub-
unit is not due to two rather than one mutant subunit, because
combining mutations of the 8- and e-subunits into a single
ACHhR results in apparent channel gating equivalent to that of
either mutant subunit alone. Furthermore, we find that aAsp-
138 couples energetically to the invariant cationic residue
aArg-209 in the pre-M1 domain. These are the first single
channel studies of the mutation aD138N from the muscle
AChR, although previous macroscopic current measurements
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from the same mutant did not detect functional AChR channels
(9). Our study complements previous work on the homomeric
glycine receptor, where the equivalent Cys-loop Asp residue
was found to be required for efficient activation (35), and, fur-
ther, it was found that this residue interacted with the Arg
residue in the pre-M1 domain equivalent to aArg-209 (8). In
the latter study, cysteine substitution of either the Asp or the
Arg prevented agonist-elicited macroscopic currents,
whereas the double cysteine mutant afforded agonist-elic-
ited currents with reduced magnitude. However, in the
AChR, we found that the double cysteine mutant, «aD138C/
aR209C, did not exhibit agonist-elicited single channel cur-
rents. Although the two studies suggest differences in local
structure between the AChR and glycine receptor, the mus-
cle AChR is a heteromer, and the glycine receptor is a
homomer, potentially voiding comparison.

In crystal structures from different Cys-loop receptors (3,
31-33), the equivalent Cys-loop Asp residue is one of three
anionic residues engaged in electrostatic interactions with the
invariant Arg from the pre-M1 domain. The strength of these
electrostatic interactions is enhanced due to their location
within the hydrophobic core of the subunit, suggesting that in
joining multiple regions of the protein main chain, these con-
tacts are particularly stable. We find that the mutation aD138N
markedly suppresses apparent channel gating, and analysis of
pairwise mutants of aAsp-138 and aArg-209 reveals interresi-
due energetic coupling. In addition, two more proximal anionic
residues, aGlu-45 and aGlu-175, energetically couple to aArg-
209 (4, 5). Thus, the collective structural and functional data
show that within the protein core between the ligand binding
and pore domains, multiple charge-charge interactions are cru-
cial for rapid and efficient channel gating.

Although the kinetic consequences of the 8D140N mutation
are severe enough to be pathogenic, mutation of the equivalent
Asp residue in the a-subunit has an even greater effect. Thus,
although the five Cys-loop Asp residues are positioned sym-
metrically around the pentameric ring, their contributions to
AChR function are asymmetric. This asymmetry probably
arose during the homomer to heteromer transition, where the
non-a-subunits diverged and the a-subunits retained attri-
butes of the homomeric ancestor. Two of the retained attri-
butes, formation of the principal face of the ACh binding site
and tight coupling between the ligand binding and pore
domain, thus appear inextricably linked. Furthermore, our
findings show that deciphering causes of a pathogenic mutation
can provide unanticipated insights into AChR structure-func-
tion relationships.
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