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Block of the cGMP-Gated Cation Channel of Catfish Rod and Cone
Photoreceptors by Organic Cations
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ABSTRACT Tetraalkylammonium compounds and other organic cations were used to probe the structure of the internal and
external mouths of the pore of cGMP-gated cation channels from rod and cone photoreceptors. Both rod and cone channels
were blocked by tetramethyl- through tetrapentylammonium from the intracellular side in a voltage-dependent fashion at
millimolar to micromolar concentrations. The dissociation constant at 0 mV (K, decreased monotonically with increasing
carbon chain length from ~80 mM (TMA) to ~80 uM (TPeA), where the dissociation constant in rod channels is ~50% that
of cone channels. N-Methyl-p-glucamine and the buffer Tris also blocked the cone channel in a voltage-dependent fashion
at millimolar concentrations, but with lower affinity than similarly sized tetraalkylammonium blockers. Block by tetra-
hexylammonium (THxA) was voltage-independent, suggesting that the diameter of the intracellular mouth of these channels
is less than the size of THxA but larger than TPeA. The location of the binding site for intracellular blockers was ~40% across
the voltage-drop from the intracellular side. The addition of one carbon to each of the alkyl side chains increased the binding
energy by ~4 kJ mol™", consistent with hydrophobic interactions between the blocker and the pore. Cone, but not rod,
channels were blocked by millimolar concentrations of extracellular TMA. The location of the extracellular binding site was
~13% of the voltage drop from the extracellular side. In cone channels, the two blocker binding sites flank the location of the

cation binding site proposed previously.

INTRODUCTION

The cGMP-gated ion channels of rod and cone photorecep-
tor outer segments are the last elements in the phototrans-
duction cascade (reviewed in Stryer, 1986; Lagnado and
Baylor, 1992). When these channels close in response to
illumination, the decrease in current into the outer segment
hyperpolarizes the cell and creates the electrical response to
light. The channels of both rod (Furman and Tanaka, 1990;
Menini, 1990; Colamartino et al., 1991; Zimmerman and
Baylor, 1992) and cone (Picones and Korenbrot, 1992;
Haynes, 1995a,b) are nonspecific cation channels that are
partially blocked by divalent cations (Yau and Haynes,
1986). In the absence of divalent cations, the conductance of
the rod channel is 25 pS (Haynes et al., 1986; Zimmerman
and Baylor, 1986; Taylor and Baylor, 1995), whereas that of
the cone channel is 50 pS (Haynes and Yau, 1990; Haynes,
1995a). In the presence of physiological concentrations of
divalent cations, the conductance of the rod channel is
reduced to 0.1 pS (Bodoia and Detwiler, 1985; Gray and
Attwell, 1985), whereas the conductance of the cone chan-
nel is 2 pS (Haynes, 1995b). This difference between rod
and cone channels is due in part to the higher conductance
of divalent cations through the cone channel (Perry and
McNaughton, 1991; Haynes, 1995b). These findings sug-
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gest that the structure of the permeation pathway in rods and
cones should be different.

Using the tools of molecular biology, it has been shown
that the rod (Kaupp et al., 1989), cone (Bonigk et al., 1993)
and olfactory (Dhallan et al., 1990; Ludwig et al., 1990)
cyclic nucleotide gated channels are structurally related to
potassium channels (Jan and Jan, 1990). Like potassium
channels, tetraalkylammonium compounds cannot pass
through the cGMP-gated channels of rods (Picco and Me-
nini, 1993) and cones (Picones and Korenbrot, 1992). We
have used tetraalkylammonium compounds, together with
Tris and N-methyl-p-glucamine, as probes of the physical
and electrical structure of the internal and external mouths
of the pore of rod and cone cGMP-gated cation channels to
establish the position and physical characteristics of the
blocker binding site. Our findings are consistent with the
overall similarity of cyclic nucleotide-gated channels and
potassium channels, and confirm the location of the per-
meant ion-binding site in cone channels inferred from Ey-
ring rate theory models of ion permeation (Haynes, 1995b).

Some of these results have been briefly described in
abstract form (Haynes, 1993; Stotz and Haynes, 1995).

METHODS

The preparation has been extensively described elsewhere (e.g., Haynes
and Yau, 1990; Haynes, 1995a,b). Briefly, inside-out patches of plasma
membrane were excised from the sides of catfish (Ictalurus punctatus) rod
outer segments or the tips of cone outer segments and held under voltage
clamp. Pipettes were pulled from thick-walled Corning 7740 borosilicate
glass capillaries (A-M Systems, Everett, WA), coated with Sylgard 184
(Dow Corning Co., Midland, MI), and fire polished. In some experiments,
the pipette was perfused by threading a thin quartz canula to within 1 mm
of the electrode tip. The perfusate was controlled using a pressure regula
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tion system (2PK+; Adams and List Associates, Westbury, NY), consist-
ing of a pressure regulator, a perfusion bomb (or vial) containing the
perfusate, and polyethylene tubing connecting the bomb to the quartz
canula. The flow of perfusate was started by pressurizing the bomb.

