
Abstract The patch clamp K+-conductance G of the nic-
otinic acetylcholine receptor (AcChoR) dimer (Mr≈
590 000) of Torpedo californica, reconstituted in lipid ves-
icles, which decreases with increasing Ca2+-concentration
in the range 0.1≤[Ca2+]/mM≤2, can be quantitatively ra-
tionalized by Ca2+-binding to negatively charged sites,
causing charge reversal reducing the normal K+-accumu-
lation in the channel vestibules. Cleavage of the sialic acid
residues (up to 20±2 per dimer) reduces the K+-accumula-
tion factor α = G0/G∞ from α = 3±0.8 of the normal 
AcChoR to α = 2±0.7 for the desialyated AcChoR. Desial-
ysation also decreases the Ca2+-sensitivity of the conduc-
tance from G0 = 96.6±6 pS at [Ca2+]→0 of the normal 
AcChoR to G0 = 84.2±6 pS. Endogenous hyperphosphor-
ylation (to up to 28±4 phosphates per dimer) enhances the
vestibular K+-accumulation to α = 3.6±0.7, without affect-
ing the Ca2+-dissociation equilibrium constant KCa = 0.34±
0.05 mM at 295 K (22 °C). Most interestingly, even in the
absence of AcCho, the hyperphosphorylated AcChoR
dimer exhibits spontaneously long-lasting open channel
events (τ = 200±50 ms). At [AcCho] = 2 µM there are two
open states (τ1 = 20±10 ms, τ2 = 140±60 ms) whereas the
normal AcChoR dimer has only one open state
(τ = 6±4 ms). – Physiologically important is that (i) the
sialic acid and phosphate residues render the AcChoR con-
ductance sensitive to control by divalent ions and (ii) the
channel behavior of the hyperphosphorylated AcChoR
without AcCho appears to indicate pathophysiologically
high phosphorylation activity of the cell leading, among
others, to myasthenic syndromes.
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I Introduction

The nicotinic acetylcholine receptor (AcChoR) is the inte-
grative mediator in the signal transduction of cholinergic
synapses, combining both receptor and primary effector
protein functions. Functionally, the postsynaptic AcChoR
binds the neurotransmitter acetylcholine (AcCho) which
leads to a steep depolarisation of the postsynaptic mem-
brane and ultimately to discharge of electroplaques and to
muscle contraction (Fatt and Katz 1951). The nicotinic Ac-
ChoR protein is valued as one of the best characterized ion-
channel proteins (see, e. g., Devillers-Thiery et al. 1993;
Akabas and Karlin 1995; Hucho et al. 1996), which also
serves as a model system for the fetal human AcChoR.
Besides cryo-electron microscopy (Unwin 1993, 1995,
1996) no direct structural information is available. The
function of specific amino acid residues of the AcChoR
has been explored by site-directed mutagenesis and char-
acterized in expression systems. Functionally, it has been
previously shown that the single channel events of the
dimer are in fact synchronous openings and closings of a
double channel (Schindler et al. 1984; Neumann and
Schürholz 1994; Neumann et al. 1996).

Here we provide novel data of the biochemically mod-
ified, affinity-purified AcChoR dimer (Mr≈580 000) re-
constituted in lipid vesicles, using the Neher-Sakmann
patch clamp technique (Hamill et al. 1981; Cahalan and
Neher 1992). In detail, we focus on the sialic acid residues
as anionic terminal groups of the oligosaccharides (Poul-
ter et al. 1989; Shoji et al. 1992; Nomoto et al. 1986). Fur-
ther, we show that, in contrast to previous belief, the phos-
phate groups do modulate the channel activity and not only
the desensitization behavior (Huganir et al. 1986; Huganir
and Greengard 1990).

