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ABSTRACT: Blocking open ion channels provides a promising way to modulate synaptic transmission.
Using the muscle-type acetylcholine receptor (AChR) as a test system, we seek to develop blockers that
have blockade kinetics tunable via structural modifications. Here we investigate whether the blockade
kinetics can be modulated by specifying the length of a poly(ethylene glycol) (PEG) spacer incorporated
into the blocker. Single-channel electrophysiological experiments show that simple bis(trimethylammonium)
compounds (1a—3) both activate the AChR and block the open channel. The blockade kinetics are found
to depend on spacer length: both the association and dissociation rate constants decrease with increasing
spacer length. The decrease in the association rate constant can be quantitatively explained by the entropic
cost of polymer confinement in the transmembrane lumen, while the decrease in the dissociation rate
constant is consistent with weak, additive noncovalent interactions between the channel and the spacer.
These results provide useful insights into the future design of kinetically tunable open-channel blockers

for the AChR.

Ion channels are essential mediators of signaling in the
nervous system. Because of their importance in neuronal
communication and other cellular signaling pathways, ion
channels are a major class of drug targets (/—4). Ion channels
mediate communication between presynaptic and postsyn-
aptic cells at synapses. The kinetics of synaptic signaling
are modulated by the gating kinetics of ion channels, that
is, the rates of channel opening and closing. The opening of
an ion channel allows ions to permeate the cell membrane,
resulting in changes in the transmembrane electric potential.
At synapses, information processing can be governed by the
properties of electric signals that propagate through the cell
membrane, with narrower waveforms allowing better tem-
poral precision of transmission (5, 6). Alterations in the
kinetics of current flow through ion channels may therefore
cause profound effects on synaptic transmission.

Because of the link between ion channel kinetics and the
properties of synaptic signals, channel inhibition can be used
to modulate synaptic transmission. Some channel inhibitors
block ionic currents by occupying the open pore (the central
pathway formed by the transmembrane domains) of the
activated channel. These inhibitors allow channels to open
but transiently prevent ion flow via association of the blocker
with the open pore. Inhibitors of this type (open-channel
blockers) can either accelerate or prolong the decay of
synaptic currents. When blockade is short-lived but the
blocker-occupied channel cannot return to the resting closed
conformation, the brief blockade events convert each opening
event into a prolonged burst of short openings and brief
blockades (7), thereby prolonging the macroscopic current
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decay (8). When blockade is long-lived, the blockade events
terminate channel openings, accelerating the decay of
synaptic currents (9, 10).

Due to the wide range of blockade kinetics provided by
small molecules, open-channel blockade is a promising
method for tuning the kinetics of synaptic transmission. For
instance, quinidine has been used clinically for treatment of
“slow channel” congenital myasthenic syndromes by causing
long-lived open-channel blockade of the nicotinic acetyl-
choline receptor (AChR),' which accelerates the decay of
postsynaptic currents (/7). Although a variety of small
molecules have been characterized to target open channels,
rational design of open-channel blockers has been challeng-
ing, mainly due to the paucity of high-resolution structures
for ion channels. Nonetheless, prediction of blockade kinetics
within a series of compounds can be feasible. Previous work
on a series of piperazinium (PIP) derivatives has shown that
the blocker dissociation rate constant varies systematically
with the length of the alkyl tail and that the contribution of
each methylene unit to the activation free energy for
dissociation is additive (/2). When the length of the alkyl
tail is extended from one to six carbons, the dissociation rate
of the blocker decreases from 1.4 x 103 s7! to 9.8 x 10?
s7!, leading to a ~80-fold enhancement in the blockade
affinity. The observation indicates that the dissociation rate
and/or affinity of an open-channel blocker can be systemati-
cally modulated if the interactions between the binding
element and the transmembrane pore are additive. For
applications in modulating synaptic currents, it is desirable

! Abbreviations: ACh, acetylcholine; AChR, acetylcholine receptor;
CCh, carbamylcholine; PEG, poly(ethylene glycol); PPTMA, phenyl-
propyltrimethylammonium; PIP, piperazinium; QA, quaternary am-
monium; TMA, tetramethylammonium; TEA, tetracthylammonium;
SKM, segmented k-means; MIL, maximum interval likelihood.
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FIGURE 1: (A) The structure of Torpedo AChR (surface map; PDB entry 2BG9) (/8). Only three subunits (from left to right: J, o, y) are
plotted in order to show the inner surface of the vestibule chambers. The transmembrane portion of the receptor is indicated by the yellow
lines, the location of agonist binding sites is indicated by green dashed circles, and the negatively charged residues (Glu and Asp) are
highlighted in red. (B) Examples of quaternary ammonium-based agonists and blockers for the AChR. The agonists presented here also

function as open-channel blockers at millimolar concentrations.

to have blockers that span a broad range of dissociation rate
constants, since this would allow access to a broad range of
synaptic current Kinetics.

Compared to the alkyl chains incorporated in PIP deriva-
tives, polymer scaffolds might have the advantage of
expanding the range of kinetic modulation, since their
broader size range may translate to a broader energetic range
of channel-blocker interactions. Most open-channel blockers
identified to date are small molecules or peptides; polymers
have not yet been reported as a scaffold for channel blockers.
However, free or covalently attached polymers have been
reported to partition efficiently into the transmembrane lumen
of a bacterial ion channel, reducing the channel’s mean
conductance (/3, 14). These observations inspired us to use
structurally flexible polymers as a scaffold for open-channel
blockers. Unlike the docking mode of binding expected for
rigid small-molecule blockers, flexible polymers are expected
to adopt conformations that maximize favorable interactions
with the channel pore. According to the study of PIP
derivatives, binding affinity can be modulated by the extent
of nonpolar interactions between the blocker and the pore
region (/2). The weak hydrophobic or van der Waals
interactions between the channel and each monomer unit are
expected to be additive, allowing the control of the blocker’s
dissociation rate. In addition, the association rate constant
of a polymer-based blocker is also predicted to depend on
the size of the polymer backbone, due to the entropic cost
associated with the entry of a polymer into the channel pore
(15). Systematic modification of the polymer length is
therefore likely to provide predictable blockade kinetics of
the resulting blockers.

