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Abstract

Among ion channels, only the nicotinic-receptor superfamily has evolved to generate both cation-
and anion-selective members. Although other, structurally unrelated, neurotransmitter-gated cation
channels exist, no other type of neurotransmitter-gated anion channel, and thus no other source of
fast synaptic inhibitory signals, has been described so far. In addition to the seemingly
straightforward electrostatic effect of the presence (in the cation-selective members) or absence (in
the anion-selective ones) of a ring of pore-facing carboxylates, mutational studies have identified
other features of the amino-acid sequence near the intracellular end of the pore-lining
transmembrane segments (M2) that are also required to achieve the high charge selectivity
displayed by native channels!~10. However, the mechanism underlying this subtler effect has
remained elusive!! and a subject of much speculation. Here, using single-channel
electrophysiological recordings to estimate the protonation state of native ionizable side chains,
we show that anion-selective type sequences favour, whereas cation-selective type sequences
prevent, the protonation of the conserved, buried basic residues at the intracellular entrance of the
pore (the M2 0’ position). We conclude that the, previously unrecognized, tunable charge state of
the 0’ ring of buried basic side chains is an essential feature of these channels’ versatile charge-
selectivity filter.

The amino-acid differences that underlie the opposite charge selectivities of the members of
the nicotinic-receptor superfamily have been known for several years now 1-10(see
Supplementary Fig. 1 and Supplementary Text for a brief introduction to this group of ion
channels). Reversal-potential measurements have revealed that the cation-selective members
of the superfamily become anion selective upon both, insertion of a proline into the loop that
connects transmembrane segments M1 and M2 (between positions =2’ and —1’) and
mutation of the pore-lining glutamate at position —1’ to alanine, two changes that bring the
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sequence of the cation channels closer to that of their anion-selective counterparts (Fig. 1a).
Similarly, the reciprocal changes (that is, deletion of the =2’ proline and mutation of the -1’
alanine to glutamate) engineered on (natively) anion-selective members of the superfamily
have been shown to confer high selectivity for cations. While the effect of the presence or
absence of pore-exposed carboxylates may seem unsurprising, the basis for the effect of the
insertion or deletion of a proline from the M1-M2 loop on charge selectivity (Fig. 1b) is
much subtler and has remained, largely, a mystery1.

As a first step toward understanding the effect of the proline insertion, we engineered a
proline between positions —2’ and -1’ of the a1, 1 and & subunits of the (cation-selective)
(a1),B18e acetylcholine receptor (muscle AChR), one subunit at a time. Since the € subunit
already has an extra residue at this position (a glycine; Fig. 1a), a proline was introduced in
this subunit by a residue-to-residue mutation rather than by insertion. In the presence of a
typical, divalent cation-containing solution in the pipette of cell-attached patches ([Ca?*] =
1.8 mM; [Mg%*] = 1.7 mM; solution 1 in Supplementary Table 1), single-channel recordings
from the proline-insertion mutant in, for example, the & subunit display an unusually noisy
open-channel level and frequent sojourns of brief duration in the zero-current (‘shut’) level
(Fig. 2a; openings are downward deflections). This behaviour, which differs markedly from
that of the wild-type channel under identical conditions (Supplementary Fig. 2), strongly
hinted at the occurrence of channel block by some of the components of the patch-bathing
solutions. Indeed, omission of both Ca2* and Mg2* from the solution in the pipette
eliminated this block and, at the same time, uncovered a most unanticipated phenomenon
involving two interconverting open-channel conductance levels (Fig. 2a). Unless otherwise
indicated, all the results reported here correspond to recordings obtained in the absence of
extracellular Ca* or Mg?™.