The function of the anionic groups of the AcChoR ap-
pears to be intimately linked to the binding of divalent cat-
ions. Enhanced concentrations of Ca2+ and Mg2+ reduce
the K+-conductance of the oocyte-expressed Torpedo
AcChoR (Imoto et al. 1986, 1988) in practically the same
way as the conductance of the Torpedo AcChoR dimer, re-
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constituted in lipid vesicles (Neumann and Schürholz
1994; Neumann et al. 1996). Previously, the dramatic de-
pendence of the channel conductance on Ca2+ and Mg2+

ions has been attributed to charge screening of the three
rings of anionic amino acid residues (Imoto et al. 1988).
Here we show that beyond screening there is actual charge
reversal.

As a novelty, we show that the sialic acid residues 
and the phosphate groups can modulate the conductance
value of the Torpedo AcChoR dimer in the Ca2+-concen-
tration range of 0.1≤[Ca2+]/mM≤2, where the AcChoR
conductance is sensitive to changes of the anionic groups
(and not screened as in the range [Ca2+]≥2 mM). Addi-
tionally we find that the increase in the number of the
phosphate groups causes spontaneous, long lasting open
states (without the presence of AcCho), not observed 
with the normal AcChoR. This result may provide a key
to correlate receptor hyperphosphorylation with certain
pathological features of cells such as myasthenic syn-
dromes.

II Materials and methods

Electric organ tissue from Torpedo californica, received
on dry ice from Pacific Bio-Marine Laboratories Inc., Ven-
ice, CA was stored in liquid nitrogen. 3-[(cholamidopro-
pyl)-dimethylammonio]-1-propansulfonate (Chaps), phe-
nylmethanesulfonylfluoride (PMSF), Flaxedil (Gallamin-
etriethyliodide) and benzamidine were from Sigma; 
oubain, pepstatin, leupeptin, pefabloc® and sialidase were
from Boehringer Mannheim, antipain and ATP from
Merck KGaA, Darmstadt. The soybean lipid extract
AVANTI 20 was from AVANTI Polar Lipids Inc., the
400 nm polycarbonatmembrane from Avestin and the dic-
aproyl-MP (N-6-aminocaproyl-6′-aminocaproyl-3-ami-
nopyridiniumbromid)/sepharose 4B affinity column was
a generous gift from Prof. H. W. Chang, Columbia Uni-
versity, New York.

Preparation of the AcChoR-dimer. The AcChoR dimer is
prepared as described, e. g., by Neumann and Schürholz
(1994). In brief, the frozen Torpedo electric organ was ho-
mogenized and centrifugated. The membrane proteins
were extracted from the resuspended pellet by 1% (by
weight) CHAPS. After separation of the nonsolubilized
material by centrifugation the supernatant is applied to the
dicaproyl-MP/sepharose 4B affinity column, eluted with
flaxedile and stored at –70 °C.

Preparation of lipid vesicles. The soybean phospholipids
were dissolved in chloroform together with 10% choleste-
rol (by weight). After evaporation of chloroform the lipid
was suspended in 10 mM HEPES pH 7.4, 500 mM NaCl,
2 mM CaCl2, 0.02% NaN3 to a content of 20 mg/ml and
subjected five times to a freezing-thawing cycle. Immedi-
ately before use the lipid suspension was extruded through
a 400 nm polycarbonate membrane eleven times.

Reconstitution to lipid vesicles. The solubilized Torpedo
AcChoR was mixed with solutions of CaCl2, NaCl,
CHAPS and extruded lipid to yield the final concentrations
of 500 mM NaCl, 2 mM CaCl2, 10 mg/ml lipid, 3.4 mg/ml
CHAPS and an AcChoR content of 0.4 mg/ml. The turbid
suspension was shaken 12 h at 4 °C and subsequently dia-
lyzed 64 h in 0.5 M NaCl, 10 mM HEPES pH 7.4, 2 mM
CaCl2, 0.02% NaN3 and 24 h in 100 mM NaCl without
CaCl2.

Sialic acid test. The standard spectrophotometric sialate
test was performed as described by Warren (1959) and Am-
idoff (1961) with modifications reported by Manzi and Var-
ki (1993). The numerical values and error margins refer to
three independent determinations.