The basic solution used in all experiments was buffered saline consist-
ing of (in mM) 120 NaCl, 0.1 NaEGTA, 0.1 NaEDTA, and 5.0 NaHEPES
(pH 7.6). Compounds used to block the channel were substituted for
sodium on an equimolar basis. The following compounds were used:
tetramethylammonium (TMA), tetracthylammonium (TEA), tetrapro-
pylammonium (TPrA), tetrabutylammonium (TBA), tetrapentylammonium
(TPeA), tetrahexylammonium (THxA), 2-amino-2-hydroxymethyl-1,3-
propanediol (Tris), N-methyl-p-glucamine (NMDG), and choline. All tet-
raalkylammonium compounds were obtained from Aldrich (St. Louis,
MO); choline, Tris, and NMDG were obtained from Sigma (St. Louis,
MO). The concentrations of these compounds are given in the text. In some
experiments the concentration of sodium was reduced while tonicity was
maintained by the admixture of sucrose. In all experiments, channels were
maximally activated by the addition of 1 mM ¢GMP (sodium salt, Sigma)
to the bath solution.

Current-voltage relations were obtained using pairs of voltage ramps
over a range of *80 mV (Haynes, 1995a). From the initial holding
potential of 0 mV, the first ramp was run from —80 mV to +80 mV, and
the second was run from +80 mV to —80 mV. Both ramps were run at 120
mV s~ . The resulting capacitive currents were removed by averaging the
currents obtained at each voltage for the pair of ramps. Currents obtained
before and after cGMP exposure were averaged together and subtracted
from the currents in the presence of ¢GMP to obtain the net cGMP-
dependent current. All currents presented here were leak subtracted in this
way. Electrical signals were filtered with a DC—2.8 kHz bandwidth and
digitized to the computer hard disk at 1 kHz. Although this violates the
Nyquist rule, the actual current waveform (a 1.3-s ramp) is slow relative to
the digitization rate, and so aliasing was not a problem. The use of ramps
in blocking experiments can be problematic unless the duration of block is
much less than the ramp duration. Given the modest increases in noise in
the presence of blocker (Figs. 1-4, 7-9) and dissociation constants in the
millimolar range, these appear to be fast blockers, and so the use of ramps
is reasonable.

Data were analyzed by measuring the currents at 10-mV increments
from plots of the current-voltage relations. Because of the reduction of
sodium concentration in some experiments (notably TMA, NMDG, and
Tris), a shift in reversal potential occurred. Currents were therefore con-
verted to conductances for further analysis to account for the change in
driving force, and the conductances were corrected for the lower ion
activity using the concentration dependence of conductance described by
Haynes (1995a). The fractional block of the conductance in the presence of
a blocker was calculated as

FB = (gMax - gB)/gMax’ (1)

where FB is the fraction of the conductance blocked, gy, is the conductance
in the presence of blocker, and the conductance in the absence of blocker
i gumax- Plots of the fractional block as a function of concentration were
fitted with either the Michaelis or Hill equations. Plots of fractional block
as a function of voltage were fitted with the Woodhull equation (Woodhull,
1973):

1
N Kpoexp(—z8FVIRT)’ 2)
(B]

where Kp, is the dissociation constant at 0 mV, [B] is the concentration
of the blocker, V is the membrane potential, & is the fraction of the voltage
drop crossed by the blocker to reach its binding site, z is the valence of the
blocker (+1 in all cases here), and F, R, and T have their usual thermo-
dynamic meanings. The energy of interaction between the blocker and the
channel can be calculated from

FB =

1

AG =RT ln(KD(O)), (3)
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FIGURE 1 Substituted ammonium compounds are impermeant in cone

channels. The indicated organic cation (120 mM) was present on the
cytoplasmic side of the patch, and sodium (120 mM) was present on the
extracellular side. (A) TMA and TEA did not support outward current
under biionic conditions and partially blocked inward sodium current. Two
traces for sodium are shown, one obtained before and one after the TMA
and TEA trials. (B) Tris did not support outward current but produced little
or no block of inward current. The two traces with Na were obtained before
and after the Tris trials. Different patch from that in A.

where AG is the free energy of interaction.

