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On the nature of partial agonism in the
nicotinic receptor superfamily

Remigijus Lape', David Colquhoun' & Lucia G. Sivilotti'

Partial agonists are ligands that bind to receptors but produce only a small maximum response even at concentrations where
all receptors are occupied. In the case of ligand-activated ion channels, it has been supposed since 1957 that partial agonists
evoke a small response because they are inefficient at eliciting the change of conformation between shut and open states of
the channel. We have investigated partial agonists for two members of the nicotinic superfamily—the muscle nicotinic
acetylcholine receptor and the glycine receptor—and find that the open-shut reaction is similar for both full and partial
agonists, but the response to partial agonists is limited by an earlier conformation change (‘flipping’) that takes place while
the channel is still shut. This has implications for the interpretation of structural studies, and in the future, for the design of

partial agonists for therapeutic use.

Agonists are small molecules that bind to a receptor and activate it.
The best understood receptors are ligand-gated ion channels. When
neurotransmitters bind to their extracellular domain, the resulting
change of conformation opens an ion channel, which carries current
through the cell membrane, allowing electrical signals to propagate.
The natural neurotransmitters, acetylcholine and glycine, are very
efficacious agonists: when they are bound, the channel is open for
95-98% of the time"*. In the 1950s, agonists were discovered that
could not produce such a large response even when they saturated
the binding sites. These were called partial agonists. Here we find that
taurine can hold the glycine receptor channel open for at most about
54% of the time. del Castillo and Katz’ were the first to propose for an
ion channel that when the receptor is occupied by a partial agonist the
‘gating’ equilibrium between open and shut conformations lies
towards the shut side. This is equivalent to saying that agonists work
because they have a higher affinity for the open state than the shut
state®’, so their binding shifts the equilibrium towards the open state.
The more efficacious the agonist, the greater is its selectivity for the
open state. These views of partial agonism have persisted, essentially
unchanged, for 50 years. However, recent findings suggest another
possibility. ®-value analysis indicates that, after binding, nicotinic
receptors move through a number of brief intermediate shut states,
a ‘conformational wave’, before the channel opens®*°. Our own work
on glycine receptors suggested that it is possible to detect and measure
the properties of an intermediate conformation, which we refer to as
‘flip”*. The flipped receptor has a higher affinity for the agonist than
the resting receptor, so it is a sort of activated, pre-open state. Higher
affinity could result from domain closure around the bound agonist, a
phenomenon that is clear in structures of extracellular domains of
glutamate channels'"'"?, but less obvious in the nicotinic super-
family'>", where binding sites are at the interface between subunits.
Here we investigate two partial agonists, taurine for glycine recep-
tors, and tetramethylammonium (TMA) for nicotinic receptors.
When our single-channel measurements are interpreted in terms of
the flip mechanism, it is found that the open—shut reaction is remark-
ably similar for full and partial agonists. In both receptors, partial
agonism originates from a reduced ability to flip, rather than a
reduced ability to open. From the viewpoint of selective affinity, it
is a low affinity for the flipped state, relative to the resting state, that

makes an agonist partial, rather than low affinity for the open state,
relative to the resting state, as previously supposed. This interpreta-
tion places the root of partial agonism early in the chain of events that
follow binding. It provides an experimental verification for ®-value
analysis®*>'* as well as a functional counterpart for future structural
measurements and it may be exploitable in rational drug design.

Results with the glycine receptor

Figure 1a shows raw single-channel data for three concentrations of a
full agonist, glycine, and a partial agonist, taurine, on rat heteromeric
o1 glycine receptors. At the highest concentrations it is obvious that
the channel is open for more of the time with glycine than with
taurine.

At 1-100 mM taurine, openings occurred in long clusters sepa-
rated by long shut periods, presumably sojourns in long-lived desen-
sitized states. Below 1 mM, openings were sparse and occurred in
short bursts of openings separated by short shuttings (Fig. 1c).

The probability of being open, Pqpen (the fraction of time for which
the channel is open; that is, the ratio between total open time per
cluster and cluster length), reached a maximum of about 96% for
glycine but only 54% for taurine (Fig. 1b). Unlike nicotinic channels,
there was no sign of channel block by the agonist itself.

Plotting the distributions of apparent shut times (‘apparent’
means what is observed, as distorted by our inability to detect short
events) shows that for both the partial agonist, taurine, and the full
agonist, glycine, the mean lifetime of the brief shuttings is very sim-
ilar, being between 10 and 14 ps, irrespective of concentration®
(Fig. 1d).