Phosphate test. The standard spectrophotometric test was
performed as described by Buss et al. (1983) with the fol-
lowing modification: the precipitate was washed three
times with ethanol/diethylether (1 : 1 by volume) to remove
associated phospholipids. The data represent mean values
of three independent determinations.

Integral Li+-Influx. The global ion-transport activity 
of the reconstituted AcChoR was measured by the ace-
tylcholine induced Li+-uptake into reconstituted vesicles.
The Li+ assay was analogous to that with vesicular 
membrane fragments (Bernhardt et al. 1981). The vesi-
cles were dialyzed 16 h in 10 mM HEPES pH 7.4,
145 mM sucrose, 0.02% NaN3 at 4 °C. For the flux assay,
samples of 115 µl vesicles were mixed with 5 µl of 2 M
LiCl and 2.5 µl of 5 mM acetylcholine. In the control ex-
periments buffer solution substitutes the acetylcholine so-
lution. The external Li+ was separated from the vesicles 
by passage through a 1.5 ml Dowex 50 WX-8-100 cation
exchange column preequilibrated with 3 ml 170 mM 
sucrose, 3.3 mg/ml bovine serum albumin. The column
was immediately eluted with 1.6 ml 175 mM sucrose 
solution and the elutant was analyzed by atomic emis-
sion spectroscopy (AES) at 670 nm (Unicam SP 1900).
The numerical values refer to 3 independent determina-
tions.

Patch-clamp measurements. The channel activity of in-
side-out patches of the vesicle reconstituted AcChoR 
dimer was measured using the amplifier L/M-EPC 7 (List,
Darmstadt). The data were stored after filtering at 1 kHz
(3-pole bessel filter) and digitizing at 4.166 kHz with Di-
gidata 1200 (Axon Instruments) directly on the hard disc
of the computer (Intel Pentium based system). The chan-
nel currents measured at positive pipette-potential appear
as upward openings in the channel traces (and correspond
to a cellular inward current through the AcChoR in this 
inside-out configuration). The bath solution contained
10 mM K-HEPES pH 7.4, 100 mM KCl, 0.01% NaN3
and varying concentrations of CaCl2. The pipette solution
was the same as the bath solution, except that 2 µM 
acetylcholine was added. The temperature was 295 K
(22 °C).
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Data analysis. The current/time traces were analyzed with
the numerical software system Matlab™ (Mathworks Inc.)
and the Ion-Channel Toolbox for Matlab™ (available from
http://www.mathworks.com.physicv4.html). Firstly, the
base line of the current trace was corrected and filtered dig-
itally at fc = 500 Hz (3 dB cut off frequency). The channel
current was obtained by Gaussian fitting of amplitude dis-
tributions, the open-closed times by double threshold de-
tection. After correction for the filter response, the inte-
gral open time distribution F(t) is obtained by summing
the differential distribution f(t) according to

where ai is the relative amplitude of the i-th contribution
(1≤i≤n). The integral open-time (t0, Fig. 3) distribution is
fitted by a sum of exponentials given by the right hand side
of the equation with the time constants τi (Colquhoun and
Hawkes 1995). Although fitting the integral time distribu-
tion is very erroneous because the successive data points are
highly correlated (Colquhoun and Sigworth 1995), it is only
in this form of distribution that exponential components are
visible; the number of channel events must be necessarily
low in order to avoid overlaps of the channels events. The
open-time histograms are built with the binwidth set to 1 ms,
such that the minimal time resolution is ∆t >1 ms.

III Results

We have found that the sialic acid content of the AcChoR
dimer can be reduced by sialidase treatment from normally
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19 (±2) residues to 1 (±1) residue. The desialyated AcChoR
shows the same global Li+-ion transport activity (28±4%)
(Bernhardt et al. 1981; Neumann et al. 1996) as the lipid
vesicle-reconstituted, normal protein with intact sialic acid
groups, which releases 25±4% of the entrapped Li+ upon
addition of AcCho. The hyperphosphorylated AcChoR,
however, already releases the Li+ in the absence of AcCho
such that the remaining, AcCho-inducible release is only
6±2% of the initial normal Li+ content.