In experiments where the pipette was perfused, the concentration of the
blocker in the perfusate was diluted by the solution in the pipette. The
concentration of sodium in the pipette could be calculated from the reversal
potential using the Nernst equation. Using a sodium-sensitive electrode and
a series of TMA/Na mixtures, a calibration curve was constructed relating
the Nernst potential to the sodium and TMA concentrations. Once the
sodium activity had been estimated, the concentration of TMA bathing the
extracellular surface of the patch could then be calculated using this
calibration curve.
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FIGURE 2 Block of the cone channel by internal TBA is affected by
external ions. External sodium was reduced by perfusing the pipette with
10 mM sodium and 220 mM sucrose. (A) Current-voltage relations. The
effects of 0.2 mM TBA on cone cGMP-dependent currents were assessed in
normal and reduced sodium. Under both conditions, TBA blocked current in
a voltage-dependent fashion. Replacement of extracellular sodium with su-
crose caused a —50-mV shift in the reversal potential, as predicted by the
Nernst equation. Traces through the origin are those obtained in normal
sodium. (B) Voltage dependence of block. The fraction of conductance
blocked by 0.2 mM TBA in the normal and low extracellular sodium is shown
as a function of voltage. Solid lines are fits of Eq. 2 to the data. In normal
extracellular sodium (F), Kp,q, was 1.70 mM and 3 was 0.599. In the presence
of decreased external sodium (G), Koy Was 0.903 mM and & was 0.495.
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Throughout, data are presented as mean * standard deviation. Statisti-
cal tests were two-sided, one- or two-sample Student’s t-tests, unless
otherwise indicated. Tests for regression slopes and intercepts were ob-
tained from Zar (1984).

RESULTS
Permeability of organic monovalent cations

The Woodhull equation (Eq. 2) makes two assumptions
about the nature of the blocker that must be true if the values
obtained for the dissociation constant at 0 mV (Kp,) and
the electrical distance crossed to the binding site (8) are to
be meaningfully interpreted. First, the blocker must be
impermeant. If the blocker is permeant then the value for &
will be underestimated. The permeability of ions can be
tested by measuring the reversal potentials under biionic
conditions (i.e., with only sodium in the pipette and only
organic cation in the bath). Under these conditions, ammo-
nium easily permeates the cGMP-gated channels of both
rods (Furman and Tanaka, 1990; Picco and Menini, 1993)
and cones (Haynes, 1995a), with both permeability and
conductance greater than that of sodium. However, it is
clear that the substituted ammonium compounds TMA and
TEA are impermeant in cone channels (Fig. 1 A), because
none of these ions supported outward current (n = 14 for
TMA, 11 for TEA). In addition, TMA and TEA at least
partially blocked the inward flux of sodium, and the degree
of block increased with increasing length of the substituting
carbon chain. This suggests a role for hydrophobic interac-
tions in the block, as has been found for potassium channels
(see Yellen, 1987, for a review). TPrA, choline, and NMDG
(n = 2 for each) showed behavior similar to that of TMA
and TEA under biionic conditions (data not shown). These
findings are similar to those in the rod channel (Menini,
1990; Picco and Menini, 1993) and agree with the observa-
tion of Picones and Korenbrot (1992) that TMA is imper-
meant in bass cones. The widely used buffer Tris was also
impermeant (Fig. 1 B, n = 4), but unlike the tetraalkylam-
monium compounds did not appear to block the inward
current. However, it did block outward current when mixed
with sodium on the cytoplasmic side of the channel (see
below).

Tetraalkylammonium compounds occlude
the pore

The second assumption of the Woodhull equation is that the
blocker acts by entering the pore and crossing a portion of
the transmembrane voltage drop before reaching its binding
site, resulting in voltage-dependent block. However, inter-
actions of the blocker with a voltage-sensitive process such
as gating could also produce voltage-dependent “block.”
The voltage dependence of the gating process in rods is
quite weak (Karpen et al., 1988a,b; Taylor and Baylor,
1995), and the open probability of the fully liganded cone
channel is voltage independent (Haynes, 1995a). However,
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FIGURE 3 Tetraalkylammonium compounds block the cone channel from the cytoplasmic side. TMA, TEA, TPrA, TBA, or TPeA (from left to right)
was substituted on an equimolar basis for sodium on the cytoplasmic side of the channel. (A) Current-voltage relations. Each plot represents data obtained
from a different patch. In these experiments, TMA was applied in concentrations of 0, 5, 10, 20, 50, and 100 mM; TEA, 0, 1, 2, 5, 10, and 20 mM; TPrA,
0,0.2,0.25, 1,2, and S mM; TBA, 0, 0.05, 0.1, 0.2, 0.5, and 1 mM; TPeA, 0, 0.02, 0.05, 0.1, 0.2, and 0.5 mM. The shift in reversal potential observed
for TMA can be accounted for by the change in the Nernst potential for sodium. (B) Fractional block as a function of voltage for each of the current-voltage
relations in A. Symbols represent the different concentrations of blocker (O, [J, A, V, and *, from lowest to highest). Solid lines are fits of Eq. 2, with
all points in a given plot fitted simultaneously. Data obtained in the presence of 100 mM TMA were considered unreliable because of a change in patch
seal resistance and were not included in the fits. K, and 8 for each patch were (respectively) 91 mM and 0.40 for TMA, 7 mM and 0.37 for TEA, 6.5
mM and 0.50 for TPrA, 0.47 mM and 0.41 for TBA, and 0.089 mM and 0.43 for TPeA.