The mammalian muscle-type AChR provides a useful test
system for evaluating the proposed design strategy, since a
wealth of kinetic and structural information is available for
this channel. The AChR is a pentameric transmembrane
protein (assembled as a ring of @, €, o, 3, and O subunits in
the adult isoform) present in the postsynaptic membrane of
the neuromuscular junction (/6, 17). Upon binding two
molecules of agonist (e.g., acetylcholine), the channel

undergoes conformational changes in a “gate” region embed-
ded in the cell membrane, opening its central pore and
allowing small cations to pass. The structure of the intact
channel (refined to 4 A resolution) has provided a detailed
molecular view of the essential structural components (/8).
The extracellular vestibule (i.e., the central chamber defined
by the extracellular domains of the subunits) is lined with
negatively charged residues that may provide electrostatic
interactions with passing cations; the transmembrane pore
region, where open-channel blockers typically bind, is
predominantly composed of hydrophobic residues (Figure
1A) (17, 19).

We report here the single-channel kinetic characterization
of a series of poly(ethylene glycol) (PEG)-based bis(trim-
ethylammonium) salts (la—4, Figure 2). A number of
quaternary ammonium (QA) salts have been reported as
agonists and/or open-channel blockers of the AChR (Figure
1B) (7, 20-23). Decamethonium, one of the best known
blockers for the AChR, is composed of two trimethylam-
monium groups joined by a decamethylene spacer (Figure
1B) (22). We therefore prepared a series of prototype
molecules through tethering two trimethylammonium groups
with PEG spacers of varying size (Figure 2, compounds
la—4). PEG was chosen as the spacer scaffold due to its
structural flexibility, synthetic versatility, and commercial
availability of a wide range of molecular weights. To evaluate
the effect of bivalency on blockade, a monovalent homologue
of 1a (compound 1b, Figure 2) was also prepared and tested.

Blockade was examined at the single-molecule level using
patch-clamp techniques. Except for the longest compound
(4), all of the tested molecules function as both agonists and
blockers of the AChR. Kinetic analysis of single-channel
events indicates that both the association and dissociation
rate constants decrease with increasing spacer length within
the series 1a—3. The decrease in association rate constant
appears to result from the entropic cost of partitioning the
polymer into the transmembrane lumen, while the drop in
dissociation rate constant appears to be associated with weak,
additive interactions between PEG and the channel. The
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FIGURE 2: Structure and estimated size of the TMA-PEG conjugates.
The size of each precursor PEG is estimated as the Flory radius
(Rr = aN%®, a = 3.5 A for PEG) (15).

results support our design strategy and provide insight into
the future design of kinetically tunable channel blockers.

MATERIALS AND METHODS

Synthesis. Compounds 1a, 1b, 2, 3, and 4 were synthesized
as described in the Supporting Information. The purity and
the structure of products were confirmed by NMR ('H and
13C) and high-resolution electrospray mass spectrometry.

Plasmids and Channel Expression. The cDNA clones of
adult mouse muscle AChR subunits (a, 3, 9, €) in the vector
pRBG4 were generously provided by Professor Anthony
Auerbach (SUNY Buffalo, Buffalo, NY) (24). The o subunit
contains the previously described V433 A background muta-
tion, which does not affect gating kinetics and is referred to
as wild-type (24). Plasmids were transiently transfected into
HEK-293 human embryonic kidney cells (ATCC CRL—1573)
by calcium phosphate precipitation (24). In brief, HEK-293
cells were maintained in Dulbecco’s minimum essential
media (DMEM) (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen) at 37 °C
and 5% CO.,. Cells were plated 24 h before transfection to
reach a confluence of 40—60%. A total of 3.5 ug of DNA
per 35 mm culture dish in the ratio of 2:1:1:1 a:f3:0:€) was
used. The medium was changed 24 h after the addition of
DNA, and patch-clamp recordings were performed 20—36
h thereafter.

Electrophysiology. Single-channel currents from adult
mouse muscle AChRs were recorded using patch-clamp
techniques in the cell-attached configuration. Unless other-
wise specified, a holding potential of +70 mV was applied.
Patch pipets were pulled from borosilicate capillary tubes
(World Precision Instruments, Sarasota, FL) and were coated
with Sylgard 184 (Dow Corning, Midland, MI). Pipet
resistances were typically 10—20 MQ. The extracellular
solution (bath solution) comprised (mM) 137.9 NaCl, 8.1
Na,HPOy, 2.7 KCl, 1.5 KH,POy4, 0.9 CaCl,, and 0.5 MgCl,
(pH 7.4). The pipets were filled with the bath solution
supplemented with the small molecule of interest. The
currents were amplified (Axopatch 200B; Axon Instruments,
Foster City, CA), low-pass filtered at 10 kHz, and digitized
at 20 kHz (NI 6040 E Data Acquisition Board; National
Instruments, Austin, TX). Data were recorded directly to a
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FIGURE 3: Single-channel identifications of the TMA-PEG conju-
gates. (A) Representative traces at 100 #M 1a, 2, 3, and 4 (holding
potential = +70 mV). Currents are presented as upward deflections.
(B) The apparent mean open time (7,) of the AChR at 100 uM of
each tested compound. Error bars represent standard deviations of
triplicates.

desktop PC hard drive using the QuB software (www.qub.
buffalo.edu).

