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Number and Locations of Agonist Binding Sites Required to
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Homo-pentameric Cys-loop receptors contain five identical agonist binding sites, each formed at a subunit interface. To determine the
number and locations of binding sites required to generate a stable active state, we constructed a receptor subunit with a mutation that
disables the agonist binding site and a reporter mutation that alters unitary conductance and coexpressed mutant and nonmutant
subunits. Although receptors with a range of different subunit compositions are produced, patch-clamp recordings reveal that the
amplitude of each single-channel opening event reports the number and, for certain subunit combinations, the locations of subunits with
intact binding sites. We find that receptors with three binding sites at nonconsecutive subunit interfaces exhibit maximal mean channel
open time, receptors with binding sites at three consecutive or two nonconsecutive interfaces exhibit intermediate open time, and
receptors with binding sites at two consecutive or one interface exhibit brief open time. Macroscopic recordings after rapid application of
agonist reveal that channel activation slows and the extent of desensitization decreases as the number of binding sites per receptor
decreases. The overall results provide a framework for defining mechanisms of activation and drug modulation for homo-pentameric

Cys-loop receptors.

Introduction

Neurotransmitter receptors of the Cys-loop superfamily mediate
rapid synaptic transmission throughout the nervous system and
include receptors activated by ACh, GABA, glycine, and seroto-
nin (Lester et al., 2004; Sine and Engel, 2006). They contain five
homologous subunits arranged as barrel staves around a central
ion-conducting pore (Unwin, 2005). Approximately one-half of
each subunit is extracellular, with the remainder comprising four
transmembrane domains and a large cytoplasmic domain. The
neurotransmitter binding sites are formed at interfaces between
extracellular regions of the subunits; one face of each binding site,
called the principal face, projects predominantly aromatic resi-
dues into the site, whereas the opposing complementary face
projects aromatic, hydrophobic, and negatively charged residues
(Karlin, 2002; Sine, 2002).

Cys-loop receptors assemble from five copies of one type of
subunit, giving rise to homomeric receptors, or, more com-
monly, from several types of subunits, giving rise to heteromeric
receptors. Homomeric receptors are the simplest structural class
of Cys-loop receptors and contain five identical agonist binding
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sites. Most present-day Cys-loop receptors are heteromeric and
contain two agonist binding sites, whereas a third site may bind
heterotropic ligands (Cromer et al., 2002; Hsiao et al., 2008).

Present-day homomeric Cys-loop receptors likely descended
from a homomeric bacterial counterpart (Tasneem et al., 2005)
and thus represent a model system to examine structural and
mechanistic constraints under which heteromeric receptors
evolved to use fewer than five agonist binding sites. Macroscopic
dose—response and single-channel kinetic analyses of homomeric
Cys-loop receptors suggest that two to five agonist molecules are
required for maximal activation (Amin and Weiss, 1996; Palma et
al., 1996; Papke et al., 2000; Mott et al., 2001; Gentet and Clem-
ents, 2002; Beato et al., 2002, 2004; Solt et al., 2007). However,
because dose-response and single-channel measurements can-
not directly reveal the number and locations of functional bind-
ing sites, this remains a crucial gap in our mechanistic under-
standing of homomeric Cys-loop receptors.

To fill this gap, we studied a model homomeric Cys-loop re-
ceptor composed of the ligand binding domain from the a7 nic-
otinic receptor and pore and cytoplasmic domains from the
5-HTj;, receptor (Palma et al., 1996; Bouzat et al., 2004, 2008;
Rayes et al., 2005). To vary the number of agonist binding sites,
we installed mutations that prevent agonist binding and, to re-
port the presence of the mutant subunit, installed mutations that
alter the single-channel conductance (Kelley et al., 2003). After
coexpressing mutant and nonmutant subunits and recording
agonist-evoked single-channel currents, the amplitude of each
channel opening event reports the number of intact binding sites,
whereas the dwell time indicates the stability of the open channel.
An analogous approach used coexpression of mutant and non-
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mutant potassium channel subunits together with macroscopic
current recordings to determine the number of subunits under-
lying inactivation (Mackinnon etal., 1993). Knowing the number
of functionally relevant agonist binding sites is essential to under-
standing the mechanism behind activation of homomeric Cys-
loop receptors, whereas the locations of the sites give insight into
global conformational changes that open the channel.

Materials and Methods

Site-directed mutagenesis and expression of a7-5HT, receptors. Mutant
subunits were constructed using the QuikChange site-directed mutagen-
esis kit (Stratagene) and were confirmed by sequencing the entire cDNA
insert. The high conductance form (HC) of the a7-5HT;, chimeric
receptor (Eiselé et al., 1993) was constructed as described previously
(Rayes et al., 2005). In brief, three arginine residues responsible for the
low conductance of the 5HT; , receptor were mutated to glutamine (Q),
aspartic acid (D), and alanine (A) (Kelley et al., 2003). BOSC cells were
transfected with subunit cDNAs using calcium phosphate precipitation.
For a 35 mm dish of cells, the total amount of cDNA was 5 ug, and the
ratios of control and mutant subunit cDNAs used in the transfection are
described in the text for each specific experiment. Cells were used for
single-channel or macroscopic current measurements 1 or 2 d after
transfection (Bouzat et al., 1994, 2000, 2002).

Competition of ACh against the initial rate of a-toxin binding. Trans-
fected cells were harvested by gentle agitation in PBS, centrifuged at
1000 X g for 1 min, and resuspended in potassium Ringer’s solution (140
mu KCl, 5.4 mm NaCl, 1.8 mm CaCl,, 1.7 mm MgCl,, 25 mm HEPES, 30
mg/L bovine serum albumin, adjusted to pH 7.4 with 10—11 mm NaOH).
Competition of specified concentrations of ACh against the initial rate of
125T_a-bungarotoxin (a-BTX) binding was done as previously described
(Sine et al., 1995). The total number of binding sites was determined by
incubating cells with 25 nm '*°I-a-BTX for 1 h and subtracting a blank
determined in the presence of 1 mm p-tubocurarine. After computing
fractional occupancy from the initial rates of toxin binding (Sine and
Taylor, 1979), the following equation was fitted to the data: 1 — fractional
occupancy = 1 — [L]"/([L]™ + K™ ), where [L] is agonist concentra-
tion, Ky is the apparent dissociation constant, and 7y is the Hill
coefficient.

Single-channel patch-clamp recordings and kinetic analysis. Recordings
were obtained in the cell-attached patch configuration. The bath and
pipette solutions contained 142 mwm KCl, 5.4 mm NaCl, 0.2 mm CaCl,,
and 10 mm HEPES, pH 7.4. Solutions free of magnesium and with low
calcium were used to minimize channel block by divalent cations (Rayes
etal., 2005). Single-channel currents were recorded and low-pass filtered
to 10 kHz using an Axopatch 200 B patch-clamp amplifier (Molecular
Devices), digitized at 5 us intervals, and detected by the half-amplitude
threshold criterion using the program TAC (Bruxton Corporation)
(Bouzat et al., 2004; Rayes et al., 2005). Open-time histograms were fitted
by the sum of exponential functions by maximum likelihood using the
program TACEFit (Bruxton Corporation).

To define amplitude classes, an analysis of the whole recording was
performed by tracking events without any amplitude restriction. Ampli-
tude histograms were then constructed and the different amplitude
classes were distinguished. At least 10 different recordings from cells
transfected with different ratios of HC and LC subunits were analyzed to
define the mean * SD of each amplitude class.

