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Binding to Gating Transduction in Nicotinic Receptors: Cys-
Loop Energetically Couples to Pre-M1 and M2-M3 Regions
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The nicotinic acetylcholine receptor (AChR) transduces binding of nerve-released ACh into opening of an intrinsic ion channel, yet the
intraprotein interactions behind transduction remain to be fully elucidated. Attention has focused on the region of the AChR in which the
31-2 and Cys-loops from the extracellular domain project into a cavity framed by residues preceding the first transmembrane domain
(pre-M1) and the linker spanning transmembrane domains M2 and M3. Previous studies identified a principal transduction pathway in
which the pre-M1 domain is coupled to the M2-M3 linker through the 81-32 loop. Here we identify a parallel pathway in which the
pre-M1 domain is coupled to the M2-M3 linker through the Cys-loop. Mutagenesis, single-channel kinetic analyses and thermodynamic
mutant cycle analyses reveal energetic coupling among aLeu 210 from the pre-M1 domain, aPhe 135 and oPhe 137 from the Cys-loop,
and aLeu 273 from the M2-M3 linker. Residues at equivalent positions of non-a-subunits show negligible coupling, indicating these
interresidue couplings are specific to residues in the c-subunit. Thus, the extracellular 81-32 and Cys-loops bridge the pre-M1 domain

and M2-M3 linker to transduce agonist binding into channel gating.

Introduction

Rapid synaptic transmission comprises quantal release of neuro-
transmitter, followed by activation of postsynaptic receptors. The
core function of postsynaptic receptors is to bind the neurotrans-
mitter and then transduce binding into opening of an ion channel
several tens of angstroms from the binding site. Atomic-scale
insight into the transduction process is now possible because of
high-resolution x-ray structures of prokaryotic receptor ances-
tors (Hilf and Dutzler, 2008; Bocquet et al., 2009), the isolated
binding domains (Armstrong et al., 1998; Dellisanti et al., 2007),
homologs of the binding domains (Brejc et al., 2001; Hansen et
al., 2005), and a 4-A-resolution cryo-electron microscopic struc-
ture of the Torpedo AChR (Unwin, 2005). Given residue locations
within functionally crucial regions of synaptic receptors, struc-
tural, electrophysiological, and computational approaches pro-
vide powerful means to identify intraprotein structures that
transduce neurotransmitter binding into channel gating.

The AChR from the motor endplate has served as a prototype
to understand receptor-coupled ion channels from the Cys-loop
receptor superfamily. The AChR contains five homologous sub-
units arranged as barrel-staves around a central ion-conducting
pore. Each subunit contains a large extracellular domain com-
posed primarily of B-sheets, a pore domain composed of four
transmembrane a-helices, and a cytoplasmic domain composed
of partially defined a-helical structure (Unwin, 2005). Transduc-
tion begins with binding of ACh to each of two sites located at
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interfaces between extracellular regions of a- and either &- or
8-subunits. After ACh enters each binding site, a hairpin struc-
ture called the C-loop changes from an open to a closed confor-
mation that traps ACh within the site. One -strand from each
C-loop extends to the junction of the extracellular and pore do-
mains where it forms the pre-M1 region that covalently links the
two domains. Two loops from the extracellular domain, the B1-
B2- and Cys-loops, also project into the interdomain junction
(Fig. 1). The B1-B2 loop is a key element of a principal pathway
that transduces ACh binding into channel gating, and through a
series of interresidue contacts, functionally couples the pre-M1
domain to the linker spanning the M2 and M3 a-helices from the
pore domain (Lee and Sine, 2005). The Cys-loop is situated ad-
jacent to the B1-2 loop, where it also bridges the pre-M1 do-
main and M2-M3 linker (Unwin, 2005). Found in all subunits in
the superfamily of Cys-loop receptors, the Cys-loop is essential
for AChR assembly (Fu and Sine, 1996; Green and Wanamaker,
1997) and rapid and efficient gating of the AChR channel (Jha et
al., 2007).

Here we show that contributions of the Cys-loop to channel
gating depend on residues in the pre-M1 domain and the M2-M3
linker. Site-directed mutagenesis, single-channel kinetic analy-
ses, and thermodynamic mutant cycle analyses reveal strong en-
ergetic coupling among aPhe 135 and aPhe 137 from the Cys-
loop, aLeu 210 from the pre-M1 domain, and aLeu 273 from the
M2-M3 linker. The overall findings show that the 81-32 and
Cys-loops form functionally parallel transduction pathways link-
ing the pre-M1 domain to the M2-M3 linker.

Materials and Methods

Construction of wild-type and mutant AChRs

Human «-, -, 8-, and e-subunit cDNAs were subcloned in the CMV-
based mammalian expression vector pPRBG4 (Lee et al., 1991) as de-



3190 - J. Neurosci., March 11, 2009 - 29(10):3189-3199

‘k\\

Cys-loop

Figure 1.
pentameric AChR in the membrane (parallel lines) is shown with one of the two c-subunits
highlighted; 3-strands are orange and «-helices red. B-Strand 10 preceding transmembrane
domain M1 region is green. The boxed region is the junction of extracellular and pore domains,

Cryo-electron microscopic structure of the Torpedo AChR (PDB code 2bg9). 4, The
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scribed (Ohno et al., 1996). Site-directed mutations were made using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene). The presence
of each mutation and the absence of unwanted mutations were con-
firmed by sequencing the entire cDNA insert.

Mammalian cell expression

All experiments were performed using the BOSC 23 cell line (CRL-
11270, ATCC), a variant of the HEK 293 cell line. Cells were maintained
in the DMEM containing FBS (10% v/v) at 37°C until they reached
~50-70% confluence. Wild-type or mutant AChR ¢cDNAs plus the
cDNA encoding green fluorescent protein were transfected by calcium-
phosphate precipitation using final concentrations of each cDNA of 0.68
pg/ml. Patch-clamp recordings were performed 1-2 d after transfection.

Patch-clamp single-channel recordings

To record single-channel currents, cells transfected with wild-type or
mutant AChR cDNAs were rinsed with and maintained in the following
bath solution (in mm): KCI 142, NaCl 5.4, CaCl, 1.8, MgCl, 1.7, and
HEPES 10 (pH was adjusted to 7.4 with NaOH). The same solution was
used to fill patch pipettes. ACh (Sigma-Aldrich) was kept as a 10 mm
stock in bath solution and stored at —80°C until use. Glass micropipettes
(type 7052; Garner Glass) were coated with Sylgard 184 (Dow Corning)
and heat polished to yield resistances of 5-8 M(). After identifying trans-
fected cells under fluorescence optics, single-channel currents were re-
corded in the cell-attached configuration using the Axopatch 200A (Mo-
lecular Devices) at a holding membrane potential of —70 mV at 22°C.
Data were collected from two to four different patches for each ACh
concentration, choosing only recordings in which channel activity was
low enough to allow identification of activation episodes resulting from a
single AChR channel. The current signal was low-pass filtered at 50 kHz
and recorded to hard disk at 200 kHz using the program Acquire (Brux-
ton). Recordings of single-channel currents spanning a range of ACh
concentrations from each mutant receptor were typically performed over
aperiod of 12 h.