Data Analysis. Kinetic analysis of single-channel currents
was carried out using the QuB suite (25, 26). Current records
from membrane patches with relatively low channel activity
(defined here as patches containing fewer than four channels
open simultaneously at any point during the record) were
used for analysis. The currents were idealized using the
segmented k-means (SKM) hidden Markov algorithm at full
bandwidth (10 kHz) (27). Kinetic modeling of the idealized
intervals was performed using the maximum interval likeli-
hood (MIL) method (25, 26). The dead time was set as 0.125
ms for the following model in MIL:

B kyp[B]
C=0—— (1)
a k_p

where C, O, and OB refer to the closed, open, and blocked
states of the AChR and 3, o, k+p, k—p, and [B] refer to
channel opening rate, channel closing rate, blocker associa-
tion rate constant, blocker dissociation rate constant, and
blocker concentration, respectively. At higher blocker con-
centrations (mostly higher than 200 xM) or when the channel
activity is very low, a third closed state was often required
for reasonable fitting. For compounds 2 and 3, the values of
o, 3, k+[B], and k_p were obtained directly from MIL fitting.
The o and k4 values extracted from MIL fitting (Supporting
Information Figure S1) are comparable with those estimated
from the time constant for open dwells (Figure 4A and eq
4). For compound 4, the closed dwells can be well-fitted by
a single exponential distribution without the addition of
blocked state (OB) in MIL fitting.

In the presence of 1a or 1b, the single-channel currents
represent bursts of brief opening events separated by short
gaps (Figure 3A). In most data records, the short gaps within
bursts of openings could be partially resolved at our recording
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FIGURE 4: (A) Increase of 1/t, as a function of blocker concentration.
Data were fitted by least-squares linear regression. (B) The
dissociation rate constant (k—g) of compounds 2 and 3 at various
concentrations. (C) Representative histograms of closed- and open-
time distributions at low and high concentrations of compound 2.
Arrows indicate the closed-time components corresponding to the
“blocked” state. A holding potential of +70 mV was applied in all
recordings. Error bars represent standard deviations of triplicates.

bandwidth, and a fast component (lifetime <1 ms) could be
found in the closed-time distribution. The time constant (7)
and the area (a) of this fast component and its closest slow
component were used to calculate the critical time constant
(z.) for defining bursts of openings (28). Bursts of openings
were defined using 7. as the shortest gap duration between
two bursts. At 1 mM 1a, the events were too fast to be
resolved, and the fast component could not be found in the
closed-time distribution. A fixed 7. (1 ms) was used to define
burstsin such files. Recording segments containing 1500—15000
single-channel opening bursts were chosen for further
analysis.

Power spectra for single-channel records were obtained
using the QuB suite. The net power spectrum, which is a
measurement of the excess current noise when the channel
is equilibrating between open and blocked states, was plotted
by subtracting the spectral density function of the background
noise from that of the open channels (29). The resulting net
spectrum (plotted within a range of 500—10000 Hz) was
fitted to a Lorentzian distribution:

S0y

1

where S(f) is the spectral density function, fis the frequency,
and f; is the half-amplitude frequency (i.e., corner frequency).
The association and dissociation rate constants were calcu-

lated from the linear dependence of f. on blocker concentra-
tion (29):

(@)
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For the analysis of voltage-dependent blockade by 1a and
1b, fractional blockade was defined by comparing the mean
current amplitude (imesn) and the current amplitude of the
unblocked state (iupiock) for the bursts (29). The value of
imean Was obtained directly from SKM. The value of iynpiock
was defined as the amplitude corresponding to the “open
state” peak in the amplitude histogram plotted for bursts of
single-channel openings (see Figure 6C for representative
histograms). The membrane potential (V,,) at a given holding
potential (Vioa) was estimated as Vieqw — Viod, Where Viey
(resting potential) is the membrane potential in the absence
of externally applied voltage. The reversal potential (the
transmembrane voltage at which the direction of current starts
to reverse) was assumed to be 0 mV (30), and V., was
estimated by plotting iumblock as a function of Vige and
measuring the x-intercept of the best-fit line.

RESULTS

Characterization of Single-Channel Currents Induced by
PEG-Linked Bis(trimethylammonium) Compounds. Several
cationic organic compounds containing one or more trim-
ethylammonium headgroups exhibit both agonist and blocker
activities (20-23). For instance, decamethonium and phe-
nylpropyltrimethylammonium (PPTMA) have been charac-
terized as weak agonists of the AChR with moderate affinities
for the open pore (K4 values are 9—20 and 90—160 uM,
respectively) (22). These compounds cause a decrease in the
apparent mean open time (7,) in a dose-dependent manner.
Smaller compounds, such as acetylcholine (ACh) or car-
bamylcholine (CCh), exhibit fast blockade kinetics (20, 29).
Blockade by these small molecules leads to bursts of single-
channel currents (which are composed of brief, partially
resolved conducting and blockade events) and reduced mean
current amplitude. Compounds 1a—4 were hypothesized to
act analogously to these previously characterized agonists/
blockers.

