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ABSTRACT We have found that mutant acetylcholine
receptor channels (AChRs) that cause slow-channel congen-
ital myasthenic syndromes are activated by serum and that the
high frequency of openings in serum is reduced by treatment
with choline oxidase. Thus, slow-channel congenital myas-
thenic syndrome AChRs at the neuromuscular junction are
likely to be activated both by steady exposure to serum choline
and by transient exposure to synaptically released transmit-
ter. Single-channel kinetic analyses indicate that the increased
response to choline is caused by a reduced intrinsic stability
of the closed channel. The results suggest that a mutation that
destabilizes the inactive conformation of the AChR, together
with the sustained exposure of endplates to serum choline,
results in continuous channel activity that contributes to the
pathophysiology of the disease.

Allosteric proteins in signal transduction or metabolic path-
ways must respond promptly on binding effector molecule(s)
yet remain silent in the absence of the appropriate stimulus.
Mutations that inhibit the activation process and mutations
that cause the protein to be spontaneously active are both
pathogenic. Examples of mutated proteins that are spontane-
ously active and associated with a disease include superoxide
dismutase (amyotrophic lateral sclerosis; ref. 1), rhodopsin
(autosomal dominant retinitis pigmentosa; ref, 2), tyrosine
kinase (multiple endocrine neoplasia type 2; ref. 3), and Ca21

receptors (familial hypoparathyroidism; ref. 4). Along similar
lines, the lurcher and weaver mouse neurological phenotypes
have been shown to arise from gain-of-function mutations in
the d2 glutamate receptor subunit gene (5) and a potassium
channel (GIRK2) gene (6), respectively.

Nicotinic acetylcholine (ACh) receptors (AChRs) are pen-
tameric ligand-gated ion channels that mediate excitatory
synaptic transmission at the vertebrate motor endplate. Nor-
mally, they show an extremely low level of spontaneous activity
(7) and activate rapidly [,20 ms (8, 9)] and with a high
probability when exposed to ACh released from the presyn-
aptic terminal. Several AChR gain-of-function mutations have
been identified that result in increased spontaneous activity
(10) or that cause ligands that are normally inert to become
activators of the channel (11).

The slow-channel congenital myasthenic syndromes (SC-
CMS) (12) are dominantly inherited disorders of neuromus-
cular transmission characterized by muscle weakness and
fatigability (13, 14). Although mutations that cause SCCMS
occur in different domains and different subunits of the AChR,
all SCCMS mutations produce prolonged endplate currents
owing to the altered transmitter binding and/or channel-gating
properties of the receptor (15–19). One consequence of these

primary defects of AChR is a degeneration of the junctional
folds (13, 20).

Here we present evidence that in addition to having a
prolonged synaptic response, SCCMS mutant AChR exhibit
increased levels of spontaneous activity and responsiveness to
an ordinary serum metabolite, choline. The results suggest that
the steady, inappropriate activation of AChR by serum choline
is likely to contribute to the syndrome.

MATERIALS METHODS

Expression and Electrophysiology. The details of the meth-
odology are given in ref. 21. Human embryonic kidney cells
(HEK 293) were transiently transfected by calcium phosphate
precipitation either with human or mouse a-, b-, d-, and
«-subunits. The human b- and «-subunit cDNAs were provided
by A.G.E. The human a- and d-subunits cDNAs were provided
by J. Lindstrom (Univ. of Pennsylvania, Philadelphia). The
mouse subunits were provided by S. Sine (Mayo Clinic and
Foundation); the a subunit had a background mutation at
position 433 (21).

Forty-eight hours after transfection, single-channel currents
were recorded from cell-attached patches (22). The bath
solution was Dulbecco’s PBS (137 mM NaCl/0.9 mM CaCl2/2.7
mM KCl/1.5 mM KH2PO4/0.5 mM MgCl2/6.6 mM Na2HPO4,
pH 7.4). The pipette solution was either 142 mM KCl, 5.4 mM
NaCl, 1.8 mM CaCl2, 1.7 mM MgCl2, and 10 mM Hepes (pH
7.4) or mixed human serum (from four individuals; obtained
from the Buffalo Veterans Administration Hospital, Buffalo,
NY). The temperature was 23°C, and the membrane potential
was estimated to be 270 mV.

