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IN nicotinic acetylcholine receptors (nAChR), as well as glycine,
GABA , (y-aminobutyric acid), serotonin (5-HT5), and GluCl glut-
amate receptors, a leucine residue at the approximate midpoint of
the M2 transmembrane domain (the 9’ position') is conserved
across most known subunits®. Structural data for the nAChR sug-
gest that the Leu 9’ residues occupy a ‘kink’ in each of the five
M2 helices and point into the closed channel; in the opening step,
the M2 helices rotate so that Leu 9’ side chains no longer occlude
the conduction pathway®. Mutation of Leu 9’ to one of several
other residues slows desensitization and increases sensitivity to
agonist*®. We have exploited the a,pyd stoichiometry of muscle
nAChR to express receptors with m¥ =0 to 5 Leu 9’Ser mutated
subunits. Strikingly, each Leu 9’Ser mutation shifts the dose—
response relation for ACh to the left by ~10-fold; a nAChR with
m¥ =4 is 10°-fold more sensitive than the wild type. The results
suggest that each of the five Leu 9’ residues participates indepen-
dently and symmetrically in a key step in the structural transition
between the closed and open states.

Oocytes were injected with mRNA for wild-type subunits or
for subunits containing the Leu 9'Ser mutation; the latter are
denoted here with an asterisk. Figure 1 shows raw traces and
dose-response data for nAChRs that exemplify combinations
for m¥=1, 2, 3 and 4 Leu 9'Ser mutations, respectively. The
clear trend is that receptors with increasing m¥ require decreased
ACh concentrations for half-maximum response (ECsy). We
analysed these dose-response relations for all four possible
hetero-oligomeric combinations with m¥* =1 and for all but one
of the combinations yielding m¥ =2, 3, 4 and 5 that contain
either 2a or 2a* subunits (Table 1; the a¥p*y*s combination
gave no detectable expression). The ECs, for ACh decreases by
~10-fold for each additional mutated subunit (Fig. 1¢). Thus
the wild-type nAChR has an ECs, of 24 uM, and the two combi-
nations tested with m¥ =4 have ECs, of 2.0 and 2.3 nM.

There is a range of up to fourfold among the ECs, values
within some groups with equal m¥. These extrema were not
consistently associated with a particular mutated subunit.

Dose-response relations for the a*afy$ receptor (in the m* =
1 group) were determined by injecting oocytes with mixtures of
o and a* messenger RNA, along with B, y and  (for example,
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FIG. 1 a, Voltage-clamp currents from oocytes expressing mouse
muscle acetylcholine receptors (AChR). Left, wild type; right, a subunit
combination with 3 Leu 9'Ser mutations. ACh concentrations for each
application are shown above the traces. b, Normalized average dose—
response relations for exemplary combinations containing O (wild type)
to 4 (m#=4) Leu 9'Ser mutations: a,yd (wild type), aBy*s, asf*y*3,
afB*yd and alBy*5*. The horizontal line at 0.5 represents the ECs, for
each combination. The receptors with m¥=4 expressed rather low
maximal current levels (20-100 nA). Each dose-response relation rep-
resents at least 5 oocytes from at least 2 batches. ¢, Relationship
between number of mutated subunits and ECso (logarithmic axis) for
all the combinations measured (Table 1). Each symbol represents a
distinct combination. S.e.ms are shown where they exceed the size of
the symbols.

METHODS. Leucine-to-serine mutations were generated by site-directed
mutagenesis using the Clontech Transformer site-directed mutagenesis
kit (Palo Alto, CA) and confirmed by sequencing. mRNA was synthesized

Fig. 2). We analysed the responses assuming that (1) currents
summed from independent populations of afpyd, a.fyd and
a*aPyd receptors, (2) receptors assembled equally well with a
and with a*, and (3) the two possible subunit arrangements for
a*aByd receptors had identical responses. The calculated ECso
values for a*apyd ranged from 1 to 2 uM, within the range
observed for the other receptors with mJ = 1. These results, and
the observation that the a3 Byd receptor has an ECs in the range
of other receptors with m =2, show that the aLeu 9 residues
do not occupy a privileged position in the gating process, despite
the fact that agonist binds at least partly to the a-subunit.