Single-channel kinetic analysis

Detailed methods of single-channel kinetic analyses were described pre-
viously (Lee and Sine, 2004). Briefly, the digitized current signal was
filtered using a 10 kHz digital Gaussian filter (Colquhoun and Sigworth,
1983). Channel events were detected by the half-amplitude threshold
criterion using the program TAC (Bruxton) with an imposed dead time
of 10 us. Precise determination of each dwell time at threshold was
achieved by cubic spline interpolation of the digital signal, and the mea-
sured dwell time at threshold was corrected for the effects of the Gaussian
filter (Colquhoun and Sigworth, 1983). Open and closed time histo-
grams were fitted by the sum of exponentials by maximum likelihood
using the program TACFit (Bruxton). Openings corresponding to a sin-
gle receptor channel were identified by assigning a critical closed time
defined as the point of intersection of the closed time component that
depended on ACh concentration with the succeeding concentration-
independent component (Ohno et al., 1996), presumably due to fast
desensitization. Because this method removes most but not all closed
dwell times due to fast desensitization, analyses were also performed in
which the critical closed time was defined as the point of intersection of
the closed time component due to fast desensitization with the succeed-
ing component, and the scheme was modified to include a desensitized
state connected to the doubly occupied open state. To obtain kinetically
homogeneous data, defined single-channel episodes containing at least
five openings were analyzed for channel open probability, mean open
time, and mean closed time; episodes within two SDs of the mean were
accepted for further analysis (Wang et al., 1997). This processing re-
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shown at higher magnification in B and C. B, Residues from three converging regions of the
a-subunit (Cys-loop, pre-M1 strand, M2—M3 linker) are shown in stick representation overlaid
with colored van der Waals surfaces. €, The region in Bis rotated to the left to illustrate residues
with aliphatic side chains from the Cys-loop, 3132 loop, and M2—-M3 linker.
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Cys-loop pre-M1 M2-M3 doubly (A,R*) occupied open states that close
with rate constants «; and a,, respectively. Rate
135 210 IV 273 M constants for open channel blocking (k) and
nAChR ol Human CEIIVTHFPFDEQNC QRLPLYFIVNVI PSTSSAVPLIGKY  unblocking (k_;) by ACh are included.
nAChR «l Torpedo CETIVTHFPFDQQNC QRIPLYFVVNVI PSTSSAVPLIGKY
nAChR o2 Human CSIDVTFFPFDQQNC RRLPLFYTINLI PSTSLVIPLIGEY  Double mutant cycle analysis
nAChR «3 Human CKIDVTYFPFDYQNC RRLPLFYTINLI PSTSLVIPLIGEY  Tq detect interresidue energetic coupling and
nAChR o4 Human CSIDVTFFPFDQQNC RRLPLEFYTINLI PSTSLVIPLIGEY  egtimate its magnitude, we applied mutant cy-
nAChR o5 Human CTIDVTFFPFDLQNC KRLPLFYTLFLI PSSSKVIPLIGEY (o analveis (Carter et al., 1984) to the diligan-
nAChR o6 Human CPMDITFFPFDHQNC RRLPMFYTINLI PSTSLVVPLVGEY 3.4 oating equilibrium constant ©,, computed
nAChR o7 Human CYIDVRWFPFDVQHC RRRTLYYGLNLL PATSDSVPLIAQY o 0 0 of rate constants B,ja, (Lee and
nAChR «9 Human CVVDVTYFPFDNQQC KRRSSFYIVNLL PA-SENVPLIGKY . .
nAChR «10 Human CRVDVAAFPFDAQHC RRRAAAYVCNLL PP-AESVPLIGKY §1ne, 2005)'.The f"uowmg mutant Cyde. exam-
nAChR B Human CSIQVTYFPFDWQNC RRKPLFYLVNVI PETSLSVPITIIKY |15 enersetic couphng bgtween two res1d1}es, ;
nAChR & Human CPISVTYFPFDWQNC RRKPLFYIINIL parsmarpLicke  And 2 forwhich substitutions alter a funct19pal
nAChR & Human CAVEVTYFPFDWONC RRKPLFYVINII pETSLsvpLLGry  Parameter such as the channel gating equilib-
5-HT3A Human CSLDIYNFPFDVONC RRRPLFYVVSLL PATAIGTPLIGyY UM constantexamined in the current study.
5-HT3E Human CNLDIFYFPFDQQNC RRRPSLYVINLL PTS--GTPLIGVY
GABA «1 Human CPMHLEDFPMDAHAC KRKIGYFVIQTY P-KVAYATAMDWF AG,
GABA «2 Human CPMHLEDFPMDAHSC KRKIGYFVIQTY P-KVAYATAMDWF WH-wt; —p mt;-wt,
GABA «3 Human CPMHLEDFPMDVHAC KRKIGYFVIQTY P-KVAYATAMDWEF
GABA «4 Human CPMRLVDFPMDGHAC RRKMGYFMIQTY P-KVSYLTAMDWF
GABA «5 Human CPMQLEDFPMDAHAC KRKIGYFVIQTY P-KVAYATAMDWE ,
GABA «6 Human CPMRLVNFPMDGHAC QRKMGYFMIQIY P-KVSYATAMDWF AG AG,
GABA Bl Human CMMDLRRYPLDEQNC KRNIGYFILQTY P-KIPYVKAIDTY
GABA B2 Human CMMDLRRYPLDEQNC KRNIGYFILQTY P-KIPYVKAIDMY
GABA B3 Human CMMDLRRYPLDEQNC KRNIGYFILQTY P-KIPYVKAIDMY wt;-mt, > mt;-mt,
GABA & Human CDMDLAKYPMDEQEC RRNRGVYIIQSY P-RASAIKALDVY AG
GABA p Human CNMDLSKYPMDTQTC RRNVLYFILETY PNTNCFTIKAIDVY !
GABA yl Human CNMDFSRFPLDTQTC RRHIFFFLLQTY P-RVSYIKAVDIY
GABA y2 Human CNMDFSHFPLDSQTC RRHIFFFLLQTY P-RVSYVKAVDIY  For each mutation (mt), the change in O, rela-
GlyR ol Human CPMDLKNFPMDVQTC ERQMGYYLIQMY P-KVSYVKAIDIW tive to that of the wild-type (wt) AChR is ex-
GlyR «2 Human CPMDLKNFPMDVQTC ERQMGYYLIQMY P-KVSYVKAIDIW  pressed as AG = —RTIn(O,mt/O,wt), where R
GlyR o3 Human CPMDLKNFPMDVQTC ERQMGYYLIQMY P-KVSYVKAIDIW is the gas constant and T the absolute tempera-
GlyR B Human CPLDLTLFPMDTQRC RRQVGFYMMGVY P-KVSYVKALDVW ture. The free energy Change a]ong either path_
ELIC NDMDFRLFPFDRQQF VRNPSYYLWSFI P-RLPYTTVIDQM  way from wt,—wt, to mt,—mt, is equal, ex-
GLIC SPLDFRRYPFDSQTL SRQYFSYIPNII P-KTPYMTYTGAI  pressed as AG, + AG,’ = AG,’ + AG,.
Rearranging gives AG, — AG,’ = AG, — AG,/,
Figure2. Sequence alignment of subunits from the Cys-loop receptor superfamily. Structural regions examined in the text are

labeled (top) with residues at positions equivalent to ccPhe 135, aPhe 137, arlLeu 210, celeu 273, arlle 274, Val 132, and aeTyr