To facilitate seal formation in the serum experiments, the
pipette tip was filled with PBS and the shank was back-filled
with serum. In these experiments, currents were recorded only
.10 min after seal formation to allow the serum components
to diffuse to the pipette tip (23). Currents were amplified
(Axopatch-1B; Axon Instruments, Foster City, CA), digitized
at 94 kHz, and recorded on tape (VR10b; Instrutech, Great
Neck, NY; 23 dB at 22 kHz), and transferred directly to a PC
(VR-111; Instrutech).

Although the HEK cells were always transfected with all
four AChR subunits, channels with nonstandard subunit as-
semblies might have been expressed (24–27). To test this
possibility, HEK cells were transfected with only three wild-
type subunits (ad«, ab«, or abd). We were unable to record
either un- or diliganded activity with the b- or d-less receptors
(three transfection trials), but «-less AChR exhibited both
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spontaneous openings and clusters of openings in response to
ACh. The kinetic and dose–response properties of ACh-
activated, «-less AChR are distinctive (27) and were not
observed in cells transfected with «T264P (28). This result
suggests that for this mutant, the expressed AChRs had the full
complement of subunits and that the parameters shown in
Table 1 do not reflect «-less AChR.

Choline Oxidase Treatment. Choline oxidase (oxygen 1-ox-
idoreductase, EC 1.1.3.17) was purchased from Sigma (catalog
no. C5896). One milliliter of serum was mixed with 0.5 mg of
the enzyme ('5 units) and incubated at 37°C for 15 min. As
a control, serum was incubated without adding choline oxi-
dase.

Single-Channel Analysis. Kinetic modeling of diliganded
AChR was carried out on single-channel openings elicited by
using ACh or choline in the patch pipette. Currents were
idealized either by using a program that tracked the baseline
and detected events via a half-amplitude algorithm (IPROC; ref.
29), or a program that detected events via a hidden Markov
algorithm (SKM; www.qub.buffalo.edu). At high agonist con-
centrations, openings occur in clusters that reflect the activity
of a single AChR (30). The cluster-based analysis method is
described in detail elsewhere (21). Briefly, clusters were
defined as a series of openings separated by closed intervals
longer than some critical duration. This duration was '10
times greater than the longest component of intracluster closed
time that scaled with the agonist concentration. For each
patch, the open and closed intervals from .20 clusters were
analyzed.

In adult wild-type mouse AChR, the two agonist-binding
sites have similar equilibrium dissociation constants (21), and
the following kinetic scheme was used to interpret the single-
channel currents:

C -|0
2k1

k2

AC -|0
k1

2k2

A2C -|0
b2

a2

A2O,

Scheme 1

where A is the agonist concentration, C is a closed AChR, O
is an open AChR, k1 is the association rate constant, k2 is the
dissociation rate constant, b2 is the diliganded AChR channel-
opening rate constant, and a2 is the diliganded AChR channel-
closing rate constant. The rate constants were estimated by
using the program MIL, with a correction for missed events (31,
32) (www.qub.buffalo.edu). The dead time was 25 ms.

When the currents were clustered, the single-channel open
probability (po) was estimated directly as the cluster-open
probability. The rate and equilibrium constants (6SD) for
diliganded AChR shown in Table 1 were estimated as follows.
b2 was estimated from the saturation limit of the effective
opening rate dose–response curve (fitted by the Hill equation),
except for the wild-type value, which was the average effective
opening rate at 20 mM choline. a2 was estimated from the

inverse of the main component of the open-channel lifetime at
low choline concentrations. The diliganded AChR gating
equilibrium constant, u2, is simply the ratio b2/a2. The disso-
ciation equilibrium constant of a single transmitter binding site
from a closed AChR (Kd 5 k2/k1) was estimated from fitting
the following equation, derived from Scheme 1:

po 5 @~Kd
2yu2A2! 1 ~2Kdyu2A! 1 u2

21 1 1#21. [1]

When the currents were not clustered, as in the absence of
agonists, po could not be estimated directly. However, the
probability of being open for a patch (Po) was computed by
fitting the baseline component of the patch all-point amplitude
histogram by a single Gaussian function. The number of
samples in this component, divided by the total number of
samples in the record, is the probability of being closed for the
patch (Pc), and Po 5 1 2 Pc.