TABLE 1 Dose-response relations for mouse muscle ACh receptors
containing various numbers of mutated Leu 9'Ser subunits (m¥)

mZ mRNA injections ECso (M) Hill coefficient
0 axPyd 24,010 1.68
1 a*apyd 1,290 2.15+0.22
asP*yd 531 2.03
axPy*d 1,910 1.82+0.14
asfyd* 486 1.98
2 aipByd 202 1.81
axp*y*s 49.7 1.64
asB*y8* 208+ 69 1.34
aBy*s* 42.7 1.89
3 aip*yd 10.3 1.44
afpBy*s 151 1.61
aipyd* 84+1.3 1.45
ap*y*s* 9.8+1.3 1.30
4 aip*yd* 2.3 0.96
aipy*o* 2.0+0.6 1.02+0.26
5 aiB*y*s* <1 —

S.e.ms for EC5, were less than 10% of the mean, except where given;
s.e.ms for Hill coefficient were less than 0.07, except where given.
Responses for the aB*y*3* combination were too small for reliable
measurements of ECsq or Hill coefficient.
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in vitro using the Megascript kit (Ambion, Austin, TX). pBluescript plas-
mids containing the AChR subunits were linearized and run-off
transcripts prepared with T7 RNA polymerase Stage V-VI Xenopus
oocytes were isolated and injected with 10-50 ng of mRNA in a stoichi-
ometric ratio for a:B:y:5 of 2:1:1:1 (ref. 12). Before recording, oocytes
were incubated at 18 °C in a modified Barth’s solution supplemented
with 50 pg ml~* Gentamicin, 2.5 mM pyruvate and 0.6 mM theophylline.
Electrophysiological recordings were carried out 2—-4 days after injec-
tion. Membrane potential was held at —80 mV with a 2-electrode volt-
age-clamp circuit. Bath solutions contained 96 mM NaCl, 2 mM KClI,
1 mM MgCl, and 5 mM HEPES, pH 7.5. Ca®* was omitted from the
bath solution and atropine (1 pM) was included to prevent activation
of endogenous Ca®*-activated CI~ channels via muscarinic receptors.
Individual dose-response relations were fitted to the Hill equation,
I/lmax=1/(1 + {ECs0/[A]}™), where [A] is the ACh concentration, ECs
is the ACh concentration giving half-maximal response, Imax is the maxi-
mal response, and ny is the Hill coefficient.

In single-channel studies with the a¥Byd receptor (Fig. 3),
ACh evoked bursts of openings lasting hundreds of milliseconds,
similar to records with the aLeu 9°Cys AChR (ref. 7) and much
longer than bursts in the wild type at the same ACh concentra-
tion (ACh). Within a burst, however, there were many brief
(time constant ~0.15 ms) closings, so that the longest compo-
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FIG. 2 Dose-response relation for a*aByd, determined by injecting
oocytes with a mixture of mRNA for a*, a, B, 8 and & subunits. The
injected mRNA mole fraction o*/(0* + o) was 0.5. The dose-response
relations were measured independently for a%fy8 and for a,pyd in other
oocytes from the same batch. The normalized currents for the mixture
were expressed as the sum of dose-response relations for these 2
combinations plus a third relation for aa*By8. With the assumptions
given in the text, if the mole fraction of expressed a* subunit is a*, the
proportion of receptors of each species is (a*)? (1—a*? and
2a* (1 —a*), respectively. The results fit best for a* =0.25. The calcula-
ted dose-response relation for a*aByd is characterized by ECso=
1.29 uM and n,=2.15.
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