277 highlighted in bold.

moves a small population of single brief openings flanked by long closed
periods (Sine and Steinbach, 1987). For receptors examined in this study,
the overall selection retained >80% of the detected single-channel
events. The kinetic scheme was fitted simultaneously to all the data ob-
tained over a range of ACh concentrations using MIL software (QuB
suite, State University of New York, Buffalo), which employs a maximum
likelihood optimization criterion, corrects for missed events, and computes
error estimates of the fitted parameters (Qin et al., 1996). An instrument
dead time of 22 us was uniformly applied to all recordings. For a given
wild-type or mutant receptor, our analysis comprised data from two to four
patches for each ACh concentration, with the ACh concentrations spaced at
half log-unit intervals over a two to three log-unit range of concentration.
For each receptor mutant, the range of ACh concentrations spanned from
the minimum to the maximum open channel probability.

The following kinetic scheme was fitted to the single-channel open and
closed dwell times:

AzR*& A2Rb

AR S

B1 || a1 B2 || o2

A+R % A+AR % AzR

g 2
Two ACh (A) molecules associate with the receptor (R) with rate con-
stants k., and k,,, and dissociate with rate constants k_; and k_,
Closed but occupied receptors (AR and A,R) produce singly (AR*) and

which gives the first-order coupling free energy
for the mutant cycle, AAG,,,,. If the two residues
areindependent, AG, = AG," and AG, = AG,’

whereas if they are interdependent, AG, #
AG," and AG, # AG,'.

Results

Key residues from the Cys-loop, pre-M1 domain, and

M2-M3 linker

At the border of the AChR extracellular and pore domains, an as-
sembly of alternating aromatic and aliphatic residues lodges between
the pre-M1 domain and the M2-M3 linker (Fig. 1A) (PDB code
2bg9) (Unwin, 2005). This assembly comprises aLeu 210 from the
pre-M1 domain, aPhe 135 and aPhe 137 from the Cys-loop, and
aLeu 273 from the M2-M3 linker (Fig. 1B). Although residue side
chains are depicted with atomic precision, their precise placement is
tentative because the resolution of the structure is 4 A. Among sub-
units of the Cys-loop receptor superfamily, residues at positions
equivalent to these are not conserved, but are hydrophobic or con-
tain hydrophobic elements (Fig. 2). Furthermore, the four residues
are conserved among a-subunits that form heteromeric AChRs (o, —
o). Thus, location of the residues between the extracellular and pore
domains and their sequence conservation, hydrophobicity, and ap-
parent spatial continuity suggest that they form a functionally cou-
pled network that contributes to the rapid and efficient channel gat-
ing characteristic of the AChR.

Contributions of the four residues to channel gating
Previous structure—function studies showed that aPhe 135, aPhe
137, aleu 210, and aleu 273 contribute to channel gating
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(Chakrapani et al., 2004; Jha et al., 2007;
Purohit and Auerbach, 2007), but how the
contributions depend on surrounding res-
idues is not known. Furthermore, the con-
tributions of aPhe 137 and aLeu 210 to
channel gating have not been examined
with ACh as the agonist. To provide a
foundation to investigate functional inter-
dependence of these residues, we con-
structed mutations of each residue, trans-
fected BOSC 23 cells with cDNAs
encoding each mutant a-subunit, together
with wild-type B-, e-, and &-subunit
c¢DNAs, and recorded single-channel cur-
rents elicited by ACh (concentration range
3 uM to 1 mm). To identify mutations op-
timal for studying interresidue energetic
coupling, we engineered different side
chains at each position, recorded single-
channel currents activated by low and high
concentrations of ACh, and chose muta-
tions that produced large and readily mea-
surable changes in single-channel closed
and open dwell times (supplemental Fig.
S1, available at www.jneurosci.org as sup-
plemental material). Recordings of single-
channel currents show qualitatively that
mutation of aPhe 135 to Leu decreases,
whereas mutations of aPhe 137 to Leu,
aLeu 210 to Gln, and aLeu 273 to Phe in-
crease the probability of channel opening
(Fig. 3). Thus, we chose these mutations
for further study.

Changes in the probability of channel
opening can arise from changes in rate constants underlying
agonist binding or channel gating. To quantify the effect of
each mutation on channel gating rate constants, we analyzed
sequences of open and closed dwell times using a kinetic
scheme in which two agonists bind sequentially followed by
gating of the channel (see Materials and Methods). For each
recording, long closed times corresponding to dwells in desen-
sitized states were systematically removed, as described previ-
ously (Lee and Sine, 2004), and the kinetic scheme was fitted
simultaneously to dwell time sequences elicited by the full
range of ACh concentrations using the maximum likelihood
optimization criterion (Qin et al., 1996). For both wild-type
and mutant AChRs, probability density functions computed
from the fitted rate constants superimpose well on histograms
of closed and open dwell times (Fig. 3). Further, the fitted rate
constants for channel opening and closing show that the mu-
tation aF135L decreases the channel gating equilibrium con-
stant by ~30-fold, while the mutations «F137L, aL210Q, and
al273F increase the gating equilibrium constant 1.5-fold to
fourfold (Table 1). Rate constants underlying agonist binding
are also affected, with the greatest changes occurring for mu-
tations that enhance channel gating.

Wild-type

aF135L

aF137L

al210Q

al273F

Figure3.

