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Modal affinities of endplate acetylcholine receptors caused by

loop C mutations
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The time course of the endplate current is determined by the rate and equilibrium constants for acetylcholine
receptor (AChR) activation. We measured these constants in single-channel currents from AChRs with mutations
at the neurotransmitter-binding sites, in loop C. The main findings are: (a) Almost all perturbations of loop C
generate heterogeneity in the channel open probability (“modes”). (b) Modes are generated by different affinities
for ACh that can be either higher or lower than in the wild-type receptors. (c) The modes are stable, in so far as
each receptor maintains its affinity for at least several minutes. (d) Different agonists show different degrees of
modal activity. With the loop C mutation aP197A, there are four modes with ACh but only two with partial agonists.
(e) The affinity variations arise exclusively from the a8-binding site. (f) Substituting four y-subunit residues into
the d subunit (three in loop E and one in the B5—f5’ linker) reduces modal activity. (g) At each neurotransmitter-
binding site, affinity is determined by a core of five aromatic residues. Modes are eliminated by an alanine muta-
tion at W57 but not at the other aromatics. (h) Modes are eliminated by a phenylalanine substitution at all core
aromatics except aY93. The results suggest that, at the ad agonist site, loop C and the complementary subunit
surface can each adopt alternative conformations and interact with each other to influence the position of 8W57
with respect to the aromatic core and, hence, affinity.

INTRODUCTION

The endplate acetylcholine receptor (AChR) is a hetero-
pentamer of subunit composition ayBde (adult) or ayBdy
(fetal). Each receptor has two agonist-binding sites lo-
cated in the extracellular domain at ad- and either ae- or
ay-subunit interfaces, and each site has a core of five
aromatic residues (Fig. 1). In mouse AChRs, at the two
adult sites (ae and ad), aY190, aY198, and aW149 are
the main sources of ACh affinity and together generate
aresting equilibrium K, of ~150 pM (Jadey et al., 2011;
Purohit et al., 2012; Nayak et al., 2014). At the fetal oy
site, ®Y93 and especially YW55 also contribute to increase
the resting affinity for ACh to ~5 pM.

The principal (a-subunit) side of each agonist site is
formed by loops A, B, and C. Loop C covers the binding
pocket and contains aY190 and aY198 residues that
make approximately the same contribution to affinity at
all three kinds of agonist site (ae, oy, and ad). The re-
moval of loop C does not affect constitutive gating but
eliminates the agonist response (Purohit and Auerbach,
2013). The complementary (non—a-subunit) side of each
agonist site is a super-secondary structure that is mostly
B sheet. The higher resting affinity of the fetal vy site is
set by residues in loop E and the B5—35’ linker, which
influence the contribution of YW55 (W57 in the 8 sub-
unit; unpublished data).
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The consistency of a synaptic response depends, in
part, on the consistency of the underlying binding and
gating rate and equilibrium constants that shape the
current. Hence, different open probability (Py) modes
of activation will generate different synaptic responses.
Single-channel modes have been reported for several
different WT synaptic receptors, including for ACh
(Auerbach and Lingle, 1986; Naranjo and Brehm, 1993),
GABA (Lema and Auerbach, 2006), glycine (Hurdiss et al.,
2015), AMPA (Poon et al., 2010; Prieto and Wollmuth,
2010), and NMDA (Popescu and Auerbach, 2003;
Magleby, 2004; Zhang et al., 2008). Mode shifts have
also been observed in other WT ion channels (Blatz and
Magleby, 1986; Nilius, 1987; McManus and Magleby,
1988; Smith and Ashford, 1998; Ionescu et al., 2007;
Chakrapani et al., 2011). It is of general interest to under-
stand the molecular basis of modal activity, even if this may
arise by different mechanisms in different ion channels.

