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Abstract Dequalinium has recently been reported to
block CNGA1l and CNGA2 channels expressed in
Xenopus laevis. Using the inside-out configuration of the
patch-clamp technique, we examined the effects of
dequalinium on rat olfactory CNGA2 channels ex-
pressed in human embryonic kidney (HEK293) cells and
studied aspects of its molecular mechanism of action.
We found that cytoplasmic dequalinium blocked wild-
type (WT) CNGA2 channels in a voltage-dependent
manner with an ICsy of approximately 1.3 pM at a V,
of + 60 mV, and an effective fractional charge, zJ, of
+0.8 (z=2, 6=+0.4), suggesting that cytoplasmic
dequalinium interacts with a binding site that is about
two fifths of the way along the membrane electric field
(from the intracellular side). Neutralizing the negatively
charged pore lining glutamate acid residue (E342Q) still
allows effective channel block by cytoplasmic dequalin-
ium with an ICsy of approximately 2.2 uM at a V,, of
+60 mV but now having a zé of +0.1 (6= +0.05),
indicating a profoundly decreased level of voltage-
dependence. In addition, by comparing the extent of
block under different levels of channel activation, we
show that the block by cytoplasmic dequalinium dis-
played clear state-dependence in WT channels by inter-
acting predominantly with the closed channel, whereas
the block in E342Q channels was state-independent.
Application of dequalinium to the external membrane
surface also blocked currents through WT channels and
the E342Q mutation significantly increased the 1Csq for
external block approximately fivefold. These results
confirm dequalinium as a potent, voltage-dependent and
state-dependent  blocker of cyclic-nucleotide-gated
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channels, and show that neutralization of the E342 res-
idue profoundly affects the block by both cytoplasmic
and external application of dequalinium.
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Introduction

In olfactory receptor neurons, binding of odorants to
olfactory receptors induces a rapid increase in cyclic
adenosine monophosphate (cAMP), leading to the direct
activation of nonspecific cation-selective olfactory cyclic-
nucleotide-gated (CNG) channels (Lancet 1986; Zufall
et al. 1994). The influx of cations (mainly Na * and Ca*™)
depolarizes the cell, and the influx of Ca®™" ions activates
Ca®*-activated Cl channels to further amplify the
depolarization (Lowe and Gold 1993; Frings et al. 1995).
The CNG channels are considered to belong to the
superfamily of tetrameric cation channels whose subunits
have six transmembrane domains. Hence, the pore-
forming P-region shares sequence similarity with the ion-
conducting pore of voltage-gated Shaker-type K™
channels and with the pore of two-membrane-domain
K™ channels (Kaupp et al. 1989; Jan and Jan 1990;
Heginbotham et al. 1992). By analogy with the structure
of the pore region of K™ channels (Doyle et al. 1998), the
four P-loops of CNG channel subunits comprise a pore
helix directed towards the centre of the channel followed
by an uncoiled region which extends back in the extra-
cellular direction, and whose residues form the selectivity
filter region of the pore. While there are some function-
ally significant differences in the selectivity filter sequence
(TTVGYGD) of K™ channels and CNG channels
(TTIG-E) a recent model of the CNG pore, derived from
cysteine accessibility and homology with KcsA, places
the pore glutamate on the external end of the selectivity
filter, within the most constricted region of the conduc-
tion pathway (Becchetti and coworkers 1999, 2000).



An important approach for identifying pore structure
and elucidating any conformational changes that occur
in this region during channel gating is to investigate the
molecular actions of different pore blockers under dif-
ferent conditions. Reported CNG channel pore blockers
include protons, Mg?" and Ca’" as well as more
complex molecules such as spermine, pseudechetoxin,
pimozide, [-cis-diltiazem and tetracaine (Root and
MacKinnon 1993; Fodor and coworkers 1997a, 1997b;
Lynch 1999; Brown et al. 1999).

Any exposed negative charges near the channel pore
represent potential sites of interaction with positively
charged blockers of cation channels. A negatively
charged glutamate residue in the ion-conducting path-
way of CNG channels, tentatively assigned to a position
on the extracellular edge of the selectivity filter, is well
conserved throughout the superfamily of voltage-gated
channels (Heginbotham et al. 1992). This charged pore
residue has been shown to form a high-affinity binding
site for external protons (Root and MacKinnon 1994),
external monovalent and divalent cations (Root and
MacKinnon 1993; Eismann et al. 1994; Park and
MacKinnon 1995) and externally applied spermine
(Nevin et al. 2000). For example, in the bovine rod
CNGAT1 and olfactory CNGA?2 channels, the mutation
of this residue into glycine or glutamine dramatically
changed the voltage-dependent block by external diva-
lent cations into a weak voltage-independent block,
indicating that this position forms the binding site for
divalent cations (Root and MacKinnon 1993; Eismann
et al. 1994; Park and MacKinnon 1995; Gavazzo et al.
2000). However, neutralization of the glutamate residue
did not profoundly affect block by internal divalent ca-
tions, suggesting that there is a second, internal cation-
binding site (Root and MacKinnon 1993; Gavazzo et al.
2000). The mutation of this pore glutamate into gluta-
mine in the rat olfactory CNGA2 channels also changed
the channel block by external spermine from a voltage-
dependent into a voltage-independent block. This sug-
gested that this residue may also be the potential binding
site for external spermine, and that the mutation has
modified this site and/or created a novel-binding site
outside the membrane electrical field (Nevin et al. 2000).
It was further suggested that multivalent cations, such as
spermine, may have a higher affinity for the site than
other cations, and hence compete with monovalent ca-
tions to bind to the same glutamate site and thereby
reduce the permeation rate of other cations (Nevin et al.
2000). However, similar to the results seen for Ca®>* and
Mg?* block of bovine rod CNGAI1 channels, neutral-
ization of the glutamate residue had smaller effects on
cytoplasmic spermine block; shifting the voltage-depen-
dence of block to more positive values (by about
+40 mV) without changing the magnitude of spermine
block (Guo and Lu 2000). Again this suggests that
cytoplasmic block is more complex, perhaps suggesting
that other cation-binding sites are also involved.