To determine the mean duration of each amplitude class, the analysis
was performed in two different ways. In the first, all opening events were
detected without any restriction of amplitude as described above. Open
time histograms were then constructed for a given amplitude class by
selecting only openings with amplitudes of £0.6 pA of that of the mean of
the amplitude class. This procedure involved the detection of all events in
the whole recording in only one step. In the second way, only channel
openings whose amplitudes were between +0.6 pA of that of the mean
amplitude class under study were accepted during the detection. This was
performed by setting the detection bar to a fixed amplitude correspond-
ing to the mean of the class of interest, then detecting channel events by
the half-amplitude threshold criterion, and finally manually discarding
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the event if the amplitude differed by >0.6 pA of that of the mean am-
plitude class under study. The corresponding duration histogram was
then constructed from the accepted events. Thus, this procedure involves
analyzing the recording all the way through for each amplitude class. No
significant differences in the mean open and burst durations were ob-
served between the two types of analyses.

To recognize bursts and quantify their durations, a critical closed time
(T..;) was defined as the point of intersection between the second briefest
and the succeeding components, and openings separated by closings
briefer than this time constitute a burst (Rayes et al., 2005). For most of
the recordings, 7_,;, ranged from 1 to 2 ms. Burst duration histograms are
well described by the sum of three exponentials, with the two briefest
components corresponding to isolated events and the longest to bursts.
Comparison of burst and open duration histograms reveals that, on
forming bursts, the mean durations of the brief components are un-
changed, but that of the long component increases.

Bursts containing two or more openings were selected on the basis of
distributions of mean open channel duration and open probability
(Wang et al., 1997; Bouzat et al., 2002; Rayes et al., 2005). Bursts with
mean open durations and open probabilities within 2 SDs of the mean of
the major component were selected for additional analyses (Rayes et al.,
2005). Typically, >70% of bursts were selected. No significant changes
were observed in the burst duration calculated before or after the selec-
tion procedure.

The kinetic analysis was restricted to events within bursts of channel
openings. The resulting open and closed intervals from selected bursts
were analyzed according to a kinetic scheme (scheme 1) using an
interval-based maximum likelihood algorithm that corrects for missed
events and computes error limits of the fitted rate constants (Qin et al.,
1996) (QuB Suite; www.qub.buffalo.edu; State University of New York,
Buffalo, NY). A dead time of 30 us was imposed in all recordings. Prob-
ability density functions of open and closed durations were calculated
from the fitted rate constants and instrumentation dead time and super-
imposed on the experimental dwell time histogram as described by Qin et
al. (1996).

Simulation of single-channel and macroscopic currents were per-
formed using QuB software based on kinetic schemes using the experi-
mentally determined rate constants.

Macroscopic current recordings. For whole-cell recordings, the perfu-
sion system consisted of solution reservoirs, manual switching valves, a
solenoid-driven pinch valve, and two tubes (inner diameter, 0.3 mm)
oriented at 90° inserted into the culture dish [modified from Liu and
Dilger (1991)]. One tube contained extracellular solution (ECS) without
agonist (normal solution) and the other contained ECS with different
concentrations of ACh (test solution). A series of 2 s pulses of ECS con-
taining ACh were applied at 15 s intervals. The pipette solution contained
134 mm KCl, 5 mm EGTA, 1 mm MgCl,, and 10 mm HEPES, pH 7.3. The
extracellular solution contained 150 mm NaCl, 5.6 mm KCl, 0.5 mm
CaCl,, and 10 mm HEPES, pH 7.3. Macroscopic currents were recorded
at an applied potential: —50 mV, filtered at 5 kHz, and digitized at 20
kHz. Data analysis was performed using the IgorPro software (Wavem-
etrics). Individual records were aligned at the point at which the current
reached 50% of maximum, and the resulting records were aligned and
summed. The solution exchange time was estimated by placing an open
pipette at the cell position, and switching from normal bath solution
to a diluted (1:1 with water) bath solution. Typical times vary between 1
and 2 ms.

k-means analysis. Mean rise times of macroscopic currents were ana-
lyzed using the k-means clustering analysis (MacQueen, 1967). Briefly,
the algorithm starts from a random initial clustering and then iterates by
calculating the cluster centroids and reassigning elements to the cluster
with the closest centroid until no more reassignments are possible. The
aim is to find the clustering solution that minimizes the intracluster sum
of distances. We performed this analysis considering a potential number
of clusters ranging from 1 to 7. The optimal number of cluster (k) corre-
sponds to the lowest number that allows a minimal intracluster SSQ
(sum of squared deviations).
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Results a
Discrete single-channel amplitude

classes report subunit stoichiometry

In principle, one can alter the number of

intact agonist binding sites in a homo- b
pentameric receptor by installing a muta-
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only rare transitions to subconductance  Currents through the HC form of the ac7—5HT,, chimeric receptor show a single amplitude class. b, Recordings from cells trans-
states (Fig. 1a). This chimera contains mu-  fected with both HCand LC subunits. The traces are excerpts from the same recording. Each horizontal line indicates the number
tations of three Arg residues within the cy- of HC subunits per receptor. ¢, Representative amplitude histograms obtained after detecting all opening events in a given
toplasmic domain (Kelley et al., 2003) that recording. Changing the transfectionratios of HCand LCsubunits changes the fraction of eventsin a given amplitude class. Vertical

increase the unitary current amplitude
from undetectable to ~10 pA at a mem-
brane potential of —120 mV.

After coexpressing high and low con-
ductance forms of the a7-5HT;, chimera ¢y each condition.
(designated HC and LC, respectively) in
BOSC 23 cells, a saturating concentration
of ACh elicits channel opening events with five discrete and
equally spaced current amplitudes, one for each possible number
of HC subunits per pentameric receptor (Fig. 1b—d). The obser-
vation of equally spaced current amplitudes indicates that the
number of mutant subunits, but not the location of the subunits
within the pentamer, governs the unitary current amplitude.

A second requirement is to ensure that the reporter mutations
that decrease unitary current amplitude do not affect the stability of
the open channel. We therefore classified each channel opening
event based on its current amplitude and generated open duration
histograms for each of the four largest amplitude classes (Fig. 2).
Each amplitude class exhibits three exponential components of open
times, but neither the time constants nor the relative areas of the
components differ among amplitude classes (Fig. 2b). To ensure
agonist occupied all intact binding sites, throughout this work we
applied from 0.5 to 20 mm ACh to each test receptor and confirmed
that the kinetic classes of channel openings remained unchanged.

The traces in Figures la and 2a show that single-channel

lines indicate the number of HC subunits in each amplitude class. Mean current amplitudes == SD for the different amplitude
classes are as follows: 10.4 = 0.4,8.2 £ 0.2,5.6 = 0.4,3.6 == 0.5,and 1.3 pA (n = 10 patches). For the smallest amplitude class,
the mean amplitude was obtained from the sum of tables corresponding to 10 different recordings, and therefore it lacks SD. d,
Plot of mean current amplitude (=5D) against number of HC subunits. A line with a slope of 2.27 pA/HC subunit is fitted to the
data (r2 = 0.99). [ACh], 0.5-2 mm; membrane potential, —120 mV. The results are shown as mean = SD of at least 10 patches

openings appear as either isolated events or as bursts of several
events in quick succession. Because the vast majority of current
flows during bursts, we considered these to be the most function-
ally relevant, and examined mean burst durations for each am-
plitude class. To determine the mean burst duration, openings
flanked by closings shorter than a defined critical time (7., ) were
identified, the resulting composite event was deemed a burst (Fig.
2a) (see Materials and Methods), and the duration of each burst
was entered in a dwell time histogram. For the four largest am-
plitude classes, burst duration histograms are described by a sin-
gle exponential function. Moreover, the mean burst durations are
similar for each amplitude class (Table 1, lines b—d; Fig. 2b).
Thus, although the reporter mutations alter the unitary current
amplitude, the mean open and burst durations are unaffected.