We have explored the effects of mouse endplate AChR
loop C mutations with regard to the consistency of bind-
ing and gating constants, estimated from single-channel
currents. Almost all a-loop C perturbations unsettle
resting affinity and generate distinct, stable P modes.
The affinity variations arise exclusively at the ad agonist
site, with patterns that are different for different ago-
nists. We explore a possible mechanism in which a-loop
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Figure 1. The ligand-binding site of an acetylcholine binding
protein. The agonist-binding sites are at subunit interfaces; the
principal side (a subunit in AChRs) is white, and the comple-
mentary side (8, &, or y subunit) is tan. The structure is Lymnaea
stagnalis (Protein Data Bank accession no. 3WIP; Olsen et al.,
2014), and residue numbers are mouse endplate AChRs. Green,
aromatic core; tan spheres, aC atoms of y-subunit substitutions
(see Fig. 6); red sphere, structural water; dashed lines, H bonds.

C and the d-subunit B sheet each take on alternative
conformations to set the structure of the aromatic core
and affinity.

MATERIALS AND METHODS

Cell culture and mutagenesis

HEK293 cells were maintained in DMEM supplemented with 10%
(vol/vol) fetal bovine serum plus 1% (vol/vol) penicillin-strepto-
mycin, pH 7.4, and were incubated at 37°C (5% CO,). The Quick-
Change site-directed mutagenesis kit (Agilent Technologies) was
used to incorporate mutations into the mouse AChR cDNAs,
which were verified by nucleotide sequencing. Transient transfec-
tion of cDNAs into HEK293 cells was either by a calcium phos-
phate precipitation method or by using TransIT-293 transfection
reagent (Mirus). After transfection, cells were incubated for ~16-
24 h at 37°C before electrophysiological recordings commenced.

Electrophysiology

Single-channel currents were recorded at 23°C in the cell-attached
patch configuration. The bath solution was Dulbecco’s PBS con-
taining 137 mM NaCl, 0.9 mM CaCl,, 2.7 mM KCI, 1.5 mM
KHyPO,, 0.5 mM MgCl,, and 8.1 mM Na,HPO,, pH 7.4. The pipette
solution was PBS. In some experiments, an agonist (acetylcholine,
carbamylcholine, tetramethylammonium [TMA], or choline) was
added only to the pipette solution. For experiments without ligands,
we used a pipette holder and electrode that were never exposed
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to any agonists. When low [agonist] were used, the pipette poten-
tial was 70 mV, which corresponds to a membrane potential of
approximately —100 mV (inward currents). When high [agonist]
were used, the pipette potential was —100 mV, which corresponds
to a membrane potential of approximately 70 mV (outward cur-
rents) to reduce channel block by the agonist. When necessary,
rate constants were corrected for the effect of voltage (Nayak et al.,
2012). Single-channel currents were low-pass filtered at 20 kHz
and digitized at a sampling frequency of 50 kHz. Collection and
analyses of the currents were performed using QuB software
(Nicolai and Sachs, 2013).

Cluster selection and Ky/Pg estimation

Single-channel currents associated with C<>O gating occur as clus-
ters separated by long desensitized periods (Sakmann et al., 1980).
Sometimes, a t,; value of 6.5 ms was used define a cluster (for
example, Fig. 2 A). However, there often was a wide distribution
of intra-cluster shut-interval durations making it impossible to use
a single t.; value (Fig. 2 B). In these patches, clusters were selected
by eye. In either case, a k-means clustering algorithm was applied
to the selected clusters to determine the number of P, popula-
tions and to segregate the clusters for mode-by-mode analysis.

For rate constant estimation, intra-cluster currents for each Pg
population were idealized into noise-free intervals by using the
segmental k-means algorithm, after low-pass filtering at 12 kHz.
The forward (f) and backward (b) gating rate constants were esti-
mated from the interval durations by fitting with a C<>O model
and a maximum-interval likelihood algorithm after imposing a
dead time of 20-50 ps. Occasionally, an additional shut state was
added to account for a short-lived desensitized state (Elenes and
Auerbach, 2002). The gating equilibrium constant was calculated
from the ratio of the rate constants, E, = f,,/b,, where n is the num-
ber of bound agonists. Py was calculated from the gating equilib-
rium constant, Po = (1 + E,”1)7!. For unliganded gating, E, was
calculated from the ratio of closed-/open-time constant, using the
main component of each interval duration histogram.