Local anaesthetics can also block cation channels,
including CNG channels, and some detailed investiga-
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tions have been conducted on tetracaine actions. Tet-
racaine, applied from the cytoplasmic side in rod
CNGAT1 channels, has been shown to act as a voltage-
dependent and state-dependent pore blocker, displaying
a three-order higher affinity in the closed state than in
the open state (Fodor et al. 1997a). The same glutamate
residue (E363 for rod CNGAI channels) was also con-
sidered to be involved in tetracaine block and its neu-
tralization eliminated the state-dependence of block
(Fodor et al. 1997b), indicating that access to this resi-
due was state-dependent and suggesting conformational
changes to this region occur during channel gating
(Bucossi et al. 1996; Flynn et al. 2001). More specifically,
it was suggested that E363 forms a binding site for the
charged moiety of cytoplasmic tetracaine, and that a
conformational change accompanying channel opening
moves the glutamate residue away from tetracaine’s
positive charge or hinders access of tetracaine to the
pore (Fodor et al. 1997b).

Taken together, these observations suggest that
externally applied divalent and multivalent cationic pore
blockers directly interact with this pore glutamate to
inhibit monovalent ion permeation (by either shielding
the negative charge of the glutamate and/or by steric
occlusion of the pore). Mutating this residue changes the
electric field around the outer edge of the pore so that,
while higher concentrations of blockers can still inhibit
permeation, the voltage-dependence of their block is
abolished. For internal application of these blockers the
role of the glutamate in their mechanism of action is
more complex. The voltage- and state-dependence of
block by the larger multivalent blockers is altered by
mutations to this glutamate, although it is not clear if
this is directly due to loss of electrostatic attraction or is
secondary to some conformational change reducing
blocker access. For block by internal divalent ions glu-
tamate mutations have more modest effects than for
block by external divalent ions, suggesting that internal
divalent ions block permeation by a mechanism inde-
pendent of electrostatic attraction to the inner end of the
selectivity filter. However, without more detailed
knowledge of the state- and voltage-dependence of a
range of internal and external blockers (ideally under
similar conditions and protocols) it is still too pre-
liminary to be able to incorporate this information into a
more precise mechanistic model.

Dequalinium has recently been shown to voltage-
dependently inhibit homomeric rod CNGAIl and
CNGA?2 channels, and heteromeric CNGA1/CNGBI1
channels, expressed in Xenopus oocytes, with high
affinity (Rosenbaum and coworkers 2003, 2004). This
divalent organic cation can also inhibit protein kinase C
(Rotenberg and Sun 1998) and has been reported to be a
potent and selective nonpeptide blocker of the apamin-
sensitive small conductance Ca®"-activated K* chan-
nels (Castle et al. 1993; Dunn et al. 1996; Strobaek et al.
2000). The dequalinium block was both voltage-depen-
dent and reduced by increasing the concentration of
permeant ions, two features characteristic of pore block
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(Rosenbaum et al. 2003). While the original study
(where dequalinium was pre-equilibrated for long peri-
ods at 0 mV) reported state-independence of block
(Rosenbaum et al. 2003), a subsequent report (using a
wide range of voltages and shorter equilibration times)
reported that dequalinium showed a 3-5 times higher
affinity for closed channels than that for open channels
(Rosenbaum et al. 2004). In this study, we wished to
further charaterize dequalinium block of CNG channels.
Specifically, we wished to investigate whether extracel-
lular and intracellular dequalinium was a potent blocker
of olfactory CNGA?2 channels expressed in HEK293
cells, to investigate the voltage- and state-dependence of
dequalinium block and to characterize how mutation to
the pore lining glutamate affected dequalinium block.