Mutations that disable agonist binding sites

A third requirement is to disable the agonist binding site to which
the reporter subunit contributes, while allowing ACh to occupy
the remaining unaltered binding sites. Structure—function stud-
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Figure2. Single-channel lifetime is constant for different amplitude classes. a, Single-channel currents from cells transfected
with the HC form of au7—5HT;, subunit were recorded from cell-attached patches at — 120 mV. Channel openings occur as either
isolated events or bursts of several events in quick succession. A representative burst activated by 2 mum ACh is shown. The open
time histogram is fitted by three exponential components: 01 = 140 == 30 s, 02 = 1.5 £ 0.9ms,and 03 = 8.9 = 1.9ms. The
critical closed time (7,;,) for determining bursts is indicated by the arrow. The distribution of bursts consisting of one or more
openings is well described by the sum of three exponentials, with the two briefest components corresponding to isolated events
and the longest to bursts. The distribution of bursts selected to contain two or more openings is well described by a single
exponential; mean durations of selected and nonselected bursts were 19.2 == 4 and 16.5 = 2.6 ms, respectively. b, Single-
channel recordings from cells transfected with the HC form of a7-5HT;, (5 HC) or with different LC-to-HC subunit ratios. The
traces correspond to bursts of channel openings for the indicated number of HC subunits and amplitude class. Open time histo-
grams were constructed after selecting events corresponding to a given amplitude class. Burst duration histograms were con-
structed after selecting bursts as described in a. [ACh], 0.5-2 mm. Membrane potential, —120 mV.
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Figure3. ThemutationsY190Tand W55Tinactivate the binding site. BOSC23 cells were transfected with the high conductance

forms of control (HC), HC-Y190T, HC-W55T, or HC-Y190T/W55T subunits. a, Single-channel recordings from cells expressing
receptors containing the indicates subunits. Transfected cells were identified by the presence of green fluorescent protein.
Membrane potential, —120 mV. For the mutant receptors, no channel activity is detected in the presence of either 1 or 20 mm ACh.
b, Whole-cell currents elicited by ACh applied to cells expressing the specified receptor, as identified by presence of green
fluorescent protein. Applied potential, —50 mV. For the control (HC), 1 mm ACh elicits robust macroscopic currents, whereas for
the mutant receptors no currents are elicited by 1or 20 mm ACh.
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ies of muscle and neuronal nicotinic re-
ceptors established that Tyr 190 (O’Leary
and White, 1992; Sine et al., 1994) at the
principal face and Trp 55 (Chiara et al.,
1998) at the complementary face are es-
sential for agonist binding. We therefore
generated mutations of these residues and
measured the ability of ACh to elicit
single-channel and macroscopic currents,
as well as to inhibit the initial rate of
a-bungarotoxin binding. For receptors
bearing the mutation W55T, concentra-
tions of ACh up to 20 mm do not elicit
single-channel or macroscopic currents
(Fig. 3), and concentrations up to 10 mm
do not inhibit binding of a-bungarotoxin

(supplemental Fig. 1, available at www.jneurosci.

org as supplemental material). For recep-
tors bearing the mutation Y190T, concen-
trations of ACh up to 20 mm again do not
elicit single-channel or macroscopic cur-
rents (Fig. 3), and a-bungarotoxin does
not show specific binding. The subunit
bearing Y190T is nevertheless assembly
competent because when it is coexpressed
with the control LC subunit, ACh elicits
single-channel openings with amplitudes
of 8, 5, and 3 pA (see below); the lack of
a-bungarotoxin binding therefore results
from a change in the binding site but not
from an inability to assemble with other
subunits and express on the cell surface. In
the following experiments, we use Y190T
to disable the binding site from the princi-
pal face, and W55T to disable the binding
site from the complementary face.

Receptors with different number and
locations of functionally binding sites
Given the means to disable agonist bind-
ing sites and noninvasively register sub-
unit stoichiometry, we generated recep-
tors with different numbers of intact
binding sites, and from the conductance
signature of each channel opening epi-
sode, identified the number of intact bind-
ing sites in the corresponding receptor. Af-
ter coexpressing the control HC subunit
with the LC-Y190T subunit, and applying
2-10 mMm ACh, channel opening episodes
corresponding to all five amplitude classes
were observed. To most accurately deter-
mine durations of the channel opening
events, we analyzed only the 10, 8, and 5
pA amplitude classes, corresponding to re-
ceptors with five, four, and three HC sub-
units, respectively. To increase the fre-
quency of events of a specific amplitude
class, we transfected cells with different ra-
tios of HC to LC subunits (Fig. 4). For ex-
ample, transfecting with a 3:1 ratio pro-
motes the 8 pA class, whereas transfecting
with a 1:1 ratio promotes the 5 pA class.
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Table 1. Open channel lifetime and burst duration for receptors containing different numbers of binding sites

Homomeric Cys-Loop Receptors; Occupancy and Activation

No. sites HC LC pA 071 (ms) (area) 02 (ms) (area) 03 (ms) (area) Thurst (MS)

a 5 ( 10 0.14 = 0.03 (0.43 = 0.07) 1.5+0.9(0.18 = 0.10) 8.9 +1.9(0.39 = 0.10) 16.5 = 2.6
b C C 10 0.15 = 0.05 (0.36 = 0.14) 1.6 = 0.6 (0.12 = 0.02) 7.4 = 1.7(0.55 = 0.15) 173+19
C C C 8 0.15 = 0.01 (0.40 = 0.07) 1.4 +0.3(0.17 = 0.07) 9.1 +2.0(0.44 = 0.03) 18.7 =29
d ( C 5 0.13 = 0.01(0.62 = 0.02) 2.0 = 0.8 (0.16 = 0.06) 9.8 +2.2(0.27 = 0.09) 239+26
e 4 C Y190T 8 0.14 = 0.03 (0.31 = 0.05) 1.6 + 0.4 (0.18 = 0.08) 7.2 = 0.8 (0.50 = 0.10) 185+ 2.1
f 3 C Y190T 5 0.19 = 0.04 (0.40 = 0.08) 1.4 + 0.8 (0.25 = 0.06) 7.7 £0.6(0.37 = 0.03) 208 = 4.6
g 3 consecutive C Y190T/W55T 8 0.15 = 0.06 (0.30 = 0.11) 1.5+0.8(0.32 = 0.23) 53+ 1.7(039 = 031) 9.7 +27
h 2 consecutive or 1 C Y190T/W55T 5 0.08 = 0.02 (0.97 = 0.02) 0.8 = 0.4(0.04 = 0.01) nd nd

i 2 Y190T C 5 0.15 = 0.04 (0.45 = 0.22) 1.1+0.4(0.40 = 0.17) 4.5+ 2.2(0.14 = 0.05) 74*22
j 1 Y1907 C 8 0.22 = 0.02 (0.87 = 0.09) 2.2+ 0.8(0.11 % 0.07) nd nd

k 2 nonconsecutive Y190T/W55T 567  0.20 = 0.01(0.70 = 0.16) 1.10 = 0.20 (0.26 = 0.15) 3.8 = 2.2(0.10 % 0.05) 51+12

01,02, and 03 correspond to the open time components determined from fitting the sum of exponentials to open time histograms constructed from events corresponding to a given amplitude class. Only channels corresponding to 10, 8,
or 5 pA class were analyzed. 7, is the burst duration calculated from the identified bursts (see Materials and Methods) (Fig. 2). C corresponds to the control subunit lacking binding site mutations. nd, Not detected. Line k corresponds to

recordings performed at

“The current amplitude was determined at —70 mV.

