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Energy and Structure of the M2 Helix in Acetylcholine Receptor-Channel
Gating
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ABSTRACT We studied single-channel currents from neuromuscular acetylcholine receptor-channels with mutations in the
pore-lining, M2 helix of the e-subunit. Three parameters were quantified: 1), the diliganded gating equilibrium constant (E,), which
reflects the energy difference between C(losed) and O(pen) conformations; 2), the correlation between the opening rate constant
and E, on a log-log scale (®), which illuminates the energy character of the residue (C- versus O-like) within the C <« O isomer-
ization process; and 3), the open-channel current amplitude (i), which reports whether a mutation alters the energetics of ion
permeation. The largest E, changes were observed in the cytoplasmic half of eM2 (5, 9', 12/, 13/, and 16'), with smaller changes
apparent for residues >17'. ® was ~0.54 for most eM2 residues, but was ~0.32 at the positions that had largest E, changes. An
arginine substitution reduced i, significantly at six positions, with the magnitude of the reduction increasing, 16'—2'. The
measurements suggest that the 9, 12/, and 13’ residues experience large and late free-energy changes in the channel-opening
process. We speculate that in the gating isomerization the pore-facing residues >6' and <16’ experience multiple energy pertur-

bations associated with changes in protein structure and, perhaps, hydration.

INTRODUCTION

Nicotinic acetylcholine receptor-channels (AChRs) mediate
synaptic transmission between vertebrate nerve and muscle
(1,2). The C <> O ““gating” isomerization of AChRs involves
both a low <> high affinity change for agonists at two trans-
mitter binding sites and a low <>high conductance change
for ions through the pore. The transmitter binding sites are
located in the extracellular domain of the protein, far (~50
A) from the narrowest part of the ion permeation pathway.
We, and others, seek to understand the changes in structure
and energy that couple agonist affinity and conductance in
this ~300 kD, five-subunit allosteric membrane protein.

Adult neuromuscular AChRs have five subunits: two «l
and one each of 8, 6, and ¢ (3,4). The e-subunit is located
between the two «-subunits. One M2 transmembrane
segment from each subunit lines the pore. Atomic-resolution
structures are available for three members of the pentameric
receptor-channel family. There is a 4 A, cryo-electron micros-
copy model of unliganded native Torpedo AChRs (nAChR-
Tm (5)) and x-ray models of the related prokaryotic and homo-
meric proteins ELIC (3.3 A (6)) and GLIC (2.9 A (7)and 3.1 A
(8)). These structural models can be used to interpret the
gating free-energy changes caused by mutations. Here, we
report the kinetics and amplitudes of single-channel currents
of 140 mutations of 26 different residues of the mouse
AChR eM2 helix.

The diliganded gating equilibrium constant (E;) is the
ratio of the diliganded, forward C— O opening (f,) and
backward C « O closing (b,) rate constant. The free-energy
difference between the stable C and O end states is propor-

Submitted September 16, 2008, and accepted for publication February 23,
2009.

*Correspondence: auerbach@buffalo.edu

Editor: Kenton J. Swartz.

© 2009 by the Biophysical Society
0006-3495/09/05/4075/10  $2.00

tional to the natural logarithm of the equilibrium constant
(AGC'O = —RTInE,, where R is the gas constant and T is
the absolute temperature), so a mutation-induced change in
E, indicates that the free-energy change caused by that
side-chain substitution has a different magnitude in C versus
O. Free energy is related to structure and dynamics, so such
a difference suggests that during the gating process there is a
change in the structure/dynamics of the mutated residue, its
environment, or both. The measured energy changes pertain
to the whole system, which includes the protein, lipids, ions,
and water. Many mutations that are far from the transmitter
binding site have been shown to change E, by a parallel
change in the unliganded gating equilibrium constant rather
than by a change in the C versus O ligand affinity ratio (9).

A second parameter that can be derived from the rate
constants is ®, the correlation between f, and E, on a log-
log scale (the slope of the rate-equilibrium (R/E) plot). A
mutation can change f, by changing the energy difference
between C and the separating barrier, the prefactor, or both
(10). @ illuminates the fractional free energy of the perturbed
residue within the transition pathway (TP) of the C — O isom-
erization, on a scale of 1 (O-like) to 0 (C-like). If the TP is
defined only by a single structural intermediate, ® is likely
to reflect the fractional C versus O conformation of the
mutated residue. If, however, the TP is a sequence of struc-
tural intermediates, then ® can reflect the relative time within
this chain when the mutated residue flips, essentially instanta-
neously and in an all-or-none fashion, between its C and O
conformations (11).

A third useful single-channel measurement is the open-
channel current amplitude, iy. This parameter is a function
of the reversal potential and conductance, which respectively
reflect the type(s) and rate(s) of ions passing through the
O-conformation pore. A mutation-induced change in iy
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therefore suggests that the side chain is able to interact ener-
getically with the aqueous milieu of the open channel.