AChR gating is described by a cyclic mechanism (Auerbach,
2012). In brief, WT receptors are active constitutively but with a
small unliganded gating equilibrium constant (allosteric con-
stant) that generates a very low Py (Jackson, 1986; Purohit and
Auerbach, 2009; Nayak et al., 2012). Py is increased by agonists
because these ligands bind with a higher affinity to the O versus C
conformation. Accordingly, the gating equilibrium constant with
one bound agonist (E,;) is the product of the gating equilibrium
constant without any agonists (E¢) and the C/O equilibrium dis-
sociation constant ratio. Cluster P, with agonists is a function of
both resting affinity (K;) and the allosteric constant (E).

A shortcut was used to estimate Kj. This was possible because in
mouse endplate AChRs, affinity and efficacy are correlated (Jadey
and Auerbach, 2012; Purohit et al., 2014). With »n equal-affinity
neurotransmitter-binding sites, the resting affinity K; can be cal-
culated from the unliganded and fully liganded gating equilib-
rium constants by using:

1/n

Ky =(E,/E,)"". (1)

For example, in adult WT AChRs (—100 mV), n=2, E, = 7.4 x
1077, and E,*“" = 25, so from Eq. 1, we calculate KA =172 M,
which is about the same as that measured by standard dose-re-
sponse methods (Jadey et al., 2011).

Backgrounds

In many experiments, the goal was simply to count the number of
cluster Py populations. To facilitate this enumeration, a background
mutation (s) was often added simply to increase E, and place the
shut and open intervals into an optimal range for cluster formation


http://www.rcsb.org/pdb/explore/explore.do?structureId=3WIP

and Pg analysis (Jadey et al., 2011). In these cases, it was not nec-
essary to know the quantitative effect of the background on E,.
For example, for WT adult AChRs, E, is small (the shut intervals
between openings are long) and clusters cannot be defined. To
increase the unliganded channel-opening frequency, we added
two background mutations, BL.262G and 8L.265G, both far away
from the binding site at the M2 gate region. This pair of muta-
tions increased the unliganded opening rate constant by ~26,000-
fold, to reveal clusters having P of =0.02 (Fig. 3 A, top).

The background mutations used to increase E, (by x-fold) and
facilitate cluster counting as are follows: Fig. 4 B, eS450W (9.95-
fold); Fig. 5, eS450A (17-fold); Fig. 6, either 8 (P123R + W57A) to

knock-out the ad site (0.06-fold), or eP121R to knock-out the ae
site (0.09-fold; Gupta et al., 2013) plus BV266A (446-fold; Fig. 6,
Aand C), BV266A + eS450W (4438-fold; Fig. 6 B, top), or yL.260Q
(8,570-fold; Fig. 6 B, bottom); Fig. 7, aC192A and aCl193A
(S450A), aY190A (aD97A + aYI27F + £S450W; 98,600-fold),
aY198A, aC192 deletion, and aT196P (¢L.269F; 176.8-fold); Fig. 8 A,
the ae knockout mutations plus eL.269F; Fig. 8 B, for aWI149A
and aYI98A (eL269F) and for aY93A (eS450A); Fig. 9 A, for
aY190F and aW149F (eL269F); Fig. 9, the ae knockout plus for
aY190F (3L.265G + 8I43Q + eL.269F; 1.10°-fold), for «Y198F
(3143Q + €L.269F; 81-fold), and for SW5H7F (¢L269F). In all other
experiments, the background was adult WT. Again, all of the
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Figure 2. Loop C proline mutations generate Po modes. WI' AChR clusters are homogenous. (A; left) Single-channel currents
(30 pM ACh; —100 mV; open is down). Clusters of openings are binding-gating events (C-O) and long silent intervals between clusters
are desensitization (D). (Right) Histograms of cluster Py (fitted by a single Gaussian) and intra-cluster interval durations (fitted by a
single exponential). (Inset) An example cluster. In both adult and fetal AChRs, there is only a single Py population (0.70 + 0.06, 187,
and 0.93 £ 0.03, 156; mean + SD; = clusters). (B) Loop C mutations aP197A and aP194A in adult AChRs induce modes. P histograms
for aP197A have four populations (0.01 = 0.01, 83; 0.20 + 0.04, 6; 0.67 + 0.06, 8; and 0.96 + 0.01, 110), and multiple exponentials are
required to describe the interval duration distributions.
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backgrounds only served to increase E, to enhance cluster forma-
tion (Jadey et al., 2011).