The 8 pA class of channel openings cor-

—70 mV with the indicated mutant HC subunits. Results are shown as mean == SD of at least five different patches for each amplitude class.
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sites is dispensable. The 5 pA class of chan-  HC: LC-Y190T
nel openings corresponds to receptors Ratio
with three intact binding sites, located at 31 19 gﬁ
either consecutive or nonconsecutive sub- ©5eA \ r Open Burst
unit interfaces (Fig. 4), but this class also .J u vy u ’M Counts
exhibits normal open and burst durations 50 ms 80 40
(Table 1, line f). Thus, at least two binding 10 pA 40 20
sites per receptor can be disabled and still o -
achieve maximal open channel lifetime, al- N ‘ ' ‘ L \ ‘g 0_5 432400 0_5 4 Q 5370
though this experiment could not distin- 500 ms
guish between the two possible arrange-
ments of three intact binding sites. 11 308 .
To distinguish between arrangements 5pA jww
of the three intact binding sites, we con-
structed a subunit with mutations that dis- 50 ms
able both the principal and the comple- 10 pA
mentary face of the binding site, Y190T/ ggﬁ " | ‘ ‘
W55T.  When incorporated into a | | MH Ll \ _5 TS _5 ) _3 2710
pentamer, the double-mutant subunit dis- log Duration (s)
Yy . C . 200 ms
ables the two binding sites to which it con-
tributes (Fig. 5). As observed for receptors  Figured. Activation of receptors with four or three intact agonist binding sites. Cells were cotransfected with HCand LC-Y190T

with a mutation at either face of the bind-
ing sites, receptors with mutations at both
faces exhibit no single-channel or macro-
scopic currents in response to 20 mm ACh
(Fig. 3). After coexpressing the HC sub-
unit with the LC-Y190T/W55T subunit
and applying 2-10 mm ACh, channel
opening episodes with amplitudes of 10, 8, 5, and 3 pA are ob-
served. To most accurately determine durations of the channel
opening events, we again analyzed events belonging to the three
largest amplitude classes (Fig. 5). The 8 pA class of openings
corresponds to receptors with three binding sites at consecutive
subunit interfaces (Fig. 5) and exhibits a briefer mean burst du-
ration (T, = 9.7 ms) (Table 1, line g) compared with control
(Tpurse = 16.5 ms) (Table 1, line a). Thus, confining the three
binding sites to consecutive subunit interfaces reduces the stabil-
ity of the open channel, and the remaining possibility, three bind-
ing sites at nonconsecutive subunit interfaces, provides maximal
stability.

subunit cDNAs at the indicated ratios. Arrangements of subunits for receptors giving rise to the amplitude classes 10 pA (5 binding
sites), 8 pA (4 binding sites), and 5 pA (3 binding sites) are shown (top panel). For each transfection ratio, recordings in the
presence of 2mmACh ata potential of —120 mV are shown at two different timescales with the amplitude class of interest marked
by the red line. Open and burst duration histograms were constructed after selecting events corresponding to 8 pA (3:1ratio) and
5 pA amplitude classes (1:1 ratio). Burst duration histograms were constructed as described in Materials and Methods.

In the recordings just described, channel openings of the 5 pA
class correspond to receptors with binding sites at two consecu-
tive or one subunit interface (Fig. 5), and appear as isolated events
with a brief mean duration (7, = 0.08 ms) (Table 1, line h). A
second population of isolated brief openings with small relative
area is also observed (7., = 0.85 ms) (Table 1, line h), but we
cannot determine whether these arise from receptors with two
consecutive or one binding site. Nevertheless, this experiment
shows that confining two binding sites to consecutive subunit
interfaces enables only isolated brief channel openings.

To further examine receptors with one or two intact binding
sites, we coexpressed the LC subunit with the HC-Y190T subunit,
and applied 2-10 mm ACh. The 10 pA amplitude class was not
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W55T subunits and recorded single-
channel currents at a membrane potential
of —70 mV in the presence of 2—10 mm
ACh. The change in membrane potential

@ rc

© |~ LC-Y190T/W55T does not significantly affect mean open
. and burst durations (at =70 mV, 7., =
HC : LC-Y190T/W55T 74 * 1.9 ms; Ty = 17.6 = 1.5 ms; at
Ratio |, =120 mV, Typen = 8.9 = 1.9 MS; Ty =
3:1 gSﬁ ‘ Open Burst 16.5 = 2.6 ms) (Table 1). In this experi-
A NI L‘ ”u‘ Counts ment, eight arrangements of §ubuni'ts are
' 540 0 possible, two of which contain no intact
ms . . . . .
40 2 binding sites (Fig. 7). Of the other six ar-
9o O B 1 ‘ — rangements, two correspond to receptors
SpA U ! T o | with two intact binding sites at nonconsec-
5-4-3-2-10 -5-4-32-1 0 ytjve subunit interfaces, and four corre-
200 ms spond to receptors with one intact binding
ap 100 site. Although isolated brief openings pre-
gon \ ] ‘ w dominated, presumably because of a
N '. JLU' WA ‘UuL_ 60 greater probability of forming receptors
‘2‘8 with one intact binding site, we also ob-
50 ms served bursts of openings with intermedi-
19 gﬁ 0 ate mean duration (Tope, = 3.8 MS; Ty =
5pA ‘ H A—V 5435970 5.1 ms) (Table 1, line k). Thus, receptors
MMMMHJ Whils log Duration (s) with two binding sites at nonconsecutive
200 ms subunit interfaces produce bursts of open-

Figure 5.

observed, as this would correspond to receptors with five HC
subunits and five disabled binding sites. The remaining four am-
plitude classes were observed, but to examine receptors with one
or two intact binding sites, we focus here on the 8 and 5 pA
classes. Channel opening episodes with 8 pA amplitude corre-
spond to receptors with one intact binding site and appear as
isolated events with a brief mean duration (Fig. 6) (7,pe, = 0.2
ms) (Table 1, line j). A second kinetic class of isolated openings
with small relative area is also observed (7, = 2.2 ms) (Table 1,
line j), showing that receptors with only one intact binding site
give rise to two kinetic classes of brief openings. In the same
recording, openings of the 5 pA amplitude class correspond to
receptors with two binding sites at either consecutive or noncon-
secutive subunit interfaces and appear as bursts with a mean
duration that is briefer (7., = 4.5 ms; Ty, = 7.4 ms) (Table 1,
line i) than observed for receptors with three binding sites at
nonconsecutive subunit interfaces. Because receptors with two
binding sites at consecutive subunit interfaces elicit isolated brief
openings (Fig. 5), these bursts of openings with intermediate
durations arise from receptors with two binding sites at noncon-
secutive subunit interfaces. Thus, receptors with one intact bind-
ing site or two consecutive binding sites produce isolated brief
channel openings, whereas receptors with two intact binding sites
at nonconsecutive subunit interfaces produce bursts of openings
with a mean duration about one-half that of the control
homo-pentamer.

To confirm that receptors with two nonconsecutive binding
sites produce bursts of openings with intermediate duration of
the control HC receptor, we coexpressed HC-Y190T and HC-

Activation of receptors with three consecutive, two consecutive, or one intact agonist binding site. Cells were
cotransfected with HCand LC-Y190T/W55T subunit cDNAs at the indicated ratios. Arrangements of subunits for receptors giving
rise to the amplitude classes 10 pA (5 functional binding sites), 8 pA (3 consecutive binding sites), and 5 pA (2 consecutive or 1
binding site) are shown (top panel). For each transfection ratio, recordings in the presence of 2 mm ACh at —120 mV are shown at
two different timescales with the main amplitude class of interest marked by the red line. Open and burst duration histograms
were constructed after selecting events corresponding to the 8 pA (3:1 ratio) and 5 pA amplitude class (3:2 ratio). Burst duration
histograms were constructed as described in Materials and Methods. Events in the 5 pA amplitude class did not occur in bursts.

ings with a mean duration one-halfto one-
third of that produced by the control
homo-pentamer with five binding sites.
Summing up, receptors with three intact
binding sites at nonconsecutive subunit
interfaces elicit bursts of channel openings
with maximal mean open time.