As illustrated in Fig. 2b, c, the proline mutation in the four types of AChR subunit leads to
the appearance of current fluctuations between two levels of open-channel current with the
higher level (the ‘main level’) having roughly the same conductance as the single level
observed in the wild-type channel, at least in the case of the - and e-subunit mutants, where
the fluctuations were most clearly resolved. Although the conductance of the lower level
(the “sublevel’) and the occupancy probabilities of the two alternative open-channel states
differ among mutants, the underlying phenomenon is undoubtedly the same, as expected
from the nearly symmetrical arrangement of the five AChR M2 segments around the
channel pore (Supplementary Fig. 3). Moreover, the kinetics of the fluctuations were found
to depend on the pH of the external and internal solutions (Fig. 2d) in a manner that is fully
consistent with these current oscillations reflecting the alternate protonation and
deprotonation of an ionizable side chain. Thus, the effect of these proline mutations on ion
conduction is highly reminiscent of the effect of lysine, arginine or histidine substitutions
along the M1, M2 or M3 transmembrane segments of the muscle AChR1213; the remarkable
difference, however, is that the mutations reported here do not introduce any new
protonatable group in the protein’s amino-acid sequence.

To identify the residue(s) responsible for this phenomenon, we mutated each of the (native)
ionizable amino acids in and flanking the M2 segment to non-ionizable residues while
keeping the extra proline inserted between positions —2’ and —1’. Combining the results of

Nature. Author manuscript; available in PMC 2011 December 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cymes and Grosman

Page 3

mutations in the 1 and & subunits (Fig. 3), we conclude that the observed main-level &
sublevel transitions reflect the protonation and deprotonation of the 0’-lysine side chain of
the subunit containing the proline mutation. Furthermore, since protonation reduces the
current amplitude (Fig. 2d), we also conclude that AChR mutants having a proline inserted
(or substituted) into only one of the five subunits still conduct mostly cations.

A number of observations suggest that the lysines at position 0’ of the different AChR wild-
type subunits reside on the stripe of M2 that faces away from the pore’s lumen and that their
eNH, groups are largely deprotonated, even at pH 6.0 (hence, pK;<5.0; Supplementary
Text, Supplementary Figs 4 and 5 and Supplementary Table 2). Upon introducing a proline,
however, the affinity of these lysines for protons increases, very likely as a result of a
rearrangement of the intracellular end of M2. This rearrangement does not appear to be
drastic, though, because the extent to which the single-channel conductance is attenuated
upon protonation of the 0’ lysines (a measure of the distance between the eNH3* group and
the long axis of the porel2.13: Supplementary Table 3) does not differ much from that caused
by lysines engineered on the back or the sides of M2 (Supplementary Fig. 6) or the front of
M1 or M3 (ref. 13). Moreover, albeit higher than in the wild-type AChR, the pKj values of
the 0’-lysine’s eNHz* group in the §- and e-subunit mutants (~7.58 and ~7.15, respectively;
Supplementary Table 3) are still lower than the value expected for this group when fully
exposed to bulk water (~10.4) by ~3 units (1 pKj unit &~ 1.36 kcal mol~1) which further
confirms the notion that these side chains do not face the aqueous lumen of the pore directly.
For comparison, the pKgs of lysines engineered on the back of M2 (ref. 12) or on the front of
M1 or M3 (ref. 13) are also, at least, ~3 units lower than the bulk-water value of ~10.4 (in
Supplementary Table 4, we show that the pK, values of substituted lysines are rather
insensitive to the presence or absence of millimolar concentrations of external CaZ* or
Mg?2*). In addition, we conclude that the effect of these mutations is not highly position-
specific because proline insertions at the five other possible positions along the M1-M2 loop
of the 8 subunit give rise, essentially, to the same pH-dependent phenotype (Supplementary
Fig. 7).