To determine whether compounds 1a—4 act as agonists
and/or channel blockers, we measured single-channel currents
of the AChR in the presence of each compound at a
concentration of 100 uM (Figure 3). As predicted, all of the
compounds are capable of inducing channel openings.
However, the recording traces (Figure 3A) show that these
molecules exhibit distinct behaviors. The smallest compound,
1a, induces bursts of flickering events, indicating fast channel
blockade. Compounds 2 and 3 do not cause well-defined
bursts of opening events, but the 7, values at 100 uM 2 or
3 are relatively short (0.21 £+ 0.01 and 0.42 £+ 0.04 ms,
respectively; Figure 3B). In the absence of blockade, the
mean duration of opening events stimulated by an agonist
is defined as the reciprocal of the channel closing rate
constant (ov); we designate the 7, in the absence of blockade
as “intrinsic 7, to distinguish it from the measured apparent
To. A comparison of the intrinsic 7,8 of TMA, decametho-
nium, and PPTMA (which are 0.66, 0.48, and 0.88 ms,
respectively) (31, 22) indicates that the attachment of a spacer
or other scaffolds to the TMA moiety does not have a large
effect on intrinsic 7,. Therefore, the brevity of 7, measured
at 100 uM of compound 2 or 3 is likely due to channel
blockade by these molecules.
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The effects of compounds 1a—3 appear to be specific
for QA-PEG conjugates of relatively low molecular
weight. Treating the AChR with TMA and PEG-200, PEG-
400, or PEG-600 produces openings that are free of
flickering currents or shortened 7, observed for 1a—3 (data
not shown). In addition, neither flickering currents nor
reduced 7, values were observed at 100 uM compound 4
(0.75 £ 0.21 ms, Figure 3) or larger congeners (data not
shown), suggesting that QA molecules with long spacers
(MW of PEG = 1000) function only as agonists of the
AChR. The effects observed with compounds 1a, 2, and

3 are indicative of open-channel blockade by these QA-
PEG conjugates. To test this hypothesis, we characterized
concentration and voltage dependences of these com-
pounds’ effects on AChR currents.

Mechanistic Studies on Blockade by Compounds 2 and 3.
The observed decrease in 7, values suggests that compounds
2 and 3 might act as blockers of the open AChR. Classical
open-channel blockade (eq 1) conforms to the following
predictions: (1) 7, decreases with increasing concentration
of the blocker ([B]); (2) mean duration of the blocked state
(zp) is independent of [B], and the dissociation rate constant
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(k—p) is the reciprocal of 7g; and (3) blockade kinetics are
voltage-dependent (due to blocker binding within the trans-
membrane electric field) (7). To evaluate these predictions
for AChR blockade by compounds 2 and 3, we fitted the
single-channel data to the sequential kinetic model (eq 1) at
various concentrations of each compound. In the sequential
blockade model, the concentration dependence of 7, can be
described as

i=()L—i-k+B[B] 4)
TO
where a is the closing rate constant of the channel in the
absence of blockade and kg is the association rate constant
of the blocker.

As shown in Figure 4A, a linear relationship between 1/,
and [B] is observed for both 2 and 3. The values of k+g and
o are given by the slope and y-intercept, respectively, of
the linear fits. The k1 values for compounds 2 and 3 are 36
+ 1 and 10 &= 1 uM™! s7!, respectively. The values of
intrinsic 7,, defined as 1/a, are 0.75 4 0.01 and 0.77 &+ 0.07
ms for compounds 2 and 3, suggesting that these compounds
have agonist properties similar to those of TMA. Moreover,
the intrinsic 7, for compounds 2 and 3 are very close to the
7, measured at 100 4uM compound 4 (0.75 £ 0.21 ms, Figure
3), suggesting that compound 4 does not induce significant
blockade at this concentration.

In addition to 7,, the closed-time distribution also changes
in a concentration-dependent manner (Figure 4C for com-
pound 2 and Supporting Information Figure S2 for compound
3). As shown in Figure 4C, the closed-time distribution is
composed of two exponential components. The faster
component has a relatively constant lifetime of 2—4 ms
within the tested concentration range, whereas the lifetime
of the slower component varies with the channel activity. In
addition, the fast component represents a greater fraction of
the total closing events as the concentration of compound 2
increases. Both observations suggest that the fast component
represents the blocked state of the AChR. In the context of
the sequential blockade mechanism (eq 1), the blocker
dissociation rate constant (k—g) is the reciprocal of the mean
blocked time (7p). Because k—p is fairly constant over the
tested concentration range (Figure 4B), a mean value is
calculated for compound 2 (339 4 78 s71). Similar blockade
behavior is also observed with compound 3 (Figure 4B and
Supporting Information Figure S2), and the mean value of
kg for compound 3 is 82 =+ 34 s,

The concentration dependences of 7, and kg are both
consistent with the predictions for open-channel blockade.
We therefore went on to examine the voltage dependence
of blockade kinetics. Although 7, does not show a significant
voltage dependence for compound 2 or 3 (Figure 5B), o,
kyp[B], and k_p clearly exhibit changes with membrane
potential for both blockers (Figure 5C,D). Compounds 2 and
3 share similar trends in these rates. The increase of intrinsic
7, (i.e., the decrease of o) with hyperpolarizing (i.e., more
negative) membrane potential has been reported for the
AChR (30), and we see the same trend in a with both 2 and
3. The blocker association rate, which is defined as k4g[B]
in the sequential blockade model, increases with hyperpo-
larizing membrane potential. Since [B] is constant during
the measurements (100 uM for compound 2 and 200 uM
for compound 3), the observed trend is in fact the voltage
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dependence of kg for these blockers. For positively charged
molecules, increasing k+p with hyperpolarizing membrane
potential is indicative of open-channel blockade from the
extracellular side of the channel. Moreover, since blocker
association generally reduces 7,, the lack of voltage depen-
dence in 7, is presumably due to offsetting effects of kip
and a.