To further compare receptors with
three intact binding sites with those with
five intact binding sites, we fitted a kinetic scheme to sequences of
openings and closings within bursts. Because bursts comprise
two exponential components of openings and two of closings
(Rayes et al., 2005), we fitted the following scheme to the data:

(041)
—»C2

Bio

O1

o || Bi 022 Scheme

B22
B2

———>02

C1
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Here, the Cn are closed states, On are open states, and the Greek
letters are rate constants for transition between the states. We
previously showed that scheme 1 describes sequences of openings
and closings within bursts from the HC form of the a7-5HT;,
chimera (Rayes et al., 2005); because a high concentration of ACh
was used, each state is considered fully occupied by agonist. How-
ever, because closed and open times within bursts were indepen-
dent of ACh concentration, data obtained across a range of ACh
concentrations could not yield rate constants for the agonist
binding steps leading to the states in scheme 1. Maximum likeli-
hood fitting of scheme 1 to closed and open dwell times within
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bursts describes the experimental data for
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the control HC a7-5HTj;, chimera (Table
2, HC; supplemental Fig. 2, available at
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jneurosci.org as supplemental material)].
Moreover, the fitted rate constants are
similar for all three of these variant recep-
tors (Table 2). However, scheme 1 did not
describe dwell time sequences for the 8 pA
amplitude class corresponding to recep-
tors with three intact binding sites at consec-
utive subunit interfaces (obtained by coex-
pression of HC and LC-Y190T/W55T
subunits in Fig. 5). Thus, receptors with in-
tact binding sites at five or three nonconsec-
utive subunit interfaces are kinetically indistinguishable.

Figure 6.

Rate of activation and extent of desensitization depend on the
number of intact binding sites per receptor
To determine whether the number of agonist binding sites per
receptor affects the rate of activation and the extent of desensiti-
zation, we coexpressed different mole ratios of the HC and HC-
Y190T/W55T subunits, rapidly applied ACh, and recorded
whole-cell macroscopic currents. Because macroscopic currents
result from the overall population of receptors in the cell, this
experiment cannot distinguish the arrangements of subunits
within individual receptors. However, by varying the mole ratio
of the subunits, the average number of intact binding sites per
receptor can be systematically changed. For cells expressing the
control HC a7-5HT;, chimeric receptor, a step pulse of 20 mm
ACh elicits a rapid increase of current that, in the continued
presence of ACh, decays because of desensitization, reaching a
steady-state current of 5-20% of the peak current (Fig. 84, top).
The rate of the current increase does not change between 20 and
40 mM ACh, suggesting that agonist association and dissociation
steps do not contribute to the observed rise time (Hu et al., 2003).
Simulations of macroscopic currents show that the channel
opening rate, and not the closing rate or the rate of desensitiza-
tion, contributes appreciably to the rise time (supplemental Fig.
4, available at www.jneurosci.org as supplemental material).
Macroscopic current recordings reveal that, as the average
number of intact binding sites per receptor decreases, the rise
time increases, suggesting a decreased rate of channel opening.
Also, the peak current relative to the steady-state current de-

log Duration (s)
200 ms

Activation of receptors with two nonconsecutive, two consecutive, or one intact agonist binding site. Cells were
cotransfected with HC-Y190T and control LC subunits cDNAs at the indicated ratios. Arrangements of subunits for receptors giving
rise to the amplitude classes 8 pA (1 functional binding site) and 5 pA (2 functional binding sites) at —120 mV are shown (top
panel). Recordings performed in the presence of 2 mm ACh at —120 mV are shown at two different timescales with the main
amplitude class for each ratio marked by the red line. Open and burst duration histograms were constructed after selecting events
corresponding to the 8 pA (2:1 ratio) and 5 pA (1:1 ratio) amplitude classes. Burst duration histograms were constructed as
described in Materials and Methods. Events in the 8 pA amplitude class did not occur in bursts.

creases, indicating a reduced extent of desensitization (Fig. 8).
The reduced extent of desensitization may reflect slower onset
and/or faster recovery from desensitization. Also, a reduction in
the opening rate or an increase in the closing rate may reduce
the extent of desensitization (supplemental Fig. 4, available at
www.jneurosci.org as supplemental material). Although we
cannot distinguish among these possibilities, our findings show
that the extent of desensitization is less pronounced in receptors
containing fewer agonist binding sites.

Comparison of currents elicited by 20 and 40 mm ACh again
showed no differences. Although the rise times for a given mole
ratio of subunits varied among different cells, the overall data
grouped into three distinct populations. The population with
longest rise time increases as the fraction of receptors with only
one or two intact binding sites increases.

After transfection with a subunit ratio of 0.4:1 (HC to HC-
Y190T/W55T), ACh-elicited currents rise slowly to a stable pla-
teau, but do not show a transient peak (Fig. 8a). This subunit
ratio predicts 70% of receptors have no intact binding sites, 21%
have one binding site, 6% have two consecutive sites, and 2%
have three consecutive binding sites (supplemental Fig. 5, avail-
able at www.jneurosci.org as supplemental material). Because the
vast majority of functional receptors contain two consecutive or
one binding site, we conclude that two or more binding sites at
nonconsecutive subunit interfaces are required to achieve rapid
activation and extensive steady-state desensitization.

Finally, we find that sensitivity to agonist decreases as the
number of intact binding sites per receptor decreases. For control
receptors composed of five HC subunits, the peak macroscopic
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Figure7. Activation of receptors with two nonconsecutive or one intact agonist binding site. The
HC-Y190T and HC-WS55T subunits were coexpressed at a 1:1 ratio resulting in eight different arrange-
ments of subunits (top panel). All eight arrangements give rise to a single amplitude class withamean
current of 5.6 pA at —70 mV. Recordings were obtained in the presence of 2 or 10 mum ACh. Traces are
shown at two different timescales. Open and burst duration histograms are shown.

Table 2. Kinetic parameters of receptors containing different number of binding
sites

HC HC +LC HC + LC-Y190T
(10 pA) (5 pA) (5 pA)
B 3% 55 S o
g T T8 e 86
4 4 4 4 )
N° sites 3 5 3
(Corresponding (line a) (line d) (line f)
line in Table 1)
B (s) 15800 + 2200 9900 + 900 11900 + 1200
oy (5'1) 5100 + 1300 6600 + 600 7100 + 800
B2 (s") 42500 + 4000 29700 £ 1500 24000 + 1800
[+73 (s'1) 120+10 200+ 15 490 + 80
Biz (s™) 2900 + 290 1200+ 170 2100 + 200
(77 (s") 5700 + 800 4000 + 400 3100 + 460
53 (s") 1100+ 150 440+ 100 740 +150
an (s™) 40+10 70+ 10 110+ 15

Values are results of simultaneous fits of scheme 1 to data from at least three different patches at 2—10 mm ACh at
—120mV (see Materials and Methods). The log likelihood was 12,984, 13,178, and 13,237 for columns 1,2, and 3,
respectively. For the references of the subunit arrangements, see Figures 4—6.

current evoked by 1 mm ACh is equivalent to that evoked by 20
mM ACh (Fig. 9). However, as the average number of intact bind-
ing sites per receptor decreases, the peak current evoked by 1 mm
ACh progressively decreases compared with that evoked by 20
mMm ACh.
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Figure 8.  Dependence of activation rate and extent of desensitization on the number of
intact bindingsites per receptor. a, Cells were transfected with the control HC subunit alone (top
trace) or with the HC-Y190T/W55T mutant subunit at the indicated subunit ratios. Macroscopic
currents were recorded in the whole-cell configuration at an applied potential: —50mV. b, The
ratios of the peak to the steady-state currents (IPeak/Iss) are shown for each transfection ratio.
Data are shown as mean = SD (n = 5). ¢, Rise times of the currents were plotted for individual
cells for the indicated transfection ratios. The vertical lines indicate the mean == SD of the rise
time for each cluster. A k-means analysis (MacQueen, 1967) reveals three clusters of rise times
(inset). *Indicates the lowest number of populations that allows a minimal intracluster SSQ.