In patch clamp the overall pattern of the channel activ-
ity of the desialyated AcChoR is very similar to that of the
normal AcChoR, both elicited by 2 µM AcCho: isolated
channel openings or clusters of three to ten openings
(Fig. 1). However, compared to the normal AcChoR, the
K+-conductance of the desialyated AcChoR decreases less
strongly when the Ca2+ content increases from 0.1 mM to
2.0 mM (Fig. 2 A).

The normal AcChoR has only 14±4 phosphate groups
per dimer (prepared without the inhibition of phospha-
tases). The phosphorylation of the AcChoR, when still in
Torpedo electrocyte membrane fragments, by the endoge-
nous kinase activity in the presence of the phosphatase in-
hibitor F–, increases the number of phosphate groups up to
28±4 per AcChoR dimer. Functionally, this hyperphos-
phorylation results in a slight asymmetry of the current-
voltage relationship. For instance, at [Ca2+] = 0.1 mM 
(Fig. 2 B), the (cellular) inward current conductance is
G = 91±4 pS whereas the outward conductance is
G = 84±4 pS, compared to G = 81±4 pS of the normal 
AcChoR dimer (which within the experimental error is in-
dependent of the direction); see below.

More dramatically, hyperphosphorylation appreciably
affects the opening-closing kinetics of the protein channel.

620

Fig. 1 A – D Recordings (cur-
rent/time traces) of single chan-
nel events of the lipid vesicle-
reconstituted Torpedo AcChoR
dimer (under patch clamp con-
ditions). Buffer: [KCl] =
100 mM, [CaCl2] = 0.5 mM, 
[HEPES] = 10 mM, pH 7.4,
0.01% NaN3, at T = 295 K
(22 °C) and [AcCho] as indicat-
ed. A Normal AcChoR dimer at
V = +80 mV, no AcCho. B Nor-
mal AcChoR dimer at
V = +80 mV, [AcCho] = 2 µM.
C Hyperphosphorylated Ac-
ChoR dimer at V = +100 mV,
[AcCho] = 2 µM. D Hyperphos-
phorylated AcChoR dimer at
V = +100 mV, no AcCho
present



The hyperphosphorylated AcChoR shows AcCho-induced
long lasting open states with mean dwell-times in the range
of τ= 0.15 s and short open states with mean dwell-times in
the ms time range (Fig. 1 C). The normal AcChoR, on the
other hand, exclusively exhibits the short type of openings.

The picture emerging from visual inspection of the
channel records can be quantified by statistic analysis of
the open times; exponential fitting yields integral open-
time distributions. The hyperphosphorylated AcChoR at
[AcCho] = 2 µM exhibits two components with mean open-
times τ1 = 20±10 ms and τ2 = 140±60 ms, respectively,
whereas the normal AcChoR shows only one component
with τ = 6±4 ms (Fig. 3). The relatively large error margins
result from the relatively small number of channel events
of the lipid vesicle reconstituted Torpedo AcChoR, caused
by the limited lifetime of an intact patch (maximum of
5 min).

The closed-time distribution always shows two time
constants; the larger one, varies between 0.9 s and 10 s.
The closed-times are not further discussed because free dif-
fusion of one or more receptors in and out of the patched
area cannot be ruled out.

