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The role of the amino acid residue at 21:189 in the
binding of neuromuscular blocking agents to mouse
and human muscle nicotinic acetylcholine receptors

PG Purohit!, RJ Tate!, E Pow?, D Hill? and JG Connolly"

IStrathclyde Institute of Pharmacy and Biomedical Sciences, University of Strathclyde, Glasgow, Scotland, UK and *Pharmacology
Department, Organon Laboratories Ltd., Newhouse, Lanarkshire, Scotland, UK

Background and Purpose: Nicotinic acetylcholine receptors (AChRs) are valuable therapeutic targets. To exploit them fully
requires rapid assays for the evaluation of potentially therapeutic ligands and improved understanding of the interaction of
such ligands with their receptor binding sites.

Experimental Approach: A variety of neuromuscular blocking agents (NMBAs) were tested for their ability to inhibit the
binding of ['**I]a-bungarotoxin to TE671 cells expressing human muscle AChRs. Association and dissociation rate constants for
vecuronium inhibition of functional agonist responses were then estimated by electrophysiological studies on mouse muscle
AChRs expressed in Xenopus oocytes containing either wild type or mutant «1 subunits.

Key results: The TE671 inhibition binding assay allowed for the rapid detection of competitive nicotinic AChR ligands and the
relative ICsq results obtained for NMBAs agreed well with clinical data. Electrophysiological studies revealed that acetylcholine
ECso values of muscle AChRs were not substantially altered by non-conservative mutagenesis of phenylalanine at «1:189 and
proline at 1:194 to serine. However the o1:Phe189Ser mutation did result in a 3-4 fold increase in the rate of dissociation of
vecuronium from mouse muscle AChRs.

Conclusions and implications: The TE671 binding assay is a useful tool for the evaluation of potential therapeutic agents. The
a1:Phe189Ser substitution, but not a1:Pro194Ser, significantly increases the rate of dissociation of vecuronium from mouse
muscle AChRs. In contrast, these non-conservative mutations had little effect on ECso values. This suggests that the AChR
agonist binding site has a robust functional architecture, possibly as a result of evolutionary ‘reinforcement’.
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Introduction

Nicotinic acetylcholine receptors (AChRs) are involved in
mediating fast excitatory neurotransmission at the neuro-
muscular junction and at synapses in the central and
peripheral nervous systems and are important therapeutic
targets (e.g., Gotti et al., 2006; Jeevandra Martyn et al., 2006).
The gene family of AChR subunits is a member of the Cys-
loop superfamily of ligand-gated ion channel subunits,
which also includes subunits of glycine, GABA, and 5-HTj3
receptors. Muscle AChRs are comprised of five subunits, two
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of which are of the «1 type along with one each of 1, 6 and
either y (embryonic form) or ¢ (adult form).

Muscle type AChRs on the postsynaptic terminal of
neuromuscular junctions are a pharmacological target for
neuromuscular blocking agents (NMBAs). Rapidly acting
NMBAs are clinically indispensible in conditions such as
emergency tracheal intubation. A short duration of
action also adds to the level of control available to clinicians
when they are undertaking limited procedures or need to
monitor the maintenance of nerve function (Bartowski,
1999). Development of methods of screening for new
NMBAs and improving the understanding of the molecular
determinants of NMBA binding may facilitate the develop-
ment of new drugs targeted at both muscle and neuronal
AChRs.

We therefore developed a radioligand-binding assay that
would enable the determination of the binding ICses of a



range of NMBAs. To do this we made use of the human cell
line TE671 as a source of endogenous embryonic muscle
AChRs (x1p1y9; Schoepfer et al., 1988; Luther et al., 1989;
Stratton et al., 1989), and [lzsl]oc-Bungarotoxin (x-Bgt) as our
radioligand.

We also wished to examine molecular determinants
within receptor subunits that affect the action of NMBAs.
Some previous studies have approached this question by
exchanging whole subunits within mouse muscle type
receptors. Using single concentrations of d-tubocurarine
(d-TC, 10nM), pancuronium (10nM) and vecuronium
(1nMm), Garland et al. (1998) found that whereas vecuronium
was more potent than d-TC or pancuronium, it could not
distinguish between the expressed foetal (ofcd) and adult
(xpyd) receptor subtypes. Conversely, Yost and Winegar
(1997) reported that pancuronium was a more potent
inhibitor of mouse muscle foetal receptors (ICso=1.7 nM)
than the adult subtype (ICso=46nM). Further studies are
therefore necessary to clarify the actions of NMBAs on
muscle type AChRs.

In contrast to these studies on NMBAs, much more is
known about the molecular determinants of agonist binding
(Blount and Merlie, 1989; Pedersen and Cohen, 1990). The
amino acids that directly contribute to the agonist-binding
sites are found in interfacing regions of «y and «d subunits,
within multiloop structures of their respective N-terminals,
(reviewed in Arias, 2000). As the NMBA vecuronium is a
competitive antagonist of muscle AChRs, one might expect
that amino acids, which influence vecuronium binding, may
lie within the same regions. One of these regions, loop C in
the mouse «1 subunit, contains phenylalanine and proline
at positions 189 and 194, respectively.

These residues are of special interest as there are numerous
clinical examples in which point mutations of Phe or Pro for
Ser cause severe human disease. These include the hereditary
spongiform encephalopathy Gerstmann-Straussler-Schein-
ker disease (prion protein Phel98Ser; Vanik and Surewicz,
2002); Romano-Ward syndrome, (KCNQ1 channel Pro343-
Ser, Zehelein et al., 2004); and diabetes (nuclear factor-1-«
Pro224Ser, Fehmann et al., 2004). The reverse mutations can
also be very harmful, as shown under conditions such as
congenital myotonia (skeletal muscle chloride channel gene,
Ser471Phe; Jou et al., 2004); familial dementia (neuroserpin
Ser49Pro; Davis et al., 1999) and human colorectal cancer
(serine/threonine protein phosphatase, Ser365Pro, Tagaki
et al., 2000). One might therefore expect that the presence of
Phe at «1:189 and Pro at «1:194 would be indispensable for
the maintenance of functional architecture in muscle
nicotinic AChRs and that a point mutation which changes
them to serine would have major functional consequences.
To investigate such questions, we additionally carried out
site-directed mutagenesis on mouse muscle AChR subunits,
expressed them in Xenopus oocytes, and monitored their
responses electrophysiologically.