The exact nature of the reorganization of the M1-M2 loop upon mutation, and how this
change lowers the hydrophobicity of the microenvironment around the 0’ basic side chain,
remains unknown. However, an increased exposure to water (through an increase in solvent
penetration and/or a slight repositioning of the side chain) is expected to be an important
factor in the stabilization of a positive charge buried in a region of the protein that lacks
properly oriented acidic side chains. Indeed, recall from Fig. 3a that the side chains of the
nearby —5’ aspartate or the —1’ glutamate do not contribute to the observed main-level &
sublevel current fluctuations neither by being the proton-binding site nor by electrostatically
stabilizing the 0’eNHs* group. The idea of a structural rearrangement around position 0/
receives further support from the finding of a complex interaction between the proline
mutants and extracellular Ca?* and Mg2* (compare Fig. 2a with Supplementary Fig. 2).
Certainly, as elaborated in Supplementary Text, it seems reasonable to ascribe the
anomalous nature of this interaction to the likely concomitant rearrangement of the ring of
glutamates at the neighbouring position -1’
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Not all of the anion-selective members of the superfamily contain a full ring of ‘inserted’
prolines at position —2” of the M1-M2 loop, though. Instead, some -subunit homomers
(such as those formed by the B subunits of GABAA receptors! or of invertebrate GIuCl
receptorst®; Fig. 1a) present a full ring of alanines at this position without sacrificing high
selectivity for anions. And, even more divergently, some highly anion-selective AChRs
from invertebrates do not contain any extra residues in the M1-M2 loop, but rather, replace
the —2/ glycine of the cation-selective counterparts with a prolinel® (Fig. 1a). Remarkably,
we found that mutating the muscle AChR to mimic the “atypical’ features of these M1-M2
loops also gives rise to current fluctuations that closely resemble those caused by the, more
common, proline insertions characterized above. In fact, we found that the insertion or
substitution of a number of amino acids (not only proline or alanine) in and around position
-2/ have, largely, the same effect (Fig. 4 and Supplementary Text).

Evidently, charge-selective permeation through members of the nicotinic-receptor
superfamily has arisen during evolution as a result of several different amino-acid changes
in the M1-M2 loop; yet, all these changes seem to act, at least in part, by tuning the proton
affinity of the same basic side chain. Consistent with the functional relevance of the
different protonation states of the ionizable group at 0’ (neutral in cation-selective members
and, at least partly, positively-charged in anion-selective members) we notice that some
recently identified cation-selective members of the superfamily from nematodes!’ and
bacterial8 replace this lysine or arginine with non-ionizable residues. However, all known
native anion-selective nicotinic-type receptors present a basic residue at position 0’. Whether
these additional positive charges are directly responsible for the anion selectivity or, rather,
they act to increase the single-channel current amplitude of a channel that is highly selective
for anions irrespective of the protonation state of the 0’ basic side chains (as a result,
perhaps, of concomitant changes in pore size811.19 or in the orientation of backbone
groups219) remains unclear. What is clear, however, is that both high charge selectivity and
high single-channel current amplitude are essential for proper electrical signaling at fast
chemical synapses. What is also clear is that the differential tuning of side-chain pKj, values
described here represents a novel mechanism for turning protein charges on or off without
the need of replacing ionizable amino acids with non-ionizable ones (or vice versa).

It is worth noting that the finding of different protonation states for the 0’ basic side chain in
cation-selective type versus anion-selective type charge-selectivity filters would have gone
unnoticed by even such powerful approaches as X-ray or electron crystallography. Certainly,
these methods do not typically reach the resolution of 1.0-1.2 A (especially when applied to
membrane proteins) that is needed to detect the presence of hydrogen atoms. Also, although
a variety of structure-based computational algorithms for the prediction of protein side-chain
pK, values have been developed and could in principle be applied to structural models of
members of the nicotinic-receptor superfamily, their accuracy in the case of large deviations
from values in bulk water is still very limited20-24,

Overall, our results provide a compelling example of the marked sensitivity of side-chain
pK; values to the details of the microenvironment, of the profound impact that differentially
tuned proton affinities can have on protein function, and of the advantage evolution has
taken of this physicochemical phenomenon. Lastly, our data also remind us that assuming
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default protonation states for the ionizable side chains in a protein may be highly
misleading, and that the structural determinants of ion-conduction properties through ion
channels need not face the lumen of the pore directly.