individual conformational changes that occur during the
cone gating process may have voltage-sensitive components
(Haynes, 1992; Haynes and Stotz, 1996). If the blockers we
are using interfere with some voltage-sensitive stage of the
gating process, then describing the resulting decrease in
conductance by the Woodhull model is inappropriate and
the values obtained are meaningless. If, on the other hand,
the blocker occupies a site within the pore, then the prob-
ability that the blocker rather than a permeant ion occupies
the channel should be reduced by permeant ions entering the
channel from the opposite side. This competition would be
reduced if the concentration of permeant ions in the extra-
cellular solution were reduced, and under these conditions a
decrease in Kp, should be observed. Such a decrease
would not be expected if, for example, the blocker acted at
some allosteric site on the cytoplasmic side of the channel.

The concentration of sodium on the extracellular side of
the cone channel was reduced by perfusing the pipette with
a 10 mM sodium solution. In the absence of an inert
substituting ion for sodium, sucrose was used to maintain
the tonicity of the pipette solution. Tetrabutylammonium
(TBA) applied to the intracellular side of the patch blocked
the current in both normal and low extracellular sodium

(Fig. 2 A). However, the fractional block of conductance by
TBA as a function of voltage (Fig. 2 B) in low extracellular
sodium was greater than in high extracellular sodium, indi-
cating a decrease in Kp ). In three experiments, Kpq, as
estimated by fitting Eq. 2 was reduced by 68 = 18% in the
presence of low extracellular sodium. Because sucrose is
uncharged, the surface potential should become more neg-
ative as the ionic strength is reduced. Based on the estimated
surface charge for the cone channel (Haynes, 1995b), the
Gouy-Chapman theory (e.g., McLaughlin, 1977) would pre-
dict a shift in the external surface potential of —15.4 mV.
By itself this would reduce Kp, by only 22%, which is
significantly less than the 68% reduction observed (p <
0.025, one-sided Student’s t-test). Therefore, external per-
meant ions must compete with the blocker applied from the
intracellular side, and the binding site of the blocker is
indeed within the ion-conducting pore of the cone channel.
The observation that tetraalkylammonium ions are imper-
meant in rod (Menini, 1990; Picco and Menini, 1993) and
cone (Picones and Korenbrot, 1992; Fig. 1 here), together
with the observation here that these blockers act within the
cone channel pore, justifies the use of the Woodhull for-
malism in analyzing the results that follow.
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FIGURE 4 Tetraalkylammonium compounds block the rod channel from the cytoplasmic side. TMA, TEA, TPrA, TBA, or TPeA (from left to right) was
substituted on an equimolar basis for sodium on the cytoplasmic side of the channel at the same concentrations given in Fig. 3 (with the exception of TPrA,
which were 0, 0.2, 0.5, 1, 2, 5 mM). (A) Current-voltage relations. Each plot represents data obtained from a different patch. (B) Fractional block as a
function of voltage for each of the current-voltage relations in A. Symbols represent the different concentrations of blocker (O, [, A, V, and %, from lowest
to highest). Solid lines are fits of Eq. 2, with all points in a given plot fitted simultaneously. Kp, and 8 for each patch were (respectively) 50.9 mM and
0.33 for TMA, 4.7 mM and 0.44 for TEA, 3.8 mM and 0.57 for TPrA, 0.48 mM and 0.49 for TBA, and 0.054 mM and 0.20 for TPeA.

Block by tetraalkylammonium compounds
from the intracellular side

Because the substituted ammonium compounds are imper-
meant blockers of the pore of the channel, they can be used
as probes of the electrical and physical structure of the pore
mouths. Tetraalkylammonium compounds with different al-
kyl chain lengths were used to obtain information about the
physical characteristics of the blocker’s binding site, and the
voltage dependence of block was measured to obtain infor-
mation about the position of the blocker’s binding site
relative to the voltage drop across the channel. A series of
experiments conducted using the tetramethyl through tetra-
pentyl derivatives of ammonium are shown in Figs. 3
(cones) and 4 (rods). For both rod and cone channels, the
block by tetraalkylammonium compounds was both concen-
tration and voltage dependent. Furthermore, the affinity of
the channel for the blocker increased with carbon chain
length in both channel types.