Energetic coupling between aPhe 135, aLeu 210, and

aleu 273

The cryo-electron microscopic structure of the Torpedo AChR
shows that aLeu 210 and aLeu 273 are predicted to bracket
aPhe 135 (Fig. 1), suggesting these residues contribute to
channel gating in an interdependent manner. To determine
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Events/bin
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SERPD

log Duration (sec)

Single-channel currents and dwell time histograms from AChRs containing the indicated mutations. Currents elicited
by 30 um ACh are shown at a bandwidth of 10 kHz, with channel openings as upward deflections; a submaximal concentration of
AChis chosen for illustration to best highlight the effects of the mutations on open channel probability. Corresponding histograms
of dwell times within identified clusters of single-channel events are shown on logarithmic time axes with overlaid probability
density functions generated from fitting a kinetic scheme simultaneously to data obtained over the entire range of ACh concen-
trations (see Materials and Methods; fitted rate constants are given in Table 1).

whether the residues’ contributions are interdependent, we
mutated each residue individually and in pairs, determined
the channel gating equilibrium constant for each mutant
AChR, and cast the results as two-dimensional mutant cycles
(Fig. 4). The mutation aF135L decreases the channel gating
equilibrium constant by a free energy change of 1.9 kcal/mol
relative to that of the wild-type AChR. However, if the muta-
tion aL.210Q is present in the same AChR, aF135L has a neg-
ligible effect on channel gating. Conversely, the mutation
al.210Q increases the channel gating equilibrium constant by
a free energy change of —0.7 kcal/mol, but when aF135L is
present in the same AChR, aL210Q enhances channel gating
by a free energy change of —2.6 kcal/mol. The first-order cou-
pling free energy, given by the difference between free energy
changes for any two parallel lines of the aF135L/a1.210Q mu-
tant cycle, is large, —1.9 kcal/mol; the negative sign indicates
the double mutant enhances channel gating relative to that
expected from additive contributions of the two single muta-
tions. Analogously, the mutant cycle comprising the muta-
tions aF135L and «L273F vyields a first-order coupling free
energy of —1.1 kcal/mol. Thus, the contribution of aPhe 135
to channel gating depends on both aLeu 210 and aLeu 273.
To determine whether equivalent residues in the e- and
8-subunits contribute to channel gating, and further, to deter-
mine whether any detected contributions are interdependent, we
mutated each residue individually and in pairs, measured chan-
nel gating equilibrium constants for each mutant AChR, and
generated two-dimensional mutant cycles (Fig. 4). Mutations of
residues in the e- and 8-subunits equivalent to aPhe 135 decrease
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Table 1. Kinetic analysis of AChRs with mutations in the « -subunit

AChR iy k_y Ky () ks k- £ () By o8 O, B, a, 0, kip k_y Kz (mm)  AG® (keal/mol)

Wild type 271216 7190 = 545 26 1926 19,300 =309 101 67+8 2190 = 160 0.03 % 0.0043 43,700 =999 1650 =32 265079 261 113,000 = 1690 4.3

Mutant
aF135L 146 =33 3760 =992 26 25419 26,600 = 1540 105 NA NA 5980 =100 6230 =55 0.96 =0.018 202 97,700 = 3560 4.9 1.94 = 0.04
oF137L 18512 1780 =166 9.6 225+7.7 11,100 = 271 49 NA NA 85,600 = 2010 2140 £82 40180 231 102,000+ 1760 4.6 —0.24 = 0.05
«l210Q 19+2 316 17 B4 5180 = 167 56 NA NA 75600 £ 1950 92040 82415 25*1 119,000 = 1720 4.8 —0.66 = 0.06
al273F 63+3 1080 + 104 17 160 =9 5680 = 128 36 399 £36 38300 =2202  0.01*0.0011 81,400 = 1460 739 £23 110 = 4.0 22 £ 1 134,000 = 2490 6.1 —0.84 = 0.05
al274A 50 £55 331400 6.6 4 *=6 15800 = 1800 359 NA NA 852 = 44 2150 £28 040 = 0.021 24 =2 124,000 = 4520 5.2 2.46 £ 0.06
aY277L 230 =13 13,300 =450 58 440 = 740 26,600 = 900 60 NA NA NA 18,100 =330 4800 =56 3.8*£0.12 22*+1 82000+ 2200 3.7 1.13 = 0.04

Kinetic parameters and error estimates are derived from global fitting of a kinetic scheme to data obtained over a wide range of ACh concentrations (Materials and Methods). Units are um™ "+ s~ for association rate constants and s~ for

all others. Gating equilibrium constants (©) are ratios of channel opening () to closing rate (¢ ) constants. NA, Reaction step not detected. Free energy change A G° = —RTIn(©mutant/Owild type), where Ris the gas constant (1.987
cal/° K/mol) and T'is the absolute temperature (295° ).

ACh 300 UM
JMMM J'U l U ! _|I I\n 5pA JMMM... JM&
-0.66 kcal/mol _
Wild-type —— 2% o 41210Q 50 ms Wild-type — 284 o o1273F
1.94 | AAGint = -1.89 keal/mol | 0-06 1.94 -1.06 kcal/mol 0.89
aF135L ——» oF135L+0l210Q aF135L ————» aF135L+al273F
-2.55 -1.89

Wild-type — g 5K224Q Wild-type — 240 o §L287F
1.46 -0.09 keal/mol 1.37 1.46 -0.27 kecal/mol 1.19
SF137L ———» SF137L+K224Q SF137L ————— > §F137L+L287F

-0.39

. -0.67

-0.21 19
Wild-type ——— = £K219Q Wild-type ——— = €L 283F
1.30 -0.35 kcal/mol 0.95 1.30 0.22 kcal/mol 1.52
eF135L. ——  » £F135L+K219Q eF135L ——— = £F135L+L283F
-0.57 0.03

Figure4. Energetic coupling of aePhe 135 with aLeu 210 and ceLeu 273, and coupling among residues at equivalent positions of the &- and 8-subunits. In each two-dimensional mutant cycle,
the four lines indicate changes in channel gating free energy by the indicated mutations, relative to that for the wild-type AChR; the free energy difference between any pair of parallel lines gives
the first-order coupling free energy (AAG,, ) for the residue pair. For each mutant AChR, single-channel currents elicited by 300 pm ACh are shown at a bandwidth of 10 kHz.

channel gating free energy up to 1.5 kcal/mol, but mutations of ~ pling free energies (Fig. 4, Table 3), indicating residues at equiv-
residues equivalent to aLeu 210 or aLeu 273 alter gating free  alent positions of the - and 8-subunits are functionally indepen-
energy by 0.4 kcal/mol or less (Table 2). Moreover, the set of  dent. Mutations of equivalent residues in the B-subunit have only
two-dimensional mutant cycles reveals negligible first-order cou-  minor effects on channel gating free energy (Table 2), so mutant
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Table 2. Kinetic analysis of AChRs with mutations in the 3 -, 8 -, and € -subunits

Lee etal. » Role of Cys-Loop in Coupling Binding to Gating in nAChRs

ACHR key k-, K () ko k-, K (un) B a; 0, B, a, 0, [ Ky (mw)  AG® (keal/mol)

Wildtype 27116 7190 =545 26 1926 19300309 101 67=8 2190+ 160 003 +00043 43700 =999 1650 =32 265+079 26=1 113,000 = 1690 43