Below, we report measurements of E,, ® , and iy, and
discuss how they relate to the mechanism of C < O gating
in the AChR M2 domain.

MATERIALS AND METHODS

A detailed account of the mutation, expression, and kinetic analysis methods
used in this study is provided in Jha et al. (12). Except where noted, mutant
e-subunits were transiently expressed with mouse wild-type (WT) a-,
(-, and é-subunits in HEK cells, and single-channel currents were recorded
in the cell-attached patch configuration at 23°C. The bath and pipette solu-
tions were Dulbecco’s phosphate-buffered saline (PBS) containing (in mM)
137 NaCl, 0.9 CaCl,, 2.7 KCl, 1.5 KH,PO,, 0.5 MgCl,, and 8.1 Na,HPO,
(pH 7.4). The currents were low-pass filtered at 20 kHz and digitized at
a sampling frequency of 50 kHz. Agonist (acetylcholine or choline) was
added only to the pipette solution. Choline was used to activate constructs
in which E, was equal to or larger than that of the WT, and ACh was used
to activate constructs in which E, was smaller than that of the WT. Kinetic
analyses were done with the use of QUB software (www.qub.buffalo.edu).
Clusters of individual-channel, C <> O activity were selected so that the flank-
ing, nonconducting intervals were > 50 ms (te)-

We estimated f, and b, (after low-pass filtering to 10-12 kHz) from the
idealized intracluster interval durations using a maximum likelihood algo-
rithm (13) after imposing a dead time, typically 2.5 samples (50 us). In our
experiments E, (= f,/b,) pertains to the entire C<+> O isomerization and is
therefore the product of the shut«<> “flip” and “flip” <> open equilibrium
constants (14,15). In some patches the rate constants were estimated by using
a simple shut<>open model (because the log likelihood of the fit did not
increase upon the addition of more shut or open states), whereas in others
a second shut state was connected to the open state to accommodate a rela-
tively rare and short-lived shut state associated with desensitization (16).
For the unliganded gating equilibrium constant (E;) measurements, a second
open state was added to the kinetic scheme (see Fig. 4 and Results).

For the rate constant measurements, the agonist concentration was ~5 times
the C-conformation equilibrium dissociation constant (K4) of WT AChRs,
that is, 500 uM ACh or 20 mM choline. At 500 uM the net association
time for ACh is ~12 us, so virtually all intervals (greater than the dead
time) arose from diliganded AChRs. At 5x Ky the measured value of f; is
~70% of the correct value because of incomplete saturation of the binding
sites (17). This error was assumed to be similar for all mutants and both
agonists (12).

Except where noted, the potential of the patch pipette was +70 mV, which
corresponds to a membrane potential of ~—100 mV. Variability in the cell
potential in PBS creates some scatter in the measurements of both E,
(~+20% in WT AChRs assuming a voltage sensitivity of 70 mV/e-fold
change in b, (18)) and iy (~+1 pA in WT AChRs assuming a conductance
of 70 pS). Current amplitudes were estimated at 30 uM ACh (ip; ~7 pA in
WT AChRs), where there was little channel block by the agonist, and at
either 500 uM ACh or 20 mM choline (ig) where unresolved channel block
by the agonist was apparent. The amplitudes in Table S1 in the Supporting
Material are the means for ~1000 open-channel intervals, each of which was
estimated by using the SKM algorithm (19) without digital low-pass
filtering. At 5x Ky the reduction in the current amplitude and increase in
open channel noise caused by unresolved channel block by the agonist
did not prevent detection of the gating transitions. The equilibrium dissoci-
ation constant for block (Kg.piock) by ACh is ~1.9 mM in WT AChRs (20),
and by choline it is ~12 mM for both WT (21) and for AChRs with a point
mutation of the M2-9' residue in the a-, &-, or B-subunit (22). There is
evidence that in WT AChRs agonist-blocked channels usually close before
the agonist dissociates from the pore (21). We assumed that this was also
true for the éeM2 mutants, and accordingly used the following equation:
ip = ig/(1+[A)/Kgploek)- In WT AChRs i = 5.5 pA in 500 uM ACh,
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and ig = 2.6 pA in 20 mM choline. We assumed that channel block slows
the apparent closing rate constant to approximately the same degree that it
reduces the current amplitude, so for each construct (examined at +70 mV
pipette potential) the observed b, value was corrected using the following
relationship: b, = p,°Peved(j /iy, No correction for channel block
was made for the patches examined at —70 mV pipette potential (13’ AGN,
12'RL, 9'E, and 5'F).