To determine how well the agonist sensitivity of muscle
type AChRs is maintained when «1:Phel189 and «1:Pro194
are mutated to serine, the ECsq values of the acetylcholine
(ACh) responses were estimated for wild-type (WT) and
mutant receptors. The effects on inhibition were examined
by electrophysiological estimation of the association and
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dissociation rate constants for vecuronium inhibition of
muscle type AChRs.

In the present study, we found that the TE671-binding
assay was a useful tool for the initial evaluation of NMBAs.
More detailed analysis of the interaction of vecuronium with
AChRs revealed that the o1:Phel89Ser substitution appears
to affect significantly the rate of dissociation of vecuronium
from mouse muscle AChRs. However, neither the presence
of Phe at ¢1:189 nor Pro at «z1:194 are essential for agonist
activation.

Methods

Routine culture of TE671 cells

TE671 cells were obtained from the European Collection of
Animal Cell Cultures (ECACC) and maintained in Dulbecco’s
modified Eagle Medium (DMEM) supplemented with
4.5g 17! glucose, 10% foetal bovine serum, 1% sodium
pyruvate and 1% glutamine. Cultures were split 1:4 twice
weekly and were not used beyond passage 20.

TE671 whole cell binding assay-saturation experiments

Stock concentration and dilutions of ['?5I]a-Bgt were
prepared in distilled water (pH 7.0) and test compounds
were prepared in Organon buffer (supplied by the Pharma-
ceutical R&D Labs, Organon Oss, The Netherlands). This
buffer (pH 4.0) was prepared by adding 8.3 mg citric acid
(anhydrous weight), 6.5mg dibasic sodium phosphate
(anhydrous weight) and 24.5mg D-mannitol to 1ml of
distilled water. TE 671 cells were seeded into 24-well plates
at a density of 5 x 10° cells per well. Twenty-four hours later
the growth medium was removed by aspiration and the
cells washed (x2) with phosphate-buffered saline (PBS).
Wells were then loaded with excess (375ul) N-2-hydro-
xyethylpiperazine-N'-2-ethanesulphonic acid (HEPES)-Krebs
buffer (NaCl 118 mM, NaHCO3; 30mM, KCl 5mM, KH,PO,4
1mM, MgSO4 1mM, Glucose 11 mMm, HEPES 20mM, CaCl,
2.5mm), pH 7.4.

For each concentration of [!2°T|a-Bgt, triplicate wells were
loaded with 25 ul of Organon buffer to establish the total
binding (Br) and a further three wells loaded with 25 ul of
0.1 mM tubocurarine to evaluate non-specific binding (NSB).
Plates were incubated for 30 min at 37°C in an atmosphere
of 95% CO,/5% O, After this, 100ul of the appropriate
concentration of ['?°I]a-Bgt (range 0.1-10.0 nM) was added to
each well and the plates returned to the incubator for
2h. Preliminary experiments suggested that equilibrium was
achieved after this time.

The reaction was terminated by removing the incubation
mixture and washing the cells (x 3) with 0.5ml of cold
PBS. Cells were then solubilized and the samples were
pooled and counted in a Minaxa auto gamma counter. The
mean (n=3) counts per minute (cpm) for each sample were
then used to find the specific binding (SB) from SB = cpm By
—cpm NSB. Total (Br), NSB and SB were calculated from the
saturation experiments and plotted against the concentra-
tion of ['*’T]a-Bgt in Figure 1. The non-specific binding is
fitted to E*X, where E is an arbitrary constant and X is the
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Figure 1 Saturation plots of ['?*I]a-Bungarotoxin binding in whole
TE671 cells. The range of toxin concentrations was 0.1-10 nm.

concentration of ['**IJ«-Bgt (nM). The specific binding is
fitted to

_ BmaxxX
B KD + X

where By is the maximum number of binding sites, Kp is
the equilibrium dissociation constant of the ligand (nM) and
Bt was the sum of specific and non-specific binding.

Inhibition of [*?°I]a-Bgt binding to TE671 cells

For the ICsq estimates, triplicate wells in each plate were
loaded as before to determine By and NSB. The remaining
cells were loaded with 25 ul of one of six concentrations
(0.01-100 uMm) of test drug. Plates were incubated as described
above and then 100 ul of ['**I]a-Bgt was added to all wells
and the plates incubated for a further 2h and treated as
explained previously. ICs, values for the inhibition of [**°T]a-
Bgt binding were then calculated by fitting the data to the
Hill equation (see below).

Generation of mutants

Two mutant «l subunit cDNAs were constructed using
QuickChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA, USA). The standard protocol supplied by the
manufacturer was followed to produce mutations containing
o1:Phe189Ser and o1:Phe189Ser + Pro194Ser. A third muta-
tion, the ol1:Pro194Ser mutant, was discovered during
confirmatory sequencing of a recently purified plasmid
preparation. The single base (CCC to TCC) mutation
correspondingly coding for proline and serine may have
arisen as a result of a DNA repair process within the host
bacterium. The nucleotide sequence of all the constructs was
confirmed by DNA sequencing.

Functional expression of receptors in Xenopus laevis oocytes

Defolliculated oocytes were prepared for injection as
described previously (Boulter et al., 1987). Diguanosine-tri-
phosphate capped RNA was translated in vitro from the
corresponding DNA templates using mMessage mMachine
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SP6 Transcription Kit (Ambion Europe Ltd. Huntingdon,
UK). WT or mutant o1 subunit RNAs were mixed with f1, vy
and J subunits in a ratio of approximately 2:1:1:1. Up to
15ng of RNA was injected into oocyte cytoplasm using
Drummond Automatic Nanoinjector (Drummond Scientific
Co., Broomall, PA, USA). The oocytes were then incubated in
Barth’s medium (88 mm NaCl, 1mwM KCI, 2.4 mM NaHCOs,
15mM HEPES (pH 7.6), 0.30mM CaNOj-4H,0, 0.41 mM
CaCl,-6H,0, 0.82mM MgSO4-7H,0, sodium penicillin
and streptomycin sulphate 10ugml™' each) for 1-7 days
at 16-18°C before commencing electrophysiological
experiments.