Materials and methods

Transient expression of CNGA2 subunit complemen-
tary DNAs in HEK293 cells

The complementary DNA (¢cDNA) encoding the rat
olfactory CNGAZ2 subunit (a kind gift of Randy Reed,
Johns Hopkins University School of Medicine, Balti-
more, USA, via Anne Cunningham, Sydney Children’s
Hospital; equivalent to CNGa3 of Bonigk et al. 1999)
was isolated and subcloned into a pCIS expression
vector (Gorman et al. 1990). Site-directed mutagenesis
was generated using the oligonucleotide-directed poly-
merase chain reaction method and the successful incor-
poration of mutations was confirmed by sequencing the
cDNA clones. Human embryonic kidney (HEK 293)
cells were transfected with plasmid DNA encoding wild-
type (WT) or mutant (E342Q) CNGAZ2 channels, to-
gether with a separate plasmid cDNA for the CD4
surface antigen, using a calcium phosphate precipitation
protocol (Chen and Okayama 1987). The CD4 anti-
body-coated polystyrene beads were used as a marker of
successfully transfected cells (Dynabeads M-450, Dynal,
Oslo, Norway). Transfected cells were kept in Eagle’s
minimum essential medium in Hank’s salts (Trace Bio-
sciences, NSW, Australia) supplemented with 2 mM
glutamine and 10% fetal calf serum on poly-p-lysine and
collagen (IV) coated coverslips and incubated in 5%
CO, at 37°C. Cells were used for patch-clamp recordings
typically within 24-72 hrs after transfection and only
those cells labeled with beads were chosen for experi-
ments.

Solutions

Membrane currents were measured using inside-out,
outside-out or whole-cell patch-clamp configurations
(Hamill et al. 1981). Unless otherwise indicated, in all
experimental procedures, excised patches were bathed in
a divalent-cation-free control solution consisting of
145 mM NaCl, 10 mM N-2-hydroxyethylpiperazine-N-

2-ethanesulfonic (HEPES), and 2 mM ethylene glycol-
bis(f-aminoethyl  ether)-N,N,N’,N’-tetraacetic  acid
(EDTA), titrated to pH 7.4 with 1 M NaOH. This
control solution was also used as the pipette solution.
For outside-out and whole-cell recordings, 1 mM cAMP
(Sigma—Aldrich; St. Louis, MO, USA) was added to this
pipette solution. All the pipette solutions were filtered
(with a 0.2-pm filter, Gelman Sciences, Ann Arbor, MI,
USA) prior to use. For bath application, different con-
centrations of cCAMP and/or dequalinium were added
directly to this control solution, and applied to the ex-
cised patches using a continuous flow, multibarrel,
gravity-fed, perfusion system consisting of ten adjacent
and parallel capillary polyethylene tubes. The patches or
cells were positioned right in front of the outflow of the
parallel perfusion tubes at a distance of approximately
100 um. The stock solution of dequalinium chloride
[quinolinium,  1,1’-(1,10-decanediyl)bis(4-amino-2-me-
thyl dichloride)] was dissolved in dimethylsulfoxide at a
concentration of 4 mM, and stored at room tempera-
ture. The final solutions were prepared by diluting this
stock solution to between 10 nM and 8 uM with the
control solution.

Electrophysiological recording

All experiments were performed at a room temperature
of 21 £1°C. Recording electrodes were fabricated using
standard techniques (Hamill et al. 1981; Corey and
Stevens 1983) from filamented, borosilicate glass cap-
illaries (GC150F-15; 1.5-mm outer diameter x 0.86-mm
inner diameter, Harvard Apparatus, Kent, UK), using
a Flaming/Brown micropipette electrode puller (model
P-87, Sutter Instruments, Novato, CA, USA). The tip
of the pipette was then fire-polished to give a pipette
resistance of 3-5 MQ. Currents were low-pass-filtered
at 2 kHz and sampled at 10 kHz using an Axopatch
1D patch-clamp amplifier (Axon Instruments, Foster
City, CA, USA). Currents were measured in response
to a series of 200-ms voltage pulses (between —80 and
+80 mV, in increments of 20 mV and from a holding
potential of 0 mV). Current—voltage (/-V) relationships
were obtained by plotting the average steady-state
currents in various test solutions against membrane
potentials. Each patch was perfused by a solution
containing dequalinium for more than 2 min in order
to produce a stable response. For inside-out patches,
leak currents in the absence of cyclic nucleotides at the
corresponding voltages were subtracted from currents
in the presence of cCAMP. For outside-out patches we
only used recordings in which the high-resistance seal
was still apparent immediately after patch excision,
and showed a gradual increase in holding current,
which saturated after 1-2 mins, reflecting the activa-
tion of CNG channels as cAMP diffused to the pipette
tip. For whole-cell recordings, data were recorded only
from cells whose input resistance gradually decreased
after going whole-cell, as cAMP in the pipette diffused



into the cell and activated CNG channels. In addition,
we only used whole-cell currents in which the bath
application of spermine (1 mM) almost totally blocked
the inward currents. When mean values are quoted
from a number of measurements, they are given as the
mean =+ the standard error of the mean. Differences
between mean values were analyzed using Student’s
paired ¢ test for paired experiments, and significance
was assessed at a p value of less than 0.05.