To investigate what mechanisms might underlie our observations,
we fitted putative mechanisms to the data with our HJCFIT method.
This method maximizes the likelihood of the entire sequence of
openings and shuttings, with exact allowance for missed events.
Simulation studies>"> showed that this method is capable of estim-
ating up to 18 rate constants with values as fast as 130,000s .

To estimate all the rate constants it is necessary to fit simulta-
neously a set of recordings at different agonist concentrations. First
the mechanism to be tested must be postulated. We shall concentrate
here on the flip mechanism (Fig. 2a) because it provides a realistic
description of the wild-type glycine receptor? (see discussion below).
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It was not possible to use taurine concentrations lower than 1 mM,
for technical reasons described in Supplementary Information. Thus,
it is not surprising that initial fits suggested that there were few
monoliganded openings in our records. Therefore monoliganded
flipped and open states were not included in the mechanism in the
final fits (Fig. 2a, grey regions).

Figure 2 shows the results of a fit to a set of three records with 3, 10
and 100 mM taurine. It shows that the flip mechanism can, with a
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Figure 1| Glycine channels show short interruptions when activated by
either full or partial agonists. a, Single-channel currents (opening upwards)
produced by a full agonist (glycine) or a partial agonist (taurine). b, Open
probability increases with agonist concentration, reaching a maximum of
0.54 for taurine and 0.96 for glycine (17-60 clusters, 3—4 patches per point,
*+s.e.m.; Hill equation fits; glycine data from ref. 2). ¢, Short shut times are
clearly detectable in channel activations by 1 mM taurine. Points are the
digitized record and the continuous line is the best time-course fit obtained
during idealization together with the estimated duration of the short gaps.
d, Short shut times are the predominant component in shut-time
distributions for both agonists. With the usual resolution of 30 s, a large
proportion of such short shuttings are missed, but quite enough are
observed to obtain a good estimate of their duration. Dwell-time
distributions were fitted here and in Fig. 4b with a mixture of exponentials
using EKDIST, so they are descriptive and not mechanism dependent.
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single set of rate constants, predict well the observed open and shut
times at all three concentrations and the observed Py, curve (con-
tinuous lines in Fig. 2b, ¢).

The average rate constants from nine recordings fitted as three
independent sets (Table 1 and Supplementary Table 1) show that
the opening rate for the fully liganded channel (f5) is almost the
same for the partial agonist, taurine, as it is for glycine. The shutting
rate (oi3) is not greatly different from glycine either (14,5005, com-
pared with 7,000s™ "), so the open—shut equilibrium constants
(E; = f3/a3) for taurine and glycine are similar (compared with a
180-fold difference in flipping equilibrium constants, Table 1). It
has been assumed since 1957 (ref. 3) that partial agonism is a char-
acteristic of the open—shut reaction but that is clearly not the case
here. The major difference between taurine and glycine lies at an
earlier stage, in the flipping reaction.

For glycine the equilibrium constant for flipping (F;) is large (27)
so most fully liganded receptors will adopt the pre-open flipped
conformation. But for taurine this equilibrium constant is only
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Figure 2 | Global fit of the taurine data with a flip mechanism provides a
good description of the observations. a, The flip activation mechanism
fitted by ref. 2 to o1 channel activations by glycine. ‘A’ represents an agonist
molecule; ‘R’ and ‘P’ represent the resting and flipped conformations of the
receptor, respectively. The asterisk denotes an open channel. The success of
the fit to the idealized records is judged by its ability to describe the
experimental observations displayed in various ways'®, as in b and c. The
results of the fit predict accurately the channel open probability (b) and
apparent open- and shut-time distributions at all concentrations as shown
by the continuous lines (fit predictions) superimposed onto the data points
and the histograms. The dashed lines in the histograms are the distributions
predicted if the records were obtained with perfect resolution (that is, no
events were missed; for full data display see Supplementary Fig. 1 and
Supplementary Table 1).
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Table 1| Summary of results with full and partial agonists

Glycine Taurine  Acetylcholine Acetylcholine TMA TMA
(=100mV) (+80mV) (—=80mV) (+80mV)

E, - - 34.4 31 28.1 2.8
F - - 3.8 11 0.14 0.060
Es 20 9.2 - - - -
F3 27 0.15 - - - -
K (pM) 520 1,040 40.1 43 3,000 2,310
Ke (uM) 8 690 20.7 0.13 340 1,240
o ™ - - 2,560 9,550 2,520 9,100
P (s ho- - 87,700 29,400 70,500 25,000
a3 (s™H 7,000 14,500 - - - -
Bs(s™hH 129,000 133,000 - - - -

For estimates of all rate constants, and their errors, and more complete tests of fit, see
Supplementary Information. K and K are dissociation equilibrium constants for the resting and
flipped conformations, respectively.