Methods Summary

Currents were recorded from HEK-293 cells transiently transfected with wild-type or mutant
complementary DNAs (cDNAs) encoding for the adult muscle-type AChR (mouseal, f1, &
and & subunits) or the al GlyR (human or rat isoform b). Single-channel currents were
recorded at 22°C from cell-attached patches with the exception of recordings that required
access to both sides of the membrane in which case the outside-out configuration with a
constant application of ligand was used. Ensemble (‘macroscopic’) currents were recorded
at 22°C from outside-out patches exposed to step changes in the concentration of ligand
(solution-exchange timeg.gpe,<150 ps). The composition of all solutions used for
electrophysiological recordings is given in Supplementary Table 1. Extent-of-channel-block
and pK, values were estimated from cell-attached, single-channel recordings as detailed in
our previous work!2.13 and in Supplementary Fig. 8. All single-channel current traces are
displayed at f.~ 6 kHz. Reversal potentials were estimated from macroscopic-current
recordings elicited by 1- or 10-ms pulses of ligand applied to outside-out patches
(Supplementary Fig. 9). The expression of mutant AChRs in the plasma membrane of
transfected cells was estimated using an equilibrium [*251]-a-bungarotoxin binding assay.

Full Methods and any associated references are available in the online version of the paper
at www.nature.com/nature.

METHODS

DNA clones, mutagenesis and transfection

HEK-293 cells were transiently transfected with cDNAs encoding for the adult muscle-type
AChR (mouse al, f1, § and € subunits) or the a1 GlyR (human or rat isoform b prepared as
indicated in ref. 25; no differences were found between the charge selectivities of these two
orthologs) using a calcium-phosphate precipitation method. Mutations were engineered
using the QuikChange site-directed mutagenesis kit (Stratagene) and were confirmed by
dideoxy sequencing. When deemed necessary, mutations that prolong individual activations
of the channel (‘bursts of openings’) were also introduced in the mutant AChR constructs to
increase the number of proton-transfer events recorded. These mutations were pV266M (M2
position 13’; ref. 26),65268Q (M2 12’; ref. 27) or €T264P (M2 12’; ref. 28), and their lack of
appreciable effect on charge selectivity and single-channel conductance is shown in Fig. 1b
and Supplementary Fig. 10, respectively.

Extent of channel block

Single-channel currents were digitized (at 100 kHz), filtered (cascaded f.~ 30 kHz) and
idealized (using the SKM algorithm in QuB software?9) to obtain the mean amplitudes of
the different current levels and the sequences of dwell times. |-V curves were generated
from patch-clamp recordings obtained in the cell-attached configuration, and these only
include data on inward currents (Fig. 2c). For most mutants studied here, the rectilinear
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portion of the sublevel’s I-V curve extrapolates onto the voltage axis at a negative potential
(whereas the main-level’s extrapolates near zero) a likely result of the more pronounced
inward rectification of the current sublevel and, for some mutants at least, the result perhaps
of the diminished selectivity of the sublevel for cations (note that, under the conditions of
our cell-attached experiments, a decrease in cation selectivity would shift the reversal
potential to negative values). Because of these different intercepts, the ratio between the
sublevel and the main-level single-channel current amplitudes becomes a function of the
transmembrane potential, and the choice of any particular voltage value to calculate the
extent of channel block from current amplitudes would be arbitrary. Hence, here (as in our
previous work; refs 12, 13) we chose to calculate the extent of block using single-channel
conductances, instead. As a result, our extent-of-block values differ from those that could be
inferred from a mere inspection of the single-channel traces at a single potential (say, —100
mV, in the case of our figures). Different intercepts for the rectilinear portions of the main-
level and sublevel I-V curves are not unique to the mutants studied here; rather, these
differences were also observed for AChR mutants bearing engineered basic residues along
M2 (ref. 12). The extent of channel block for each construct was calculated as the difference
between the conductance values of the main level and the sublevel normalized by the
conductance of the main level. In some cases, the conductance of the main level could not
be estimated with confidence (for example, because the open-channel signal dwelled only
briefly and infrequently in the main level). In these cases, the normalization was done
relative to the conductance of the corresponding background construct (that is, the wild-type
AChR with or without one of the burst-prolonging mutations).