To estimate K, for different modes (Table 1), it was necessary to
knowboth E; and E, (Eq. 1). We added a background mutation s)
thatincreased E, over the adult WT value, each by a known factor.
When multiple mutations were added, we assumed that the ef-
fects were independent, so that the product of the individual fold-
changes estimated the combined effect. E; was estimated from
the measured values of f,, and b,,, as described above.

RESULTS

Modes

Fig. 2 A shows ACh-activated single-channel currents
from WT AChRs. Openings occur in clusters that con-
tain many cycles of binding and gating, and that are
separated by long, silent sojourns in desensitized states.
In both adult and fetal AChRs, the distribution of intra-
cluster P, was approximately Gaussian and consis-
tent, patch-to-patch. In some recordings, there were also
isolated, brief openings interspersed between the
clusters. Aside from these, the single-channel current
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properties of adult and fetal WI' AChRs are essen-
tially homogeneous.

In mouse endplate AChRs, a-subunit loop C (9-10
linker) has the sequence VFYSCCPTTPYL (a188-c199).
We first examined the effects of alanine substitutions at
either of the two prolines (Fig. 2 B). Unlike in the WT,
clusters from adult AChRs having the mutation aP194A
or aP197A showed a multimodal distribution of Po*™®
values. In aP197A, there are four different cluster pop-
ulations (modes) having Pg values between 0.01 and 0.96,
in addition to isolated openings.

Heterogeneity in Py can be caused by differences in
gating (the allosteric constant, which is the unliganded
gating equilibrium constant; see Materials and methods),
the resting affinity (Kj), or both. We therefore examined
aP194A and oP197A clusters without adding any ago-
nists (Fig. 3). To do so, we added background mutations
far from the agonist sites that increased the level of con-
stitutive activity but had no effect on K. The loop C mu-
tations aP194A or aP197A had no or little effect on the
allosteric constant. Moreover, neither of these loop C pro-
line mutations resulted in unliganded P, heterogeneity.
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Gating of loop C proline mutants in the absence of agonists is homogeneous. (A; left) Single-channel clusters from unli-

ganded AChRs (adult type, —100 mV; background mutation were added to increase constitutive activity; see Materials and methods).
(Right) Intra-cluster interval duration histograms and an example cluster. WT, aP194A, and aP197A show both brief and long (arrow)
unliganded openings. The briefer, main component of each distribution represents C-O gating; the longer open component(s) is
characteristic of unliganded activity but is distinct from C-O and of unknown origin (Purohit and Auerbach, 2009). (B) Adding the
agonist site mutation aY93F eliminates long unliganded openings but does not affect the gating open interval time constant (Purohit

and Auerbach, 2010).
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Figure 4. Partial agonists gen-
erate fewer modes than does
ACh. (A; left) Example clusters
for aP197A adult AChRs ([ago-
nist] = 1 mM; —100 mV; open is
down). (Right) Cluster Pg histo-
gram for TMA with peaks at 0.04
+0.01 and 0.87 + 0.10. Arrow, Pg
for TMA in WT AChRs (0.30 +
0.06). The full agonist ACh has
four Py, populations (Fig. 2 B, bot-
tom). (B) aP197A adult AChRs
activated by a saturating [Cho]
(100 mM; 70 mV; open is up).
(Top) Two modes are appar-
ent. (Bottom left) Interval du-
ration histograms and example
clusters of each mode. (C) Phi
(slope) analysis of aP197A cho-
line modes. The fold-change in
the diliganded gating equilib-
rium constant is caused mainly
by a similar fold-change in the
channel-opening rate constant.

Figure 5. Modes are stable.
(A; left) Low time-resolution
view of aP197A (+aY93A) clusters
from a patch having a single
AChR. (Right) Corresponding
histograms (adult AChR, 30 pM
ACh; —100 mV; open is down).
For ~30 min, Po was homoge-
neous. (Right, bottom) The slow-
est shut component (arrow; 162
+ 70 s), which represents recov-
ery from deep desensitization, is
similar to the WT value (270 s;
Elenes and Auerbach, 2002),
indicating that the patch prob-
ably had only one AChR. (B) A
multichannel patch of the same
construct shows Pg modes.
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This result indicates that the different Po*™" values ap-
parent with agonist and the loop C proline mutations are
generated by variations in K;*".