The most remarkable new result, however, is that the
hyperphosphorylated AcChoR opens spontaneously with-
out the presence of the neurotransmitter AcCho (Fig. 1 D).
The open-time distribution of this spontaneous openings
can be fitted by one exponential with τ = 200±50 ms, com-
pared with τ2 = 140±60 ms in the presence of AcCho 
(Fig. 1 C). The conductance value of this open state and its
Ca2-dependence is practically the same as that in the pres-
ence of acetylcholine.
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Fig. 2 A, B Dependence of the K+-conductance G of the lipid ves-
icle-reconstituted Torpedo AcChoR dimer on the concentration of
[Ca2+]. A I normal AcCho dimer; l desialyated AcChoR dimer. The
conductance G is obtained from the linear current (I) – voltage (V)
relationship in the range of V = –100 mV to +100 mV from inside-
out patches as G = I/V at the buffer conditions: [KCl] = 100 mM, 
[HEPES] = 10 mM, pH 7.4, 0.01% NaN3, T = 295 K (22 °C) and ad-
ditionally [AcCho] = 2 µM in the pipette. B l normal AcChoR-dim-
er; – –G– – hyperphosphorylated dimer (inward current), –—H—– hy-
perphosphorylated dimer (outward current). For the normal AcChoR
the current-voltage relation is linear in the range of –100 mV to
+100 mV. Error bars are omitted for clarity. Buffer conditions as 
in A. The continuous curves refer to curves by Eq. (2) of the text

Fig. 3 A, B Integral open-time (t0) distribution of the lipid vesicle
reconstituted AcChoR dimer with logarithmic y-axis. The number
of the summed opening events N were build up from 1 ms time inter-
vals (conditions: [KCl] = 100 mM, [CaCl2] = 0.5 mM, [HEPES] =
10 mM, pH 7.4, 0.01% NaN3 [AcCho] = 2 µM, V = –100 mV). 
A Normal AcChoR dimer integral open-time distribution fitted with
one exponential with the mean open time τ = 5.7 ms. B Hyperphos-
phorylated AcChoR dimer, integral open-time distribution fitted with
two exponentials τ1 = 25 ms with the mean open times and τ2 = 90 ms,
respectively



IV Theory and discussion

It is worth noting that the Ca2+ concentration dependence
of the K+-channel conductance of the normal, desialyated
and hyperphosphorylated AcChoR, respectively, can be
interpreted by the same physico-chemical model: the neg-
atively charged groups of the proteins attract cations and,
especially, accumulate monovalent cations in and near the
channel vestibules (Fig. 4). Therefore, the conductance
value is raised in comparison to that in the presence of less
anionic charges. The conductance reduction by Ca2+ (and
Mg2+, data not shown) has been previously attributed to
the shielding of the negative charges (Imoto et al. 1986;
Neumann et al. 1996). Specifically, the Ca2+-ions may just
contribute to the ionic atmosphere screening of the nega-
tively charged sites according to the Debye-Hückel con-
cept. But, because at [Ca2+]≤1 mM the screening will be
dominated by the (highly concentrated) K+-ions
(100 mM), direct binding of Ca2+ to negatively charged
sites R is more realistic (see also below).

The Ca2+-binding model

If the binding sites are considered as independent, we can
apply the simple binding scheme according to:

Ca2+ + R–
s CaR+, (1)

where R– is an anionic binding site, CaR+ the occupied site
(with charge reversal) and KCa = [Ca2+] · [R–]/[CaR+] is the
apparent equilibrium dissociation constant.

Since the channel conductance is proportional to the
concentration of mobile ions (here K+) which are accumu-

lated by the R–-groups and repelled by the CaR+-sites, we
can safely assume that the relationship between the con-
ductance G and the fraction β = ([R–]-[CaR+])/[Rt] of the
remaining negative charges, accumulating the mobile
transported cations, is linear (Neumann and Schürholz
1994; Neumann et al. 1996), where [Rt] = [R–] + [CaR+] is
the total concentration of sites. Therefore, we have β =
(G – Gx)/(G0 – Gx) and obtain the suggestive expression:

(2)

If the conductance at [Ca2+] → 0 is denoted by G0 =
Gi + Gx and the saturation (minimum) value is denoted by
G∞ = Gx – Gi, where Gi is the mean conductance contribu-
tion of the anionic Ca2+-binding sites and Gx is an additive
constant (which finally drops out), Eq. (2) is rearranged to:

(3)