There is only a marginal variation in k- with voltage
when the membrane potential is less negative than —120 mV.
At more hyperpolarizing membrane potentials, a more
significant increase in k_p can be observed (Figure 5C,D).
A faster blocker dissociation rate leads to a shorter mean
duration of the “blocked” state of the channel, which can be
identified from the shift of the fast component in the closed-
time distribution (Supporting Information Figure S3). At
more negative membrane potentials, the closed and blocked
states of the AChR are more kinetically distinguishable,
which allows direct visualization of “burst-like” opening
events (Figure 5A). The cause of increasing kg with
membrane hyperpolarization is not yet clear: it might be
permeation of the blocker into the cell (32, 33) or faster
release of the blocker into the extracellular solution (due to
the destabilization of blocker-channel interaction). In sum-
mary, the results suggest that, in addition to being agonists,
compounds 2 and 3 also function as open-channel blockers
of the AChR.

Mechanistic Studies on Blockade by Compound 1a. The
flickering, burst-like single-channel currents stimulated by
1a are indicative of fast open-channel blockade. In contrast
to the longer lived blockade observed for 2 and 3, gaps
between brief opening events stimulated by 1a can only be
partially resolved at our recording bandwidth (Figure 3A).
Several open-channel blockers of the AChR, such as TEA
and PIP, are known to operate via this mechanism (23, 12).
To further characterize the blockade mechanism, we mea-
sured single-channel currents at various concentrations of
1a (Figure 6). When blocking and unblocking processes are
fast, blocker binding may, counterintuitively, prolong bursts
of channel openings, with higher concentrations of blocker
producing longer bursts (7). The burst-like currents arise from
repeated transient interruptions of ion conduction by blockade
events when a channel is open. The duration of a burst is
therefore the sum of the time that an open channel stays
unblocked and the time that it is occupied by a blocker. If
blocker binding does not accelerate the closure of an open
channel, an increase in blocker concentration will lead to a
higher frequency of blockade, resulting in a longer mean
burst length. Experimentally, as the concentration of 1a is
increased, the frequency of brief interruptions of open-state
currents, the reduction in mean conductance, and the mean
duration of single-channel bursts all increase. As shown in
Figure 6B, 1a causes a concentration-dependent increase in
mean burst duration (Tuu), Which is consistent with the
prediction for fast open-channel blockade.

Because blocking and unblocking events are too fast to
be measured directly, k1 and k—g were estimated through
noise analysis, which has previously been used to study rapid
channel blockade (29). When the concentration of 1la
increases, there is a decrease in the mean amplitude of the
open-state current, which is accompanied by an increase in
variance. Rapid blocking and unblocking events manifest
themselves as noise in open-channel currents, allowing
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FIGURE 7: Voltage-dependent blockade by 1a and 1b. (A) Representative recording traces at various membrane potentials (100 uM 1a).
Currents are presented as upward deflections. (B) Fractional blockade as a function of membrane potential. One representative patch out
of triplicates is shown for each condition. (C) Representative amplitude histograms (plotted for single-channel bursts, 100 M 1a) at various

membrane potentials. Symbol “O” indicates the “open-state” peak.

blocking and unblocking rate constants to be determined from
the power spectra of open channel noise (eqs 2 and 3; Figure
6C,D). From linear fitting of the dependence of f; (the half-
amplitude frequency of the net power spectrum) on [B], the
ki and k_g values are calculated to be 168 &+ 17 uM~! 57!
and (3.53 £ 0.23) x 10* s7!, respectively (Figure 6D). The
Ky is therefore 210 £ 25 uM. The rate constants are of the
same order of magnitude as those of open-channel blockade
by ACh, CCh, and PIP (29, 12).

To examine whether 1a targets the transmembrane lumen
of the AChR, blockade was measured at various membrane
potentials. If 1a, like compounds 2 and 3, binds the open
pore from the extracellular side, blockade would be favored
at more negative membrane potentials. As predicted, channel
blockade by la (as measured in fractional blockade) is
sensitive to alterations in the membrane potential (Figure
7). At 100 uM 1a, fractional blockade increases about 2.5-
fold when the membrane potential goes from approximately
—70 to —130 mV, suggesting that the positively charged 1a
is attracted by the transmembrane electric field. This
observation is consistent with the prediction for blockade
from the extracellular side. At membrane potentials more
negative than —130 mV, hyperpolarization causes a decrease
in AChR blockade. The drop in fractional blockade might
be a result of either increasing k—g or decreasing k+g. The
voltage dependence of blockade by compounds 2 and 3
(Figure 5C,D) suggests that highly hyperpolarized membrane
potentials are more likely to increase k—p than to decrease
k+g. Combined with the observation of concentration-
dependent increases in Ty and open-state noise, the results
support a mechanism in which 1a binds transiently within
the transmembrane lumen and impedes ion conductance
through the open AChR.