The durations of unliganded openings of both wild-type and
SCCMS mutant AChR were distributed as the sum of one to
three exponential components (ref. 33; C. Grosman and A.A.,
unpublished data). The gating rate constants of unliganded
AChR were estimated by using a kinetic model that had a
single closed state and multiple open states (one for each
component) connected only to the closed state. In Table 1, the
spontaneous opening rate (nb0, where n is the number of
channels in the patch) and closing rate constant (a0) pertain
to the shortest-lived open state, which was also the most
prevalent.

Because we studied cell-attached patches, the value of n was
unknown. To estimate the single-channel spontaneous open-
ing equilibrium constant (u0 5 b0/a0), we assumed that n 5 20
(34). The Kd/Jd ratios shown in Table 1 (where Jd is the
dissociation equilibrium constant of a single transmitter bind-
ing site from an open AChR) were calculated from the
estimates of u2 and u0, by using Eq. 2. The estimates of u0 and
Kd/Jd totally depend on the estimated number of channels in
the patch and therefore should be considered to be approxi-
mations.

Endplate Current Simulations. Endplate currents were
simulated by using MCELL (Version 1.21; ref. 9). The geometry
of the synaptic cleft was defined as an open box, with the AChR
distributed on a 5 3 5 mm area that was 0.05 mm from the
presynaptic membrane. The AChR density was 7,250/mm2, and
the acetylcholine esterase (AChE) density was 2,000/mm2. A
packet of 7,000 agonists molecules was released at time zero,
and each molecule was followed with a time resolution of 1 ms.
The diffusion constant of ligand in the cleft was 2.1 3 1026

cm2/s.
The action of AChE was modeled by the following scheme:

AChE 1 ACh 3 AChE–ACh. The association rate constant
rate was 1.5 3 108 M21zs21, and the formation of AChE–ACh
resulted in the disappearance of one ACh at a rate constant of
3,750 s21 (9).

Table 1. Activation parameters for unliganded and choline-occupied AChRs

AChR Kd, mM nb0, s21 a0, s21 3 104
u0 (b0ya0)

3 1026 b2, s21 a2, s21
u2

(b2ya2)
KdyJd

=(u2yu0)

Wild-type — 1.2, 1.3 1.4, 1.7 3.8 53 6 18 (5) 3600 6 1100 (6) 0.015 63
aG153S 540 6 110 65, 18 0.5, 0.7 350 960 6 230 (16) 2700 6 220 (3) 0.35 32
aN217K 2600 6 400 131 6 36 (33) 1.1 6 0.1 (3) 600 2100 6 610 (15) 1700 6 160 (3) 1.2 45
aS269I 1900 6 370 3.3, 9.7 2.2, 1.0 20 1500 6 1000 (5) 1400 6 510 (3) 1.0 220
bV266M 2900 6 800 164, 179 2.1, 1.8 450 90 6 35 (4) 810 6 130 (3) 0.11 16
«T264P 3000 6 400 470 6 120 (3) 2.3 6 0.7 (3) 1020 800 6 200 (7) 450 6 47 (3) 1.8 42
«L269F 720 6 700 113, 57 1.2, 1.9 270 530 6 30 (4) 720 6 270 (3) 0.74 52

All AChR were mouse, except bV266M and «L269F, which were human. Kd is the dissociation equilibrium constant of the closed AChR; Jd is
the dissociation equilibrium constant of the open AChR, u0 is the unliganded gating equilibrium constant, and u2 is the diliganded gating equilibrium
constant. b2 is the diliganded opening rate constant, a2 is the diliganded closing rate constant, b0 is the unliganded opening rate constant, n is the
number of channels in the patch (assumed to be 20 in the calculation of u0), and a0 is the unliganded closing rate constant. Values are mean 6
SD (number of patches in parentheses).
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Scheme 1 was used to describe AChR activation; channel
block and desensitization were not taken into account. The
rate constants for wild-type mouse AChR exposed to ACh
were from ref. 21: k1 5 1.35 3 108 M21zs21, k2 5 33,000 s21,
b2 5 48,000 s21, and a2 5 1,250 s21. The rate constants for
aG153S AChR exposed to ACh were (from ref. 16): k11 5
7.88 3 108 M21zs21, k12 5 9.5 3 107 M21zs21, k21 5 1,300 s21,
k22 5 970 s21, b2 5 45,000 s21, and a2 5 883 s21.

To simulate the maximum possible contribution of choline
to the endplate current, a packet of 7,000 choline molecules
was released at time zero, and the effect of AChE was turned
off. For aG153S AChR, the activation rate constants were
derived from single-channel kinetic analysis (Fig. 4): k1 5
8.5 3 108 M21zs21, k2 5 5,300 s21, b2 5 800 s21, and a2 5 3,020
s21.