Data fit (Fig. 2) with Eq. (3) yield the parameters G0, G∞
and KCa, respectively (Table 1). The desialyated AcChoR
dimer (Fig. 2) exhibits a smaller G0 (in the absence of
Ca2+), an enhanced G∞ and a fourfold higher Ca-dissocia-
tion constant (KCa = 1.4±0.1 mM) in comparison with that
of the normal AcChoR (KCa = 0.34±0.05 mM). At
[Ca2+]≥0.5 mM the conductance of the desialyated 
AcChoR is higher than that of the normal AcChoR. Note
that KCa = 0.34±0.05 mM at T = 295 K (22 °C) is equal to
KCa = 0.33 mM at T = 293 K (20 °C) derived from direct ti-
tration of AcChoR-lipid-detergent micelles (Chang and
Neumann 1976; Rübsamen et al. 1976).

The data (Fig. 2) indicate that the sialic acid residues,
indeed, do contribute to the Ca2+-binding, although they
are probably located only on the mouth of the extracellu-
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Fig. 4 Cross section of the
Torpedo AcChoR dimer drawn
on the basis of cryoelectron mi-
croscopic data of Unwin
(1993). We have introduced the
possible location of the three
anionic rings (Imoto et al.
1986) in one of the monomer
fragments, the sialic acid resi-
dues (p– , this study) and the ad-
ditional (hyper-)phosphate
groups (r– , this study). In the
right hand side monomer frag-
ment the dimensions of the cyl-
inder model are given:
φ = 2 nm, lex = 6.6 nm,
lin = 2.0 nm with Aex = π · lex
φ =42 nm2 and Ain = 13 nm2.
See also Table 1



lar vestibule; but they actually lead to a reversal of the po-
larity of the binding site at higher [Ca2+]. Such a charge
reversal cannot be due to simple Debye-Hückel shielding,
it can only result from binding. Note that the charge rever-
sal requires a theoretical “Ansatz” which is different from
previous analyses (see, e. g. Neumann et al. 1996). Phys-
iologically important is that in the normal AcChoR the
sialic acid residues enhance the Ca2+-sensitivity of the ion
transport, thus providing an effective control of the con-
ductance of the AcChoR by extracellular calcium and intra-
cellular Mg2+ ions.

The effect of hyperphosphorylation on the K+-conduc-
tance in the range 0.1≤[Ca2+]/mM≤2 is less obvious. In
terms of our Ca2+-binding model, hyperphosphorylation
enhances the channel outward-conductance at low intra-
cellular Ca2+-concentration. This new result has remained
obscured so far, because most single channel measure-
ments are carried out at relatively high concentrations of
divalent cations ([Ca2+] = 2 mM, [Mg2+] = 2 mM), where
the Ca2+-sensitivity is already saturated (Fig. 2). As to the
asymmetry of the outward and inward current of the hy-
perphosphorylated AcChoR (Fig. 2 B), the additional
phosphate groups lead to a higher density of R–-groups in
the intracellular vestibule. This, in turn, results in a more
effective Ca2+-binding (polyelectrolyte effect). Thereby
K+-accumulation is reduced and the outward current is in-
creased to a smaller extent than the inward current.

The electrostatic determinants of the 
Torpedo AcChoR dimer

The limiting conductance parameters G0 and G∞ may also
be used in terms of the electrochemically well established
relationship between conductance and ion concentrations,
here G ~ [K+]. Specifically, we apply the simple Boltz-
mann-“Ansatz” for the ratio G0/G∞ defining the ion accu-
mulating factor α by:

(4)

where zK = +1 is the charge number of the dominantly trans-
ported K+ ion, [K+]in the concentration of the K+-ions ac-

α = = = 



∞

+

+
G
G

K
K

z F
RT

in

o

K0 [ ]
[ ]

exp
– ∆Ψ

cumulated in the receptor vestibules and [K+]o that of the
bulk solution; F is the Faraday constant, R the gas constant
and T the absolute temperature. For the normal AcChoR
dimer we obtain α = 3±0.8, suggesting that the local ves-
tibular K+-concentration in the absence of Ca2+ is three
times larger than in the bulk. For the desialyated receptor
we find α = 2±0.7; hence the K+-ion accumulation is
smaller than normal.