Data analysis

Off-line analysis and graphing of current traces was
conducted using pCLAMP 8.0 (Axon Instruments,
Foster City, CA, USA) and Sigmaplot (Jandell Scien-
tific, San Rafael, CA, USA) on a Pentium III computer.
Concentration-response curves for cAMP were gener-
ated by measuring the current response at £60 mV at
different cAMP doses and this relationship was then
fitted with the Hill equation:
Lnorm = C"/(C" + ECY%)), (1)
where 1,0 1s the normalized current amplitude (1/1ax),
C the cAMP concentration, ECs, the concentration of
cAMP that gives 50% of the maximal response, and /4 is
the Hill coefficient. The inhibitory dose-response curves
for cytoplasmic dequalinium were fitted to a similar Hill-
type equation:

Ioeg /s = o + { [Dea" / (IDeal” +1C% ) . (2)

where Ipq is the current in the presence of dequalinium,
1.« 1s the current obtained in the absence of dequalin-
ium, I,mec 1S the residual unblocked current at maximal
dequalinium concentrations, [Deq] represents the con-
centration of dequalinium applied to the patch from
either the cytoplasmic or the external side, ICsq is the
concentration of dequalinium which results in an inhi-
bition equal to 50% of the maximal inhibition and # is
the appropriate Hill coefficient. Note that in Eq. 2, we
have allowed for the possibility that in some cells the
maximum block was not 100% by adding an offset,
Lofrset-

To describe the voltage-dependence of the dequa-
linitum block of CNG channels, the patches were
stepped from a holding potential of 0 mV to between
—80 and 80 mV, in increments of 20 mV, for 2 min
until steady-state block was reached. A modified
Boltzmann equation (Eq. 3) was used to fit the rela-
tionship between the membrane voltage and the nor-
malized current amplitudes (/peq//max) in the presence
of cytoplasmic dequalinium. The normalized current
amplitude was calculated by dividing the steady-state
currents recorded in the presence of dequalinium
(Ipeq) by the maximum cAMP-activated current in the
absence of dequalinium (/..) (Rosenbaum et al.
2004).
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Ipeq/ Imax = 1/{1 + exp[z6(Via — Vi2)F/RT]}, (3)

where V), is the voltage when the current reaches half of
the maximum activation, V, the membrane potential, z
the valence of the blocker, ¢ the fraction of the mem-
brane electric field from the intracellular or the extra-
cellular side that affects the binding interaction of the
blocker to the channel, and R, T and F are the ideal gas
constant, the absolute temperature and the Faraday
constant, respectively.

To determine the state-dependence of cytoplasmic
dequalinium block, the kinetics schemes in Schemes 1, 2,
3 and 4 were fitted to the data.

2K K72 E
A+R —= A+AR —= AR —= A,R*

Scheme 1 Linear kinetics scheme (in the absence of block)

2K K2 E

A+AR > AR = A,R*

o

AsRp*

A+R

Scheme 2 Open-channel block

2K K2

E
A+R A+AR —=— AR —= A,R*

. ch el

A+Rp A+ARp——= ARz

Scheme 3 Closed-channel block

Ky

2K K2 E
A+R —= A+AR —= AR —= A,R*

I I

A+Rp A+ARg—— A,Rp—=— A,Rp*

Scheme 4 State independent block

Kg

2K

In each kinetics scheme, A is the agonist, R is the
receptor-channel complex, Rp is the blocked receptor-
channel complex and an asterisk indicates the open state
of the receptor channel. The kinetics schemes assume
that two molecules of agonist bind to equivalent sites on
the receptor before it is able to open. For each of the
schemes the macroscopic equilibrium constants are
shown, with K being the equilibrium dissociation con-
stant for the agonist cAMP, Ky being that for the
blocker dequalinium and FE is the equilibrium constant
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for the opening reaction (defined as the ratio of the
opening rate constant to closing rate constant).

Results
Voltage-dependence of cytoplasmic dequalinium block

Inside-out excised patch-clamp recordings were used for
examining the blocking effects of cytoplasmic dequalin-
ium in both WT and E342Q mutant CNGA?2 channels.
For each concentration of cytoplasmic dequalinium, the
patches were perfused with the test solutions for more
than 2 min in order to obtain steady-state recordings.
Cytoplasmic dequalinium was a potent inhibitor of both
WT CNGA2 and mutant E342Q CNGAZ2 channels,
particularly at positive membrane potentials. The block
was fully reversible, although washout was slow and
required 20-30 min for almost complete recovery
(Fig. 1A, B). Examples of current—voltage curves in the
presence of different cytoplasmic dequalinium concen-
trations are shown in Fig. 1C (WT) and D (E342Q),

Fig. 1 Block of cyclic
adenosine monophosphate
(cAM P)-activated currents by

A WT

Vi {]‘IlV)

with the voltage-dependence of block at submaximal
concentrations of dequalinium also shown in Fig. 2C.

For WT CNGA2 channels, a dramatic block of
current was seen at positive membrane potentials, but at
negative potentials the extent of block decreased and
was negligible at —80 mV. The corresponding current—
voltage curves displayed clear inward rectification at a
higher concentration of dequalinium, indicating that
cytoplasmic dequalinium blocked the cAMP-activated
currents more prominently and efficiently at depolarized
membrane potentials (Fig. 1C, Table 1). In the presence
of 4 uM cytoplasmic dequalinium, the normalized stea-
dy-state current amplitude (/peq//max) Was 0.1 £0.03 at a
Vy of +60 mV, and 09+0.03 at a V,, of —60 mV
(m=11). This result is consistent with the idea that
dequalinium binds to a site within the membrane electric
field.

The -V curves for the E342Q channels showed a
different pattern, both in the absence and in the presence
of dequalinium (Fig. 1D). The control /-V curve showed
quite marked outward rectification, which became more
linear with increasing concentrations of dequalinium.