Effect of Valency on AChR Blockade. All of the PEG-
based blockers characterized above have two trimethylam-
monium groups per molecule. To investigate whether
bivalency is a structural determinant for open-channel
blockade, a monovalent homologue (1b) of la was also
characterized. Like 1la, 1b stimulates flickering AChR
currents that can only be partially resolved at our recording

Table 1: Rate and Equilibrium Dissociation Constants for the
PEG-Based Blockers

compound k+B

(PEG size) o (s™H)* (uM™!'s7hH? k-p (s7hH° Ka (uM)?
1a (8.0 A) 168 + 17 (3.53 £0.23) x 10* 210+25
2 (122 A) 1340 £ 19 36 £1 339+ 78 9+2
3 (16.3 A) 1300 £ 116 101 82 + 34 8§+3
1b (8.0 A) 37+£15  (3.01 +£0.40) x 10 848 + 358

“Channel closing rate constants (o) were estimated from the
y-intercept of linear plots of 1/z, vs [B] (Figure 4A). °Blocker
association rate constants (k+g) of 1la and 1b were obtained from noise
analysis (Figure 6D). Values of k+p for 2 and 3 were estimated from the
slope of linear plots of 1/7, vs [B] (Figure 4A). “ Blocker dissociation
rate constants (k—g) of la and 1b were obtained from noise analysis
(Figure 6D). For 2 and 3, values of k-p estimated from MIL fitting at
various blocker concentrations were pooled for calculation (Figure 4B).
The mean =+ standard deviation values from 20 and 12 patches are
reported for 2 and 3, respectively. ¢ The equilibrium dissociation
constant (Kj) for the blocker is defined as k—p/kip.

bandwidth (data not shown). We therefore analyzed blockade
kinetics using the same methods as those applied for the
analysis of 1a (Figure 6B,D). As shown in Figure 6B, 1b
also causes a concentration-dependent increase in Ty, but
the effect is smaller than that observed with 1a. The
comparison of blockade kinetics between 1a and 1b (Table
1) shows that 1a binds the open AChR approximately 5-fold
faster than 1b does. There is, however, only a marginal
difference in the dissociation rate constant, leading to a 4-fold
decrease in blocker’s affinity (K4 = 848 £ 358 uM).
Although a direct determination of o. was not available for
1a or 1b, 7, values are similar at low [1a] or [1b] (0.77 ms
at 5 uM 1a and 0.79 ms at 10 uM 1b; data not shown),
suggesting that the intrinsic 7, is not affected by the number
of QA groups attached to PEG. These observations suggest
that the shorter 7y, Observed with 1b is the consequence
of the reduction in blockade frequency.

Supporting the hypothesis that compound 1b binds to the
open channel, fractional blockade by this compound is
sensitive to membrane potential changes (Figure 7B).
Consistent with the observations for kg and Ky, the
decreased valency of 1b is associated with more than a 2-fold
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FIGURE 8: Dependence of In(kyp) (A) and In(k—g) (B) on spacer
size (expressed as the number of ethylene glycol units). The solid
lines are least-squares linear fits.

difference in fractional blockade. Comparing fractional
blockade at 100 4uM 1a and 200 M 1b, 1a remains a
stronger blocker over the less hyperpolarized membrane
potentials (—70 to —130 mV), indicating that the additional
QA group of 1a might have other effects on AChR blockade
in addition to doubling the effective blocker concentration.

Effect of Spacer Size on AChR Blockade. The rate
constants (o, kyp, and k-g) and equilibrium dissociation
constant (Ky) determined above are summarized in Table 1.
In the series comprising compound 1a through compound
3, each extension of the PEG backbone leads to an ~4 A
increase in the length (estimated from the Flory radius of
the precursor PEG). The channel closing rate constant (o)
of the AChR appears to be unaffected by the size of these
bivalent compounds. Although we did not perform a direct
measurement of a for 1a and 1b, an approximate measure-
ment of a from recordings at low concentrations (5 uM for
1a and 10 uM for 1b, where fractional blockade is less than
10%) gives values around 1300 s~! for these compounds,
which are close to the values observed for compounds 2 and
3. Both kyp and k_p are inversely correlated with PEG size
(Table 1 and Figure 8). Using 1a as a reference compound,
the addition of four and nine ethylene glycol units causes
4.7- and 16-fold decreases in kg, respectively. The trend in
k_p is more dramatic: the addition of four and nine ethylene
glycol units leads to 100- and 430-fold decreases in k_p,
respectively. The differential PEG length sensitivity of k+p
and k_p results in a significant enhancement of binding
affinity for both 2 and 3 compared to 1a. It is worth noting
that, although compounds 2 and 3 exhibit distinct blockade
kinetics, their binding affinities are similar at equilibrium
(Table 1).

DISCUSSION

In the present study, the kinetics and thermodynamics of
channel blockade by QA-PEG conjugates were investigated.
For symmetric, bivalent blockers (1a—3), varying the length
of the PEG spacer between two QA groups leads to
systematic changes in the blocker association and dissociation
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rate constants. Presence of two QA groups per molecule is
not a critical structural determinant for PEG-based blockers,
but bivalency appears to enhance the frequency of blocker
binding to the open pore. Implications for future design of
polymer-based, kinetically tunable blockers will be discussed.

Mechanism of Blockade. The results of electrophysiologi-
cal studies suggest that compounds 1a, 1b, 2, and 3 all
function as open-channel blockers of the AChR. For com-
pounds 2 and 3, the dose-dependent reduction in 7, and the
presence of a faster kinetic component (which has a fairly
constant lifetime over the tested concentration range) in the
closed-time distribution are in good agreement with the
sequential blockade mechanism (eq 1). Compounds 1a and
1b do not reduce 7, but instead cause burst-like flickering
events and increased current noise. The dose-dependent
increase in Ty Observed with la and 1b suggests fast
blocking and unblocking of the open channel by these
compounds. The voltage dependence of AChR blockade by
compounds 1a, 1b, 2, and 3 further supports a mechanism
in which these molecules block the open pore of the channel.
In general, blockade is sensitive to changes in the membrane
potential when a charged blocker binds within the trans-
membrane electric field. The voltage dependence of blockade
can be used to obtain a rough estimate of the location in
which blocker binds within the transmembrane lumen. For
fast blockade by 1a, the electric distance O (i.e., the fraction
of total transmembrane potential drop measured from the
extracellular side of the membrane to the blocker binding
site) can be estimated using the Woodhull model, yielding a
value of 0.32 £ 0.05 (Supporting Information Figure
S4) (34, 20, 12). Because a clear voltage-dependent increase
in k4 with hyperpolarization is observed for compounds 2
and 3, the O values for these blockers can be estimated
according to the Eyring rate equation (/2, 35). By linear
fitting of the plot of In(k+s) vs membrane potential, & can
be calculated as 0.25 & 0.06 and 0.19 % 0.07 for compounds
2 and 3, respectively, from the slope (Supporting Information
Figure S5). Assuming a membrane thickness of 40 A, the
binding sites of 1a, 2, and 3 are 13 £ 2, 10 £ 2,and 7 £ 3
A from the extracellular side of the membrane, respectively.