0.15, so 87% of fully liganded shut receptors will be in the resting
conformation, not in the flipped, pre-open conformation. This is
summarized in Fig. 3. A schematic representation of the three states
(resting, flipped and open) visited by the fully liganded receptor is
shown in Fig. 3a. The rates of transition between states are indicated
by the size of the arrows (Fig. 3b), for glycine and taurine. The open—
shut transition is similar for both agonists. Another way to look at
that is through the energy diagram in Fig. 3¢, in which the paths for
the open—shut transition almost superimpose. The energy diagram
shows also that the transition from resting to flipped state is downhill
for glycine but uphill for taurine. The overall energy change, from
resting to open state, is downhill for glycine, but nearly level for
taurine, as expected because the channel is open for about half the
time in saturating taurine. In the case of taurine, the transition from
resting to flipped is slow, so the mean lifetime of the saturated resting
state is much longer than for glycine (Fig. 3b; see also animation
in Supplementary Information) and this is why taurine is a partial
agonist.

Another way to look at this result is that the effectiveness of an
agonist depends largely on its relative affinity for resting and flipped
conformations, rather than, as previously supposed, its relative affin-
ity for resting and open conformations. Glycine binds with 65-times
greater affinity to the flipped conformation than to the resting state,
but taurine binds only slightly (about 1.5-fold) more tightly. Most of
this difference arises from the lower affinity of taurine for the flipped
state.

Results with the nicotinic receptor

Figure 4a depicts cell-attached activations of human muscle nicotinic
receptor elicited by the full agonist acetylcholine (—100 mV trans-
membrane potential) and by the partial agonist TMA (—80 and
+80mV).

At negative membrane potentials, an acetylcholine-activated
channel is practically always open at saturating agonist concentra-
tions (94% of the time), whereas a TMA-bound channel can open for
only 78% of the time (Fig. 4c).

TMA recordings showed many brief shuttings, which resemble
closely those seen with the full agonist, acetylcholine (mean duration
about 13 s at negative potentials') (Fig. 4b). The time constant of the
fastest component did not vary noticeably with TMA concentration,
but was briefer at negative (12.8 = 0.46 s, 13 patches) than at pos-
itive (27.9 £ 1.9 ps; 7 patches) membrane potentials. Brief shuttings
cannot be attributed entirely to channel block because they were
frequent at positive as well as at negative membrane potentials.

Figure 4d shows an important difference between nicotinic and
glycine receptors. At negative potentials the amplitude of the open-
ings appears to decrease progressively as agonist concentration
increases. This is because in nicotinic receptors the agonist can bind
to a second, lower affinity site in the channel pore and produce fast
block. Both openings and blockages are very brief and failure to
resolve them results in the apparent decrease in channel amplitude
(equilibrium constant for TMA block, Kz, 8.9 =£0.6mM). At
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+80mV there is little or no block, as expected'*'®: channel ampli-
tude is not affected by TMA concentrations as high as 100 mM, the
highest on our Pgpe, curve. At +80 mV both agonists are less effi-
cacious than at negative potentials: a fully TMA-bound channel
opens only for 16% of the time compared with 59% for acetylcholine
(Fig. 4a, c and Supplementary Fig. 3).