B E342Q
Vim (l‘i‘l\/']I

cytoplasmic dequalinium in

— +80

wild type (WT) and E342Q

mutant CNGA2 channels. 0

A, B Dequalinium reversibly

blocked macroscopic currents

in both WT and E342Q -80

channels. Currents were
measured in response to a series
of 180-ms voltage steps ranging

+ 1 mM cAMP

Smﬂw

=80 + 1 mM cAMP

from —80 to +80 mV in 20-mV

-

steps, from a holding potential

of 0 mV. C, D Corresponding

current—voltage (I-V) relations
for the currents shown in A and
B. Filled circles no dequalinium;
empty circles 1,000 nM (WT) or

+1mM cAMP
+ 8 uM Dequalinium

W—w

£ 1 mM cAMP
+ 8 uM Dequalinium

[

——

1,600 nM (E342Q)

dequalinium; filled squares

4 uM dequalinium; empty

squares 8 UM dequalinium.

The smooth lines were obtained
by fitting the data to quadratic
polynomials
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400 pA
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Outward rectification of macroscopic currents has been
seen with a range of mutations to neutralize the pore
glutamate in CNGA1 and CNGA2 channels (Root and
Mackinnon 1993; Gavazzo et al. 2000). Gavazzo et al
(2000) suggested the rectification of CNGA2 channel
currents was solely due to changes in the voltage
dependence of ion permeation, while Root and Mack-
innon (1993) suggested for the CNGAI1 channel that
changes in the voltage-dependence of gating also con-
tributed to the macroscopic current rectification. While
there was some mild inward rectification at the highest
dequalinium concentrations, the inward currents were
also reduced by dequalinium in the E342Q mutation. In
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Fig. 2 Comparison of voltage-dependence of cytoplasmic dequa-
linium block between WT (filled circles) and E342Q mutant (empty
circles) CNGAZ2 channels activated by saturating concentrations of
cAMP. A Concentration—response curves for cytoplasmic dequa-
linium block at a V,, of +60 mV. The smooth curve is a fit with the
Hill equation (Eq. 2), giving an ICsy of 1.3+0.1 uM, and
h=1.7+0.1 for WT (n=11), and an ICsq of 2.2£0.1 uM, and
h=2.4+0.3 for E342Q (n=7). B Relationship between the Hill
coefficient of dequalinium block (inhibition) and membrane
potentials. The 4 values for both WT (filled circles) and E342Q
mutant (open circles) channels were larger than 1 at all voltages. C
Mean normalized currents (/peq//max) in the presence of 1 mM
cAMP and 1,000 nM dequalinium in WT channels (n=15), or in the
presence of 1 mM cAMP and 1,600 nM dequalinium in E342Q
channels (n=35), against voltage. The smooth line is a fit to the
Boltzmann equation (Eq. 3), giving a zJ value of 0.8 and a 7, of
about 77 mV for WT channels, and a zd value of 0.1 and a V), of
approximately 90 mV for E342Q channels

the presence of 4 pM dequalinium, the value of I'peq/Imax
was 0.2+0.04 at a V,, of +60 mV, and 0.45+0.05 at a
Vi of =60 mV (n=5).

Figure 2A shows the averaged dequalinium con-
centration-response relationship of WT and E342Q
channels at a V', of +60 mV. The mutation of E342Q
shifted the curve slightly towards the right in the
presence of a saturating concentration of cAMP,
compared with the case for the WT. The fit of the Hill
equation to these data gave an ICsy for dequalinium of
1.3£0.1 pM and a Hill coefficient (4) of 1.7+0.1 for
WT channels (n=11), and an ICsy of 2.2+0.1 uM and
an h value of 2.4+0.3 for E342Q channels (n=7;
Fig. 2A, Table 1). The Hill coefficients obtained from
similar fits to dequalinium block data were larger than
1 at all membrane potentials for both WT and E342Q
channels (Fig. 2B), suggesting that more than one
dequalinium molecule may be concurrently involved in
interacting with the channel.

The voltage-dependence of the extent of block in-
duced by a submaximum concentration of dequalinium
(1 uM for WT, 1.6 uM for E342Q) is shown in Fig. 2C,
and the smooth lines are the fit obtained with the
Boltzmann equation (Eq. 3). The data clearly indicate a
strong voltage-dependent block in WT channels and
only a weak voltage-dependence of block for the E342Q
mutant. There was no evidence that dequalinium acted
as a permeant blocker within these voltage ranges since
we saw no relief from block at +80 mV. The fitting with
the Boltzman equation (Eq. 3) gave a V), of about
77 mV, and a mean zo value of approximately 0.8 in WT
channels, and a V;, of 90 mV and a zJ value of about
0.1 in E342Q channels. Assuming that both positive
charges of dequalinium contribute to the binding reac-
tion, the 6 value for the WT channel is estimated to be
around 0.4, and the value for the E342Q mutant channel
to be about 0.05. These results suggest that cytoplasmic
dequalinium blocked the WT channel in a voltage-
dependent way with the binding site located approxi-
mately two fifths of the way along the membrane electric
field from the internal side, whereas the E342Q mutation
profoundly disrupted the interaction between dequalin-
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Table 1 Parameters for cytoplasmic and external dequalinium block in wild-type (WT) and E342Q channels at membrane potentials of