Compounds 1la—3 are weak agonists of the AChR in
addition to being channel blockers. However, the structure
of the AChR suggests that binding to the agonist binding
site and to the transmembrane lumen are independent
processes. The agonist binding sites are ~40 A above the
cell membrane (Figure 1A) (/8), suggesting that compounds
1a—3, which have sizes of 8—16 A (Figure 2), are unlikely
to span the pore and the agonist binding site. The observed
voltage-dependent blockade with these compounds also
excludes a mechanism in which a bivalent molecule spans
the two agonist binding sites and prevents ions from flowing
through the vestibule tunnel. In such a mechanism, the
positively charged blocker would act at a position distant
from the transmembrane region and blockade would be
expected to be insensitive to voltage changes, which is in
contrast to our observations.

Blockade by 1b suggests that having one QA moiety is
sufficient for a PEG conjugate to block the AChR. However,
incorporation of a second QA group (1a) further improves
blocker affinity. Comparing Ky, k+g, and k_g of 1a and 1b,
we find that 1a binds the AChR pore with 4-fold higher
affinity than 1b and that the difference in binding affinity
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predominately comes from the blocker association rate
constant. Although an increase in the effective concentration
of the pore-binding moiety can contribute to this difference,
the bivalency of 1a produces only a 2-fold increase in [QA]
over 1b, which could account for a difference in ki+g of at
most a factor of 2. An alternative explanation is that the
additional QA group of 1la increases the probability of
productive binding with the AChR. Prior to pore blockade,
the blockers may form short-lived preassociation complexes
with the negatively charged extracellular vestibule. The
higher charge density of 1a might stabilize its residence in
the vestibule, making productive collisions of 1a with the
pore more likely.

Effect of Spacer Length on AChR Blockade. The associa-
tion rate constant for blockade decreases with increasing PEG
length in the series of compounds 1a—3 (Table 1 and Figure
8A). This observation is indicative of an entropic barrier that
prevents partitioning of bulky PEGs into the channel pore.
Sulfhydryl-directed PEG reagents have been previously
reported to partition into the pore of a-hemolysin according
to a simple scaling law (/5). A linear relationship was found
between the natural logarithm of the apparent rate constant
(k") for a specific luminal cysteine residue and the number
of ethylene glycol units () in the PEG reagent. The slope
of this linear correlation was —(a/D)°?, where a is the
persistence length (i.e., effective monomer length) of the
polymer and D is pore diameter. Analogously, the plot of
In(kyp) vs N is linear for our PEG-based blockers (Figure
8A). Since blockers 1a—3 are smaller than the diameter of
the vestibule tunnel (20—30 10\) (18) but larger than the pore
diameter (7—8 A) (36, 37), the entry of these molecules into
the transmembrane pore is expected to contribute predomi-
nately to the entropic cost of blockade. Assuming a persis-
tence length of 3.5 A for PEG (15), a diameter of 7.1 A is
obtained according to slope = —(a/D)*?, which is in good
agreement with the reported value for the pore diameter of
the AChR (36, 37). The length dependence of kip for
compounds 1a—3 therefore supports the hypothesis that the
primary entropic barrier for blocker association is the
partitioning of a polymeric scaffold into the transmembrane
pore.

The dissociation rate constant is found to be inversely
correlated with the length of PEG. Assuming that the
interaction between the channel and each monomer unit is
identical and additive, the activation energy for blocker
dissociation can be estimated from

_Ea otal _NEa uni
e B e

where A is the proportionality constant, N is the number of
ethylene glycol units, and E; (o) and E, @iy are the overall
activation energy for blocker dissociation and activation
energy for dissociation per monomer unit, respectively.
According to eq 5, the plot of In(k—g) vs N is linear with a
slope of —(Eyunin/RT). Linear least-squares fitting suggests
that each ethylene glycol unit contributes ~0.4 kcal/mol of
binding energy in the series 1a—3 (Figure 8B), although the
correlation between the number of monomer units and the
total binding energy may not be strictly linear (see discussion
below).

By extrapolating the linear correlation between In(k;g) and
N (Figure 8A), k+p of compound 4 (N ~ 22) is estimated to
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be 0.6 uM~! s7!. Using this estimate, the blocker association
rate is predicted to be only 0.06 ms™' at 100 uM compound
4. Since the intrinsic 7, for our QA-PEG conjugates are
0.7—0.8 ms, the probability of observing blockade events
before the open AChR closes is expected to be very low
under this condition (the relative frequency of blockade,
defined as kig[BJ]/(ac + kyg[B]), is ~0.05 at 100 uM
compound 4). Moreover, because the size of compound 4
(Rr = 22.4 A) is close to the diameter of the extracellular
vestibule, the entropic cost for compound 4 to enter the
vestibule should not be neglected. The concentration of PEG-
1000 in a 20 A wide chamber is ~30% of that in the bulk
solution according to the scaling law (/5), giving an even
lower ki for compound 4 than predicted from the scaling
analysis in Figure 8A.