In Eq. (4), the electric potential difference ∆Ψ = Ψ∞ –
Ψ0 refers to the unscreened value Ψ0 and the totally
screened value Ψ∞ ≈0. Hence we may set ∆Ψ = Ψ0. With
Eq. (4) we obtain for the normal AcChoR: Ψ0 = –28±2 mV
and for the desialyated AcChoR: Ψ0 = –20±2 mV; both val-
ues reflect the excess of anionic groups on the receptor sur-
face.

Finally, we apply the Grahame equation (Grahame
1947) for the surface charge density (σ) in the form of

σ2 = 2 RTε0εr Σ cj · exp [-zjF Ψ0/RT] (5)

where ε0 is the vacuum permittivity, εr the dielectric con-
stant (here εr = εWater = 80 at 295 K) and j = K+, Cl–. Thus
zK = +1 and zCl = –1 and cj = [K+]0, [Cl–]0. The numerical
values of Ψ0, σ in units of the (positive) elementary charge
e0 and the mean number N of excess anionic groups affect-
ing the receptor conductance can be estimated in terms of
a simple cylinder model, sketched in Fig. 4 for one of the
receptor monomer fragments (Mr≈290 000); see Table 1.
The desialyated AcChoR dimer has about ∆Ntot = 4 excess
charges less than the normal AcChoR. Since there are 20±4
sialic acid residues per dimer the contribution of only 4 an-
ionic excess charges to the charge pattern of the vestibules
(Vtot) = Vex + Vin) reflects the surface position of the sugar
residues.

The open-closed switching of the hyperphosphorylated
AcChoR channel is very different from that of the normal
AcChoR. It is recalled that the open-time distribution re-
veals two time constants (τ1 = 20±10 ms and τ2 =
140±60 ms). If this result is interpreted in terms of the
“Hidden Markov Model“ of channel kinetics (e. g. Ball and
Rice 1992), the hyperphosphorylated AcChoR must have
two distinct open states. The hyperphosphorylation modi-
fies the protein structure such that an additional open state
becomes appreciably populated. This additional open state
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Table 1 Limit conductances G0 and G∞, at [Ca2+] = 0 and [Ca2+] → ∞, of the Torpedo AcChoR dimer and electrostatic model parameters
at T = 295 K (22 °C)

AcChoR dimer G0/pS G∞/pS KCa/mM α –Ψ0/mV σ/(–e0 · nm–2) N(Vex) Ntot

Normal 96±6 32±5 0.34±0.05 3±0.8 28±2 0.13 ±0.05 11 14.2
Desialyated 84±6 39±5 1.4 ±0.5 2±0.7 20±2 0.094±0.005 8 10.3
Hyperphosphorylated

Inward current 99±6 33±5 0.33±0.05 3±0.7 35±3 0.17 ±0.03 14.3 18.7
Outward current 114±8 29±5 0.27±0.04 3.6±0.7 40±4 4.4*

Data evaluation of the reaction CaR+
s R– + Ca2+ where R– refers

to an anionic Ca2+-binding site, KCa is the Ca2+-dissociation equi-
librium constant and α = G0/G∞ = [K+

in]/[K+
ex] the vestibular accumu-

lation factor. The parameters were obtained with Eq. (2) and Eq. (3)
of the text. Conditions are the same as those given in Fig. 2. The sur-
face potential Ψ0, the surface charge density σ and number of excess

anionic groups N(Vex) in the external receptor vestibule of cylinder
volume Vex, cylinder internal surface Aex = 42 nm2, and N(Vin) in
the cytosolic vestibule of Vin and surface Ain = 13 nm2, with
Vtot = Vex + Vin, Atot = Aex + Ain and Ntot = N(Vin) + N(Vex), all refer
to the electrostatic cylinder model; see Fig. 4. The value 4.4* refers
to the cytosolic vestibule, N(Vin)



is independent of the presence of the agonist acetylcholine
because the channel opens even in the absence of acetyl-
choline with the mean open-time τ = 200±50 ms. There-
fore, the minimal reaction scheme of the AcChoR activa-
tion (Edmonds et al. 1995) must be extended and contain
the AcCho independent open state R*R* (scheme 6):