+60 and —60 mV

1=(Iy ym Deq/IcAMP)a ICso (UM ) h
+60 mV —60 mV +60 mV —60 mV +60 mV —60 mV
Cytoplasmic application WT (n=11) 0.9+0.03 0.1£0.03 1.3+0.1 - 1.7+0.1 -
E342Q (n=17) 0.8+0.06 0.5+0.04 2.2+0.1 1.4+0.1 24+0.3 2.0+0.6
External application WT (n=4) 0.6+0.07 0.6+0.1 0.4+0.1 0.4+0.1 0.8+0.1 1.1+£0.2
E342Q (n=3) 0.1£0.1 04+0.2 7.8+4.5 2.6+0.8 1.6+04 32403

1Csp is the concentration of dequalinium which reduces the response to 50% of the maximal response, and / is the appropriate Hill

coefficient

“The fraction of the blocked currents in the presence of 4 pM dequalinium

Fig. 3 State-dependent block of
cytoplasmic dequalinium in WT
CNGA2 channels at
subsaturating cAMP and
saturating cyclic guanosine
monophosphate (cGMP)
concentrations.

A, B Representative currents
activated by 40 pM cAMP and
5 mM cGMP in individual
inside-out patches.

C, D Corresponding I~V
curves. Filled circles 40 pM
cAMP (C) or 5 mM cGMP
(D) + no dequalinium; empty
circles +500 nM dequalinium;
filled triangles 1,000 or

4,000 nM dequalinium.

E, F Concentration-response
curves for dequalinium block at
a Vy, of +60 mV in the
presence of 1 mM cAMP (filled
circles in both E and F) and in
the presence of 40 pM cAMP
(empty circles in E) and in the
presence of 5 mM cGMP
(empty circles in F). The smooth
curves are fits with the Hill
equation (Eq. 2), giving an ICsq
for dequalinium block in the
presence of | mM cAMP of
1.3+£0.1 uM (n=06),

0.58 £0.05 uM in the presence
of 40 uM cAMP (n=75), and
2.74+0.1 uM in the presence of
5 mM cGMP (n=5)
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ium and its binding site. The results clearly indicated
that the E342Q mutation converts dequalinium from
being a voltage-dependent blocker to being an essen-
tially voltage-independent blocker.

State-dependence of cytoplasmic dequalinium block

We next examined whether cytoplasmic dequalinium
block showed any state dependence. The first way we
examined this was to determine dequalinium block when
activating CNGA2 channels to differing extents, with a
subsaturating concentration of cAMP (40 uM) that
elicits responses 20-50% of maximal, a saturating con-
centration of cAMP (I mM) and a saturating concen-
tration of cyclic guanosine monophosphate (cGMP)
(5 mM). In the presence of saturating cGMP the channel
open probability (P,) is 0.996-0.997, while for saturating
cAMP P, is 0.9-0.985 (Gordon and Zagotta 1995; Fo-
dor et al. 1997a; Gavazzo et al. 2000). This difference in
the time spent in the open state in saturating cAMP
compared with saturating cGMP was sufficient to sig-
nificantly affect the potency of another proposed pore
blocker, tetracaine (Fodor et al. 1997a). Figure 3A and
B shows sample current recordings of dequalinium block
of currents activated by a subsaturating cAMP concen-
tration (40 pM), and a saturating cGMP concentration
(5 mM), and the corresponding I~V curves are shown in
Fig. 3C and D. Cytoplasmic dequalinium was most
potent when the channels were activated by subsatu-
rating cAMP. Dequalinium (1 pM) reduced currents
activated by 1 mM cAMP to 0.62+0.04 (n=35) and re-
duced currents activated by subsaturating (40 pM)
cAMP to 0.15+0.05 (n=15) at a membrane potential of
+60 mV. This extent of reduction was significantly
different. The same concentration of dequalinium had
very little effect on currents activated by saturating
(5 mM) ¢cGMP (Fig. 3F). Figure 3E and F shows mean
concentration—response curves for dequalinium block of
currents activated by subsaturating cAMP (Fig. 3E) and
saturating cGMP (Fig. 3F). In both cases the curve for
inhibition of currents activated by saturating (1 mM)
cAMP is shown for comparison. For currents activated
by 40 puM cAMP, the dequalinium ICsy was
0.58+£0.05 uM (n=15), which is significantly less than
that for currents activated by 1mM cAMP
(1.3£0.1 uM, n=11, p<0.05). The dequalinium ICsq
for currents activated by saturating cGMP was even
larger, being 2.7+0.1 uM (n=15). These results indicate
that cytoplasmic dequalinium is a state-dependent
blocker of CNGAZ2 channels, being more potent when
the channel is in the closed state.