Electrophysiological recording

Two-electrode voltage clamp recordings (Vi =—-60mV; Axon
Geneclamp 500, Molecular Devices Corporation, Sunnyvale,
CA, USA) were obtained for ACh-induced current responses
1-7 days after RNA injection. Current (R;=1.0-1.5MQ) and
voltage (Ry=1.5-3.0MQ) pipettes were filled with 3M KCI.
All external recording solutions, both control and those to
which drugs have been added, contained 115mM NaCl,
1.8mM CaCl,, 2.5mM KCl, and 10mM HEPES (pH 7.2).
Atropine (1 uM) was included to block endogenous muscari-
nic currents within the oocytes. A gravity-driven manual
switching system allowed either drug or control solution to
be rapidly perfused (20-25mlmin~!) through an effective
bath of volume 0.3 ml. Using this system, which minimizes
dead-space, agonist responses plateau within about 2s (and
reaches approximately 90% of the peak within 1s; see
Connolly et al., 1992). This suggests that for small ligands,
superfusion of the entire surface of the oocyte is essentially
complete within this time period.

ACHh concentration-response curves

In each cell, 2-3 reproducible control responses (5 min- time
interval between successive agonist applications) were first
obtained using a control concentration of ACh (1uM) to
which all subsequent data were normalized. To minimize the
problem of desensitization, the last control response was
followed by only a single application of one high concentra-
tion of agonist. About 4-25 oocytes were used at each
concentration. The mean, normalized responses (+s.e.m.)
were then plotted against the log of the corresponding ACh
concentration and the data fitted to the Hill equation

I = Iax {(X)"H(.i((i):cso)’m}

where [ is the observed current response, I,,x the maximum
current response, X the agonist concentration, ECs is the
concentration of agonist which elicits a half-maximum
response and ny is the Hill coefficient of agonist binding.

Drug application and determination of kinetics of vecuronium
binding to AChRs

Two to three reproducible control responses at 3-min
intervals were obtained using a control concentration of
ACh (100 nM). About 1 min after the last control application



of agonist, a particular concentration of vecuronium (3-
100nM) was applied. After 2min (i.e., 3min after the last
control agonist response), oocytes were rechallenged with
a mixture of 100nM ACh in recording solution containing
the same vecuronium concentration. It was assumed that at
t=0, the agonist response would remain the same as the
average of the initial control responses. During the course of
the experiment, extreme care was taken to avoid any
variations in the flow rate of all test solutions.

After the combined application of agonist plus vecuro-
nium, the test solution was washed out in a perfusate
containing vecuronium. Vecuronium was therefore continu-
ously present in both the wash and test solutions. The ACh
and vecuronium coapplications were repeated as vecuro-
nium gradually bound to a larger and larger fraction of the
receptors. The rate of increase of receptor occupancy by
vecuronium was very high and therefore equilibrium was
achieved very quickly and to aid fitting, the 100% (t=0)
response was included in the data analysis. The continuous
perfusion of antagonist and long time course used in this
protocol should ensure if there is any irregularity in the first
few seconds of vecuronium equilibration, it will only have a
minimal effect on the response size at the first time point.
Subsequent time points should not be affected at all. The
diminishing agonist-induced responses were expressed as the
percentage of the initial control response and were plotted
against time and the data were fitted as a single exponential
decay:

Y = [100 — plateau]e(~%**) 4 plateau

where Y is the % current at time f following the application
of the vecuronium, (100—plateau) is the difference between
the initial control response (considered as 100%) and the
estimated residual response after the block has come to a
final equilibrium, and k., is the rate constant for the progress
of inhibition and is equivalent to (1/7,,), Where 7., is the
time constant for the development of the current inhibition.
Estimated k., values at a specific vecuronium concentration
from different oocytes were averaged and a mean (+s.e.m.)
‘on-rate’ was derived. These mean ‘on-rate’ values were then
plotted on a linear axis against respective concentrations of
vecuronium. Data were fitted by the least-squares method to
a straight line using the following equation:

Kon = - = Koy[z — Bgt] + ky
Ton

where k. ; is the microscopic association rate constant and
the k_; is the corresponding microscopic dissociation rate
constant of vecuronium binding to the WT and the mutant
AChRs. The k., value was obtained from the slope of the
graph, whereas k_; could be taken as the intercept of the
fitted straight line on the y-axis. The equilibrium dissocia-
tion rate constant, Kp, for the binding of the vecuronium to
the WT and the mutant receptor was then calculated as

— k71

Kp = —
Pk

The estimated Kp values thus obtained provide a useful way
of comparing the binding properties of different mutants.
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However, they only provide a single numerical value for each
mutant and so cannot be statistically compared.

Recovery from vecuronium inhibition

In contrast, recovery rates, obtained from individual oocytes,
can be compared. In normal oocyte Ringer solution (at
3-min time intervals between applications), 2-3 reproducible
control responses to applied ACh (100 nM) were obtained.
Control responses were accepted as being reproducible only
if they were within 5% range of the average of other
responses. About 1min after the last control response,
normal oocyte Ringer was replaced by Ringer containing
vecuronium (200nM) and oocytes were perfused for 6 min.
Following this treatment agonist responses were almost
completely inhibited. The perfusate was again switched back
to normal Ringer (t;c =0 min). Thereafter recovery responses
to control ACh were recorded. It is expected that vecuro-
nium near the oocyte surface will be cleared from the bath
on a similar timescale to ACh after switching to control
Ringer. Thus, any residual concentrations of free vecuronium
should be very minor at the first recovery time point and
should not significantly affect the overall time course of
recovery from blockade.

To estimate the rate of recovery (k..), the recovery
responses were expressed as a % of the initial control
(100%) and were plotted as a function of time. The data
were then fitted with a single exponential component using
the following equation:

Y = C+ ((100 — C)(1 — exp(kecr)))

Here, Y'is the response at time t after removal of vecuronium

expressed as a % of initial control response, C is the residual
response after vecuronium blockade, k.. the rate constant
of recovery from vecuronium block at the receptor, and
t the time of observation. k... is also an estimate of k_;, the
microscopic dissociation rate of vecuronium binding. The
krec values were compared between WT and all the mutant
receptors. Using the actual observed residual responses as ‘C’
in an individual oocyte (mostly <5% of the initial control
response) improved the fitting to individual cell data.