RESULTS

Fig. 1 shows the activity of wild-type and a SCCMS mutant
AChR («T264P) recorded from cell-attached patches contain-
ing either pure saline or serum. In these experiments, there was
no exogenous agonist added to the pipette solution. For
wild-type AChR, Po in pure saline was extremely low and was
only slightly higher in serum. For «T264P, Po in saline was low
but was higher than for the wild type. However, in serum, Po
for «T264P AChRs was .40 times higher than for the wild type
(10 patches).

In cell-attached patches from transiently transfected HEK
cells, the level of activity of «T264P AChR exposed to serum
remained high for .2 h, i.e., the response did not diminish over
time. This result indicates that exposure to serum causes cells
expressing «T264P AChR to have a continuous, high proba-
bility of being open.

Po in serum and in saline was examined for seven different
human SCCMS AChRs. The results are summarized in Fig. 2.
For all seven mutants, Po in serum was significantly higher than

for the wild type. In addition, all of the SCCMS mutants
showed an increased spontaneous activity in saline. The rate
and equilibrium constants for unliganded gating (i.e., in pure
saline) are shown in Table 1.

Choline, a quaternary amine precursor in the synthesis of
ACh, is present in serum at a concentration of 10–20 mM (35).
Choline is an agonist of the a7 subtype of neuronal AChRs
(36–38), and therefore we considered whether this serum
metabolite might be responsible for the increased activity of
the mutant AChR. The bottom row of Fig. 1C shows that
preincubation of serum with choline oxidase, an enzyme that
converts choline into betaine, greatly reduces the ability of
serum to induce openings. The effects of choline oxidase
treatment for two SCCMS mutants, «T264P and aS269I, are
shown in Fig. 2B. In both cases, pretreatment of the serum with
the enzyme reduced the probability of being open in serum.
These results suggest that the serum component responsible
for activation of SCCMS AChR is choline and that betaine is
not a significant agonist of these mutants.

Choline is an extremely weak agonist of wild-type AChRs
(Fig. 3 and Table 1). The cluster po of wild-type AChR
activated by all concentrations of choline was low and an
estimate of the dissociation equilibrium constant (Kd) could
not be obtained by fitting Eq. 1. For wild-type AChRs, the
probability of being open remained low even at very high
choline concentrations, indicating that choline is an extremely
low-efficacy agonist. For wild-type AChR, u2 with choline is
'1,000 times smaller than with ACh (21) because receptors
occupied by two choline molecules open '1,000 times more
slowly than those occupied by ACh (8, 17, 39).

In contrast, choline is a significant agonist of SCCMS
AChRs. For all of the mutants, the Kd for choline was 0.5–3
mM, and the u2 with choline was 7- to 120-fold higher than the
wild type. The increase in u2 in the mutants was caused mainly
by an increase in the channel-opening rate constant. Even
though the mutations apparently did not significantly alter the

FIG. 1. Serum choline activates SCCMS mutant AChRs. Example
currents (each trace is 1 sec; traces are continuous and are separated
by 10 pA; inward current is down) and all-point amplitude histograms
(logarithmic scale) from human AChR exposed to different solutions
that did not have any exogenous agonist. Wild-type AChR rarely opens
when exposed either to saline (A) or to human serum (B). The SCCMS
mutant «T264P opens with a significant probability when exposed to
serum (B). Treatment of the serum with choline oxidase eliminates
this activation (C), indicating that choline is the serum component that
is causing the activity.

FIG. 2. Spontaneous activity of human AChR in saline and in
serum. (Left) Example currents recorded in serum, without the
addition of agonist to the patch solution. (Right) The mean patch open
probability (2–10 patches) for wild-type and SCCMS AChRs exposed
to saline (filled bars) or to human serum (open bars). SCCMS AChR
have a higher open probability in saline and are more strongly
activated by serum than the wild type (note the logarithmic scale). The
vertical white lines in «T264P and aS269I indicate the patch open
probabilities in serum that was pretreated with choline oxidase. The
reduction in spontaneous activity after choline oxidase treatment
indicates that the component of serum that activates the mutant AChR
is choline. The calibration of time is 50 ms except for aV249F, which
is 750 ms.
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affinity of the receptor for choline, they increased u2 values
enough to cause the SCCMS AChR to be open with a higher
probability in the presence of the low levels of choline, such as
are present in serum. In all of the SCCMS mutants the closing
rate constant with choline was slower (by a factor of 2–8) than
the wild type, and this, too, contributes to the higher open
probability observed in serum.