To further investigate the state-dependency of
dequalinium block of WT and E342Q channels, we used
a second approach. The extent of block by a set
(approximate ICsg) concentration of dequalinium was
determined for a range of cAMP concentrations. Fig-
ure 4 shows cAMP concentration-response curves in the
absence and presence of 1 uM dequalinium (for WT) or
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Fig. 4 The effect of cytoplasmic dequalinium at a concentration of
about half-maximal block at different concentrations of cAMP in
WT and E342Q channels. All currents were measured at +60 mV.
A, B Concentration-response relations in the absence (empty
circles) and in the presence (filled circles) of 1 uM (WT) or 2 uM
(E342Q) cytoplasmic dequalinium. The concentration—response
curves obtained in the absence of dequalinium were fitted (shown
as a solid line) with the linear kinetics scheme (Scheme 1) to
estimate the values for K and E from the data. For the WT channel
the values obtained were E=36+21 and K=177+71 pM ", and
for the E342Q channel E=58 +25 and K=509+ 137 uM~'. These
parameters were then fixed for fitting of the state-dependent
blocking mechanisms so that the only free parameter was Ky for
dequalinium. For the WT channel in the presence of 1 uM
dequalinium the data were best fit with the closed-state block
mechanism (shown as a smooth curve; Kg=0.34+0.08 pM ™}
compared with the other two mechanisms (shown as dashed lines).
The data for E342Q in the presence of 2 uM dequalinium were not
fit at all well with the closed-state block mechanism (shown as
shortest dashed line), but it was not possible to distinguish between
the fits for open-state block (Kp=5.5+0.6 uM~!) or state-
independent block (Kz=6.140.8 uM~'; both shown as longer
dashed lines)

2 uM dequalinium (for E342Q)) at a membrane potential
of +60 mV. In each case the data were fitted with simple
kinetics schemes (Schemes 1, 2, 3, 4; see earlier) that
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Fig. 5 Effects of external WT
dequalinium on WT and E342Q

B E3420
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out patches containing WT or
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+80 mV at 20-mV intervals.
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Corresponding I-V curves:
filled circles no dequalinium;
empty circles 100 nM
dequalinium; filled triangles
1,600 nM dequalinium; empty
triangles 4,000 nM
dequalinium. E, F The fraction
of unblocked currents (/peq/
Inay) at a Vi, of +60 mV (filled
circles) and —60 mV (empty
circles) against the membrane
potential. The smooth lines are
the fit with the Hill equation
(Eq. 2). At =60 mV,
1C59=372 nM, h~1.1 for WT
(n=4), and 1Cs5y=2.6 uM,
h=3.2 for E342Q channels
(n=3); at +60 mV,

1C50~405 nM, h=0.8 for WT,
and 1Cs5px7.8 uM, h=1.6 for
E342Q channels (Table 1)
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describe channel activation, open-state block, closed-
state block or state-independent block. The scheme we
used for describing the state-dependence of dequalinium
block assumes two equivalent binding sites for cAMP
that need to be occupied before the channel undergoes a
concerted opening transition (Gordon and Zagotta
1995; Rosenbaum et al. 2003). The results indicated that
the concentration—response curve of

10?
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e
10! 10? 103 10*
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103 10

WT channels in the presence of 1 uM dequalinium
was best fitted by a kinetics scheme for a closed-state
block mechanism (Fig. 4A), whereas for E342Q this was
not the case. The E342Q data were best fit by the open-
state and state-independent blocking mechanisms and it
was not possible to distinguish between these fits
(Fig. 4B). This indicates that the neutralization of the
negative charge at the E342 position removes the closed



state dependence of the channel block by cytoplasmic
dequalinium.

External dequalinium block

The effects of extracellular dequalinium were investi-
gated in outside-out, or whole-cell patch-clamp con-
figurations, in which 1 mM cAMP was included in the
pipette solution to activate CNGA?2 channels. External
dequalinium produced a block of both WT and
E342Q CNGA?2 channels that reached a steady level
within about 5 min. Representative currents (without
subtraction of leakage currents) recorded at different
dequalinium concentrations in WT and E342Q chan-
nels are shown in Fig. 5A and B. External dequalini-
um still behaved as a potent inhibitor of WT CNGA2
channels, and, in this example, the block was slightly
more efficient at more hyperpolarized potentials, as
illustrated by the slight outward rectification seen in
the corresponding /-V curves at high concentrations
of dequalinium (Fig. 5C). Mutation of E342 reduced
the effectiveness of external dequalinium block,
increasing the value of Ipeq/lmax in the presence of
1,600 nM external dequalinium at a V, of —60 mV
from 0.4+0.1 for WT (n=4) to 0.7£0.1 for E342
(n=3). The fitting of the concentration—response
curves of external dequalinium block with the Hill
equation (Eq. 2) also illustrates the reduced maximum
block and shows the significant reduction in the po-
tency of external dequalinium block in the E342Q
channel (Fig. SE, F, Table 1). While we selected
recordings in which background leak seemed minimal
(see “Materials and methods™), we cannot discount
the possibility that the residual dequalinium resistant
current may include a small leak component, resulting
in a slight underestimation of maximal block. The
dequalinium ICsy at —60 mV was 0.4+0.1 uM for

WT (m=4) and 2.6+0.8 uM for E342Q (n=3;
p<0.05; Table 1); at +60 mV the respective ICs
values were 04+0.1 uM for WT (n=4) and

7.8+£4.5 uM for E342Q (n=3). Hence the E342Q
mutation reduces the potency of external dequalinium
block and, interestingly, seems to induce some voltage-
dependence to the dequalinium block. The mean Hill
coefficients for external block were close to 1 and
voltage-independent for WT channels, and increased
from around 1 (at negative V) to over 3 at more
depolarized potentials (Table 1). These results suggest
that different binding mechanisms are involved for the
two types of channels, and that neutralization of the
P-loop glutamate has a profound effect on the action
of externally applied dequalinium.