Mutant
BFI3SL 4751 6570=849 15 201+66 21,600=42% 107 NA NA 53,000 +1380 2640 =65 20072 19+1 94700 = 2040 50 016 = 0.047
BFIZL  296+28 7230823 24 1868 23000481 124 14820 2180186 00680011 37,000 =93 1230=25 30099 211 1050001640 50  —007 = 0045
BK2IQ  269+42  330=58 12 1354 21800=536 161 4511 2160 =201 00210005 41,800 =963 1420+30 29091 18=1 112000+ 1820 62  —0.06 = 0.043
BI2B4F  237+23 SA0=579 20 165+6 200512 134 15019 3070 =208 0049 = 00070 30200 = 648 2480+39 12032 21=1 102,000 = 2010 49 046 + 0.040
SFIZZL 416156 10400=4020 25  23+17 2350=1230 97  NA NA 11,600 =216 5260+ 56 220047 19=1 90,700 = 2610 48 146 + 0,037
SFI30L  334+43 440738 13 13246 2500614 191 4913 2970 =239 001600044 31,000 =849 2890 =55 11037 18=1 104000 = 2520 58 053 = 0045
5K2240  22+16  20+241 10 17262 11400+20 66  NA NA NA 67,000 +1500 1500 £43 445156 20+1 115000 +2390 58  —0310.046
SLBTF 10=13 1300=190 12 111£55 2050049 185 NA NA NA 43900 £1400 870 =24 504+25 18=1 115000 %2400 64  —038+ 0.056
F135L 40+140 72002500 17 186+93 22,0080 119 NA NA NA 12500210 4300 +40 29+ 0060 17 =1 100000 + 2600 5.9 130 + 0.036
137l 3B1=33 580708 18 15554 19200398 124 10114 2121158 0.048 = 00076 33400 =771 1650+29 20 =058 221 109,000 =209 50 016 + 0042
2190 140+88 1200=110 9 170=51 10700=180 63  NA NA NA 59,000 £1010 1550 £33 38102 21=1 114000 £2000 54  —021= 0,040
el283F 18IS 81893 49 12+28 16000=239 131 NA NA 53,600+ 1080 147030 36103 191 108000 2060 57  —0.19 =+ 0.042

Table 3. Interresidue energetic coupling determined by mutant cycle analysis

Receptor B als™) O (B/a) AAG,, (keal/mol) AAAG,, (keal/mol)

aF135L-1210Q 62,000 = 2890 835 =52 74 =576 —1.89 +0.09

aF135L-1273F 16,700 = 534 687 =15 24 *+0.93 —1.06 = 0.06

aF135L-F137L 30,100 = 647 3150 £ 47 9.6 £0.25 —1.11£0.06

aF137L-1210Q 48,400 = 942 473 =10 102 £ 2.93 0.11 £ 0.08

«l210Q-1273F 78,900 = 2100 510 = 25 155 £ 8.65 0.47 = 0.09

aF135L-Y277L 1870 = 25 22,000 = 470 0.085 = 0.0011 0.29 = 0.05

al210Q-Y277L 83,300 = 1720 1550 = 48 54 +229 —0.91 = 0.08

aF137L-Y277L 56,600 = 1510 5410 == 150 10.4 = 0.40 —0.35 +0.07

aF135L-1274A 74+ 16 6090 =+ 127 0.012 = 0.0004 0.10 = 0.07

al273F-1274A 604 = 34 3817 1.59 = 0.094 0.02 = 0.09

aV132A-1274A 423 =29 5690 = 215 0.074 = 0.01 —0.01 *=0.10

aV132L-1274A 63+ 19 4870 £ 150 0.013 = 0.0006 0.063 = 0.084

aP272A-1274A 25,400 = 1040 857 =21 29.6 = 1.41 —1.83 = 0.09

SF137L-K224Q 11,700 = 143 2720 = 21 430 + 0.54 —0.09 = 0.05

OF137L-L287F 23,500 = 415 3400 £ 35 6.91 * 0.14 —0.27 £ 0.06

0K224Q-1287F 39,600 = 1443 583 =20 67.9 = 3.40 0.16 = 0.08

€F135L-K219Q 35,300 = 440 4700 = 54 7.5 %013 —0.35+0.05

€F135L-1283F 16,700 = 271 6130 £ 56 2.72 = 0.051 0.22 = 0.05

€K219Q-1283F 64,400 == 998 1330 = 30 484 + 132 0.05 * 0.06

aF135L-12100-L273F 76,000 = 2600 713 = 36 107 £ 6.5 1.22 £ 0.09

aF135L-F137L-1210Q 79,300 = 1340 868 + 27 91+32 1.12 = 0.07

aF135L-1210Q-Y277L 12,400 = 379 740 =10 17 = 0.57 0.14 = 0.07

aF135L-F137L-Y277L 7990 = 124 12,300 = 95 0.65 = 0.011 0.29 = 0.06

aF135L-1273F-1274A 253 £32 801+ 22 0.32 = 0.041 —0.03 £0.14

aV132A-P272A—1274A 5610 = 62 2360 = 15 238 =0.03 1.16 = 0.05

SF137L-K224Q-L287F 23,800 = 741 1820 = 104 13.1 £ 0.85 —0.13 £ 0.08

€F1351-K219Q-L283F 34,700 = 360 3250 £ 35 10.7 = 0.20 —0.28 = 0.05

Rate constants and error estimates are derived from global fitting of a kinetic scheme to data obtained over a wide range of ACh concentrations (Materials and Methods). Gating equilibrium constants (©) are ratios of channel opening
() to closing (cv) rate constants. For 2-D mutant cycles, first-order coupling free energies are symbolized AAG;,. For 3-D mutant cycles, second-order coupling free energies are symbolized AAAG,,.

cycle analyses were not performed for these residues. Thus, ener-
getic coupling among aPhe 135, aleu 210, and aLeu 273 is
unique to the a-subunit.

Context dependence of pairwise interresidue coupling

Interresidue coupling has been widely observed to be context
dependent (Zhang et al., 1996; Albeck et al., 2000), particularly
for residues within 7 A of each other (Schreiber and Fersht, 1995).
Thus, to determine whether energetic coupling between any two
residues of the triad aPhe 135, aLeu 210, and aleu 273 depends
on the third residue, we generated a cubic mutant cycle (Fig. 5A).
The left vertical plane, aF135L/aL210Q, exhibits a first-order
coupling free energy of —1.9 kcal/mol, but the opposing plane, in
which the mutation aL.273F is present in all four mutant AChRs,
exhibits a decreased coupling free energy of —0.67 kcal/mol.
Analogously, the top plane, aF135L/a.273F, exhibits a coupling
free energy of 1.1 kcal/mol, but the opposing plane, in which the

mutation aL210Q is present, exhibits a decreased coupling free
energy of 0.16 kcal/mol. Finally, the front plane, aL210Q/
al273F, exhibits a coupling free energy of 0.47 kcal/mol, but the
opposing plane, in which the mutation aF135L is present, exhib-
its an increased coupling energy of 1.7 kcal/mol. For the overall
cubic cycle, the second-order coupling free energy, given by the
difference in first-order coupling free energies between any pair
of parallel planes, is 1.2 kcal/mol. Thus, aPhe 135, aLeu 210, and
aLeu 273 contribute to channel gating as an interdependent
triad.