In WT AChRs, desensitization mainly proceeds from the diliganded-O
state (20), and we assumed that this was also true for the eM2 mutants. At
low agonist concentration the open-channel lifetime (7,) is approximately
the inverse of b, plus the rate constant for desensitization from the dili-
ganded O conformation (k. p) (23). In WT AChRs activated by ACh, and
in some spontaneously active mutants (9), k, p (~20 s is <<b, (~1700
s~ 1) (23) and can be ignored. However, for some eM2 mutants 7, (at a pipette
potential of +70 mV) was >10 ms, raising the possibility that for these
mutants desensitization may have contributed significantly to the b, esti-
mate. To test for the possibility that desensitization from diliganded-O
may have influenced some b, estimates, we coexpressed some eM2 mutants
(Table S2) with a-subunits having a distant background mutation («T422V,
in M4). This mutation by itself decreases f, by 4.6-fold and increases b, by
5.3-fold (24) (® = 0.48). We tested (at +70 mV pipette potential) whether
this background mutation was independent energetically from one eéM?2
mutation, ¢eA262F (10"), where on a WT background f, = 609 s and
b, = 231 57! (Table S1). The «T422V mutation decreased f, and increased
b,, each by ~4.5-fold (135 s~ and 1029 s", respectively; means of three
patches; data not shown). This result indicates that the «T422V background
mutation is approximately independent energetically from the eM2-10/
mutation. Even on this background, five éeM2 mutants (I5'F, T12'R, and
V13’AGN) still had 7, > 10 ms. For these, we additionally changed the
pipette potential to —70 mV, a perturbation that alone in WT AChRs causes
a ~10-fold increase in b, (18). We measured the effect of this depolarization
on the eA262F+«aT422V construct (n = 2 patches; data not shown). The
result was f, = 88 s ' and b, = 9937 5™, which is, relative to the +70
mV condition, a 1.5-fold decrease and a 9.7-fold increase, respectively.
This result indicates that the voltage perturbation is approximately indepen-
dent energetically from the éeM2-10' and «'T422V mutations. The raw and
background/voltage-corrected rate constants are reported in Table S2.

The change in end-state energy (kcal/mol) is AAG®C = 0.59*In(E,™"*"/
E,"™™"®) For each residue, we calculated the energy change for 1), each
side-chain substitution (mutant in reference to the WT); and 2), the maximal
range of E, for all substitutions at that position (largest E, in reference to the
smallest E;). There are two a-subunits per AChR, and hybrid analyses
indicate that in M2 (positions 9, 17’, and 23') the energy change magni-
tudes are approximately equivalent in each (22,25). Therefore, to compare
AAGOP€ values between single - and a-subunits, the energy difference
change for each «M2 residue was assumed to be half of the value observed
in the whole AChR.

@ was estimated as the slope of a linear fit to the R/E curve, which is a plot of
log f, versus log E,. Points in the R/E plots represent the mean of all the patches
for each mutant construct. The WT values used to normalize f, and E, were
120 s~! and 0.046 for choline (22) or 48,000 s~! and 28.2 for ACh (26).

The K, for acetylcholine was estimated from cluster interval durations ob-
tained at different ACh concentrations (see Fig. 4). The two agonist-binding
sites were assumed to be equivalent and independent (27), and the interval
durations at all concentrations were fitted together by using a kinetic model
that had four rate constants as free parameters: single-site association (k .,
scaled by the agonist concentration), single-site dissociation (k ), f,, and b,.

E, was measured as described elsewhere (9). The C/O equilibrium disso-
ciation constant ratio is equal to +/(E,/Eq); a mutation that produces the same
fold-change in E, and E, therefore has no effect on this ratio.

We could not determine E,, ®, and i, for some constructs. For T2'R, I5'R,
and A10'R, the current amplitude was too small to allow the reliable detec-
tion of gating interval durations, and for I5'K, LYR, A10'K, and I18'R, the
currents had multiple levels (the current amplitudes shown in Table S1 and
Fig. 5 pertain to the smallest level, except for 18’, for which no clear levels
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could be estimated). For N6'G, N6'R, and V13'R, no open-channel currents
were detected (five patches each, ~15 min/patch), either because there was
no (or little) expression, the expressed AChRs rarely adopted an ion-con-
ducting conformation, the open-channel currents were too small or brief to
be detected by our instrument, or perhaps because of some combination
thereof.

The limitations of the above experimental methods should be kept in mind
with regard to the interpretation of the results. First, the range-energy metric
for the C versus O energy difference for each position was computed from
the range of E, values observed for a few random side-chain substitutions.
We cannot be sure that some untested substitutions, natural or unnatural,
would not have significantly expanded this range and increased the energy
estimate. The range-energy value is therefore a minimum estimate of the
energy change experienced by a residue. Second, with regard to iy, we did
not measure the reversal potential for each mutant. It is therefore possible
that a WT-like current amplitude reflects offsetting changes in conductance
and reversal potential, generating a false-negative result. Also, the arginine
side chain is large (~7 A, extended) and has rotors that separate the guani-
dinium group from the protein backbone, so the exact location of the positive
charge relative to the backbone cannot be pinpointed.