Discussion

In this study, we have explored the underlying mech-
anisms and molecular determinants of dequalinium
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block of rat olfactory CNG channels. Cytoplasmic
dequalinium voltage-dependently and state-depen-
dently blocks WT CNGA2 channels. It was more
effective at subsaturating cCAMP concentrations when
the channel spends more time in the closed state, and
less effective at saturating cGMP when the channel
spends more time in the open state, indicating a higher
affinity for the closed state. Our results with CNGA2
channels in HEK cells correspond well with the po-
tency and voltage-dependence of cytoplasmic dequa-
linium block of CNGA2 channels expressed in X.
laevis (Rosenbaum et al. 2003; 2004). Our results with
state-dependency also concur with the more recent
results obtained in X. laevis oocytes (Rosenbaum and
coworkers 2004), although no state-dependency of
dequalinium block was found in CNGAI1 channels
expressed in X. laevis oocytes after prolonged pre-
equilibration at 0 mV (Rosenbaum et al. 2003). How-
ever, the results with extracellular dequalinium display
some differences from those reported by Rosenbaum
et al. (2003). In that study, extracellular dequalinium
caused a very slow block that was not complete even
after 25 min. As the block was relieved at negative
membrane potentials it was suggested that external
dequalinium entered the oocyte and blocked from the
inside. Our results indicate that extracellular dequa-
linlum blocks via a mechanism distinct from cyto-
plasmic dequalinium, since external block was rather
voltage-independent and the effects of the E342Q
mutation on external and cytoplasmic block were quite
different (see the following).

Neutralization of the negatively charged pore gluta-
mate residue, by mutation to glutamine (E342Q),
markedly reduced the effectiveness of external dequa-
linlum in blocking CNGAZ2 channels. The analogous
residue in CNGAT1 channels provides a binding site for
external Ca’" and Mg®", and mutations to neutralize
its charge markedly reduced the effectiveness of divalent
cations to inhibit channel current (Root and MacKin-
non 1993; Eismann et al. 1994). The same E342Q
mutation in CNGA2 channels eliminated the voltage-
dependent component of extracellular spermine block
(Nevin et al. 2000). Our results indicate that this pore
glutamate is also integral to potent blocking actions of
extracellular dequalinium, and suggest that it contrib-
utes to a binding site for a diverse range of cationic
channel blockers when applied extracellularly.

The E342Q mutation also changed the mode of
block of internal dequalinium into one that was volt-
age-independent and state-independent. In the WT
CNGA?2, cytoplasmic dequalinium only produced a
significant block at positive membrane potentials with
the potency of block being greater when the channels
spent a greater proportion of time in the closed state. A
similar pattern of behavior was seen with the intracel-
lular tetracaine block of rod CNG channels (CNGAL)
expressed in Xenopus oocytes with the affinity of WT
channel current block by dequalinium being greater in
the closed state and the state-dependency being abol-
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ished by mutations to neutralize the pore glutamate
(E363G; Fodor et al. 1997b). The blocking actions of
intracellular spermine were somewhat different from
those of dequalinium and tetracaine in that the sper-
mine block is more effective in the open state, and the
E342Q mutation does not result in a loss of voltage-
dependence, but shifted its sensitivity to block to more
positive values (Guo and Lu 2000; although the same
mutation did abolish voltage-dependence of extracel-
lular spermine block; Nevin et al. 2000). Hence, for
both tetracaine and dequalinium, the pore glutamate
underlies the state-dependency of block. Fodor et al
(1997b) suggested that the positive charge on tetracaine
interacts with the negative carboxy group of the glu-
tamate side-chain, so that when the channel opens the
glutamate side chain moves away from the channel
pore or else the open pore hinders access of tetracaine
to the glutamate. Ghatpande et al. (2003) further
speculate that the amino group of tetracaine (and
derivatives) interacts with the charged glutamates,
while the aromatic, hydophobic end gets stuck in the
pore preventing tetracaine acting as a permeant
blocker. We feel the evidence is not sufficient to ascribe
the state-dependency to conformational changes in the
pore glutamate. Indeed, cysteine accessibility studies
for CNGAI1 channels have reported that there is no
state-dependent change in the rates of covalent modi-
fication of a cysteine mutated into this position
(E363C; Liu and Siegelbaum 2000). Cysteine substitu-
tions to some residues in the adjacent pore helix do
reveal state-dependent changes in rates of covalent
modification, suggesting some rotation of this helix
during activation (Liu and Siegelbaum 2000; Flynn
et al. 2001) and this conformational change could
potentially alter the access of channel blockers to the
glutamate residue. An alternative possibility for the
state dependence of block is that ion permeation (in the
open state) inhibits the interactions between positively
charged blockers and the negative glutamates. The
possibility that the effects of the E342Q mutation are
due to nonspecific changes in the pore structure seems
unlikely given that the mutation of this residue to
alanine does not markedly alter the accessibility of
cysteine mutated P-loop residues to modification by
Cd** (Roncaglia and Becchetti 2001). Regardless of
the precise mechanism, the closed state dependency for
intracellular block suggests the intracellular mouth of
the channel pore is wide enough to allow access of
large organic cations to the pore and that the putative
extracellular vestibule glutamate can interact with
nonpermeant intracellular blockers in this closed state.
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