Protonation and deprotonation rates (as well as all other transition rates) were estimated
from maximum-likelihood fits of single-channel dwell-time sequences with kinetic models
(Supplementary Fig. 8) as described in our previous work1213, To this end, we used the MIL
algorithm in QuB software30 with a retrospectively imposed time resolution of 25 ps. The
ratio between the proton-dissociation and proton-association rates thus estimated gives the
ratio of the probabilities of the engineered ionizable side chain being deprotonated versus
protonated while the channel is open. The reported pK, values (Supplementary Tables 3 and
4) were calculated from the product of these ratios and the concentration of protons in the
channel-bathing solution (Supplementary Fig. 8). For the calculation of the pK;s of lysine
side chains engineered in M1 or M2 (Supplementary Table 4), we used the concentration of
protons in the pipette solution of cell-attached patches (that is, pH 6.0 in the case of the
mutant at position 11’ and 7.4 in all other cases). For the calculation of the pKjs of the 0/
side chain in the various M1-M2 loop mutants studied here (Supplementary Table 3),
however, the choice of a pH value is not obvious because we found that the kinetics of
protonation and deprotonation in this region of the channel are sensitive to the pHs of the
two solutions bathing the membrane, behaving as if the protonatable group were exposed to
a solution of intermediate pH. Hence, although probably not strictly correct, we decided to
use a pH of 7.3, a value halfway between the pH of the pipette solution (~7.4) and that of the
cytosol (~7.2). This uncertainty leads to a maximum systematic error of + 0.1 units in the
pK, estimates shown in Supplementary Table 3.
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Concentration jumps, reversal potentials and kinetics

Step changes in the concentration of ligand bathing the external aspect of outside-out
patches were achieved by the rapid switching of two solutions (differing only in the
presence or absence of ligand) flowing from either barrel of a piece of theta-type capillary
glass mounted on a piezo-electric device (Burleigh-LSS-3100; Lumen Dynamics) as
described previously (solution-exchange timeg.gg0,<150 ps; ref. 31). Reversal potentials
were estimated from 1-V relationships generated by plotting the peak-current responses to
brief (1- or 10-ms) pulses of ligand applied to outside-out patches at concentrations that
evoke nearly maximal responses (100 uM ACh for the AChR; 10 mM Gly for the al GIyR).
Consecutive pulses were separated by 8-s intervals during which the patches were exposed
to ligand-free solution and the applied voltage was changed. In these particular experiments,
the reference Ag/AgCl wire was connected to the bath solution (the composition of which
was the same as that of the solution flowing through the theta-type glass tubing; solution 9
in Supplementary Table 1) through an agar bridge containing 200 mM KCI, to minimize the
liquid-junction potential. A new, fresh agar bridge was connected every <2 h. Liquid-
junction potentials were calculated using the JPCalc module in pClamp 9.0 (ref. 32). To
characterize the kinetics of AChR deactivation, entry into desensitization and recovery from
desensitization, and the response to the repetitive application (25 Hz) of nearly-saturating
ACh, macroscopic currents were recorded from outside-out patches (at —80 mV) using
various 100-uM ACh pulse protocols, as indicated in Supplementary Fig. 5. All macroscopic
currents were analyzed using a combination of pClamp 9.0 (Molecular Devices) and
SigmaPlot 7.101 (Systat Software) software.