(6)

The data of Rauer et al. (1996) and Chang et al. (1984) sug-
gest that the AcChoR dimer (RR) binds cooparatively two
molecules of acetylcholine upon activation; see also Neu-
mann et al. (1996). Whereas synchronous opening-closing
channel events due to double-channels of the dimer have
been observed previously (Schindler et al. 1984; Neumann
et al. 1996), channel openings without agonists are rare
(Jackson 1986, 1988); but these openings become more
frequent upon AcChoR hyperphosphorylation with protein
kinase A (Ferrer-Montiel et al. 1991). Oocyte expression
of the Torpedo AcChoR lacking the γ-subunit also shows
an increase in the frequency of spontaneous channel open-
ings (Jackson et al. 1990) Hence the unliganded open state
R*R* also exists in the normal receptor, but in very low
concentration.

The Monod-Wyman-Changeux limit model for allos-
teric transitions (Monod et al. 1965; Eigen 1967) has been
successfully applied to ligand-gated membrane receptors
in order to describe the macroscopic concentration-re-
sponse curves as well as channel events (Edelstein et al.
1996). The conformer R*R* is obviously stabilized by the
high degree of hyperphosphorylation, as also achieved
here. The electrostatic repulsion of the phosphate groups
probably introduces tensions in the protein molecule which
readily relax to yield the open channel state. Additionally,
as elaborated by Urry (1993), phosphorylation introduces
ionic hydration at the expense of (formerly) hydrophobic
hydration. If this also occurs in the hyperphosphorylated
AcChoR, it may result in enhanced contacts between hy-
drophobic regions of the AcChoR.

Finally, we may address the potential pathophysiolog-
ical relevance of the hyperphosphorylation and the spon-
taneous long lasting open states. In the case of the phos-
phorylation of the AcChoR by protein kinase A (Ferrer-
Montiel et al. 1991) or addition of cAMP to embryonal
chicken muscle cells (Kolb and Wakelam 1983) only the
short type of AcChoR channel openings has been observed.
DNA cloning from patients who suffer from the myasthe-
nia syndrome reveals that there is the point-mutation
εThr264Pro (Ohno et al. 1995). If this mutated DNA is ex-
pressed in human embryonic kidney fibroblasts, one ob-
serves the appearence of long lasting open states (with
τ = 73 ms) evoked by acetylcholine. Long-lasting open
events of the AcChoR are therefore a potential indicator
of pathophysiological hyperphosphorylation activity in
nerve and muscle cells.
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It is instructive to compare the effect of phosphoryla-
tion of the Torpedo electric organ AcChoR with that of
other ligand-gated receptor channels of the type-I receptor
family such as the brain γ-aminobutyric type A (GABAA)
receptor channels (Schofield et al. 1987) or the glycine re-
ceptor channels (Grenningloh et al. 1987).

Whereas the nicotinic AcChoR is a cation specific chan-
nel protein for the neuromuscular signal activation, the
GABAA channel protein, for instance, is a synaptic inhib-
itory chloride channel. The channel activity of GABAA and
N-methyl-D-aspartate (NMDA) receptor channels is also
modulated by phosphorylation and there are spontaneous
current activities in the absence of ligands; see, e. g., 
E. Sigel (1995), Jones and Westbrook (1997). Up to now,
to our knowledge, the number of phosphate groups, the or-
ganization as monomeric or dimeric receptor species as
well as hyperpolarization was not yet specified as in the
case of AcChoR.
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