Discussion

The ancestral Cys-loop receptor was likely homomeric and con-
tained five identical binding sites (Ortells and Lunt, 1995; Le
Novere et al., 2002; Tasneem et al., 2005). Present-day homo-
meric receptors, such as neuronal a7 and 5-HTj;, receptors, di-
verged least from the ancestral receptor and likely share func-
tional features among members of the superfamily. Evolution led
to the appearance of new subunits that lost the ability to form
agonist binding sites, giving rise to heteromeric receptors with
fewer than five binding sites (Tsunoyama and Gojobori, 1998;
Le Novere et al., 2002). The prototypic heteromeric receptors,
muscle ACh and GABA, receptors, contain only two agonist
binding sites.

Because heteromeric receptors contain only two agonist bind-
ing sites, whereas homomeric receptors contain five, a long-
standing question has been how many of the five neurotransmit-
ter binding sites in homomeric receptors are required to
efficiently open the channel. The answer to this question will
provide a mechanistic framework for describing the activation
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Figure9. Dependence of peak currents elicited by 1and 20 mm ACh on the number of intact

binding sites per receptor. Cells were transfected with the HC subunit alone (top traces) or with
the HC-Y190T/W55T mutant subunit at the indicated subunit ratios (bottom traces). Macro-
scopic currents were recorded in the whole-cell configuration at an applied potential of —50
mV. Currents were elicited by T mm (gray) or 20 mm (black) ACh and shown at two different
timescales. For receptors composed of HC subunits, the rise time does not change significantly
between 1and 20 mum ACh; for this receptor, the ratio of the 20 — 80% rise times at 1and 20 mm
ACh (Rt p/Rtyg ) is 1.3 = 0.3. Differences in rise times between 1.and 20 mm ACh become
apparent as the relative amount of the HC-Y190T/W55T subunit increases. The Rt . /Rtyg
ratios are 2.1, 3.1, and 7.1 for subunit ratios of 6:1; 1.6:1, and 0.4:1, respectively. For each
transfection condition, currentsin response to 40 mm ACh were also measured; in all cases, peak
currents elicited by 20 and 40 mm ACh were not significantly different, indicating that saturation
was achieved.

process and give insight into interactions between subunits that
enable global conformational changes required for channel
opening. At present, only indirect approaches based on kinetic
modeling of macroscopic and single-channel currents have ad-
dressed this issue, and the results have not been definitive. In-
deed, from two to five binding sites have been proposed to acti-
vate different homomeric Cys-loop receptors (Legendre, 1998;
Papke et al., 2000; Beato et al., 2002). Nevertheless, recent kinetic
modeling studies for 5-HT;, receptors (Solt et al., 2007) (J. Cor-
radi, F. Gumilar, and C. Bouzat, unpublished observations) and
glycine receptors (Beato et al., 2004; Lape et al., 2008) suggest
three binding sites are required for optimal activation, in agree-
ment with our direct experimental evidence.

The chimeric a7-5HT};, receptor has served as a prototype for
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investigating the pharmacology of a7 receptors (Eiselé et al.,
1993; Nicke et al., 2003). The high conductance and uniform
open channel current of the HC form of the chimeric receptor are
valuable attributes in the electrical fingerprinting strategy used
here. Furthermore, the mutations that affect conductance have
the advantage that they do not alter the intrinsic kinetics of chan-
nel gating (Rayes et al., 2005; Bouzat et al., 2008); a recent study of
5-HTj;, receptors shows that deletion of the entire M3-M4 loop
affects mainly channel conductance of 5-HT;, (Jansen et al.,
2008).

The a7-5HT};, receptor has additional advantages in defining
the number and locations of binding sites required for channel
opening. First, residues contributing to the binding site are well
known (Brejc et al., 2001; Sine, 2002). Among these residues, we
chose to mutate Y190 from the principal face and W55 from the
complementary face (O’Leary and White, 1992; Sine et al., 1994;
Chen et al., 1995; Chiara et al., 1998; Costa et al., 2003); muta-
tions of either residue alone or both residues together completely
inhibit the response to agonist. Second, the single-channel cur-
rent amplitudes span from undetectable with five LC subunits to
10 pA at —120 mV with five HC subunits, allowing distinction of
channel opening episodes from receptors with different numbers
of high- and low-conductance subunits. The observation of dis-
crete and equally spaced amplitude classes indicates that the
number of subunits carrying conductance mutations but not
their disposition in the pentamer determines current amplitude.

The vast majority of current through the HC form of the
a7-5HTj;, chimera flows during bursts openings in quick succes-
sion. The kinetics of bursts does not depend on agonist concen-
tration (Rayes et al., 2005), as observed for native 5-HT;,, a7,
and GABA, receptors (Akk et al., 2004; Lema and Auerbach,
2006; Bouzat et al., 2008) (J. Corradi, F. Gumilar, and C. Bouzat,
unpublished observations).

The lack of concentration-dependent kinetics suggests that
brief and long channel openings arise from fully liganded recep-
tors and that channel openings are terminated mainly by desen-
sitization (Rayes et al., 2005; Bouzat et al, 2008). This
concentration-independent burst structure seems to be common
to excitatory homomeric Cys-loop receptors, but differs from
that of muscle AChRs and homomeric and heteromeric glycine
receptors, for which closed intervals within bursts depend on
agonist concentration (Sine and Steinbach, 1987; Sine et al., 1990;
Bouzat et al., 2000, 2002; Beato et al., 2004; Lape et al., 2008).
GABA, receptors also show concentration-independent bursts
but these coalesce into clusters that include concentration-
dependent interburst closings (Steinbach and Akk, 2001; Akk et
al., 2004).

We find that only one functional binding site per receptor
allows activation by agonist, but the openings are brief and soli-
tary. Kinetic analyses of muscle AChRs, GABA,, and glycine re-
ceptors also showed that openings activated by occupancy by a
single agonist are brief compared with openings activated by oc-
cupancy by two agonists (Colquhoun and Sakmann, 1985; Ohno
et al., 1996; Fisher and Macdonald, 1997; Haas and Macdonald,
1999; Bouzat et al., 2002; Greenfield et al., 2002; Beato et al.,
2004).

A novel finding of this work is that two intact binding sites at
consecutive subunit interfaces enables only brief solitary open-
ings, which mimic those of receptors with only one intact binding
site. However, two intact binding sites at nonconsecutive inter-
faces enable bursts of openings with a much longer-lived open
state appropriate for efficient activation. Thus, as observed for
the muscle AChR and GABA, receptors, two binding sites sepa-
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rated by an intervening subunit enable global structural changes
that produce a stable open state.

Receptors with intact binding sites at three nonconsecutive
interfaces maximize the stability of openings within bursts and
exhibit a kinetic signature indistinguishable from that of recep-
tors with five intact binding sites. Thus, a third agonist binding
site allows positive modulation by the same neurotransmitter and
resembles allosteric modulation observed in heteromeric recep-
tors. In heteromeric receptors, the third site allows potentiation
by heterotropic regulatory ligands, such as benzodiazepines for
GABA , receptors (Cromer et al., 2002) or zinc for neuronal nic-
otinic receptors (Hsiao et al., 2008). Moreover, the arrangement
of GABA and benzodiazepine binding sites in GABA, receptors
(Cromer et al., 2002) is analogous to that shown here for func-
tionally relevant binding sites in a7-5HT; , receptors.