aPhe 137 is the fourth member of a coupled tetrad

To determine whether aPhe 137 is energetically coupled to resi-
dues of the triad just identified, we generated a cubic mutant cycle
composed of mutations of aPhe 137, aPhe 135, and aLeu 210
(Fig. 5B). The front plane, aF137L/aL.210Q, exhibits a first-order
coupling free energy of 0.11 kcal/mol, but the opposing plane in
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Figure 5.  Energetic coupling between aPhe 135, aPhe 137, aeleu 210, and ceLeu 273. For a cubic mutant cycle, each plane
depicts the first-order coupling free energy (AAG;,,) for the indicated residue pair, as in Figure 4. The free energy difference
between any pair of parallel planes gives the second-order coupling free energy (AAAG,, ) for the residue triad. For each mutant
AChR, single-channel currents elicited by 300 v ACh are shown at a bandwidth of 10 kHz. 4, Energetic coupling of aPhe 135,
aleu210,and alLeu 273. For the front plane, AAG,,, = 0.47 kcal/mol, and for the back plane, AAG,, = 1.7 kcal/mol. For this
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135 couple strongly to aLeu 273, we infer
that oPhe 137 constitutes the fourth mem-
ber of a coupled tetrad.

Context dependence of residues in the

- and 8-subunits

Although only weak energetic coupling is
observed among pairs of residues in the e-
and 6-subunits equivalent to oPhe 135,
aLleu 210, and aleu 273, our analyses of
cubic mutant cycles raise the possibility
that a neighboring residue may mask in-
terresidue coupling. We therefore gener-
ated cubic mutant cycles to examine this
possibility, focusing on residues in the e-
and 8-subunits at positions equivalent to
aPhe 135, aleu 210, and aleu 273. For
the cubic mutant cycles generated from
the equivalent residue triads, second-
order coupling free energies are low,
—0.28 for the triad in the e-subunit and
—0.13 kcal/mol for the triad in the
8-subunit (supplemental Fig. S2, available
at www.jneurosci.org as supplemental ma-
terial). Thus, energetic coupling between
residues in the Cys-loop, pre-M1 domain,
and M2-M3 linker is specific to the
a-subunit.

aTyr 277 does not couple to residues in
the tetrad

aTyr 277 is predicted to project from the
distal end of the M2-M3 linker toward the
coupled tetrad (Fig. 1 B), and is conserved
as an aromatic residue at equivalent posi-
tions in all subunits of the Cys-loop recep-
tor superfamily (Fig. 2). Furthermore,
mutation of aTyr 277 to Leu decreases free
energy of channel gating by 1.1 kcal/mol
(Table 1). Therefore, to examine energetic
coupling among «Tyr 277, aPhe 135,

cubic cycle, AAAG,, =
= 0.11 kcal/mol, and for the back plane, AAG,
residues examined in each cubic cycle.

int

which the mutation aF135L is present in all four mutant AChRs,
exhibits an increased coupling free energy of 1.2 kcal/mol. A pos-
sible structural interpretation is that coupling between aF135
and «L.210 is so strong that mutation of aPhe 137 does not affect
the contribution of aLeu 210 to channel gating. However if Leu is
substituted for aPhe 135, aPhe 137 remains the nearest aromatic
neighbor for aLeu 210, and coupling shifts to this residue pair.
The left vertical plane, aF135L/aF137L, exhibits a first-order
coupling free energy of —1.1 kcal/mol, but the opposing plane in
which the mutation a1.210Q is present, exhibits a negligible cou-
pling energy of 0.01 kcal/mol. Finally, the top plane, aF135L/
aL210Q, exhibits a coupling energy of —1.9 kcal/mol, but the
opposing plane, in which the mutation aF137L is present, exhib-
its a decreased coupling energy of —0.77 kcal/mol. For the overall
cubic cycle, the second-order coupling free energy of 1.1 kcal/mol
indicates that aPhe 137, aLeu 210, aPhe 135 contribute to chan-
nel gating as a coupled triad. Because both aLeu 210 and aPhe

= 1.2kcal/mol. B, Energetic coupling of acPhe 135, aPhe 137, and cxlLeu 210. For the front plane, AAG,
= 1.2 keal/mol. For this cubic cycle, AAAG;

aPhe 137, and aLeu 210, we generated two
it cubic mutant cycles. In the first cubic cycle
= 1.7 keal/mol. Insets show (Fig. 6A), the front plane, aY277L/

al210Q, exhibits a first-order coupling

free energy of —0.9 kcal/mol, while the op-
posing plane, containing the mutation aF135L, exhibits a cou-
pling energy of —0.6 kcal/mol. In the second cubic cycle (Fig.
6B), the front plane, aY277L/aF137L, exhibits a coupling free
energy of —0.35 kcal/mol, while the opposing plane, containing
the mutation aF135L, maintains a low coupling energy of 0.16
kcal/mol. For the overall cubic cycles in Figure 6, A and B, the
second-order coupling free energies are low, 0.33 and 0.51 kcal/
mol, respectively. Thus, although aTyr 277 contributes to chan-
nel gating, its contribution depends only weakly on aLeu 210,
aPhe 135, and aPhe 137.

Functional separation of Cys-loop and principal

coupling pathways

The preceding findings show that the Cys-loop is analogous to
the B1—2 loop in functionally linking the pre-M1 domain to the
M2-M3 linker. To determine whether the Cys-loop and principal
coupling pathways overlap functionally, we asked whether alle
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274, which is predicted to contact residues
from both pathways, couples functionally
to residues within either pathway. In par-
ticular, alle 274 is one of four apparently
interlocked aliphatic residues that physi-
cally join the Cys-loop to the M2-M3
linker (Fig. 1C), and among Cys-loop re-
ceptors, is conserved as Ile or Met (Fig. 2).

Furthermore, the mutation «l274A de- ACh 300 uM
creases free energy of channel gating by 2.5
kcal/mol, primarily by decreasing the rate

Wild-type —m8m ———

constant for channel opening (Table 1); of
the mutations examined in this study,
al274A affects channel gating to the great-
est degree, in broad agreement with previ-
ous studies (Jha et al., 2007).

To determine whether the functional
contribution of alle 274 depends on resi-
dues within the Cys-loop coupling path-
way, we generated a cubic mutant cycle
comprising mutations of alle 274 and the
two residues in the coupled tetrad pre-
dicted to be most proximal, aPhe 135 and
aleu 273 (Fig. 7A). The top and left B
planes, «al274A/aF135L and «lI274A/
aL.273F, exhibit first-order coupling free
energies of 0.1 and 0.02 kcal/mol, respec-
tively, while the opposing planes, contain-
ing a mutation of the third residue, main-
tain low coupling energies of 0.06 and
—0.02 kcal/mol. The front plane, aF135L/
aL273F, exhibits a coupling free energy of
—1.06 kcal/mol, while the opposing plane,
containing the mutation al274A, exhibits
a coupling energy of —1.1 kcal/mol. For
the overall cubic cycle, the second-order
coupling free energy is —0.04 kcal/mol,
showing that although alle 274 contrib-
utes strongly to channel gating, its contri-
bution does not depend on aPhe 135 and
aLeu 273 within the Cys-loop coupling
pathway.