Statistics and software

One-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison test were used to determine the
statistical significance of differences in the k.. values of
the expressed receptors (significance level 0.05). The F-test
was used to compare single-versus two-component curve
fitting. Means are given as +s.e.m. and n-values refer to
the number of oocytes in which the experiments were
performed. GraphPad Prism (GraphPad Software Inc., San
Diego, CA, USA) was used for plotting of graphs, curve
fitting, and statistical analysis.

Materials

All reagents were obtained from Sigma-Aldrich Chemical
Company (Poole, UK) or Organon Laboratories (Newhouse,
Scotland, UK) unless specified. Vecuronium for electrophy-
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siological experiments was generously provided by Dr Chris
Prior (University of Strathclyde).

Results

Saturation experiments

The mean values for total, specific and non-specific binding
of 1-10nMm [1251]a-Bgt to TE671 cells obtained from three
experiments are shown in Figure 1. Fitting of individual data
sets to a one-site binding model allowed a mean pKy value of
9.1540.06 (Kp=0.73nM) to be calculated. On the basis of
this result, it was decided to use a concentration of 0.1 nM
['**1]e-Bgt in the inhibition experiments described below.
Specific binding as a percentage of By varied between 77 and
90% over the range of toxin concentrations used.

Inhibition of [*?°I]a-Bgt binding by various steroidal and non-
steroidal NMBAs in TE671 cells provides a fast assay for
predicting the relaxant activity of novel compounds

Twelve clinically useful neuromuscular blockers and two
peptides, were tested (n=3-12 experiments). Data ware
analysed as described in the methods and the estimated
ICso values are shown in Table 1.

Of the five aminosteroids tested, pancuronium and
vecuronium were more active as inhibitors of ['2°T]x-Bgt
binding than rocuronium, pipecuronium or rapacuronium.
The seven non-steroidal neuromuscular blocking drugs
showed a wide range of activity with ICsy values from
20nM for d-TC to 2.95 uM for diadonium. Within this range
the descending order of potency of the remaining com-
pounds was as follows: mivacuronium > decamethonium >

suxamethonium > atracuronium > gallamine. As expected
from the saturation binding study, o-Bgt had a very low ICs
and thus was over 300 times more active than the smaller
peptide, a-conotoxin GI.

WT and mutant AChRs generally exhibit similar ECso
values for ACh activation, but show a slight decrease in Hill
slope values for «1:Phe189Ser and «1:Phe189Ser + Pro194Ser
receptors.

The ACh concentration-response relationship was first
obtained for receptors containing WT ol subunits. The
percentage mean (+s.e.m.) current response to 1uM ACh
obtained for oocytes injected with approximately 15ng of
RNA was 568 + 56 nA (n=8), whereas for 2-3 ng RNA injected
oocytes it was 11+1.1nA (n=29). As described in the
methods, responses to a wide range of ACh concentrations
(10nM-3 mM) within a cell were normalized to the mean of
the current responses to a standard concentration of 1uM
ACh within that same cell. As shown in Figure 2, the
estimated ECso of ACh activation of WT receptors was
23.6 uM with a Hill coefficient of 1.2 (Table 2).

ACh concentration-responses curves were then obtained
for all the mutant receptors. The % mean (+s.e.m.) current
responses to 1 uM ACh of receptors containing «1:Pro194Ser
for oocytes injected with 15 and 2-3ng RNA were 616+ 94
and 37+8.9nA, respectively. The estimated ECsy for the
activation of this mutant receptor was 29.0 uM with a Hill
coefficient of 1.3 (Figure 2).

The % mean (+s.e.m.) current responses to 1 M ACh of
receptors containing o1:Phe189Ser for oocytes injected with
approximately 15 and 2-3 ng of RNA were 484 +92nA (n=38)
and 20+3.8nA (n=28), respectively. The estimated ECsg
value for activation of AChRs containing o«1:Phel89Ser
mutant subunit was 42.1 uM with a Hill coefficient of 1.0.

Table 1 ICs, values for inhibition of ['°[]a-bungarotoxin binding to whole TE671 cells by neuromuscular blocking agents, compared to effective doses

in man

Compound n plCso ICso (nM) Approximate 90% neuromuscular
blocking dose in man (mgkg™")

o-Bungarotoxin 3 10.0+0.50 0.1

d-Tubocurarine 7 7.63+0.19 23 0.512

Mivacurium 4 7.50+0.14 30 0.07°2

a-Conotoxin Gl 3 7.4440.36 36

Vecuronium 6 7.394+0.18 40 0.04°

Decamethonium 3 7.184+0.37 66

Pancuronium 12 7.11+40.09 78 0.07°

Rapacuronium (Org 9847) 4 6.91+0.29 123 1.15¢

Pipercuronium 3 6.72+0.12 191

Rocuronium 6 6.64+0.08 229 0.25¢

Suxamethonium 7 6.32+0.07 479 0.40°¢

Atracurium 3 5.94+0.03 1150 0.20°

Gallamine 3 5.90+0.07 1260 2.80°

Diadonium 5 5.53+0.09 2950 5.009

Data are expressed as plCso+s.e.m. from n experiments, and the corresponding ICsq value (uMm).

References:

2Savarese et al. (1988).
bGramstad and Lilleaasen (1982).
‘Wierda et al. (1994).

9Foldes et al. (1991).

€Smith et al. (1988).

fBunatian (1986).