In addition to being a component of serum, choline is
generated via the hydrolysis of ACh, and with each synaptic
impulse, endplate AChRs are transiently exposed to high
concentrations of choline. To test whether this exposure might
activate SCCMS AChRs to a significant extent, miniature
endplate currents (mepcs) were simulated for one SCCMS
mutant, aG153S. The results are shown in Fig. 4.

To test the utility of the simulation approach, mepcs first
were simulated by using rate constants that pertain to the
action of ACh. When rate constants for wild-type mouse
AChR were used, the decay-time constant of the simulated
mepc was 1.1 ms (Fig. 4B). This is in good agreement with the
experimental mepc decay time constant recorded from adult

mouse endplates, t 5 1.0 ms (40). When the rate constants for
aG153S mouse AChR were used (16), the decay-time constant
of the simulated mepc was 36 ms. There is no corresponding
experimental decay-time constant for aG153S mouse end-
plates. However, aG153S mepcs from human endplates exhibit
a slow component with a decay-time constant of 26 6 3.3 ms
(16). The quantitative difference in the experimental and
simulated decay time constants could reflect differences be-
tween the kinetics of human vs. mouse aG153S AChR, and/or
differences between the structural parameters of the simulated
vs. experimental endplates. Nonetheless, the similarity be-
tween the experimental and the simulated mepcs for both
wild-type and aG153S endplates suggests that the simulation
paradigm was appropriate and could be used to investigate the
possibility that choline might activate SCCMS AChRs during
synaptic transmission.

FIG. 3. Dose–response curves for wild-type and SCCMS mutant
mouse AChRs. Each symbol represents one or more cell-attached
patches containing saline plus agonist. ■ are ACh on wild type (48);
all others pertain to choline (F, wild type; ƒ, aG153S; L, aN217K; ‚,
aS269I; E, «T264P, h, «L269F, Q, bV266M). (A) Single-channel
probability. Choline is a very weak agonist of wild-type AChR and a
much more potent agonist of the SCCMS mutants. (B) The effective
channel opening rate. The value at limiting high agonist concentration
is the intrinsic diliganded channel opening rate constant, which for
choline is .10 times faster in the SCCMS mutants compared with the
wild-type. The kinetic and equilibrium constants for choline activation
of wild-type and SCCMS AChR are given in Table 1.

FIG. 4. Kinetic analysis and miniature endplate current simulations
of mouse aG153S AChR. (A) Kinetic modeling of aG153S single-
channel currents. (Top) Optimized rate constants (Scheme 1, assuming
equivalent binding sites). (Bottom) Example aG153S AChR clusters
elicited by choline (0.5, 1, and 2 mM in saline; top to bottom). To the
right are the corresponding interval duration histograms. The solid
lines are drawn according to the optimized rate constants. (B)
Simulated miniature endplate currents. The rate constants and other
parameters used in the simulations are given in Materials and Methods.
The wild-type mepc has been scaled to have the same peak amplitude
as the aG153S mepc. At time 5 0, 7,000 molecules of ACh or choline
were released into the synaptic gap. With the release of ACh, the
simulated mepc decay time constant for aG153S AChR is much longer
than for the wild-type, which agrees quantitatively with in vitro results.
With the release of choline, the maximum endplate current is '3% of
that generated by the release of ACh. This result suggests that choline
arising from the hydrolysis of ACh does not contribute significantly to
the aG153S endplate current.
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Before attempting to simulate the effects of choline at
aG153S endplates, it was first necessary to estimate the rate
constants for choline association and dissociation for the
mutant AChR. The results of kinetic modeling of choline-
activated aG153S single-channel currents are shown in Fig.
4A. Choline associates more slowly by more than a factor of 10,
and dissociates '5 times more rapidly, than ACh. To assess the
maximum possible effect of choline during a synaptic impulse,
simulations were carried out assuming that all of the released
ACh was instantly hydrolyzed. The results, shown in Fig. 4B,
indicate that the peak current generated by choline activation
of aG153S AChR during a synaptic impulse is small and was
only 3% of the current generated by ACh. In summary, the
simulation results suggest that choline derived from ACh
hydrolysis is not a significant route of AChR activation at
aG153 endplates.