The original motive for the flip mechanism was to describe in a
physically plausible way the apparent strong interaction between
binding sites in glycine receptors when conventional mechanisms
were fitted”. That sort of apparent interaction is much less pro-
nounced for the nicotinic receptor. Nevertheless the flip mechanism
fitted nicotinic data well, and it has the virtue of obviating the need to
add arbitrary shut states in order to get a good fit""’.
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Figure 3 | Activation of the glycine channel by the full agonist glycine and
the partial agonist taurine. a, The three states of the fully saturated receptor.
The resting (shut) channel changes conformation to reach a partially
activated state (flipped), still shut, but with increased affinity for the agonist
(blue ellipses). It is from this flipped state that the channel can open (red,
right). b, The reaction rates for channel activation by glycine and taurine
differ largely in the first step, the flipping. Relative rates are indicated by the
size of arrows. The diagram shows also the mean lifetime of each state (jis)
and the proportion of time (percentage) spent by a bound channel in each of
the states at equilibrium. A channel occupied by glycine doesn’t stay long in
the resting state, but quickly flips. When taurine is bound, the channel takes
a long time to flip, so it spends much more time in the closed resting state.
Once the channel has reached the flipped intermediate state, it opens
quickly, regardless of which agonist is bound. The probability of opening,
rather than unflipping, is over 96% for both agonists, so a burst of many
openings results. ¢, An energy diagram for the three states of the saturated
receptor, for full agonist (glycine, orange) and partial agonist (taurine,
green). Again, the difference lies largely in the resting—flipped transition. As
indicated by arrows, the transition from resting to flipped is downhill for
glycine, but uphill for taurine. The overall transition from resting to open is
very downhill for glycine, but almost level for taurine, as expected from the
maximum response of about 54% open. The calculations used a frequency
factor”” of 10" s~ " and the lines are shifted vertically so that they meet at the
open state. (See also Supplementary Movie.)
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Figure 5 shows part of the results of fitting TMA records with the
mechanism in Fig. 5a (see also Supplementary Figs 4 and 5 and
Table 1). At —80mV the largest TMA concentration used for fits
was 30 mM because channel block became too pronounced at higher
concentrations (Fig. 4d). Again the distributions of apparent dwell
times and the P, curve are predicted well by the results of the fit
(Fig. 5b, ¢).

The fully liganded opening rate (ff,) at —80mV is about
71,0005~ ', very similar to the value for acetylcholine (88,0005 ").
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Figure 4 | Short interruptions in openings of muscle nicotinic channels
occur with both partial and full agonists and cannot be attributed entirely
to channel block. a, Single channel currents produced by a full agonist
(acetylcholine) and a partial agonist (TMA, openings downwards in the first
six rows). ACh, acetylcholine. b, Short shut times are a major feature of shut-
time distributions irrespective of agonist, voltage and concentration (see
Supplementary Figs 2 and 4). Some of these brief shuttings could result from
fast open-channel block at negative potentials, but not at positive potential,
when open-channel block is essentially absent. ¢, Open probability reaches a
maximum of 0.94 (0.004) for acetylcholine at —100 mV but is lower
(0.59 * 0.01) for acetylcholine at +80 mV and for TMA at —80 or + 80 mV
(0.78 £ 0.05 or 0.16 = 0.02, respectively) (2—4 patches per point, *s.e.m.;
Hill equation fits). These fits give also: for acetylcholine —100 mV,
concentration for 50% of maximum response (ECs,) = 5.3 + 0.2 uM and
Hill coefficient (1) = 1.7 = 0.1; for acetylcholine +80 mV,

ECso =29 + 2 uM and ny; = 1.7 + 0.1; for TMA —80mV,

ECso = 2.2 = 0.5mM and nyg = 1.3 = 0.4; and for TMA +80mV,

ECs0 = 6.4 = 1.9 mM and nyg = 1.2 = 0.4. d, Because of open-channel block,
the amplitude of single-channel currents declines with increasing TMA
concentrations at negative potentials (open circles), but not at positive
transmembrane potentials (filled circles, 2-3 patches per point, *=s.e.m.).
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The shutting rates also are almost identical, with o, = 2,560s " for
acetylcholine and 2,520s™' for TMA. Consequently, the fully
liganded gating constant, E,, is similar for acetylcholine and TMA.
Again, what differs between full and partial agonist is the flipping
step. For acetylcholine the flipping equilibrium constant, F,, is 3.8
but for TMA it is only 0.14, so TMA has a far smaller ability to elicit
the pre-open flipped state than acetylcholine, and that is why it is a
partial agonist.