9Shanks et al. (1981).
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Although the peak current response at 1 mM ACh appears to
be lower than for WT, the difference was not significant.
Similarly, the concentration-response relationship for
receptors containing mutant «1:Phel89Ser + Prol94Ser
subunit was obtained. The percentage mean (+s.e.m.)
current response obtained for oocytes injected with approxi-
mately 15ng of RNA was 702+99nA (n=10), whereas for
2-3ng RNA injected oocytes it was 38 +8.2nA (n=28). Thus
levels of current responses for WT and mutant receptors to
1uM ACh appeared to be similar suggesting that overall
levels of expression might also be similar. The estimated ECsg
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Figure 2 ACh concentration-response curves. ACh concentration—
response curve for receptors containing WT (n=4-29 oocytes at
each concentration), «1:Pro194Ser (n=4-16 at oocytes each
concentration), o1:Phe189Ser (n=4-28 oocytes at each concentra-
tion) and o1:Phe189Ser +Pro194Ser (n=4-25 oocytes at each
concentration) subunits were obtained as described in the Methods.
The estimated ECsq values for the corresponding receptor types were
23.6uM (ny=1.2), 29.0um (ny=1.3), 42.1um (ny=1.00) and
77.7 uM (ny=0.91), respectively. All data were normalized to a
standard response of 1 uM ACh in each experiment. Differences in
the peak responses at 1mm ACh were not significant (one-way
ANOVA followed by Tukey’s post-test), although it would appear
that mutants containing Phe189Ser have slightly different agonist
activation properties.
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value for this mutant receptor was 77.7 uM with a Hill
coefficient of 0.90. Again there was an apparent reduction of
the maximal current response associated with the replace-
ment of phenylalanine by serine but this difference was also
not significant.

The slightly decreased Hill slopes observed for «1:Phe189-
Ser and ol1:Phel89Ser + Pro194Ser mutant receptors com-
pared to WT receptors may not be significant. However, a
lowered Hill slope can be the result of altered binding
affinity or reduced gating efficiency or the presence of more
than one type of receptor population. The possible presence
of more than one type of receptor population has been partly
tested by fitting the data to both single- and double-
component models. In all cases, there was no improvement
of fit with a two-component model, suggesting that a single-
component fit is best (P>0.05, F-test).

Blockade of WT receptors by vecuronium

We used an electrophysiological method (see Methods; also
Jenkinson 1996; Palma et al., 1996) to measure the micro-
scopic association and dissociation rate constants of vecuro-
nium binding to WT or mutant receptors.

Figure 3a shows that continuously perfused vecuronium
(10nM) gradually inhibits ACh-induced (100nM) inward
current responses of receptors containing WT ol subunits,
suggesting progressive occupation of free receptors. Simi-
larly, concentrations of 30nM (Figure 3b) and 100nM
(Figure 3c) vecuronium were applied to separate cells and
it is clear that the rate of onset of block increases as the
concentration of vecuronium increases. Individual k,,, values
for the progressive inhibition by vecuronium were estimated
and their means (+s.e.m.) were then plotted against the
corresponding concentration of vecuronium (Figure 4a).
Again it can be seen that the on-rate of inhibition is
proportional to the concentration of vecuronium applied.
Thus, within the timescale of these experiments, for a
relatively small ligand like vecuronium, changes in the rate
of receptor occupancy closely follow changes in vecuronium
concentration and can be estimated by this approach. From
this plot, the slope yields the microscopic association rate
constant, k., the y-intercept value gives the microscopic
dissociation rate constant, k_; and the ratio allows the Kp

Table 2 Summary of pharmacological and kinetic properties of ACh and vecuronium binding to WT and mutant AChRs

Ligand Pharmacological Parameter Receptor
WT o1:Prol194Ser o1:Phel89Ser o1:Phel89Ser+ Pro194Ser

ACh ACh ECsq (uMm) 23.6 29.0 42.1 77.7

Hill coefficient 1.20 1.30 1.00 0.90
Vecuronium ki1 (x10°M "min~") 1.1 1.2 1.4 1.6

kq (x1072min~T) 8.2 7.8 18.0 13.0

Ko (nM) Jenkinson method 75.0 65.0 128.5 81.3

Krec (x 1072 min~") 2.940.6 (n=4) 3.840.1 (n=3) 11.0+2.0* (n=8) 16.5+2.1¢ (n=4)

Kp (nM) Recovery method 26.4 31.0 78.6 103.1

Abbreviations: ACh, acetylcholine; AChRs, acetylcholine receptors; WT, wild type.

?P<0.05, comparison of k. estimated at 200 nM vecuronium preincubated for 6 min for o1:Phe189Ser against WT.

PP<0.01, comparison of k. value after 6 min preincubation of 200 nM vecuronium for c1:Phe189Ser + Pro194Ser against WT.

€P<0.01, comparison of k. value after 6-min preincubation of 200 nM vecuronium for «1:Phe189Ser + Pro194Ser against o1:Pro194Ser.
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Figure 3 Time course of vecuronium inhibition of the ACh
responses of WT AChRs at different concentrations of vecuronium.
Representative illustration of the inhibitory effect of vecuronium on
inward current responses to applied ACh (100 nm) at mouse muscle
AChRs continuously perfused with (a) 10n™m, (b) 30nMm and
(c) 100 nM vecuronium. After several control applications of 100 nm
ACh, an extracellular solution containing vecuronium was perfused
through the chamber at t =0 min. Two minutes after the vecuronium
perfusion had begun, vecuronium and 100 nM ACh were repeatedly
coapplied to the oocyte at 3-min intervals. Vecuronium was
continuously present during the intervals. The arrows indicate drug
applications and the horizontal bars indicate the presence and final
washout of drugs. Note that the on-rate of the block increases as the
vecuronium concentration is increased.

value of vecuronium binding to the WT receptor to be
calculated (see Table 2).

Determination of the rate of recovery of WT receptors from
vecuronium block
Recovery experiments provide an alternative way of deter-
mining the dissociation rate constant of vecuronium bind-
ing to AChRs. The time constant for recovery from blockade
(krec) is equivalent to the microscopic dissociation rate
constant k_;. One advantage of estimating k... is that values
obtained from individual oocytes can be compared statisti-
cally between groups of differently treated cells. Another is
that Kp values of vecuronium binding to AChRs can be
estimated from the ratio K/k ;1. For both, WT and mutant
receptors, the Kp values calculated by the Jenkinson plots
and the recovery approaches are in reasonable agreement
(see Table 2).