To determine whether the functional
contribution of alle 274 depends on resi-
dues within the principal coupling pathway, we generated a cubic
mutant cycle including mutations of aVal 132 and aPro 272,
which contribute to the principal coupling pathway (Lee and
Sine, 2005; Lee et al., 2008) (Fig. 7B). The front plane, al274A/
aV132A, exhibits a negligible first-order coupling free energy,
but the opposing plane, containing the mutation aP272A, exhib-
its a coupling energy of 1.2 kcal/mol. Conversely, the left plane,
al274A/aP272A, exhibits a large first-order coupling energy of
—1.8 kcal/mol, but the opposing plane, containing the mutation
aV132A, exhibits a reduced coupling energy of —0.67 kcal/mol.
For the overall cubic cycle, the second-order coupling free energy
of —1.2 kcal/mol shows that the strong contribution of alle 274
to channel gating depends on aVal 132 and aPro 272 of the
principal coupling pathway.

L210Q ——M

Wlld-type
& 7. 77

Figure 6.

this cubic cycle, AAAG,
AAG,, =

int —

int =

Discussion

The present findings reveal pairwise energetic coupling among
residues of the Cys-loop and those in the neighboring pre-M1
and M2-M3 regions, and show that these interresidue couplings
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are essential for rapid and efficient gating of the AChR channel.
The emerging network of coupled residues is present in all
a-subunits that form heteromeric AChRs (a,—a), suggesting
that it is generally important in transducing agonist binding into
channel gating. Energetic coupling is observed only among resi-
dues in the a-subunits, analogous to interresidue coupling in the
previously identified principal coupling pathway (Lee and Sine,
2005). The contribution of the Cys-loop to transduction is anal-
ogous to that of the 81-2 loop of the principal coupling path-
way in that both loops link the pre-M1 to the M2-M3 region.
alleu 274 in the M2-M3 linker does not couple energetically to
residues in the Cys-loop pathway, but it couples strongly to resi-
dues in the principal pathway, suggesting that the two pathways
are functionally separate. The strongest interresidue coupling
free energies are observed between residues predicted to be near-
est neighbors based on the cryo-electron microscopic Torpedo
AChR structure, and as widely observed in proteins, the coupling
energies are context dependent. Moreover, in light of recent high-
resolution structures of bacterial Cys-loop receptors in candidate
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rounding structure, the coupling arises
through direct contact. Because resolution
of the Torpedo AChR is not sufficient to
unequivocally establish direct residue con-
tact, the interresidue coupling free ener-

1274A F135L+I274A gies could have arisen either through di-

ACh 300 uM Kca\lm rect contact or through interresidue
" M / interactions within an ~7 A radius. How-
JMQ*A ever, it is worth noting that the interresi-
Wild-type ——— F1 35L -0.02 due couplings obse.rved here support resi-
(N —_— due placement in the cryo-electron

027> L273F+I274A F135L+L273F+I274A microscopic structure of the Torpedo

L27ni3F—m —

T~

F135L+L273F

MMMMMM 5pA

50 ms

AChR (Unwin, 2005).

The cryo-electron microscopic struc-
ture of the Torpedo AChR nevertheless es-
tablishes that the Cys-loop inserts between
the pre-M1 domain and the M2-M3 loop.
Residues stemming from these structures
(aLeu 210, aPhe 137, aPhe 135, and aLeu
273) are predicted to project into the space
underneath the Cys-loop and face the
pore, forming a row of alternating ali-
phatic and aromatic side chains approxi-
mately parallel to the plane of the mem-
brane. The high-resolution structures of
the bacterial homologs ELIC and GLIC

P272A V132A+P272A confirm the overall placement of the Cys-
loop in the lower resolution Torpedo

ACh 300 uM / callm P noop
. / / AChR structure, but the detailed shape,
orientation relative to the membrane, and
WI V1 oA -0 pairwise residue contacts of the Cys-loop
lla-type ———T1— 3 &i differ between Torpedo AChR and bacte-
~1.83 > P272A+I274A V132A+P272A+1274A rial counterparts. Nevertheless, in both
ﬂJM”MMWMM— Torpedo and bacterial structures, the
‘ C-terminal half of the Cys-loop associates
059 v with the pre-M1 domain, the N-terminal
1274A V132A+I274A half associates with the M2—M3 linker, and

wedllllle ol

Figure 7.
coupling of aePhe 135, aeLeu 210, and cxlle 274. For the front plane, AAG, , =
= —1.1kcal/mol. For this cubic cycle, AAAG,,, =
For the front plane, AAG;,, = —0.01 kcal/mol, and for the back plane, AAG,
= —1.2keal/mol. Insets show residues examined in each cubic cycle.

int

closed and open conformations (Bocquet et al., 2009; Hilf and
Dutzler, 2009), our findings suggest the principal and Cys-loop
pathways contribute jointly in transducing agonist binding to
gating of the AChR channel.

Our experimental strategy centers on the use of double mu-
tant cycle analyses to assess interresidue interactions (Horovitz
and Fersht, 1990; Horovitz et al., 1990). Mutant cycle analysis is
founded on the principle that mutation of a residue causes a free
energy change, AG,, which depends on other residues within the
protein. If mutation of a second residue alters the effect of muta-
tion of the first residue, yielding a different free energy change,
AG,, the two residues are deemed to interact with a first-order
coupling free energy, AAG = AG, — AG,. Interresidue coupling
free energy is a thermodynamic parameter, and does not disclose
whether coupling arises through a direct or a propagated inter-
action. However, if the two residues are known to make contact,
the most likely interpretation is that in the context of the sur-

Energetic coupling between «lle 274 and residues in the Cys-loop or principal coupling pathways. A, Energetic
—1.06 keal/mol, and for the back plane, AAG,
—0.04kcal/mol. B, Energetic coupling of aPro 272, atVal 132, and arlle 274.
= 1.2 keal/mol. For this cubic cycle, AAAG;

the prevalent interresidue contacts are hy-
drophobic. In both the inactive ELIC and
active GLIC structures, the Cys-loop
maintains close association with sur-
rounding residues (Bocquet et al., 2009;
Hilf and Dutzler, 2009), suggesting that
mt the interresidue couplings detected here

originate from interresidue contacts that

are maintained between closed and open
states, rather than from contacts that form or break upon transi-
tion between the two states.

Throughout this work, the kinetics of AChR activation was
analyzed using a kinetic model in which two agonists bind se-
quentially, the channel gates, and ACh blocks the open channel
(Materials and Methods). A recent study, however, provided ev-
idence for a transient closed state, called flipped, that followed
agonist binding but preceded channel opening (Lape et al., 2008).
The flipped state was suggested to be a major determinant of
agonist efficacy, forming with much greater efficiency for full
agonists compared with partial agonists. It is possible that muta-
tions examined in this study, rather than altering elementary
steps underlying agonist binding or channel gating, altered ele-
mentary steps underlying flipping. However, introducing a
flipped state into the kinetic model increases the number of free
parameters and thus substantially increases the difficulty of ob-
taining well defined rate constants. In recognition of this poten-
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tial limitation, we emphasize that the rate constants underlying
agonist binding and channel gating presented here should be
considered apparent rate constants.