The value of k_p is also likely to deviate from the predicted
value (Figure 8B and eq 5) when N is large. For small PEG-
based blockers, the interaction between the channel and each
monomer unit is assumed to be identical and additive because
these molecules may be fully confined in the transmembrane
lumen, forming favorable interactions with the channel
surface. For large congeners, however, the polymer size
might exceed the space available for blocker binding within
the pore, leading to higher k_g values than predicted. Such
a deviation might explain the observed length-dependent
trend in k_p: the drop in In(k_p) is steeper from N = 4 to N
= 8 compared to the decrease from N = 4 to N = 13 (Figure
8B, dashed lines).

The blockade behavior of 1a—3 is similar to that of the
previously reported PIP derivatives (/2) in that there is a
linear decrease in In(k—g) with increasing number of meth-
ylene groups in the alkyl tail. As proposed for the PIP
derivatives, this effect is presumably due to differential
hydrophobic and/or van der Waals interactions between each
blocker and the nonpolar pore-lining residues of the AChR.
Interestingly, however, kyp for the PIP derivatives remains
fairly constant without a particular trend over the range of
alkyl chain length examined, which is in contrast to our
observation with QA-PEG conjugates. Because changes in
molecular size are much smaller for the PIP derivatives (R
= methyl to hexyl) than those for compounds 1a—3, the
entropic barrier for entry of these PIP derivatives is expected
to depend only weakly on alkyl chain length over the range
tested.

Implications for the Design of Kinetically Tunable Block-
ers. This model study demonstrates how QA-PEG conjugates
block the open AChR in a structure-dependent manner. Both
the spacer length and the number of attached QA groups
affect the kinetics and thermodynamics of blockade. The
association and dissociation rate constants each exhibit a
characteristic dependence on spacer length, suggesting that
it will be possible to create blockers with predictable
blockade kinetics by adjusting the size of the polymer
backbone. In terms of their binding kinetics and thermody-
namics, blockers 1la—3 are comparable to the QA-based
blockers that have previously been characterized (Supporting
Information Table S1). Blockers 2 and 3 exhibit AChR
binding affinities greater than the highest affinity alkyl-PIP
blockers (/2) and comparable to those of the well-known
QA-based open-channel blockers such as decamethonium (K4
=9-20 uM) (22) and QX-222 (K4 ~ 30 uM) (7). It is also
worth noting that k4 and kg of blockers 1a—3 span 1 and
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2 orders of magnitude, respectively, and that these ranges
cover the blockade rate constants of many previously
characterized QA-based blockers (Supporting Information
Table S1). The lowest dissociation rate constant observed
(for compound 3) is <100 s7!, indicating that QA-PEG
conjugates may have the potential of accelerating AChR
current decays through long-lived interruption of channel
openings.

Due to the lack of a high-resolution structure for the
transmembrane lumen, the rational design of open-channel
blockers for the AChR remains challenging. The observed
length-dependent changes of blockade kinetics in this study
suggest an alternative strategy for blocker design: when a
flexible polymer scaffold is incorporated into the blocker
structure, a systematic modulation of blocker association/
dissociation may be achieved by modifying the size of the
polymer scaffold. The ability to create a series of blocker
congeners with a broad range of blockade kinetics would
allow systematic modulation of the kinetics of AChR-
mediated currents. Several blockers of the muscle-type AChR
have also been reported to inhibit neuronal AChRs, indicating
that PEG-based blockers are likely to target neuronal AChRs
and function in a similar manner (38—42). In the long term,
these blockers might be suitable for studying modulation of
synaptic transmission in perfusible experimental preparations
such as brain slices, which retain high degrees of neuronal
connectivity and are commonly used in the study of
physiological phenomena (e.g., synaptic plasticity). However,
application of QA-PEG conjugates to neuronal AChRs may
be restricted in vivo, since the access of these charged
molecules to the central nervous system may be limited by
the blood—brain barrier. Finally, PEG is also likely to serve
as a useful scaffold for pore-directed blockers of channels
other than the AChR, since the results of this study suggest
that blockade properties are likely not to depend strongly
on the details of pore structure.

Future work will focus on studying the effects of QA end
groups on blockade kinetics and binding-site selectivity. The
bivalent PEG-based blockers are designed to afford versatility
in structural modifications. In addition to spacer length, the
end groups can be modified in a fairly straightforward
manner. Compounds 1a—4 were made from PEGs through
a three-step conversion (Supporting Information Schemes S1
and S2). The trimethylammonium group used for compounds
1a—4 can be replaced with other QA moieties by the same
synthetic strategy using the corresponding tertiary amines.
Structural modifications of the QA moiety are likely to
enhance blockade affinity of an open-channel blocker. For
instance, when the trimethylammonium group of QX-222 is
replaced with triethylammonium, the resulting blocker has
a binding affinity ~30-fold greater than QX-222 itself (7).
Moreover, replacement of the trimethylammonium group,
which is shared by several AChR agonists, with other QA
groups might allow the resulting QA-PEG conjugates to bind
more selectively to the pore rather than the agonist binding
site.

In summary, this study has demonstrated that simple QA
salts based on a PEG scaffold can block the open AChR
with reasonably good affinities and predictable kinetics that
depend on the size of PEG spacer. Due to their length-
dependent changes in blockade kinetics, PEG-based blockers
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are potentially useful for the systematic modulation of
synaptic currents in the studies of synaptic transmission.
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