Blockade of the current responses of receptors containing
WT o1 subunits to 100nM ACh by 200nM vecuronium
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Figure 4 Dissociation rate of vecuronium binding appears to
be more rapid for AChRs containing «1:Phe189 mutant subunits.
The mean ‘on-rates’ (+s.e.m.) for the inhibition of ACh (100 nm)
responses was plotted against the corresponding vecuronium
concentrations applied at AChRs containing (a) WT «1 subunits
(n=3-6 separate oocytes at each point) and o1:Phe189Ser (n=3-6
separate oocytes at each point) and (b) «1:Pro194Ser (n=5-10
separate oocytes at each point) and o1:Phe189Ser + Pro194Ser
(n=4 separate oocytes at each point). The slope of the plot (fitted
by linear regression) represents the microscopic association rate
constant (k,), whereas the y-intercept value estimates the
microscopic dissociation rate constant (k_;). The k,; values
(10°M~"min~") for WT, ol:Pro194Ser, ol:Phe189Ser and
o1:Phe189Ser +Pro194Ser subunit containing AChRs were 1.1,
1.2, 1.4 and 1.6, respectively. The corresponding k_; values
(x1072min~") were 8.2, 7.8, 18.0 and 13.0. The k., and k_;
values were greater for receptors containing the Phe189Ser
mutation.

reached equilibrium within 6min of perfusion with the
antagonist. The recovery of the current responses was
monitored during a period of continuous washing with
normal ringer (Figure 5a). The recovery currents were
expressed as a percentage of the initial control response to
100nM ACh and then plotted against the time after
commencement of washing (Figure 6a). Fitting of the data
to single and double-component models was carried out, but
as there was no improvement in fit when the data were fitted
by a two-component model (P>0.05, F-test), a single-
component model was used. The mean (+s.e.m.) k.. value
obtained from individual oocytes expressing WT receptors
was 2.9 (+£0.6) x 1072 min ! (m=4). This allowed the Kp
value of vecuronium binding to WT receptors to be
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Figure 5 lllustration of recovery responses from vecuronium block.

The panels illustrate recovery from vecuronium block of inward
current responses to 100 nM ACh at receptors containing (a) WT o1
subunits, (b) a1:Pro194Ser, (c) «1:Phe189Ser and (d) «1:Phe189Ser
+Pro194Ser mutant subunits. About 1 min after the last control
responses to applied ACh (100nM), normal oocyte Ringer was
replaced by vecuronium (200nMm) perfusion for 6 min. Agonist
responses were almost completely inhibited during this treatment.
The perfusate was then switched back to normal Ringer
(trec=0min). Thereafter recovery responses to control ACh were
recorded. The arrows indicate drug application and the horizontal
bars indicate the presence and final washout of drugs. Comparison
of all the responses at 8 min illustrates that for receptors containing
the Phe189Ser mutation, the agonist responses recover more
quickly.

calculated from the ratio of kc/k, 1, as shown in Table 2
(Kp recovery method).

al:Pro194 is not essential for binding of vecuronium to AChRs

Increasing concentrations of vecuronium (3-100 nM) applied
to «1:Pro194Ser receptor also inhibited 100 nM ACh-induced
inward currents. The mean k., values were calculated and
then plotted against the corresponding concentration of
vecuronium (Figure 4b). Linear fitting of the data yielded a
slope (k1) and the corresponding y-intercept value (k_;).
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Figure 6 Rapid rates of recovery from vecuronium blockade by
AChRs containing «1:Phe189Ser mutant subunits. Individual recov-
ery current responses were expressed as the % of the initial control
response to 100nM ACh. The mean pooled responses (+s.e.m.)
were plotted as a function of the time after commencement of
washing to remove vecuronium. Data were fitted to a single-
exponential association equation. The k.. values (min~") of the
pooled data shown in this figure were estimated to be (a) WT
(3.0x 1072, n=4) and «1:Phe189Ser (10.0 x 1072, n=8) and (b)
«1:Pro194Ser (3.8 x 1072, n=3) and «1:Phe189Ser -+ Pro194Ser
(17.0 x 1072, n=4). Note, that unlike the fit to pooled data in this
figure, all k. estimates in Table 2 are the mean of separate recovery
rates fitted in individual cells and are therefore marginally different.

From these estimates, the calculated Kp value of binding
of vecuronium to the mutant receptors containing the
a1:Pro194Ser subunit was calculated (Table 2).

As above, the mean % recovery responses were obtained
(see Figure Sb for a representative trace). These responses
were then plotted against the wash time to estimate the Kec
values (Figure 6b). The averaged k. value from vecuronium
block of «1:Pro194Ser receptors was not significantly differ-
ent from the k.. values for WT receptors, neither was the Kp
value of vecuronium binding to these mutant receptors
(Table 2).

a1:Phel89 does appear to be an important determinant of
vecuronium binding to AChRs

As for WT receptors, the on-rates for inhibition of 100 nM
ACh responses in the presence of different concentrations
of vecuronium (10-100nM) were measured for the receptors
containing «1:Phel189Ser mutant subunits. The k., values
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were obtained as described earlier and plotted against the
corresponding vecuronium concentrations (Figure 4a). From
this plot, the estimated k, ;, the k_; value and the Kp value
of vecuronium binding to the receptors containing
o1:Phe189Ser subunits was calculated (Table 2).

These data suggest that substitution of «1:Phe189 by serine
had little effect upon the rate of association of vecuronium
binding, but produced a moderate increase in the rate of
dissociation of vecuronium when compared with WT. This
apparent change in dissociation rate was mainly responsible
for the higher calculated Kp value (by the Jenkinson method)
for the «1:Phe189Ser mutant.

A study of the rate of recovery from vecuronium-induced
blockade of the «1:Phel89Ser receptors confirmed this
impression (Figure 5c). The mean K. value for «1:Phe189Ser
receptors obtained from the recovery plots (Figure 6a) was
significantly faster than the recovery rate of WT receptors.
This significant result again suggests that the measurements
we have made of recovery rates over this relatively long
timescale are sensitive enough to detect changes in the way
drugs interact with mutated binding sites and are not unduly
influenced by the biophysical properties of the oocyte
system. The Kp value of vecuronium binding to this mutant
receptor calculated from the ratio of ki./k .1 was 78.6 nM.