The fraction of conductance blocked by the tetraalkylam-
monium compounds was calculated for each concentration
and plotted as a function of voltage (Fig. 3 B, cones; Fig. 4
B, rods). As expected for a positively charged blocker
entering the pore from the cytoplasmic side, the amount of
block produced by each blocker increased monotonically as

the potential across each membrane patch was made more
positive. No relief of block was observed in any experiment,
even at the most positive potentials tested (+80 mV), con-
sistent with the action of an impermeant blocker and with
the conclusion of the biionic experiments in Fig. 1.

For each experiment, all of the data points for a given
patch were fitted with the Woodhull model (Eq. 2) simul-
taneously to yield a single estimate of each of the two fitted
parameters: Ky, (the dissociation constant at 0 mV) and &
(the fraction of the transmembrane voltage drop crossed by
the blocker to reach its binding site). The values of these
parameters for each of the tetraalkylammonium derivatives
and the number of experimental trials are summarized in
Table 1. As the alkyl chains were increased in length, the
values obtained for Kp, decreased. Comparing the mean
Kpo, values between rod and cone channels for a given
blocker showed that, on average, the values for the rod
channel were 49% that of the cone channel. The fits ob-
tained by the Woodhull model are consistent with a single
molecule of blocker occupying the channel. This was con-
firmed by fitting the concentration dependence of block at a
given voltage by the Hill equation (data not shown). In all
cases, the Hill coefficient (the minimum number of binding
sites) was =1, consistent with a single molecule of blocker
occluding the channel.
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TABLE 1 Summary of Woodhull model parameters for block of rod and cone cGMP-gated channels

Cone Rod

Blocker Kp) (mM) 8 n Koy (mM) 8 n
TMA; 75 *35 0.38 = 0.16* 7 44 + 40 0.28 = 0.11 8
TEA; 11*+38 0.41 £ 0.16* 9 3115 0.32 = 0.13 5
TPrA; 47 x2.7 0.42 > 0.14* 9 36+ 13 0.58 = 0.09 6
TBA; 0.57 = 0.11 0.48 = 0.12* 4 0.29 £ 0.13 0.33 £0.17 6
TPeA, 0.083 * 0.023 0.35 = 0.09* 5 0.024 * 0.006 0.30 = 0.05 4
Tris; 2x14 0.47 * 0.19* 4 ND

NMDG; 85 £ 51 0.59 = 0.26 11 ND

TMA, 144 + 91 0.13 + 0.05* 3 No block 7

The subscript i indicates that the blocker was applied from the intracellular side of the channel; o, from the extracellular side.
* Significantly different from the location of the permeant ion-binding site (0.61 from the intracellular side) at p < 0.05.
# Significantly different from the location of the permeant ion-binding site (0.39 from the extracellular side) at p < 0.05.

ND, Not determined.

Binding energy is proportional to alkyl
chain length

From the amount of energy involved in the binding of the
blocker to the channel, it is possible to infer the nature of the
interaction between the blocker and the walls of the channel
mouth: ionic bonds involve more energy than hydrogen
bonds, which involve more energy than hydrophobic inter-
actions. Given the dissociation constant, the energy of in-
teraction between the blocker and the channel can be ob-
tained from Eq. 3. As the carbon chain length (and
hydrophobicity) increased, the energy of interaction in-
creased monotonically for both cone (Fig. 5 A, n = 34) and
rod (Fig. 5 B, n = 29) channels. The slopes of the regression
lines in Fig. 5 are —3.97 kJ mol ™' (—950 cal mol ") for the
cone channels and —4.01 kJ mol ™! (—958 cal mol™?) for
the rod channels for each carbon added (symmetrically) to
the alkyl chains. Because these slopes are not significantly
different, the addition of a carbon to the length of the
blocker side chain contributes the same amount of energy to
binding regardless of the type of channel. The amount of
binding energy contributed by each carbon is consistent
with hydrophobic interactions (e.g., 5 kJ mol~! for van der
Waals’ forces) between the amino acids lining the ion
channel pore and the blockers.

Position of the intracellular binding site

The mean values of & (Table 1) for each blocker are not very
different from each other, suggesting that there is a single
position within the voltage drop of the cone or rod pore to
which the tetraalkylammonium compounds bind. This is
illustrated more clearly in Fig. 6, which shows & from each
experiment as a function of alkyl chain length. For both
types of channel, the slopes of the regression line fitted to
the data were statistically indistinguishable from 0. There-
fore, the location of the binding site is independent of the
length of the alkyl side chain. The mean value of § from all
of the tetraalkylammonium compounds is 0.41 * 0.14 for
cones (n = 34) and 0.36 * 0.16 for rods (n = 29). These
values, like the slopes, were not significantly different from

each other, suggesting that the location of the intracellular
tetraalkylammonium binding site is the same in both rod
and cone channels. Fig. 6 also illustrates that blockers of all
sizes were capable of binding to any electrical position
between 0.19 and 0.65 within the cone or between 0.095 and
0.68 within the rod transmembrane voltage drop.