Plasma-membrane AChR expression

To estimate the number of wild-type or mutant AChRs in the plasma membrane, transfected
HEK-293 cells were incubated with 20-nM [1221]-a-bungarotoxin (PerkinElmer) in fresh
DMEM culture medium at 4-5°C for 2-3 h so as to saturate all toxin-binding sites. The
associated radioactivity was measured in a ycounter and was normalized to the
corresponding mass of total protein, which was quantified using the bicinchoninic-acid
method (Thermo Scientific) after solubilizing the cells with 0.1 N NaOH. The non-specific
binding of radiolabeled toxin was estimated on cells transfected with cDNA encoding for the
B1, 8 and € subunits of the mouse-muscle AChR (but not the al subunit). The amount of
[1251]-a-bungarotoxin bound to these mock-transfected cells (normalized to total protein
content) was never higher than 6% of that associated with the expression of the wild-type
AChR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a Intracellular M1-M2 loop Intracellular
end of M1 end of M2
Subunit Origin -100 -9 -8|-7 -6 -5 -4 -3 -2 -1 0|1 2 ¥
AChRa1 mouse F Y L|P T D 8§ - G E K|M T L
AChRa1 zebrafish F Y L|P T D § - G E K|M T L
AChRa1 A. californica F Y L|P S D § - G E K|I T L
AChRa1 fruit fly F Y L P S D S —- G E K | S L
AChRa4 mouse F Y L|P S E C - G E K|V T L
AChRa7 mouse F L L|P A D S - G E K I S L
AChRp1 mouse F Y L|P P D A - G E K|M G L
AChR$ mouse F Y L|P G D cC - G E K|T 8 V
AChRe mouse Y F L|P A Q A G G Q K|C T V
5-HTaR mouse F cC L|P P D §S - G E R|V S F
GlyRa1 mouse F W I[N M D A A P A R|V G L
GABAARa1 mouse F w L N R E S VvV P A R|T V F
GluCla1 C. elegans F W F|D R T A | P A R|IV T L
HisCla1 fruit fly F w | K P E A A P A R|IV T L
GlyRp mouse F W I |N P D A S A A R|V P L
GABAARB1 mouse F W I [N Y D A S A A R|V A L
GIuCIp C. elegans F w | D L H s T A G R|V A L
AChR B L. stagnalis F w L P P E S —- P A KM Q L
Capca1_92948 C. capitata F w L P P E S —- P A KM M L
Smp_176310 S. mansoni F W L P P E T —- P A KM V L
AChR2B S. haematobium F W L | P P b 8§ - A A K|M M L
Helro1_192409 H. robusta F L L|P P D T —- N A K|I s L

b - 1.0 °

Normalized

current

60

® £T264P AChR

Figure 1. The versatile char ge selectivity of nicotinic-typereceptors
a, Sequence alignment of residues in and flanking the M1-M2 loop. The broken horizontal

line separates the sequences that are known or predicted (on the basis of their sequences) to
form cation-selective channels (top) from those that are known or predicted to form anion-
selective ones (bottom). Included in this alignment are subunits from receptors to
acetylcholine (ACh), serotonin (5-HT), glycine (Gly), y-aminobutyric acid (GABA),
glutamate (Glu), histamine (His), and from receptors with as yet unidentified ligands. The
invertebrate organisms in this list are: Aplysia californica (a mollusc), the fruit fly
Drosophila melanogaster (an arthropod), Caenorhabditis elegans (a nematode), Lymnaea
stagnalis (a mollusc), Capitella capitata (an annelid), Schistosoma mansoni and S.
haematobium (two human parasitic platyhelminths), and Helobdella robusta (an annelid). b,
Macroscopic current—voltage (I-V) relationships recorded under KCI-dilution conditions
(solutions 8 and 9 in Supplementary Table 1; pH 7.4, both sides) in the outside-out
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configuration, as indicated in Supplementary Fig. 9 and in Methods. The equilibrium
(Nernst) potentials at 22°C, using ion concentration values, are —=55.0 mV for K* and +50.6
mV for CI™. Reversal potentials are indicated.
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Figure 2. A proline mutation unveils a proton-binding site
a, Single-channel inward currents (cell-attached configuration; ~ —=100 mV; 1 uM ACh;