RESULTS

The amino acid sequence for mouse éM2 (cytoplasmic —
extracellular, N—C, 1'—28’) is CTVSINVLLAQTVFL
FLIAQKIPETSLS. In bold are the M2 positions that are
completely (L8, F14', and P23’) or almost completely (L9,
T12’, and V13') conserved among all mouse AChR subunits.
In M2, only P23’ is conserved between ELIC, GLIC, and
AChRs. In these three proteins the M2 side chains < 17
are mostly hydrophobic, except for positions 2’ (mostly T or
S) and 6’ (mostly S, N, or T).

Fig. 1 shows the range of the free-energy change as a func-
tion of M2 position in « and ¢, calculated from the observed
maximal and minimal E, values. This range-energy (Table 1)
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FIGURE 1 Gating energy changes in éeM2 and «M2. Plot of the observed

range of free-energy change for each M2 position. In the e-subunit the four
residues experiencing the largest energy changes were 5, 9', 12/, and 13/,
whereas in the a-subunit they were 13/, 22/, 23, and 26'.
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TABLE 1 Functional properties of éeM2 mutants, by position
E,
Range(fold-  Energy P iR

Position Mutation change) (kcal/mol) (4 SD) (pA)
T254(2") LAV.N 3 0.6 — 0.1
V255(3") R,A,S,.D 37 2.1 0.56 (0.06) 4.5
S256(4") LY N.G,CR.D 7 1.1 — 7.5
1257(5") F.A 12767 5.6 0.33 (0.08) 0.5
N258 (6) D, T 7 1.1 — NE
V259(7') R,E,AD 18 1.7 058 (0.1) 1.6
L260(8") D,G,R 122 2.8 0.50 (0.1) 3.5
L261(9") G,EF 1240 4.2 037(0.1) 69
A262(10") FYLN 18 1.7 0.59 (0.05) 1.2
Q263(11") K.E,W 26 1.9 0.55(0.04) 5
T264(12") R,L,A 7796 53 0.26 (0.08) 2
V265(13) N,G,A 15520 5.7 0.34 (0.07) NE
F266(14") W,S,N.R,.L 151 3.0 0.56 (0.07) 5.3
L267(15") D.F,W,A 8 1.2 — 39
F268(16') R,G,C.TW 597 3.8 0.51 (0.06) 2.5
L269(17") F, TR 179 2.9 0.52 (0.06) 7.7
1270(18") T.E,W,V 6 1.1 — ND
A271(19) R,GN,T 8 1.2 — 6.5
Q272(20") ERAV,T 9 1.3 — 4.8
K273(21") T.E, AR,V 6 1.1 — 6.4
1274(22") V.R.EA 7 1.1 — 79
P275(23") REAV 15 1.6 051(0.1) 79
E276 (24') D,H,V.R,TK,LA 14 1.6 0.56 (0.12) 4.7
T277 25') G,R,QEDFA 5 0.9 — 72
S278(26') ER,V.W 7 1.2 — 7.2
S280(28) D.AR,G 3 0.6 — 7.5

E, range is the ratio of the most extreme E, values at each position; E,
energy is 0.59 times the natural logarithm of this ratio. ®-Values were not
estimated for positions where the fold-change in E, was <13-fold. io® is
the single-channel current amplitude of the arginine mutant. NE, no expres-
sion of functional channels; ND, no data because there was no clear single-
channel current amplitude (see Fig. S1).

provides a metric by which energy changes realized in C+ O
gating by different residues can be calibrated. In eM2 the three
largest range-energy values were at positions 5, 12/, and 13/,
whereas in M2 the three largest values were at 13/, 23/, and
26'. The conserved P23’ and outer ring (28) position Q20
experience only a small range-energy change in the e-subunit.
In both « and ¢ the 2’ residue, which may form the narrowest
region of the open AChR pore (29), and the 6’ residue show
little energy change between C and O.

Fig. 2 shows the rate constants for éeM2 mutants plotted in
the form of R/E plots. The slope of this relationship cannot
be estimated precisely when the range-energy is small (30),
so we estimated @ only for the 14 éeM2 positions that showed
a > 1.5 kcal/mol range-energy (12.7-fold range in E,). Fig. 3
a compares histograms of ®-values for residues in eM2 and
aM?2 (22,25,31), and Fig. 3 b shows the ®-values as a func-
tion of position. In &, most ®-values fall into a narrow range
(0.50-0.59; 0.54 £ 0.03; mean £ SD), but at four positions
(5,9, 12/, and 13’) the ®-values were smaller (0.32 4= 0.05).
In M2, most residues also had an intermediate ®-value,
with a mean + SD (0.63 + 0.06) and range (0.51-0.78)
somewhat greater than in éeM2. In the «-subunit, only the
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9" and 12’ positions belonged to the low-® population. Using
the interpretation that @ reflects the relative timing of the
gating free-energy change in the mutated side chain, this
pattern suggests that most residues in eM2 and aM?2 experi-
ence their C versus O energy change(s) approximately
midway through the TP sequence, but that the low-® amino
acids change free energy, on average, relatively later in the
opening process.