The Eyring rate theory model used by Haynes (1995b) to
explain ion permeation through the cone channel suggests
that there is a single binding site for permeant cations
located 61% of the way across the voltage drop from the
cytoplasmic side of the channel. For all of the tetraalkylam-
monium blockers tested, the binding site of the blocker was
significantly different from this value (p < 0.05; see Table
1). Thus the tetraalkylammonium compounds do not bind to
the permeant ion-binding site inferred from Eyring rate
theory.

Sources of variability

It is clear from Fig. 6 and from the values presented in Table
1 that the parameters obtained by fitting the Woodhull
model were quite variable. This variability in Kpq, and 8
could be the result of one of four processes. First, it could be
the result of experimental error. If, for example, block were
not reversible or if the current were reduced by a leak
subtraction error or by loss of channels, then the estimates
of Ky, ) and 6 would be biased. Care was taken throughout
these experiments to ensure that the leak currents before and
after blocker application were the same and that the currents
in the absence of blocker at the beginning and the end of the
experiment were the same. Second, variability could be an
artifact of the fitting process, either because of an error in
the fitting procedure or because K, and & are not com-
pletely independent of each other in the fitting procedure.
The latter possibility seems unlikely because the parameter
cross-correlation matrix generated by our curve-fitting rou-
tine (a Levenberg-Marquardt routine; Press et al., 1992)
shows that Ky, and 8 are negatively correlated; yet we find
the parameters themselves are positively correlated. That is,
the deeper the blocker goes, the higher the value of Ky,
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FIGURE 5 Binding energy is directly proportional to alkyl chain length.
Binding energy was calculated using Eq. 3 and dissociation constants from
experiments like those in Figs. 3 and 4. Each point represents a different
experiment. Lines are linear regressions. (A) Cone channels. The regression
line had a slope of —3.97 kJ mol™" per carbon, a y intercept of —2.88 kJ
mol™!, and a correlation coefficient of 0.95. (B) Rod channels. The
regression line had a slope of —4.01 kJ mol ™" per carbon, a y intercept of
—4.71 kJ mol™', and a correlation coefficient of 0.92.

(data not shown). We checked the consistency of the fitting
procedure by fitting the data twice. In the first case, we
fitted voltage dependence of block at all concentrations of
blocker. In the second case, we fitted the concentration
dependence of block at all voltages. The values obtained for
K and 8 were the same for both procedures. A third
possibility is that not all of the patches are identical, and so
variability arises between patches. Fourth, variability could
arise from within a given patch. To distinguish between the
last two possibilities, the parameters of the Woodhull model
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FIGURE 6 Location of the blocker binding site is independent of alkyl
chain length. & values were determined for each patch exposed to blocker.
Each symbol represents a different experiment. Lines are linear regres-
sions. (A) Cone channels. The linear regression line had a slope of 0.0016
per carbon, a y intercept of 0.402, and a correlation coefficient of 0.0156.
(B) Rod channels. The linear regression had a slope of 0.014 per carbon, a
y intercept of 0.33, and a correlation coefficient of 0.122. The slopes of the
regression lines in A and B were not different from 0, nor were the slopes
or intercepts different from each other.

were estimated by separately fitting the voltage dependence
of block at each concentration in a patch, rather than fitting
all concentrations simultaneously. The mean values for the
parameters obtained by this method were not significantly
different from those obtained by fitting the data simulta-
neously. Thus all of the variability can be accounted for by
the variability within a given patch, indicating that the
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observed variability is intrinsic to the channels in a given
patch rather than between patches or as a result of the fitting
process. If variability arises within a given patch, then
repeated applications of the same blocker should give dif-
ferent results. Table 2 summarizes the values of Kp, o, and 8
obtained from a cone patch during repeated application of
20 mM TEA over a period of 23 min. These results indicate
that the process inducing this variability occurs within a
patch on a relatively slow time scale (seconds to minutes).
Because there is no systematic change over time, the pro-
cess must be reversible in the absence of ATP or energy
sources other than the electrochemical gradient.

If this variability is real, then the variability of the loca-
tion of the blocker binding sites may be interpreted in two
ways. In the first case, there might be a series of binding
sites that could be occupied. This seems unlikely, because a
sufficiently high voltage should force the blocker to the
limiting location, and this is not observed. In the second
case, there might be a single, discrete binding site, but
flexibility in the channel’s structure alters the electric field
that the blocker experiences.