PHpipette 7-4) recorded from a mutant AChR having a proline inserted between positions -2’
and -1’ of the 8 subunit. To increase the number of main-level == sublevel interconversions,
a mutation that prolongs the mean duration of bursts of openings (eT264P) was also
engineered. Solution compositions are indicated in Supplementary Table 1 (solutions 1-3).
Mutations are indicated on the M1-M2 loop sequences; underlined bold symbols denote
insertions whereas bold symbols (without the underline) denote substitutions. b, Inward
currents (cell-attached configuration; ~ =100 mV; 1 uM ACh; pHpjpette 7.4; solutions 2 and
3) recordedfrom the indicated AChR constructs. The burst-prolonging mutation was e T264P
(in the case of AChRs with a proline inserted in the a1, 1 or 6 subunit) or §5268Q (in the
case of the glycine-to-proline substitution mutant at position =2’ of the & subunit). In the
case of the al-subunit insertion, the trace shown corresponds to the construct having only
one of the two a subunits mutated. c, Single-channel I-V relationships (cell-attached
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configuration; 1 pM ACh; pHpipette 7-4; solutions 2 and 3) recorded from the five constructs
in b. For clarity, only the I-V curves corresponding to the sublevel are shown for the
mutants. To facilitate the visual comparison of the slopes, each curve was displaced along
the voltage axis so that it extrapolates exactly to the origin. d, pH dependence of the main-
level 22 sublevel current fluctuations (outside-out configuration; =100 mV; 1 uM ACh;
solutions 4 and 5).
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Figure 3. The side chain of the ¢/ basic residue is the proton-binding site
a, Single-channel inward currents (cell-attached configuration; 1 uM ACh; pHpipette 7-4;

solutions 2 and 3) recorded from AChRs with a proline inserted between positions =2’ and
-1’ of the & subunit and having four of the five native ionizable residues that flank M2
mutated to alanine, one at a time. The burst-prolonging mutation was € T264P. Mutation of
the fifth residue (the 0’ lysine) to alanine, glutamine or valine (in the presence of the inserted
proline) abolishes receptor expression on the plasma membrane, as revealed by the lack of
specific a-bungarotoxin binding. The applied potential was ~ =100 mV for all constructs,
with the exception of the receptor containing the glutamate-to-alanine mutation at position
-1/, in which case the potential was ~ —150 mV (to compensate for its lower single-channel
conductance). b, Inward currents recorded from a mutant AChR having a proline inserted
between positions —2’ and -1’ of the f1 subunit and from the mutant having, in addition, a
lysine-to-glutamine mutation at position 0’ of the same subunit. The applied potential was ~
—-100 mV. All other experimental conditions were as in a.
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Figure4. Not only proalines, not only insertions

a, Single-channel inward currents (cell-attached configuration; ~ —100 mV; 1 uM ACh;
PHpipette 7-4; solutions 2 and 3) recorded from the indicated AChR insertion mutants. The
burst-prolonging mutation was eT264P. Threonine insertions have a similar effect. b,
Inward currents recorded from the indicated AChR substitution mutants under the same
experimental conditions as in a. Note that the insertion of a residue is not required to reveal
a proton-binding site. Instead, replacing the conserved glycine at position —2’ with a variety
of other residues (see Supplementary text; only proline is shown, here) also unveils a
protonation site in the four types of subunit. In the case of the a1-subunit mutant, the trace
shown corresponds to the construct having only one of the two a subunits mutated. The
trace illustrating the effect of a glycine-to-proline mutation at this position of the € subunit is
shown in Fig. 2b.
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