The chief coupling free energies identified herein correspond
to the residue pairs aPhe 135/aLeu 210, aPhel35/aleu273, and
aPhel35/aPhel37. The coupling free energies likely arise from
optimal tertiary packing of side chains that buries large hydro-
phobic surfaces. In model peptides that can form a-helices, pairs
of aromatic or pairs of aromatic and Leu residues stabilize the
helix when placed at positions i and i + 4 of the peptide chain, in
contrast to lack of stabilization by pairs of aliphatic residues; the
stabilization was suggested to arise from decreased loss of confor-
mational entropy for aromatic—aliphatic compared with aliphati-
c—aliphatic pairs (Padmanabhan and Baldwin, 1994; Creamer
and Rose, 1995). The cubic cycle aF135L/al210Q/aL273F ex-
hibits a second-order coupling free energy of 1.2 kcal/mol and
provides evidence that the interresidue triad is energetically cou-
pled. This coupling energy is about half of that determined for
residue triads from the principal coupling pathway, aV46A/
aP272G/aS269L (—2.0 kcal/mol) (Lee and Sine, 2005) and
aV132A/aV46A/aP272A (2.3 kcal/mol) (Lee et al., 2008). Ter-
tiary packing of hydrophobic side chains is likely a major source
of interresidue energetic coupling in both the Cys-loop and prin-
cipal transduction pathways.

Conformational rearrangements underlying transduction of
binding to gating have been detected in two distinct regions of the
representative Cys-loop receptor: the agonist binding site and the
structural transition zone between extracellular and pore do-
mains. The collective evidence suggests a structural mechanism
of the transduction process, described as follows.

In the absence of agonist, the peripheral C-loop tilts away
from the binding site, maintaining an opened up conformation
that allows small molecules to enter the site. Supporting evidence
comes from x-ray structures of the homologous AChBP (Celie et
al., 2004; Hansen et al., 2005), the bacterial channel ELIC (Hilf
and Dutzler, 2008), and the cryo-electron microscopic structure
of the Torpedo AChR (Unwin, 2005), all in the absence of activa-
tors. After the activator binds, the C-loop changes from an un-
capped to a capped conformation, restricting exit or entry of
small molecules, again as demonstrated by x-ray structures of
AChBP and the bacterial channel GLIC in the presence of activa-
tors. Notably, the only comparison of liganded and unliganded
structures for the same protein was achieved for AChBP from
Aplysia (Hansen et al., 2005). In solution, activator-induced
changes of the C-loop have been observed for Lymnaea AChBP
through measurements of intrinsic tryptophan fluorescence
(Gao et al., 2005), changes in chemical shift by NMR (Gao et al.,
2006), and molecular dynamics simulations (Gao et al., 2005;
Cheng et al., 2006b). Thus, the accumulated evidence indicates
that the initial trigger for channel gating is a capping motion of
the C-loop (Mukhtasimova et al., 2005).

Attention has also focused on the junction between the extra-
cellular and pore domains, because this region features an abrupt
transition where B-sheets meet a-helices. Within this transition
zone of each AChR subunit, five segments from different parts of
the linear sequence merge: three loops from the extracellular do-
main, the covalent link between the extracellular and pore do-
mains, and the linker joining the M2 and M3 a-helices. A wealth
of structure—function studies show that residues from all five
intrazone segments are crucial for coupling agonist binding to
channel gating (for review, see Sine and Engel, 2006). In particu-
lar, a highly conserved salt bridge within the hydrophobic core of
the a-subunits joins, both physically and functionally, the
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pre-M1 domain to the tip of the 1-82 loop (Lee and Sine, 2005;
Unwin, 2005). The B1-2 loop, in turn, forms a hydrophobic
pin-in-socket connection to the M2—-M3 linker at the top of the
pore (Unwin, 2005). This triad of interlinked segments, called the
principal coupling pathway, was originally identified in light of
the 4 A resolution cryo-electron microscopic structure of the
Torpedo AChR. However the positioning of key elements of the
principal pathway, such as the buried salt bridge formed by Arg
209 and Glu 45, have been verified by high-resolution structures
of the isolated a-subunit extracellular domain (Dellisanti et al.,
2007) and the bacterial channel GLIC (Hilf and Dutzler, 2008)
and by structure—function studies of the homomeric p; GABA
receptor (Wang et al., 2007).

Comparison of x-ray structures of ELIC in the inactive state
and GLIC in the active state suggest that agonist binding causes
translation of the B1-f2 loop against the M2—M3 linker, displac-
ing the tops of the M2 and M3 «-helices away from an axis
through the center of the channel, thus initiating ion conduction
(Bocquet et al., 2009; Hilf and Dutzler, 2009). Although the
B-strands stemming from the B1-2 loop do not connect di-
rectly to the agonist binding site, interstrand hydrogen bonds
hold these strands within the overall B-barrel structure, which
also encompasses elements that form the principal face of the
agonist binding site. Thus, when the C-loop caps the entrance to
the binding site, a quaternary twist of the overall B-barrel (Taly et
al., 2006; Cheng et al., 2006a) could cause translation of the
B1-B2loop against the M2—M3 linker and consequently open the
channel.

If the link between the pre-M1, B1-82, and M2—M3 regions is
a principal trigger of channel gating, how does the Cys-loop con-
tribute to gating? Structures of the Torpedo AChR and bacterial
channels show that the B1-32 loop overlies the M2-M3 linker
and is proximal to an axis through the center of the channel,
whereas the larger Cys-loop inserts between the M2—-M3 linker
and the pre-M1 domain, and is farther from the central axis. The
four B-strands that emanate from the S1-2 and Cys-loops are
hydrogen bonded within the overall B-barrel structure, so a qua-
ternary twist of the barrel would likely move both loops in con-
cert. The two loops impinge on opposite sides and at opposite
ends of the M2-M3 linker, which extends radially from the cen-
tral axis. Studies of linear free energy relationships of channel
gating reveal similar slopes of the plot of channel opening rate
against channel opening equilibrium constant for the f1-2 and
Cys-loops (Jha et al., 2007), suggesting the two loops change
conformation at the same time. A concerted movement of the
two loops would displace the linker away from the central axis,
moving the tops of the M2 and M3 a-helices in the same direc-
tion, dilating the top of the pore (Bocquet et al., 2009; Hilf and
Dutzler, 2009). Thus, through specific interresidue couplings, the
B1-B2 and Cys-loops loops appear to act jointly on M2-M3
linker to open the pore for ion conduction. Upon relaxation of
the twisted B-barrel, return of the f1-2 and Cys-loops to their
original positions would constrict the top of the pore, closing the
channel.
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