We measured the ACh binding parameters for one eM?2
mutant construct, E24’I, which reduced E, by 13.8-fold
(Fig. 4 a). First, we measured the single-site association
(k,) and dissociation (k_) rate constants for the C conforma-
tion, and from these calculated an equilibrium dissociation
constant (K4 = k_/k,). In this mutant, k,, k_, and K4
(178 + 10 uM's™', 24,548 + 1615 s !, 138 + 18 uM,
respectively; Fig. 4 b) were all similar to the WT values
(167 uM's™!, 24,745 s, 148 uM, respectively (32)). To
determine whether this mutation changed the affinity of the
O conformation, we also measured the unliganded gating
equilibrium constant (Ey) of this mutant coexpressed on
a triple mutant background (Fig. 4 ¢). The nonconducting
intervals within E24'T unliganded clusters were described
by one exponential, but the conducting intervals had a double
exponential distribution. We used either of two kinetic
schemes, C <> O <> O, or O, <> C <> Oy, to estimate the unli-
ganded gating rate constants f, and by. From the C < O, rate
constants, we calculate that relative to the triple-mutant back-
ground, the E24'T mutation decreased f, by fourfold and
increased by by 3.3-fold (first scheme), or decreased f, by
5.3-fold and increased by by 3.7-fold (second scheme).
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Thus, the E24'I mutation decreases Ey by 13.1-fold or
19.6-fold, neither of which is dissimilar from the 13.8
decrease in E,. This observation indicates that this ¢M2
mutation does not substantially alter the C/O affinity ratio.
Together, these two results indicate that E24'T does not
substantially affect ACh binding to either the C or the O
conformation. This observation is consistent with a previous
study (9) showing that many mutations that are far from the
transmitter binding sites, including four at eM2—13’, do not
alter agonist-binding properties. We therefore assumed that
all of the mutations we examined in ¢éM2 altered E, by
a parallel change in E.

Fig. 5 shows the consequences of éeM2 point mutations on
the single-channel current amplitude (ip). Excluding R
substitutions (Fig. 5, top panel), the average current ampli-
tude of the mutants (6.8 £ 0.1 pA) was similar to that of
the WT (~7 pA). There was a slight trend for the mutations
in the cytoplasmic half of éM2 to decrease, and those in the
extracellular half to increase, iy. The linear fit (i, versus
prime index) had a slope of 0.064 £ 0.012 and an intercept
of 5.78 £ 0.27 pA. E or D side chains did not affect the
current differently from the uncharged substitutions. Only
small changes in iy were observed for 12 different mutations
of the two charged ¢éM2 residues K21'(AERTV) and
E24'(ACHKITYV). Substitution of a charged (R or E) or an
uncharged (A, T, or V) side chain at the “‘outer ring”” posi-
tion £Q20’ did not substantially alter i.

Fig. 5 (bottom panel) shows i for R substitutions at each
eM2 position. We could not detect single-channel currents
for the 6'R and 13'R constructs, perhaps because the open
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FIGURE 3 ®-values for éeM2 and aM2. (a) Histograms of residue
®-values. Most eM2 residues have @ ~ 0.54, but four (5', 9, 12/, 13’) have
a value of ~0.32. M2 has more high-® residues, as well as two with
® ~ 0.32 (9, 12). (b) Plot of ®-value by position. The high-® residues
in «M2 are in the C-terminal ‘“cap” region, and the low-® residues in
both subunits are at positions <13’.

current was too small. Other possible explanations for this
result are that the sojourns in conducting conformations
were rare or brief, or that these constructs did not express
on the cell surface. The iy value of the R mutants deviated
significantly from the expected iy value (=3 SD from the
straight-line fit to the non-R substitution data) at six
positions: 2/, 5', 7/, 10/, 12/, and 16’. The magnitude of the
deviation increased as the position of the R substitution
approached the cytoplasmic limit of the helix. Although an
R substitution at 9’ did not significantly reduce i, sublevel
currents were apparent here (Fig. S1). Because only R substi-
tutions significantly reduced the current amplitude, it is
likely that the reductions in iy were caused by unfavorable
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energetic interactions of the guanidinium head group with
permeating ions (at pH 7.4 the R side chain is likely proton-
ated below 17’ (33)).

Considering the size of the R side chain, there is a reason-
able correlation between the positions that show an attenua-
tion of the current and those that face the lumen of the pore in
nAChR-Tm (see Fig. 6). The increasing degree of current
attenuation, 16’ — 2’ (which might reflect a gradient in diam-
eter or dielectric constant), is consistent with a radial tilt of
M2, but the possibility that 6'R and 13'R currents are tiny
and the fact that the amplitude of 9'R was not attenuated
do not fit neatly with this hypothesis. If the nAChR-Tm struc-
ture is C, these results are consistent with there being little or
no rotation about the M2 helix axis between C and O confor-
mations (33).