Size of the intracellular mouth of the channel

As shown in Figs. 3 and 4, tetraalkylammonium compounds
up to the size of TPeA were able to block both the rod and
cone channel in a voltage-dependent manner. However,
THxA blocked both the cone (Fig. 7 A) and rod (Fig. 7 B)
channel in a voltage-independent manner. This suggests that
THXxA is interacting with the channel outside of the trans-
membrane voltage drop and is not capable of entering the
channel. Therefore, the diameter of the cone and rod inner
channel mouth must be larger that TPeA, but smaller than
THXxA. It is difficult to be more precise about the diameter
of the mouth, both because the alkyl chains of these tetraal-
kylammonium derivatives are quite flexible (with free ro-
tation occurring around their carbon-carbon bonds) and
because the extent of interdigitation (if any) of the alkyl
chains into the walls of the pore is unknown. Assuming no
interdigitation and the smallest conformation of TPeA, the
lower bound for the estimated diameter of the intracellular
mouth of the pore is ~12 A.

Block by Tris and N-methyl-p-glucamine from the
intracellular side

The increment in binding energy associated with adding one
carbon to each of the four alkyl chains of a tetra-

TABLE 2 Repeated exposure of cone cGMP-gated channels
to 20 mM TEA shows that Woodhull model parameters are
variable

Time (min) Kpoy &
3 20.46 0.565
10 22,62 0.597
16 18.62 0.677
23 15.38 0.524
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FIGURE 7 THXxA blocks both cone and rod cGMP-gated channels in a
voltage-independent manner. Current-voltage relations were formed for
cone (A) and rod (B) patches exposed to THxA on the cytoplasmic side of
the channel. The concentrations of THXA (in mM) are given at the right of
the traces.

alkylammonium compound suggests that these blockers in-
teract with the walls of the channel pore via hydrophobic
interactions. Hydrogen bonds would also stabilize blocker
interaction, but such bonds are not possible with these
tetraalkylammonium compounds. Two commonly used cat-
ions, Tris and NMDG, were used to determine whether the
pore also contains groups that can form hydrogen bonds.
Both Tris and NMDG contain several hydroxyl groups that
could form hydrogen bonds. Tris is similar in size to TEA,
and contains three hydroxyl groups. The larger NMDG is
essentially a methylammonium head followed by a six-
carbon hydrophilic tail containing five hydroxyl groups. If
hydrogen bonding is possible, then these compounds should
be better blockers than similarly sized tetraalkylammonium
blockers.

Both Tris and NMDG block the cone channels in a
voltage- and concentration-dependent fashion (Fig. 8). The
values for Ky, and & obtained by fitting the fractional
block with the Woodhull model (Eq. 2) are given in Table
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FIGURE 8 Block of the cone channel by hydroxyl-containing ammonium derivatives. Both Tris and NMDG contain hydroxyl groups that are available
for hydrogen bond formation. Tris or NMDG was substituted on an equimolar basis for sodium on the cytoplasmic side of the channel. Tris was applied
in concentrations of 0, 1, 5, 10, 20, and 50 mM; NMDG, 0, 2, 5, 10, 20, and 50 mM. Current-voltage relations are shown for Tris (4) and NMDG (C).
Different patches are shown in A and C. The shift in reversal potential can be accounted for by the shift in the Nemst potential for sodium. (B, D) Fractional
block as a function of voltage from current-voltage relations in A and C. Symbols represent different concentrations of blocker (O, [, A, ¥V, and ¢, from
lowest to highest). Solid lines are fits of Eq. 2 to the data at positive potentials only. Ky, o, and 8 for each patch were (respectively) 41 mM and 0.59 for
Tris, and 188 mM and 0.84 for NMDG. No compensation was made for the extent of Tris ionization (—~80% of concentration as mixed).

1. A comparison of the mean 8 values obtained for NMDG
and Tris with those obtained for the tetraalkylammonium
compounds indicate that Tris binds at a position no different
from the average tetraalkylammonium binding site, whereas
NMDG binds to a position farther into the transmembrane
voltage drop. In fact, the mean position of NMDG binding
is not significantly different from the cone channel’s per-
meant ion-binding site (8 = 0.61; Haynes, 1995b). The
ability of NMDG to enter so deeply into the channel pore is
likely due to the closer similarity of its head (methylammo-
nium) to ammonium, which is capable of permeating the

cone channel (Haynes, 1995a). Thus the methylammonium
headgroup may allow the compound access to the permeant
ion-binding site, whereas the addition of a long hydrophilic
tail may act as an anchor, preventing NMDG from passing
through the channel.