Binding of vecuronium to o1:Phe189Ser + Pro194Ser receptors
also shows an increased rate of antagonist dissociation

For the «1:Phel189Ser + Prol94Ser mutant receptor, the
mean of the ko, values in the presence of 100 nM vecuronium
was 1. 7140.07 min~" (n=4). This was significantly different
than the on-rates for both the WT (1.14+0.09, n=6) and
o1:Pro194Ser containing receptors (1.25+0.1, n=10) but not
for the «1:Phe189Ser receptors (1.47 +£0.06, n=6). Therefore
the on-rates we have estimated can distinguish between
different receptor subtypes. This would not be possible if the
rate of access and equilibration of the drug, rather than the
drug-receptor interactions of individual constructs, domi-
nated the electrophysiological measurements we have made.
The data in Figure 4b yielded k . ; and k_; values, and from
these estimates the Kp value of vecuronium binding to the
double-mutant receptors was calculated (Table 2).

The results shown in Figures 5d and 6b provided the
estimated rate of recovery from vecuronium-induced block
of o1:Phel89Ser + Prol94Ser subunit containing AChRs.
The rate of vecuronium dissociation from this double
mutant was significantly faster than from both WT and
o1:Pro194Ser receptors. However, this recovery from vecuro-
nium blockade of the double-mutant receptor was not
significantly faster than the recovery of the o1:Phel89Ser
receptors (Table 2).

Discussion

The current study combines two approaches to study ligand-
receptor interactions of nicotinic AChRs. First, we have
developed a binding assay in TE671 cells, which can enable
the rapid screening of novel nicotinic ligands. We have then
used electrophysiology and mutagenesis to examine how
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individual amino acids contribute to the actions of such
ligands.

The TE671 ligand-binding assay provides a fast and efficient
method of screening a large number of compounds with NMB
actvity

The Kp estimate for ['2°I]a-Bungarotoxin obtained from
saturation binding experiments was 0.7 nM. This is in good
agreement with previous studies using intact TE671 cells
(Syapin et al., 1982, 1.4nM; and TE671 membrane fractions
(Lukas, 1986, 2nM and 40nM). On the basis of this, a
concentration of 0.1nM was chosen for the inhibition
studies. However a preliminary time-course study (unpub-
lished results) showed that although the binding to TE671
cells approaches equilibrium (>90%) after 2h it does not
quite reach it. Thus a true affinity constant cannot be
calculated from the data as equilibrium is not fully
established. Nonetheless, 2h was considered to be a
sufficient incubation period for the evaluation of IC;, values
as part of a large-scale screen for neuromuscular AChR-
binding activity.

The relative values of the ICso values thereby obtained
appear to correlate with the corresponding relative clinical
potency data in man (see Table 1). Mivacurium, vecuronium
and pancuronium were more potent than rapacuronium,
rocuronium, suxamethonium, gallamine and diadonium.
d-TC seemed relatively more potent in the TE671 assay than
in man, whereas rapacuronium and atracurium exchanged
places. Perhaps the differences in relative potency seen in
the two systems are due to the fact that TE671 cells contain
the fetal AChR subunit combination, (x1517y; Luther et al.,
1989) as opposed to the adult form (x1$1¢d; MacLennan
et al., 1993), which provided the clinical data. None the less
there is general agreement between the human clinical data
and the TE671-binding data. There is also reasonable
agreement with a recent electrophysiological study of the
responses of adult human muscle AChRs expressed in
Xenopus oocytes to 10 uM ACh (Jonsson et al., 2006). ICsq
values for mivacurium, d-TC, pancuronium and vecuronium
were in the range 3.69-18.73 nM. However ICs, values for
atracurium (96.65nM) and rocuronium (13.76 nM) were
lower, although still correlating well with the adult clinical
data. Overall, as an assay for predicting compounds that
might be active in humans, the TE671-binding assay appears
to be very successful and, indeed, studies using this assay
were among the first, which confirmed the therapeutic
potential of rapacuronium.

The function of nicotinic receptors is slightly altered, but not lost,
if phenylalanine 189 and proline 194 of the «1 subunit are
replaced by serine
To explore further ligand-receptor interactions in muscle
AChRs, we used an electrophysiological approach to test
the reliance of receptor function and pharmacology upon the
specific presence of Phe at «1:189 and Pro at «1:194 in the
mouse o1 subunit.

The WT and mutant «1 subunit containing receptors
expressed well, producing robust ACh-evoked currents. The



ACh ECsg value for WT «1 subunit containing receptors
of 23.6uM is in good agreement with previously reported
estimates for foetal mouse muscle AChRs expressed in
Xenopus oocytes (20.3+0.4 uM; O’Leary and White, 1992;
19.3 +0.6 uM; Aylwin and White, 1994). For all the mutations
of «1:Phel89 and «1:Pro194 we made, the ECsg values were
still in this same order of the micromolar range. Hence if
such point mutations were to occur in vivo, one might expect
neurotransmission to be preserved. This functional resilience
is remarkable. Substitution of a sterically constraining Pro
residue usually has deleterious effects on both the structure
(Yohannan et al., 2004a) and function (Befort et al., 2001;
Weyand et al., 2002) of proteins. For example, & Prol21Leu
in AChRs causes a reduced probability of channel opening
(Ohno et al.,, 1996). However, in adult muscle receptors
activated by choline, mutation of $1:Phe15'Ile in transmem-
brane domain II causes a 10-fold reduction in the closing
rate, a 2.5-fold enhancement of the opening rate and a 28-
fold increase in the diliganded gating equilibrium constant
(Spitzmaul ef al., 2004). A missense mutation involving
o4:Ser248Phe mutation in the transmembrane domain 2 of
human AChRs causes autosomal-dominant nocturnal frontal
lobe epilepsy (Steinlein et al., 1995).