In the next set of experiments, we changed the ago-
nist, using the aP197A mutation. With 1 mM of the par-
tial agonists carbamylcholine, TMA, or choline, only two
Py populations were apparent, both different than the
WT (Fig. 4 A).

We also measured the opening and closing rate con-
stants for each of the aP197A modes using a saturating

1 modal activity. Open is down for ACh (—100 mV;
100 pM for ad and ae, and 30 pM for ay) and up for
TMA (70 mV; 5 mM).

[agonist] (Fig. 4 B). The difference in the di-liganded
gating equilibrium constant between modes arose al-
most exclusively from a change in the opening rate con-
stant (Fig. 4 C). This is characteristic of many a-subunit
residues at the agonist sites (Purohit et al., 2013), and
suggests that the structural perturbation responsible for
the affinity variation is occurring locally, probably at
loop C.

Regardless of the agonist, P was uniform within each
cluster. We did not observe mode switching within ~1,000

TABLE 1
Affinity of modes at the ad site
Agonist Mode E,*™ E, " Ky AG
uM keal/mol
TMA H 0.7 2.6x107° 25.8 —6.2
L 0.004 1.5x107° 4,470 —3.2
ACh HHH 3.7 0.09 0.74 —8.3
HH 0.9 0.02 3.4 —7.4
H 0.2 5x107° 13.4 —6.6
L 0.01 25x 1071 268 —4.8
ACh?* — 0.1 6.3x107° 10.6 —6.7

All AChRs had aP197A and the ae knockout mutation eéP121R (70 mV; [TMA] =5 mM and [ACh] = 10 mM). Mode, H for high P, and L for low P,

E,°, observed gating equilibrium constant with one agonist at the ad site; E;

corr

, gating equilibrium constant after correction for the background

mutations; Ky = (EgV'/E;™), where E,VT = 6.7 x 10™% at 70 mV (Nayak et al., 2012); AG, ad-binding free energy (+0.59 InKy). The adult WT, ad K values
are: TMA (580 pM; —4.4 kcal/mol) and ACh (175 pM; —5.1 keal/mol). Additional background mutations (total fold increase in E,): TMA, eL269F +

£S450A (271); ACh, BV266A (40), ACh?*, eL.269F (16).

*®W57A added to the background (WT value is KA =80 pM; —5.6 kcal/mol (Nayak et al., 2014).
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aP197A clusters, which suggests that the time constant
for mode switching is on the order of at least several min-
utes. By chance, we happened to record currents from a
patch that had only a single AChR (Fig. 5 A). Although
this construct showed heterogeneity in Po*™ in multi-
channel patches (Fig. 5 B), in the one-channel patch,
the clusters were homogeneous. In this experiment,
the time scale for mode switching was more than ~30
min. In a one-channel patch, the long, closed intervals
between clusters reflect desensitized periods of just
that AChR (Elenes and Auerbach, 2002). The consis-
tency of cluster Py in this patch suggests that the affinity
changes caused by aP197A are not associated with recov-
ery from desensitization.

A aP197
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I I
1 I | r <
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B 250 ms
Alanine scan

V188 F189

m ‘ : e 0

Y190 S$191

In all of the experiments described above, both AChR
agonist sites were active and contributed to the cluster P,
We next examined the properties of each agonist site
separately (ay, ad, or ag). We added a binding site knock-
out mutation, in addition to a background mutation (s)
that increased the allosteric constant, to allow the pro-
duction of clusters and the measurement of Pq. Fig. 6
shows that with the aP197A mutation (in both a sub-
units) and ACh, the ae- and ay-generated currents were
homogeneous, but those arising from a8 were modal. As
in adult, two-site AChRs, the ad-only receptors produced
four Po*™" populations and two Po™?* populations. This
result suggests that all of the heterogeneity is caused by
affinity variations at the ad site.
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Figure 7. Example currents for a-subunit loop C pertur-
bations. (A) Modes with different substitutions at aP197.
For each mutation, examples of the various modes are
shown directly below the mutant designation. Only two
modes are apparent with larger side chains (see Fig. 2
for Ala mutation). (B) Alanine scan of loop C. Modes are
apparent with an alanine substitution at every loop C po-
sition except aY190 and aY198 (boxed). (C) Deletions.
Modes are present with deletions of some loop C residues.
(D) Modes are present with aT196P added to the aP197A
background. All experiments: adult AChRs, 30 pM ACh;
—100 mV; open is down.
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To estimate the differences in affinity between modes
at the ad site, we used a saturating concentration of ago-
nist (Eq. 1 and Table 1). For TMA, the aP197A muta-
tion resulted in AChRs having either an ~22-fold higher
affinity or an ~8-fold lower affinity than the WT a3 site.
For ACh, three modes were higher affinity (by 2,326-, 51-,
and 13-fold) and one was lower affinity (1.5-fold) than the
WT. With both of these agonists, none of the aP197A-
induced K, values was the same as in the WT.