The diliganded AChR gating equilibrium constant is a
function of both the increased affinity for the agonist(s) in the
activated conformation and the unliganded gating equilibrium
constant:

u2 5 u0 SKd

Jd
D 2

, [2]

where Kd and Jd are the dissociation equilibrium constants of
the closed- and open-channel conformations, respectively.
Thus, the high values of u2 for choline in the SCCMS mutant
AChR could arise either from high values for the unliganded
gating equilibrium constant, u0, and/or from high values for the
driving function, Kd/Jd. To distinguish between these possibil-
ities, the ratio Kd/Jd was computed for several SCCMS mutants
(Table 1). Although there is scatter in this ratio (some of which
can be traced to uncertainty in estimation of the number of
channels in each patch), the value was not dissimilar for
wild-type and mutant AChRs. For both wild-type and most
SCCMS AChRs, the open conformation has a '50-fold higher
affinity for choline than the closed conformation. This result
suggests that the change in affinity on opening is similar for
wild-type and SCCMS AChRs and that the increase in u2 for
the mutants is caused mainly by an increase in the unliganded
gating equilibrium constant, u0.

DISCUSSION

The primary finding is that AChRs that cause the neuromus-
cular disease SCCMS are activated by choline, whereas wild-
type AChRs are not. Thus, AChRs at patient endplates are
likely to be continuously activated by the steady exposure to
low levels of choline in the serum. Although gain-of-function
mutations previously have been associated with genetic dis-
eases, the SCCMS circumstance is novel because two phenom-
ena, a mutation and contact with an ordinary metabolite,
combine to generate the ‘‘constitutive’’ activity in a signaling
pathway.

We assume that the degeneration of the endplate is a direct
consequence of the functional anomalies of the mutated
AChR. The three distinguishing functional properties of SC-
CMS mutant AChRs are the prolonged endplate current, the
activation by serum choline, and the spontaneous activity in
the absence of choline. We next consider the relative endplate
currents from these three sources for one SCCMS mutant,
«T264P.

The total steady current per endplate is equal to the product
npoi, where n is the number of AChRs at the endplate (5 3 106;
refs. 19 and 41), po is the probability of a single channel being
open, and i is the single-channel current amplitude (25.6 pA
at a membrane potential of 280 mV, 22°C). From Eq. 1, at low
agonist concentrations po, choline ' A2u2/Kd

2, which, from the
dose–response parameters for «T264P in saline, is equal to 3 3
1024 at 15 mM choline (the concentration in serum; ref. 35).

From these values we estimate that the total current per
endplate because of serum choline is 8.4 nA, which corre-
sponds to '3 3 1012 cations per minute. The unliganded
AChR current can be similarly calculated (po, unliganded 'u0),
and for «T264P the estimated current leak is '1013 cations per
minute per endplate. Note that this approximation depends on
the assumed number of channels in a patch. The SCCMS
choline-induced and unliganded currents are '300 times
larger than the wild type (assuming Kd 5 2 mM).

With regard to the synaptic current, in «T264P endplates, the
mepc amplitude is 2.12 nA, with a fast (t 5 1.5 ms) and a slow
(t 5 16.5 ms) decay component of about equal amplitudes. The
integrated current is a1t1 1 a2t2 or 1.06 3 (1.5 1 16.5) 5 19.1
pC. This is equivalent to an influx of 1.1 3 108 ions per mepc.
If the quantal content is 36 (19), then '4.1 3 109 ions enter
the endplate with each synaptic impulse. The number of
impulses will depend on the level of muscle activity. As a
baseline example, an endplate in the diaphragm may receive 10
impulses for each inspiration (42), which occur at a rate of 12
per min. In this example, the net total ionic flux per endplate
from synaptically released ACh is '5 3 1011 ions per min. This
current is within a factor of two of the wild type, estimated
from the parameters given in ref. 19 (3.92 pA 3 2.32 ms 5 12.7
pC; quantal content 5 31).

From these calculations, we estimate that in continuously
active muscles of «T264P SCCMS patients, the number of ions
entering the endplate from activation by serum choline, from
unliganded activity, and from activation by synaptically re-
leased ACh are of the same order of magnitude. The presence
of extrajunctional AChRs (43) would increase the current
arising from serum choline and unliganded activity, and in-
creased muscle activity will increase the current arising from
synaptic activation. The calculations suggest that in SCCMS,
spontaneous activity, activation by serum choline, and the slow
endplate current may all be pathogenic.