DISCUSSION

The estimates of the effects of mutations on E, and &
provide information about the magnitude and relative timing
of the free-energy changes in C < O gating. Our task is to
interpret these results using existing information regarding
M2 structure and function to synthesize a plausible model
for the energy and conformational changes in this helix
within the AChR gating isomerization.

Fig. 1 shows the pattern of energy change in M2 in ¢ and
«, as given by the range-energy metric for each position. In ¢,
residues in the extracellular, C-terminal “cap” of the helix
experience little energy differences between C and O,
whereas many residues below this point experience larger
energy differences. This pattern is different from that in the
a-subunit, where the largest energy changes occur in resi-
dues >17', including the ring position 20’ and the conserved
P23’ (25). This highlights the a-subunit M2 cap as an early,
moving part of the AChR gating machine (8). The cap
regions of 6 and § have not been investigated in detail, so
it remains to be determined whether this domain is important
energetically only in the a-subunit.

We now focus on the mutational effects at M2 positions
2/-17'. The range-energy is a noisy, minimum estimate
(see Materials and Methods), but at present it is the only
metric we know of that can be used to compare quantitatively
the gating free-energy changes experienced by different resi-
dues. In this region of M2, the number of positions where
a range-energy has been estimated (based on >2 mutants)
are 16 in « (22,25,31), 16 in &, 10 in 6 (30), and 1 in
B (22). There was no clear modal distribution in the range-
energy values for these 43 residues, so for classification
purposes we categorized the top quartile (=>3.8 kcal/mol)
as “‘large” and the second quartile (2.5-3.7 kcal/mol) as
“intermediate”’. There were 14 residues that had a range-
energy <1.5 kcal/mol, and we categorize these as being
approximately isoenergetic between C and O.

Fig. 6 (left) displays the range-energy metric for M2 posi-
tions in the a-, ¢-, and d-subunits. In ¢, five positions were
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FIGURE 4 Binding and gating anal-
yses of E24'L. (a) E, estimation. Top:
Upper two traces are low time-resolution
currents; bottom trace is expanded view
of boxed cluster (calibrations as in panel
¢). Bottom: Intracluster interval duration
histograms. Solid lines were calculated
from the rate constants: f, = 11,880 sfl,
b, = 1880 s™' (E, = 6.3). For this
mutant, ip/ig = 9.2 pA/4.3 pA = 2.14,
so the block-corrected values (see Mate-
rials and Methods) are b, = 4030 and
E, = 3.0. On average (Table S1), the
E24'T mutation reduced E, by 13.8-fold.
(b) K4 estimation. Left: Clusters elicited
by different ACh concentrations. Right:
Corresponding interval duration histo-
grams. Solid lines were calculated from
a two- (equivalent) site binding scheme:
k, =178 + 10 uM's™" and k_ =

24,548 4 1615 s~ (mean + SD; K4 =
138 £ 18 uM). (¢) Estimation of the un-
liganded gating equilibrium constant
(Ep). Left: Clusters from a triple-mutant
background, without any agonist (boxed
cluster expanded, below). The solid lines
were calculated from the rate constants
using a C+> O < O, scheme: ke, 01 =
8408_1, kOl«—»C — 3290 S_l; Eobackgmund
= 0.25. Right: Clusters from E24T ex-
pressed on the triple-mutant background,
without any agonist (boxed cluster
expanded, below). The probability densi-
ties (solid lines) were calculated from the
rate constants using a Ce0;<0,
scheme: kce.o1 = 210 7%, kojoc =
10’790 S—l; E0E24’I+background — 0.019.
The E24'T mutation reduced Eq by 13.1-
fold On average the E24'I mutation
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“large” (5',9', 12/, 13, and 16’) and four were isoenergetic
(2, 4, 6/, and 15). All five “large” positions are on the
luminal face of eM2, as are the 2’ and 6’ isoenergetic posi-
tions. This pattern was similar, but not identical, in the
a- and o-subunits. Considering both a-subunits combined
(twice the value shown in Fig. 1), the three “‘large’’ positions
are on the luminal face (9, 12/, and 13’), and 2’ and 6’ were
isoenergetic. In 6, where M2 has only partially been scanned,
the luminal positions 12" and 13" were “‘large”, and 2’ was
isoenergetic (6' of the 6 subunit has not been probed).
What is common between the luminal residues of M2 at
and below 17’ in «, ¢, and 6 is that, on average, large gating
free-energy changes occur at 12" and 13’ (4.8 & 0.3 kcal/mol;
mean + SD), somewhat smaller energy changes occur at 9',
16’, and 17" (3.1 £ 0.3 kcal/mol), and little or no energy
changes occur at 2’ and 6’ (0.9 & 0.2 kcal/mol).