It is important to rule out the possibility that these results could be
influenced by channel block because at the highest TMA concentration
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Figure 5 | The flip mechanism describes well the activation of acetylcholine
receptors by TMA. a, Schematic representation of the flip mechanism used
here: this has two agonist binding sites. As in Fig. 2, the experimental data are
displayed as channel open probability values (*s.e.m.) in b or dwell-time
distributions in ¢, d. The results of fitting the idealized records are used to
calculate the predicted P,,.,—concentration curves and distributions
(continuous lines). Both the open probability values and the dwell time
distributions are well described by the fitted rate constants for TMA, at both
—80mV (c) and +80 mV (d). The dashed lines in the histograms are the
distributions predicted if the records were obtained with perfect resolution
(that is, no events were missed). The full data display for the fits for
acetylcholine and TMA is in Supplementary Figs 2, 4 and 5 and
Supplementary Table 2.
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fitted (10 mM), channels are blocked for about half the time at
—80 mV. The experiments were therefore repeated at positive mem-
brane potential, +80 mV, where block is essentially absent (Fig. 4d).
Short shuttings are still present at positive membrane potentials, so
they cannot all be caused by brief channel blockages. The open—shut
equilibrium constant is reduced about tenfold at +80 mV (Table 1), so
acetylcholine itself becomes a partial agonist'® (Fig. 4c and
Supplementary Fig. 3). The maximum Py, for acetylcholine is
reduced from 94% at —100mV to about 60% at +80mV and the
maximum Pype, for TMA is reduced from 78% to 16%. So TMA is
still much less efficacious than acetylcholine when the complication of
block is removed, and for exactly the same reason. The open—shut
equilibrium constant for TMA at +80mV (E, = 2.8) is almost the
same as that for acetylcholine (E, = 3.1), but again the flipping equi-
librium constant for TMA, E,, is very small, only 0.06, almost 20-fold
less than for acetylcholine, so this remains the reason why TMA is a
partial agonist.

Discussion

Our analysis of single-channel data suggests that in the nicotinic
superfamily partial agonism is not, as has been supposed for 50 years,
a property of the open—shut transition, but arises in the earlier con-
formation change from the resting state to an intermediate pre-open
(or ‘activated’) conformation dubbed the flip state. The same con-
clusion was reached for two members of this superfamily: the nico-
tinic acetylcholine receptor and the heteromeric glycine receptor.
Figure 3 represents schematically the states visited by the agonist-
bound channel during activation and summarizes our quantitative
findings for the glycine receptor.

The conclusion that the final step in activation, channel opening, is
much the same for full and partial agonists comes from the obser-
vation that both partial and full agonists produce similar brief shut-
tings (7-8 ps on average for both glycine and taurine). It has been
supposed since 1981 (refs 20, 21) that these brief closures are mostly
oscillations between the open state and the immediately preceding
fully liganded shut state (here the flipped intermediate), and there-
fore reflect the properties of the open—shut reaction. The similarity in
the open—shut transition for the two agonists is obvious from the fact
that the energy profile for this step is almost identical for glycine and
taurine (Fig. 3c).

It has been known for a long time*” that the conductance of single
channels is the same whichever agonist activates them. It is intriguing
that we now find that not only the conductance but also the opening
and shutting rate of channels do not vary greatly between full and
partial agonists in the nicotinic superfamily.

The maximum P, response that can be obtained has always been
assumed to depend only on the equilibrium constant for the open—
shut step (E), being E/(1 + E) (ref. 23). In the context of the flip
mechanism, the maximum response depends not only on E but also
on the equilibrium constant for flipping, F. The maximum Pqpe,
becomes E.¢/(1 + E.), where E.¢= EF/(1+F). Here this effective
gating constant, E.g, is about 19 for glycine but only 1.2 for taurine,
largely because Fis lower for the partial agonist. For taurine, the early
conformational step is uphill energetically (green arrow in Fig. 3¢),
and it is much slower than it is for glycine (illustrated by the size of the
arrows in Fig. 3b; Supplementary Table 1). The equilibrium between
resting and flipped favours the resting state, in which taurine-bound
channels spend much more time (on average 1,350 pus) than glycine-
bound channels (48 ps).

Our interpretation places the origin of partial agonism at an earlier
stage in the activation process than before. This is entirely consistent
with the conclusion of a previous study®, in which the analysis of
linear free-energy relationships implied that the differences between
nicotinic agonists lie early in the activation process, quite close to the
transmitter binding site. Indeed calculation of the ® value for the
overall resting-to-open transition gives a value close to 1, as that
study found® (Supplementary Information). Our result also explains
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the observation that the conformation change close to the mem-
brane, in the M2-M3 region, appears to be similar for both glycine
and taurine, as judged by the reaction rate with a cysteine-reactive
compound*.