The results presented so far indicate that in endplate
AChRs, a-loop C proline-to-alanine mutations (a) gen-
erate stable variations in resting affinity, (b) that are dif-
ferent from the WT, (c) for several different agonists,
(d) only at the a3 site, (e) by virtue of a local perturba-
tion, and (f) by a mechanism that is independent
of desensitization.

Mutations
To test whether or not modes are something specific to
the proline-to-alanine loop C substitutions, we substi-
tuted different side chains at aP197. With ACh and in
two-site adult AChRs, four modes were apparent with A,
three with G and S, but only two with V, C, I, K, Y, and
W (Fig. 7 A). This pattern suggests that larger side chain
substitutions produce less heterogeneity.

We also substituted an alanine at each of the other
loop C positions (Fig. 7 B). Po"™ heterogeneity was

A SW57A ad

present in all cases, with two exceptions. Mutation of
either of the two loop C tyrosines that are part of the
aromatic core (aY190A and aY198A) generated clusters
that were homogeneous. Variation in affinity is not spe-
cific to mutations of the prolines.

We examined the properties of adult-type muscle AChRs
having a deletion of one loop C amino acid (both «
subunits). The deletion of aC192, «T195, «T196, or
aP197 all resulted in modal Pg values (Fig. 7 C). We also
replaced aT196 with a proline, on the aP197A back-
ground. This construct, too, produced multiple P,
values (Fig. 7 D).

In the next series of experiments, we examined the
effects of mutating a core aromatic residue on aP197A-
induced modes. Without this loop C mutation, an ala-
nine substitution at aY198 or aW149 decreases affinity
to a similar extent (~30-fold; ~2.0 kcal/mol) at all three
agonist sites (ag, ad, and avy). In contrast, the effect of
the complementary-side mutation W5bA (it is position
57 in ) is variable and reduces affinity by ~2,000-fold
(4.3 kcal/mol) at ay and ~15-fold (1.5 kcal/mol) at ace,
but at ad it increases affinity by twofold (—0.5 kcal/mol;
Nayak et al., 2014).

To explore the role of this “variable” amino acid with
regard to modes, we added 8W57A to aP197A and used
ACh to activate AChRs having only a functional a9 site
(Fig. 8). The cluster Py values were homogeneous, and
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Figure 8. Alanine scan of the aromatic core.
(A) SWH7A. (Top) Example currents from a single-site,
ad-only AChR (3 mM ACh; 70 mV; open is up). (Bot-
tom) Cluster Py and interval duration histograms.
Only one Py, population is apparent (K given in
Table 1). (B) Example currents from other alanine
mutants. Multiple modes are apparent (two-site,
adult AChRs; 30 pM ACh; —100 mV; open is down).
aP197A was present for all.



K*" was lower than with a WT loop C (Table 1). Ap-
parently, the W57 mutation eliminates the alternative
loop C conformations responsible for modes. aP197A
modes were still apparent with an alanine substitution
at aY198 (loop C), aW149 (loop B), or aY93 (loop A).

We also counted modes from the «P197A mutation in
AChRs activated by ACh and having only a functional
ad site, but this time with an additional F mutation at
one of the core aromatics (Fig. 9). An F mutation con-
serves the aromatic character of the side chain but re-
moves H bonds made by the side chains. «P197A modal
activity was eliminated or greatly reduced by aY190F,
aY198F, aW149F, and 8W57F, but remained unaltered
by aY93F.