Fig. 6 (right) compares the relative timing of these energy
changes, as revealed by the parameter ®. At this juncture we
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2 -1 reduced E, and E, to approximately the

same extents. The results indicate that
this mutation does not alter ACh binding
to either the C or the O conformation.

only consider the timing of the energy changes of residues
with “large” and “‘intermediate”’’ range-energy values (n = 8
in ¢, 10 in «, and 3 in ¢). There was a bimodal distribution
in @ for these 21 positions (0.58 + 0.07 and 0.31 £ 0.04),
with a tendency for the “late”” @ population to have a
““large’ energy range. This suggests that residues exhibiting
large gating energy changes tend to experience their TP
energy change after those exhibiting intermediate range-
energy changes. Five of the six 12’ and 13’ residues in «,
0, and ¢ are “‘large and late’’.

We now attempt to interpret these M2 patterns of range-
energy and @ with what is known about the structure of this
helix in AChRs. One problem with this endeavor is that it is
not possible to definitively relate a crystal structure with
afunctional state of our experiments. Neither the permeability
of the pore nor the degree of ligation ensures that a crystal
structure will correspond to either the C or O state that we
probe by using kinetics. Another problem is that changes in
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FIGURE 5 Single-channel current amplitudes for éeM2 mutants. Current
amplitudes elicited by 30 uM ACh (ip) at +70 mV pipette potential. Top:
Nonarginine substitutions. Triangles, E and D; squares, all others. Solid
line is the linear fit. Bottom: Arginine substitutions. Solid line as above;
the dashed line represents an amplitude that is 3 SD (nonarginine results
only) below the solid line. An R side chain at2’,5’,7’, 10/, 12/, and 16’ atten-
uated the current amplitude significantly.

atomic position mainly suggest changes in enthalpy, whereas
kinetic measurements reflect the free energy of the whole
system and, hence, both enthalpy and entropy.

The ““gate” of a channel can be defined as a discrete or
distributed region that 1), is the main energetic barrier to ion
permeation in the C conformation; and 2), moves (changes
structure or dynamics) near the end of the C— O channel-
opening process to permit ions to flow rapidly. In ELIC there
is a discrete barrier to ion permeation at the bottom of the
extracellular aqueous compartment, formed by F16' in close
contact with Y17’ of the adjacent subunit (6). In GLIC and
nAChR-Tm, the side chains at these two positions do not
project into the pore and do not appear to be a barrier to ion
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flow. In many regards (e.g., with regard to the diameter of
the pore at 16/, the orientation of the 16’-17" side chains,
and the tangential and radial tilts of the helix), the structure
of M2 in nAChR-Tm resembles GLIC more than ELIC.

The question arises: Is the 16'-17’ barrier in ELIC some-
thing that is associated with C < O gating in AChRs? If so,
then we postulate that the unliganded nAChR-Tm shape is
not C, but rather O (if it can conduct ions (34)), desensitized
(if it cannot (35)), or something else. In this case, our exper-
imental results indicate that the C— O structural change at
this discrete gate is not the largest or final energetic event
in the C — O isomerization process. If, however, the 16'-17’
gate of ELIC does not pertain to AChR gating (or perhaps is
a structure that prohibits conductance in a conformation
other than C), then our results suggest that the movement
of a distributed M2 region, approximately between 9" and
13’, serves to switch the flow of ions on and off, as suggested
by molecular-dynamics simulations of ion permeation using
the nAChR-Tm structure (34).

What are the sources of the gating free-energy changes?
Regardless of the location and nature of the AChR gate, it is
likely that some of the free-energy changes at 9’, 12/, and
13’ arise from protein movements that generate changes in
the C versus O side chains contacts at these positions. The
9’ side chains from all subunits, and the 12’-13’ side chains
from adjacent subunits are in closer contact with each other
in ELIC compared to GLIC. In addition, in these two proteins
the 12 and 13’ side chains adopt different positions relative to
intrasubunit residues in M1 (15’) and M3 (19’). We speculate
that some of the C versus O energy difference at 12" and 13’
arises from the above changes in atomic positions. Our exper-
iments show that the range-energy values here are smaller in
each a-subunit compared to each &- or §-subunit. In hetero-
meric AChRs, the above structural differences would not
expected to be strictly symmetric between subunits because
the 12/ — 13’ subunit interaction is o« — &/d, e = a or 6 — 0,
and because the M1-15’ side chain is I in ¢, 8, and 6, but F
in o. More experiments are needed to dissect the protein struc-
tural components of the energy change at 12'—-13'.