We may speculate that flipping corresponds to the domain closure
around the bound agonist seen in the extracellular domain of glu-
tamate channels and, to a lesser extent, in the acetylcholine binding
protein''™"*. This structural work cannot be compared directly with
our results because it all comes from non-functional receptors, does
not tell us how fast domain closure is, how it changes agonist affinity
in the intact channel or how it relates to channel opening.

Our single-channel work allowed us to obtain a functional char-
acterization of a partially activated intermediate state, to measure exit
and entry rates into this state and its average lifetime with different
agonists in two nicotinic superfamily channels. This finding will
constrain and inform computational simulations of the dynamics
of channel activation and influence the interpretation of structural
studies. In addition to that, our findings may also help reinterpret
earlier mutation studies, as the greater detail of our model now shows
that what was called ‘affinity for the resting state’ may reflect also the
higher affinity for a partially activated intermediate. This could per-
haps account for the awkward observation that some mutations that
are nowhere near the binding site nevertheless appear to affect largely
the agonist binding to the resting state®. Another implication test-
able by structural data is that partial and full agonists should differ in
their interaction with the portion of the binding site that moves
during domain closure.

METHODS SUMMARY

Cell-attached single-channel currents were recorded from HEK293 cells expres-
sing®® human adult muscle nicotinic receptors or rat o1 glycine receptors.
Rate constant values were estimated by direct model fitting to sets of records
idealized by time-course fitting (HJCFIT and SCAN programs, respectively;
http://www.ucl.ac.uk/Pharmacology/dc.html).

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

Single-channel electrophysiology. Cell-attached single-channel currents were
recorded at 19-21 °C from HEK293 cells transiently transfected by a Ca**-phos-
phate co-precipitation method*® with pcDNA3.1 plasmids coding for human
muscle acetylcholine nicotinic receptor subunits (a1, B, J, &, ratio 2:1:1:1) or rat
heteromeric glycine receptor subunits (a1, B, ratio 1:1 or 1:4), together with
plasmid coding for eGFP. The pipette solution was freshly prepared by diluting
agonist stocks with extracellular solution which contained (in mM): 5.4 NaCl,
142 KCl, 1.8 CaCl,, 1.7 MgCl, and 10 HEPES (pH adjusted to 7.4 with KOH) for
acetylcholine receptor experiments or, for glycine receptor experiments, 102.7
NaCl, 20 Na gluconate, 4.7 KCl, 2 CaCl,, 1.2 MgCl,, 10 HEPES, 14 glucose, 15
sucrose, 20 TEA-CI (pH adjusted to 7.4 with NaOH). Osmolarity was 320 mOsm
for all solutions.

Taurine (Fluka) was found by an HPLC assay to be contaminated by glycine (3
parts in 100,000, molar ratios). It was, therefore, purified before use (by D. Jane).
Taurine was passed through an ion exchange resin column, followed by crystal-
lization from the water eluate. This purification was found to be essential to avoid
glycine-induced openings in recordings made at high taurine concentrations.

Patch pipettes were made from thick-walled borosilicate glass (GC150F,
Harvard Instruments) and coated near the tip with Sylgard 184 (Dow
Corning). Electrode resistance was in the range 8—15MQ after fire-polishing.
Single-channel currents were recorded with an Axopatch 200B amplifier (Axon
Instruments), filtered at 10 kHz (sampling rate 100 kHz) and stored on the PC
hard drive.

Pipette potential was held at +100 mV for the glycine experiments and at

+100, —80 or +80 mV for the nicotinic experiments.
Analysis. For off-line analysis, data were filtered at 3-8 kHz and sampled at 33—
100 kHz. Records were idealized by time-course fitting (SCAN program; http://
www.ucl.ac.uk/Pharmacology/dc.html), and the appropriate resolution (20—
100 ps) was imposed before fitting dwell-time distributions with mixtures of
exponential probability densities (EKDIST program). Rate constant values were
estimated by direct model fitting to the idealized records (HJCFIT program).
This was performed on sets of experiments, each set containing three (four for
acetylcholine) agonist concentrations spanning the dose-response curve from
the minimum concentration that elicited clusters of openings (that could be
attributed to a single molecule) to the maximum P,,,,. Each experiment con-
tained 10,000-20,000 transitions. Fits were repeated, systematically changing
initial guesses to ensure that the convergence was to a global maximum of the
likelihood surface.
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