Our findings also raise new questions regarding the mecha-
nism of activation of homomeric receptors. For example, there
may be a specific temporal sequence in which occupancy of the
three functionally relevant binding sites produces a stable open
state. We can speculate that two nonconsecutive binding sites are
first occupied, and successive occupancy of the third site poten-
tiates the response. Also, at a saturating concentration of agonist,
the two supernumerary binding sites should be occupied and
may contribute to some other facet of receptor function even
though they do not contribute to open channel stability.

In whole-cell recordings, macroscopic currents result from
the overall population of receptors within the same cell. Although
arrangements of subunits in individual receptors cannot be de-
termined, the probability of each arrangement can be calculated.
We show that, whereas two nonconsecutive binding sites allow
rapid activation in response to agonist, as well as desensitization
in its continued presence, two consecutive binding sites allow
only slow channel activation and no desensitization. By compar-
ing macroscopic responses at different agonist concentrations,
we found that the response saturates at higher concentrations
with receptors containing reduced numbers of intact binding
sites, indicating that the availability of more than two binding
sites enhances agonist sensitivity. The enhanced sensitivity, to-
gether with the benefit of a single self-assembling gene product,
could have been important as far back as prokaryotes (Tasneem
et al., 2005) and before the appearance of structurally efficient
synapses. In present-day homomeric receptors, high agonist sen-
sitivity could be important in the function of extrasynaptic and
presynaptic receptors (Jones and Wonnacott, 2004 ).

The overall results show that, as the structures of the principal
and complementary faces of the binding site evolved, hetero-
meric assembly of the subunits resulted in receptors with fewer
than five agonist binding sites, but without the penalty of a re-
duced maximal response to agonist. However, three mechanistic
constraints came into play. First, to elicit a global conformational
change that produced a stable active state, at least two binding
sites at a distance from each other were required (Jackson, 1989),
as in the prototypic ACh receptor at the motor endplate. Second,
two binding sites at nonconsecutive subunit interfaces enabled
the channel to open rapidly after binding of agonist, and pro-
tected against overstimulation by agonist by preserving desensi-
tization. Finally, in many heteromeric receptors, a third site en-
ables allosteric modulation by ligands other than the natural
neurotransmitter. For example, in heteromeric GABA, recep-
tors, agonist binds to sites at the two interfaces formed by e and 8
subunits, whereas benzodiazepines bind to a site at the single
interface formed by a and y subunits (Amin et al., 1997; Campo-
Soria et al., 2006). Moreover, it was suggested that homology
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between the two types of binding sites can be traced to a gene
duplication event resulting in a modified subunit that contrib-
utes to a modulatory site (Smith and Olsen, 1995). Positive allo-
steric modulators have emerged as a therapeutic strategy for dis-
orders associated with receptor deficit (Gotti et al., 2006). Our
study suggests such modulatory sites evolved from a site for the
natural neurotransmitter.

References

Akk G, Bracamontes J, Steinbach JH (2004) Activation of GABA(A) recep-
tors containing the alpha4 subunit by GABA and pentobarbital. ] Physiol
15:387-399.

Amin ], Weiss DS (1996) Insights into the activation mechanism of rhol
GABA receptors obtained by coexpression of wild type and activation-
impaired subunits. Proc Biol Sci 263:273-282.

Amin J, Brooks-Kayal A, Weiss DS (1997) Two tyrosine residues on the
alpha subunit are crucial for benzodiazepine binding and allosteric mod-
ulation of gamma-aminobutyric acidA receptors. Mol Pharmacol
51:833-841.

Beato M, Groot-Kormelink PJ, Colquhoun D, Sivilotti LG (2002) Openings
of the rat recombinant alpha 1 homomeric glycine receptor as a function
of the number of agonist molecules bound. ] Gen Physiol 119:443—466.

Beato M, Groot-Kormelink PJ, Colquhoun D, Sivilotti LG (2004) The acti-
vation mechanism of «l homomeric glycine receptors. J Neurosci
24:895-906.

Bouzat C, Bren N, Sine SM (1994) Structural basis of the different gating
kinetics of fetal and adult acetylcholine receptors. Neuron 13:1395-1402.

Bouzat C, Barrantes F, Sine S (2000) Nicotinic receptor fourth transmem-
brane domain: hydrogen bonding by conserved threonine contributes to
channel gating kinetics. ] Gen Physiol 115:663—672.

Bouzat C, Gumilar F, del Carmen Esandi M, Sine SM (2002) Subunit-
selective contribution to channel gating of the M4 domain of the nicotinic
receptor. Biophys J 82:1920-1929.

Bouzat C, Gumilar F, Spitzmaul G, Wang HL, Rayes D, Hansen SB, Taylor P,
Sine SM (2004) Coupling of agonist binding to channel gating in an
ACh binding protein linked to an ion channel. Nature 430:896-900.

Bouzat C, Bartos M, Corradi J, Sine SM (2008) The interface between extra-
cellular and transmembrane domains of homomeric Cys-loop receptors
governs open-channel lifetime and rate of desensitization. J Neurosci
28:7808-7819.

Brejc K, van Dijk WJ, Klaassen RV, Schuurmans M, van Der Oost J, Smit AB,
Sixma TK (2001) Crystal structure of an ACh-binding protein reveals
the ligand-binding domain of nicotinic receptors. Nature 411:269-276.

Campo-Soria C, Chang Y, Weiss DS (2006) Mechanism of action of benzo-
diazepines on GABA , receptors. Br ] Pharmacol 148:984-990.

Chen J, Zhang Y, Akk G, Sine S, Auerbach A (1995) Activation kinetics of
recombinant mouse nicotinic acetylcholine receptors: mutations of
a-subunit tyrosine 190 affect both binding and gating. Biophys J
69:849—-859.

Chiara DC, Middleton RE, CohenJB (1998) Identification of tryptophan 55
as the primary site of [ *H]nicotine photo-incorporation in the gamma-
subunit of the Torpedo nicotinic acetylcholine receptor. FEBS Lett
423:223-226.

Colquhoun D, Sakmann B (1985) Fast events in single-channel currents
activated by acetylcholine and its analogues at the frog muscle end-plate.
J Physiol 369:501-557.

Costa V, Nistri A, Cavalli A, Carloni P (2003) A structural model of agonist
binding to the a3B4 neuronal nicotinic receptor. Br ] Pharmacol
140:921-931.

Cromer BA, Morton CJ, Parker MW (2002) Anxiety over GABA(A) recep-
tor structure relieved by AChBP. Trends Biochem Sci 27:280-287.

Eiselé JL, Bertrand S, Galzi JL, Devillers-Thiéry A, Changeux JP, Bertrand D
(1993) Chimaeric nicotinic-serotonergic receptor combines distinct li-
gand binding and channel specificities. Nature 366:479—483.

Fisher JL, Macdonald RL (1997) Single channel properties of recombinant
GABAA receptors containing gamma 2 or delta subtypes expressed with
alpha 1 and beta 3 subtypes in mouse L929 cells. ] Physiol 505:283-297.

Gentet L], Clements JD (2002) Binding site stoichiometry and the effects of
phosphorylation on human alphal homomeric glycine receptors.
J Physiol 544:97-106.

Gotti C, Zoli M, Clementi F (2006) Brain nicotinic acetylcholine receptors:
native subtypes and their relevance. Trends Pharmacol Sci 27:482—491.



6032 - J. Neurosci., May 6, 2009 - 29(18):6022— 6032

Greenfield LJ Jr, Zaman SH, Sutherland ML, Lummis SC, Niemeyer MI,
Barnard EA, Macdonald RL (2002) Mutation of the GABAA receptor
M1 transmembrane proline increases GABA affinity and reduces barbi-
turate enhancement. Neuropharmacology 42:502-521.