Whatever these structural changes in the vicinity of 9', 12/,
and 13’ may be, they do not immediately explain the obser-
vation that these residues have low ®-values and, hence,
appear on average to experience their TP energy change after
16'-17'. These ““late”” M2 residues appear to be exposed to
the pore lumen, and in general the mutations at these posi-
tions that increased E, (stabilized O relative to C) were
more polar than the WT side chain (Fig. 2). This pattern
suggests that the environment around these residues
increases in polarity between C and O. The fact that muta-
tions of the pore-facing 2’ and 6’ positions have little effect
on E; suggests that the environment around these residues
is more or less isoenergetic between C and O (34,35).
Although it is probable that some of the energy change of
the ““late” residues is generated by changes in protein
conformation, it is also possible that some of the energy
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energy

change is associated with a change in the hydration of this
region, which could occur after the tilting movements of
M2 and the opening of a discrete gate at 16'~17’ or a distrib-

uted gate in the region 913’
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FIGURE 6 Helical wheel representations of range-
energy and @ in M2 (<17') of the a-, &-, and d-subunits.
The right half (2) of each wheel faces the lumen of the
channel; circle size decreases, 17'-2’. Left: Range-energy,
derived from the range of E, values. Green, >3.8 kcal/mol;
orange, 2.5-3.8 kcal/mol; cyan, 1.5-2.5 kcal/mol; white,
approximately isoenergetic (<1.5 kcal/mol); no circle, no
mutational analysis. Right: @ (the slope of the R/E plot;
see Fig 2). Blue, ®<0.37; yellow, 0.50<®<0.56; white,
approximately isoenergetic (no ® estimate); no circle, no
mutational analysis. In general, the luminal side chains
9, 12/, and 13’ experience large energy changes and
have low ®-values.

This hypothesis, that a change in the configuration of water
contributes to the overall C versus O energy change, also
explains the observation that adjacent residues in M2 can
have distinct ®-values. For example, in éeM2 the region 8'—
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FIGURE 7 A speculative model of
M2 gating energy changes. The struc-
tures are from ELIC (/eff) and GLIC
7 (center and right (6,7)). C, closed; TP,
transition pathway; O, open. Extracel-

f 7 lular (>16') and intracellular (<6')
aqueous compartments are blue. The

"j large range-energy values and low

“ ®-values for the luminal side chains,

‘ —j 9'~13’, could arise from energy changes
4 generated from a combination of changes
‘ J in protein structure (C«<TP) and

changes in local hydration (TP < O).
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14’ has the following sequence of ®@: 0.50-0.37-0.59-0.55-
0.26-0.34-0.56 (9, 12/, and 13/, in bold). Such a disjointed
pattern might arise from two sequential energy changes occur-
ring within the channel-opening process. The first change
would be when the entire M2 helix moves (essentially
synchronously) about midway through the C— O conforma-
tional change. Later, a second energy change would occur
when the hydrophobic, pore-facing residues between 9’ and
13’ become more exposed to bulk water. The low experi-
mental ®-values for just these residues could be weighted
averages of the energy change and & associated with side-
chain motion and a change in hydration (Fig. 7).

We now attempt to synthesize the available experimental
findings into a plausible but speculative sequence of events
for the channel-opening structural changes in the region of
the M2 helices of the AChR. All subunits contribute to a
ring of polar residues at position 20/. In the a- (but not ¢-)
subunit, substantial energy changes occur in this “cap” region
at the onset of the channel-opening process. We speculate that
soon after agonists are bound, the «M2 cap changes energy
because of a change in the backbone angles around the central,
conserved P23/, a change in the disposition of water in this
region, or both (25). These early free-energy changes appear
to precede the energy changes in the rest of the «M2 helix,
so we postulate that the early movement of the cap contributes
to the radial and tangential tilt in the entire helix that leads to the
opening of a discrete gate at 16'—17’ or a distributed gate region
between 9" and 13’. This event, in turn, opens the ion perme-
ation pathway, which we imagine as a fusion of the extracel-
lular (>16') and intracellular (<6’) aqueous compartments.
In the reverse scenario, a spontaneous change in the configura-
tion of water in the equatorial zone precedes and triggers the
channel-closing conformational changes in M2.

The M2 gating motions < 17’ appear to be approximately
symmetric in the a-, e-, and d-subunits. According to the above
hypothesis regarding hydration, this pattern suggests that, aside
from the «M2-cap domain, both the M2 gating motions and the
change in the amount or order of water molecules between 9’
and 13’ occur roughly synchronously and to approximately
the same energetic effect, at least in the e- and a-subunits. There
are, however, some exceptions to this symmetry. The ®-value
for most of aM2 (0.63) is slightly greater than for eM2 (0.54).
V13’, which has a large range-energy value in a, ¢, and 6, has
a low ®-value in ¢ and 6 but not in . 15" experiences a large
(and late) energy change in ¢ but not in « or 0. The significance
of these M2 asymmetries is, at present, unknown.

SUPPORTING MATERIAL

Two tables and a figure are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(09)00589-X.
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