In the final set of experiments, we analyzed the ef-
fects of mutations to 8 subunit amino acids on the com-
plementary B sheet (Fig. 1). Recently, it was discovered
that low-affinity a8 and high-affinity ay binding ener-
gies can be exchanged by swapping four complemen-
tary side chains, three in loop E (8Y113, 8D114, and
8S115) and one in the B5—BH’ linker, near aW149
(8Y106; unpublished data). Because oy alone does not
exhibit modes, we investigated the effects of exchang-
ing these four side chains on a® modal activity. We re-
placed these four side chains in 8 with the corresponding
ones from <y, and observed that the aP197A-induced
modes with ACh were greatly reduced (Fig. 6 C).

The mutational analyses suggest that (a) almost all
perturbations of loop C unsettle ad affinity, (b) 3W57 is
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a source of the affinity variations, (¢) H-bonding pat-
terns at the aromatic core influence the variations, and
(d) loop E and the B5-f5’ linker in the & subunit con-
tribute to modal activity.

DISCUSSION

In muscle nicotinic AChRs, almost all a-subunit loop C
perturbations cause modal gating activity, with the P
differences generated by variations in Kj at the ad ago-
nist site. To explore a potential mechanism, we begin
with some assumptions and inferences based on experi-
mental observations.

In AChRs, K; is determined by diffusion of the ago-
nist to a binding site and a local, conformation change
at the agonist site (Jadey and Auerbach, 2012). We as-
sume that modes reflect differences in the equilibrium
constant of this conformational change (“catch”) rather
than diffusion. K, is determined mainly by the interac-
tion of aromatic side chains at the core with the ligand’s
quaternary amino group (Kearney etal., 1996; Zhong et
al., 1998; Beene et al., 2002). We assume that different
affinities reflect relatively different positions of the qua-
ternary amino within the aromatic core (Bruhova et al.,
2013). A difference in binding energy can be associated
with a difference in conformation (structure, dynamics,
or both), but the converse is not necessarily true because
different conformations can generate identical affinities.
Nonetheless, we assume a one-to-one correspondence

UL

Figure 9. Phenylalanine scan
of the aromatic core. (A) All F
substitutions eliminate aP197A
modes except for aY93F (two-
site, adult AChRs; 30 pM ACh;
—100 mV; open is down). Cali-
bration, 1s/7 pA (low resolution
traces) and 250 ms, 5 pA (high
resolution clusters). (B) F substi-
tutions at one-site, ad-only AChRs
(3 mM ACh; 70 mV; open is up).
Clusters from «aY190F, oY198F,
and d3WH7F are homogeneous.

_1z
250 ms
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between conformation and Ky, because of the high sen-
sitivity of the measurements and because the P distribu-
tions are approximately Gaussian. Based on these three
assumptions, we conclude that in WT AChRs, there is
(approximately) one catch conformation, and that per-
turbing loop C of the a subunit allows for more than one.

aP197A modes are stable on a time scale of minutes
(Fig. 5), which implies that the free energy barriers sep-
arating alternative catch conformations are large. We
infer that each mode represents a different, stable K,
conformation. These conformations may reflect differ-
ent protein folds or different posttranslational modifi-
cations. Modes are generated by almost all a-loop C
perturbations (Fig. 7). This result implies that the con-
formational uniformity of the WT binding pocket is
readily disrupted by altering loop C. We cannot be sure
that the WT a-loop C sequence is the only “golden” one,
but it appears that residues here have been selected to
enforce a single affinity, perhaps to increase the reli-
ability of the endplate current. Loop C is involved in
agonist binding and has high-phi for gating (like modes;
Fig. 4 C), and so far it is the main structural element
associated with mode generation. We infer that differ-
ences in a-subunit loop C structure/dynamics motivate
the alternative K; conformations. Modes arise exclusively
from the ad site and are reduced by swapping loop E
side chains, 8-to-y (Fig. 6). We infer that alternative con-
formations of the complementary subunit (for short,
the ‘B-sheet’) are also involved in mode generation.