The fraction of AChR current arising from activation by
serum choline and by synaptically released ACh may vary
between mutants. The clustering of the currents elicited in
serum in aV249F (Fig. 2) indicates that these AChR desen-
sitize in the steady presence of choline. As a consequence, in
endplates with this mutant AChR, the total ionic flux arising
from serum choline is likely to be reduced compared with
those with «T264P AChR and may even be comparable to the
wild-type. By the same token, in the patient, the desensitization
of aV249F AChR caused by continuous exposure to serum
choline might reduce the number of available AChR at the
endplate and therefore the amplitude of the endplate current.
Although in vitro assays indicate that the aV249F mepc is of
normal amplitude (19), desensitization by choline would only
prevail under in vivo conditions.

Quinidine, a long-lived open-channel blocker of AChR
mitigates the symptoms of SCCMS caused by diverse muta-
tions (44, 45), presumably because these agents block the
current arising from both the serum choline and synaptic
pathways. Lowering serum choline should further reduce the
ionic flux into muscle, but this may be difficult to achieve
because the choline concentration of serum is not readily
manipulated by diet or pharmacological agents (35, 46).

The SCCMS mutations we have studied are widely distrib-
uted in different subunits of the AChR. Some are in the
a-subunit and are likely to be near the transmitter-binding
sites, others are in M2 segment of the b- and «-subunits and
are probably far from the docked agonist. The question arises,
by what mechanism(s) do such spatially diverse mutations all
render the AChR sensitive to choline?

In wild-type AChR, u2 for choline is small because there is
only a relatively small increase in the affinity of the binding site
for this ligand when the channel opens. The results indicate
that in the SCCMS mutants, this driving function remains
small. The newfound sensitivity to choline in the SCCMS
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mutant AChR can be mainly attributed to a decrease in the
relative stability of the closed vs. the open conformation of the
unliganded protein.

This conclusion is consistent with the scattered locations of
the mutations. Mutations in the M2 region, where the subunits
are likely to be in close apposition, might be expected to reduce
the intrinsic stability of the closed AChR, either by increasing
the frequency of spontaneous openings and/or by making these
openings longer lived (10, 19, 47). In support of this notion,
mutations (that have not been associated with SCCMS) at the
129 position of the M2 region (28) of a-, b-, d-, and «-subunits
both increase the level of spontaneous activity and make the
AChR sensitive to choline (C. Grosman and A.A., unpublished
data).

The inference that the increased response to choline arises
from changes in the intrinsic stability of the protein demon-
strates that the response of a receptor can be determined by
events occurring at locations that are far removed from the
ligand binding site. The ability of a molecule to activate a
protein, or, inversely, the ability of the protein to remain
inactive when contacted by an inappropriate ligand is deter-
mined both by the specific nature of the ligand-protein inter-
action, as well as by the intrinsic stability of the inactive,
unliganded protein.

Choline is an essential nutrient that has long been consid-
ered to be pharmacologically inactive and have little immedi-
ate consequence to neuromuscular transmission. This is true at
normal endplates because the extreme stability of unliganded-
closed conformation and instability of the unliganded-open
conformation prevent the channel from being open even when
the transmitter-binding sites are occupied by this small, ever-
present quaternary amine. It appears that a breakdown in these
mechanisms caused by a mutation results in AChRs that are
constitutively activated by choline in the serum and that this
activation contributes to the pathogenesis of SCCMS.

This disease mechanism may be relevant to other genetic
diseases of signaling, metabolic, and protein-folding pathways.
Allosteric proteins such as receptors, kinases, and transcrip-
tion factors reside in complex environments and are constantly
bombarded by small molecules. Normally, these low-affinity
contacts have little or no consequence with regard to protein
activation. However, it is not unlikely that a random mutation
could reduce the intrinsic stability of the inactive protein,
thereby allowing ordinarily inert molecules to trigger activa-
tion. The gain-of-function induced by such a mutation might
not be apparent in in vitro assays, but only in the complex intra-
or extracellular milieu in which the protein naturally exists.
Our findings should spur the search for other genetic diseases
that are caused by constitutive activity in a signaling and/or
metabolic pathway generated by molecules that normally serve
only housekeeping functions.
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