The question therefore arises as to how Phe and Pro can
be replaced in the ligand-binding region of AChRs without
causing a major change in agonist activation. One explana-
tion is that the recently described evolutionary repair
hypothesis of Yohannan et al. (2004b) for G-proteins could
also apply to hydrophilic regions of ligand-gated ion
channels. They observed that three Pro residues in bacterio-
rhodopsin could be changed to Ala with minimal structural
effects. They hypothesized that an ancestral mutation to Pro
introduced a kink within the transmembrane helices of the
protein. However, during evolution, additional mutations
elsewhere in the protein stabilized its new architecture so
that it later became possible to replace Pro by Ser and still
maintain the structural kinks. Therefore in the present study,
the overall preservation of the ability of ACh to activate
mouse muscle AChRs when Phe189 and Pro194 are mutated
may indicate that their architectural contribution to func-
tion has been sufficiently ‘reinforced’. This evolutionary
pressure would not apply to the interaction of the antagonist
vecuronium with AChRs, for which the set of interacting
amino acids could also be partially different to those
involved in mediating the effects of ACh. Nonetheless,
where a protein is uniquely responsible for a life-enabling
process (in this case initiating muscle contraction during
breathing), intramolecular adaptations, which provide ‘fail
safe’ stabilization of the functional architecture might enjoy
a selection advantage. Such adaptations may be more
common in phylogenetically more ancient proteins carrying
out vital functions.

Vecuronium binding to WT and mutant AChRs

For all the receptor constructs investigated, the on-rates of
vecuronium binding closely followed concentration (Figures
3 and 4) and revealed significant differences among the
various mutants at 100 nM. The recovery rates were also able
to show significant differences among the mutants (see
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Table 2). Therefore, this electrophysiological approach is
useful for elucidating the relative contribution of particular
amino acids to the pharmacological properties of AChRs.

Kp values of vecuronium binding to WT receptors calcu-
lated by the Jenkinson (75.0nM) and recovery approaches
(26.4 nM) were in reasonable agreement with each other. They
are also of the same order as the estimates of 10.3 nM made by
Son et al. (1981) from dose-ratio experiments with guinea pig
lumbrical muscle AChRs, 15 nM (Green, 1987) calculated from
Schild plots of chick biventer cervicis responses and the ICsq
value of 40 nM obtained in the binding assay here. Dose-ratio
experiments in frog cutaneous pectoris muscle (Min et al.,
1992) yielded an estimated K, value of 230 nM. Recovery rates
from block were variable but somewhat faster in the latter
study, but mM concentrations of antagonist (perhaps produ-
cing some nonspecific block), very different methods of
measurement and, of course, a different species was used.
All these Kp values are greater than the 1Csq values reported
previously for vecuronium inhibition of 1 M ACh responses
of embryonic mouse muscle AChRs expressed in oocytes
(1.9nM, Kindler et al., 2000; 7.6 nM, Paul et al., 2002), and for
similarly measured (10uM ACh) adult human receptors
(10.7 nM, Jonsson et al., 2006). Although Kp and ICsq values
cannot be directly compared, the results suggest that for
embryonic mouse muscle AChRs, the presence of our estimate
in the lower range of Kp, values is reasonable. It may be that in
preparations, which can be more rapidly perfused, on-rates
and recovery rates may be slightly faster. Nonetheless, in
absolute terms the electrophysiological approach used here
has yielded acceptable Kp, values for the action of vecuronium
on embryonic WT mouse-muscle receptors.

Kinetic parameters were also estimated for the mutant
receptors (see Table 2). Compared to WT receptors, the
o1:Pro194Ser substitution had no apparent effect on the
overall Kp value or k.. estimate for vecuronium blockade.
Thus, «1:Pro194 may not be directly involved in binding
of vecuronium to AChRs. However, both mutant receptors
containing the «1:Phe189Ser mutation showed significantly
faster dissociation rates for vecuronium binding when
compared with WT receptors, suggesting that «1:Phel89
contributes structurally to the binding site of vecuronium.
The studies also show that this electrophysiological approach
in oocytes is sensitive enough to discriminate between the
kinetic properties of at least some mutant constructs.

Proposed model of vecuronium binding to AChRs

The cation-z bonding of the aromatic side chain of amino
acid residues such as Tyr, Phe or Trp with quaternary ion
centres is well established in structural biology (Zhong et al.,
1998; Gallivan and Dougherty, 1999). For the «1:Phe189Ser
mutation, any cation-n interaction is destroyed and vecur-
onium may be less strongly anchored in the binding site.
Dissociation would then become more favourable. Support-
ing this idea we have found that k.. values are significantly
increased for «1:Phe189Ser containing mutants, whereas k | |
appears to remain broadly the same. Therefore, it seems
more likely that «1:Phe189 stabilizes binding of vecuronium
once it has entered the binding pocket, rather than
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providing a steric hindrance to binding and slowing its
association.

This theory is supported by observations on other
aromatic residues in the same region of the binding site. Fu
and Sine (1994) reported that «1:Tyr198 and y-Tyr117 in
mouse muscle AChRs were critical determinants of interac-
tions with the quaternary nitrogen of dimethyl-d-tubocur-
arine, pancuronium and gallamine. For all these ligands,
substitution of Tyr in either position with another aromatic
residue (Phe or Trp) maintained affinity comparable to the
WT receptors. In contrast, Ser substitutions for Tyr-reduced
affinity. For pancuronium, the lowest affinities were ob-
tained when positively charged Arg was incorporated in
place of Tyr. Therefore in these experiments, the presence
of any aromatic residue appears to enhance the binding of
vecuronium-like compounds. Although these are not the
same sites as the o1:Phel189 mutated here, they do suggest
that aromatic residues can contribute to NMBA binding in
mouse AChRs.

Interestingly, a complementary study in which the ligand
(rather than the receptor) was altered was carried out by
Bowman et al. (1988). Sequential removal of two potentially
cationic, quaternary ACh-like moieties from positions 3 and
17 decreased the potency of vecuronium analogues but
increased the speed of onset of chick tibialis muscle blockade
with a simultaneous decrease in the duration of action.
Bowman et al. (1988) suggested that the duration of action of
vecuronium analogues was inversely related to their potency.
Even though pharmacokinetic factors need to be considered
and the chick receptor has tyrosine at «1:189, it seems
possible that this study and our approach are examining
different aspects of a common interaction.

Conclusion

A binding assay in TE671 cells provided a method for the
rapid identification of agents, which act at nicotinic AChR:s.
Additional electrophysiological studies showed that the
function of AChRs is remarkably resilient despite noncon-
servative substitutions in the agonist binding site. This
might be explained by evolutionary ‘re-inforcement’ of the
binding site architecture. The results also suggest that
o1:Phel89, but not «1:Pro194, is a significant molecular
determinant of the rate of vecuronium dissociation from
mouse muscle AChRs.
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