Haas KF, Macdonald RL (1999) GABAA receptor subunit gamma2 and
delta subtypes confer unique kinetic properties on recombinant GABAA
receptor currents in mouse fibroblasts. J Physiol 514:27-45.

Hsiao B, Mihalak KB, Magleby KL, Luetje CW (2008) Zinc potentiates neu-
ronal nicotinic receptors by increasing burst duration. ] Neurophysiol
99:999-1007.

Hu XQ, Zhang L, Stewart RR, Weight FF (2003) Arginine 222 in the pre-
transmembrane domain 1 of 5-HT3A receptors links agonist binding to
channel gating. ] Biol Chem 278:46583—46589.

Jackson MB (1989) Perfection of a synaptic receptor: kinetics and energetics
of the acetylcholine receptor. Proc Natl Acad Sci U S A 86:2199-2203.

Jansen M, Bali M, Akabas MH (2008) Modular design of Cys-loop ligand-
gated ion channels: functional 5-HT; and GABA p1 receptors lacking the
large cytoplasmic M3M4 loop. ] Gen Physiol 131:137-146.

Jones IW, Wonnacott S (2004) Precise localization of a7 nicotinic acetyl-
choline receptors on glutamatergic axon terminals in the rat ventral teg-
mental area. ] Neurosci 24:11244-11252.

Karlin A (2002) Emerging structure of the nicotinic acetylcholine receptors.
Nat Rev Neurosci 3:102-114.

Kelley SP, Dunlop JI, Kirkness EF, Lambert JJ, Peters JA (2003) A cytoplas-
mic region determines single-channel conductance in 5-HT3 receptors.
Nature 424:321-324.

Lape R, Colquhoun D, Sivilotti LG (2008) On the nature of partial agonism
in the nicotinic receptor superfamily. Nature 454:722-727.

Legendre P (1998) A reluctant gating mode of glycine receptor channels
determines the time course of inhibitory miniature synaptic events in
zebrafish hindbrain neurons. ] Neurosci 18:2856-2870.

Lema GM, Auerbach A (2006) Modes and models of GABA(A) receptor
gating. ] Physiol 572:183-200.

Le Novere N, Corringer PJ, Changeux JP (2002) The diversity of subunit
composition in nAChRs: evolutionary origins, physiologic and pharma-
cologic consequences. ] Neurobiol 53:447—456.

Lester HA, Dibas MI, Dahan DS, Leite JF, Dougherty DA (2004) Cys-loop
receptors: new twists and turns. Trends Neurosci 27:329-336.

Liu Y, Dilger JP (1991) Opening rate of acetylcholine receptor channels.
Biophys J 60:424—432.

Mackinnon R, Aldrich R, Lee A (1993) Functional stoichiometry of Shaker
potassium channel inactivation. Science 62:757-759.

MacQueen ] (1967) Some methods for classification and analysis of multi-
variate observations. In: Fifth Berkeley Symposium on Mathematical Sta-
tistics and Probability, Vol 1, Statistics (Le Cam LM, Neyman J, eds), pp
281-297. Berkekey, CA: University of California.

Mott DD, Erreger K, Banke TG, Traynelis SF (2001) Open probability of
homomeric murine 5-HT3A serotonin receptors depends on subunit oc-
cupancy. ] Physiol 535:427—-443.

Nicke A, Samochocki M, Loughnan ML, Bansal PS, Maelicke A, Lewis R]
(2003) Alpha-conotoxins EpI and AulB switch subtype selectivity and
activity in native versus recombinant nicotinic acetylcholine receptors.
FEBS Lett 554:219-223.

Ohno K, Wang HL, Milone M, Bren N, Brengman JM, Nakano S, Quiram P,
Pruitt JN, Sine SM, Engel AG (1996) Congenital myasthenic syndrome
caused by decreased agonist binding affinity due to a mutation in the
acetylcholine receptor epsilon subunit. Neuron 17:157-170.

Rayes et al. « Homomeric Cys-Loop Receptors; Occupancy and Activation

O’Leary ME, White MM (1992) Mutational analysis of ligand-induced ac-
tivation of the Torpedo acetylcholine receptor. J Biol Chem
267:8360—8365.

Ortells MO, Lunt GG (1995) Evolutionary history of the ligand-gated ion-
channel superfamily of receptors. Trends Neurosci 18:121-127.

Palma E, Bertrand S, Binzoni T, Bertrand D (1996) Neuronal nicotinic a7
receptor expressed in Xenopus oocytes presents five putative binding sites
for methyllycaconitine. J Physiol 491:151-161.

Papke RL, Meyer E, Nutter T, Uteshev VV (2000) Alpha7 receptor-selective
agonists and modes of alpha7 receptor activation. Eur J Pharmacol
393:179-195.

Qin F, Auerbach A, Sachs F (1996) Estimating single-channel kinetic pa-
rameters from idealized patch-clamp data containing missed events. Bio-
phys J 70:264-280.

Rayes D, Spitzmaul G, Sine SM, Bouzat C (2005) Single channel kinetic
analysis of chimeric a7-5HT3A receptors. Mol Pharmacol 68:1475-1483.

Sine SM (2002) The nicotinic receptor ligand binding domain. ] Neurobiol
53:431-446.

Sine SM, Engel AG (2006) Recent advances in Cys-loop receptor structure
and function. Nature 440:448—455.

Sine SM, Steinbach JH (1987) Activation of acetylcholine receptors on
clonal mammalian BC3H-1 cells by high concentrations of agonist.
J Physiol 385:325-359.

Sine SM, Taylor P (1979) Functional consequences of agonist-mediated
state transitions in the cholinergic receptor. ] Biol Chem 254:3315-3325.

Sine SM, Claudio T, Sigworth FJ (1990) Activation of Torpedo acetylcholine
receptors expressed in mouse fibroblasts. Single channel current kinetics
reveal distinct agonist binding affinities. ] Gen Physiol 96:395-437.

Sine SM, Quiram P, Papanikolaou F, Kreienkamp HJ, Taylor P (1994) Con-
served tyrosines in the alpha subunit of the nicotinic acetylcholine recep-
tor stabilize quaternary ammonium groups of agonists and curariform
antagonists. ] Biol Chem 269:8808—-8816.

Sine SM, Kreienkamp HJ, Bren N, Maeda R, Taylor P (1995) Molecular
dissection of subunit interfaces in the acetylcholine receptor: identifica-
tion of determinants of alpha-conotoxin M1 selectivity. Neuron
15:205-211.

Smith GB, Olsen RW (1995) Functional domains of GABAA receptors.
Trends Pharmacol Sci 16:162—-168.

Solt K, Ruesch D, Forman SA, Davies PA, Raines DE (2007) Differential
effects of serotonin and dopamine on human 5-HTj;, receptor kinetics:
interpretation within an allosteric kinetic model. ] Neurosci
27:13151-13160.

Steinbach JH, Akk G (2001) Modulation of GABA(A) receptor channel gat-
ing by pentobarbital. ] Physiol 15:715-733.

Tasneem A, Iyer LM, Jakobsson E, Aravind L (2005) Identification of the
prokaryotic ligand-gated ion channels and their implications for the
mechanisms and origins of animal Cys-loop ion channels. Genome Biol
6:R4.

Tsunoyama K, Gojobori T (1998) Evolution of nicotinic acetylcholine re-
ceptor subunits. Mol Biol Evol 15:518-527.

Unwin N (2005) Refined structure of the nicotinic acetylcholine receptor at
4 A resolution. ] Mol Biol 346:967-989.

Wang HL, Auerbach A, Bren N, Ohno K, Engel AG, Sine SM (1997) Muta-
tion in the M1 domain of the acetylcholine receptor alpha subunit de-
creases the rate of agonist dissociation. ] Gen Physiol 109:757-766.