There are four modes apparent with aP197A and
ACh (Figs. 2 B and 6 A). A simple interpretation, based
on the above assumptions and inferences, is that two
structural elements—the a-loop C and the 8-subunit 3
sheet—each can adopt two alternative K; conforma-
tions. With the aP197A mutation, none of the K, values
are the same as in the WT (Table 1). We hypothesize
that none of the four possible catch conformations are
the same as in the WT. We call this a 2 x 2 mechanism.

Undoubtedly, the situation is more complex. First,
loop C of the a subunit and the B sheet of the non-a
subunit do not operate independently. Interactions be-
tween the o and & subunits can occur through side
chains, the agonist itself, a structural water in the pocket
(Amiri et al., 2007; Olsen et al., 2014), intersubunit H
bonds, as well as through backbone breathing motions
(Taly et al., 2005). Second, each of the two structural
elements in the 2 x 2 model is complex. Loop C inter-
acts with other loops in the a-subunit site of the binding
pocket, and the non—a-subunit surface is a super-sec-
ondary structure having several components (3 sheet,
B5'—B6 hairpin turn, B5—B5’ linker, and a structural
water; Fig. 1). Given this complexity, it is difficult to
dissect unambiguously the possible route(s) for mode
generation. Nonetheless, we will use the simple 2 x 2
model as the starting point for interpreting the experi-
mental results.
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(a) aP197A induces four modes with ACh but only
two for the partial agonists TMA, carbamylcholine, and
choline. The partial agonists probably do not H bond
across the subunit interface or with the structural water.
We speculate that these ligands do not have this a3 link,
and therefore that aP197A allows the two loop C con-
formations, but not those of the 3 sheet. The agonist and
structural water appear to participate in Ky variation.

(b) With ACh, only two modes are apparent with V, C,
I, K, Y, and W mutations of aP197 (Fig. 7). We speculate
that having a large side chain here favors one of the al-
ternative loop C conformations that nonetheless allows
for two conformations of the B sheet. Steric bumping
with other loops at the binding pocket (Grutter et al.,
2003) appears to play a role in K, variation.

(c) An alanine mutation of all loop C residues gener-
ates modes except for the two loop C tyrosines that
“clamp” the agonist in the pocket. This result suggests
that all three elements of this clamp are required for
loop C to adopt alternative conformations. We specu-
late that with only one tyrosine, a-loop C adopts a sin-
gle, preferred conformation that does not allow B-sheet
alternatives. The two loop C tyrosines are involved in
mode generation.

(d) aP197 modes are eliminated by an A substitution
at core residue W57 but not at aW149, aY198, or aY93.
This complicates the model because it makes B-sheet
residue 8W57 an instigator of, rather than a responder
to, a-loop C alternatives. If W57 is simply one element
of the B-sheet alternatives, the 2 x 2 model predicts two
modes (the loop C alternatives), whereas only one was
apparent. Hence, 8W57 either interacts with loop C to
alter its conformational flexibility (which is surprising,
because this side chain has almost no effect on affinity
in the WT), or can take on alternative positions that re-
sult in the same affinity for different loop C configura-
tions (violating assumption c, above). SW57 appears to
be an important and variable source for the modal dif-
ferences in agonist-binding energy.

(e) aP197A modes are reduced by d-subunit muta-
tions in loop E and the 55’ linker. The loop E muta-
tions change H-bond patterns and backbone dynamics
of the B sheet to influence the participation of W57
(unpublished data). The flexibility of the B5'—36 hair-
pin may also influence K4 modes.

(f) «P197A modes are greatly reduced by an F substi-
tution at aY190, Y198, aW149, and 8W57 but not «Y93.
This suggests that the complete network of H bonds
formed by the two loop C tyrosine—-OH groups and the
two indole nitrogen atoms is required for mode genera-
tion by aP197A. We cannot speculate further, except to
propose that variation in H bonding, too, is involved in
K, variability.

It has been 30 years since Po modes were first reported
for AChRs. Here, we have shown that these arise from
stable differences in affinity, at the ad agonist site, as



influenced by loop C and the complementary 3 sheet.
The ligand, a structural water, 3W57, loop E, and H bonds
at the core of the ad site all appear to participate. The
agonist-binding apparatus is intricate and entangled.
More and different kinds of experiments may be re-
quired to fully reveal the molecular mechanism(s) that
undergirds the modal affinities of endplate AChRs.
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