Comparing the mean Kp,, values obtained for Tris (32 =
14) with those for TEA (11 * 8) suggests that a decrease in
blocker hydrophobicity destabilizes interactions between
the blocker and cone channel pore. Although these blockers
are of similar size and bind to similar locations within the
transmembrane voltage drop, the values for K, required
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to describe Tris block are three times larger than those for
TEA block. These data and those presented above suggest
that the amino acids comprising the blocker binding site are
purely hydrophobic in nature and cannot support the forma-
tion of hydrogen bonds.

Occasionally, as in Fig. 8 C, voltage-independent block
by NMDG was also observed. This was not consistently
observed and so was not investigated further. Its occurrence
suggests that block by NMDG may be more complicated
than supposed by the simple Woodhull interpretation, but
the processes involved remain to be determined.

Block by extracellular TMA

Because tetraalkylammonium compounds applied from the
cytoplasmic side block rod and cone channels, it was of
interest to determine whether these compounds could block
the channel when applied externally. TMA was applied to
the extracellular side of rod or cone patches by perfusing the
pipette with a 100 mM TMA solution. TMA was chosen
because the shift in the reversal potential as TMA substi-
tuted for sodium would allow the concentration of TMA in
the pipette to be estimated. Relatively modest concentra-
tions of TMA (~35 mM) blocked cone channels (Fig. 9 A4,
n = 3), but even large concentrations (up to 90 mM) failed
to block rod channels in seven of seven rod patches (Fig. 9
(). This suggests that the outer mouth of the rod channel
lacks a tetraalkylammonium binding site and must therefore
have a structure significantly different from that of the cone
channel.

The values for Kp,(, and 8 obtained by fitting the frac-
tional block of the cone conductance are given in Table 1.
The values for K, g, obtained for internal and external TMA
block were not significantly different, suggesting that the
two sites may have similar physical characteristics. On
average, external TMA crossed only 13% of the voltage
drop. The position of the external TMA binding site was
significantly different (p << 0.05) from both the location of
the cone channel’s permeant ion-binding site (39% of the
voltage drop from the outside; Haynes, 1995b) and the
location of the intracellular tetraalkylammonium site. These
data suggest that there are two TMA-binding sites that lie at
opposite ends of the cone cGMP-gated channel pore. Be-
cause TMA presented to the cytoplasmic surface of the
patch was incapable of accessing the external binding site
(and vice versa), the two sites must be physically separated
from each other. The location of the region between the two
tetraalkylammonium-binding sites is consistent with the

FIGURE 9 Block by external TMA. (A) Current-voltage relation from a
cone patch. TMA (100 mM) was perfused into the pipette. The reversal
potential was used to estimate the concentration of blocker bathing the
extracellular surface of the membrane patch (35 mM in this case). (B)
Voltage dependence of fractional block. The fraction of conductance
blocker by the organic cation was plotted as a function of voltage and fit
with Eq. 2. K4, = 100 mM and 8§ = 0.082. (C) External TMA did not
block rod channels. The estimated TMA concentration was 92 mM.
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proposed location of the permeant ion-binding site (Haynes,
1995b).

DISCUSSION

The results described here confirm previous reports that rod
(Menini, 1990; Picco and Menini, 1993) and cone (Picones
and Korenbrot, 1992) cGMP-gated channels are unable to
conduct tetraalkylammonium compounds. Our results char-
acterize the block of sodium conduction produced by these
compounds in both rod and cone cGMP-gated channels.
The voltage dependence of block suggests that the tetraal-
kylammonium compounds cross a portion of the transmem-
brane voltage drop within the channel pore. That the loca-
tion of the intracellular binding site was within the pore was
confirmed by evidence of competition by extracellular per-
meant ions, because the affinity of the blocker for its intra-
cellular binding site increased when competition by extra-
cellular sodium was reduced.

In both rod and cone channels, the data suggest that there
is a single interior binding site for tetraalkylammonium
compounds. This site is located ~40% of the way across the
transmembrane voltage drop from the intracellular side. The
properties of this site (hydrophobic) suggest that it is dis-
tinct from the permeant ion-binding site (a high field
strength site; Picones and Korenbrot, 1992; Haynes,
1995a,b). The variability in 8 values suggests that there may
be flexibility in the channel structure or some form of rapid
and reversible modulation with associated changes in the
voltage field. The monotonic decrease in Kp, o, With increas-
ing alkyl chain length and the binding energy increment for
each carbon added suggest that the binding site is hydro-
phobic, and the increase in Kpq, with the addition of hy-
droxyl groups suggests that the residues that make up the
site do not form hydrogen bonds with the blockers. The
diameter of the intracellular mouth of the pore must be
larger than TPeA but smaller then THxA. Overall, the
properties of the intracellular tetraalkylammonium-binding
site are similar in rod and cone channels. The only major
difference between the intracellular sites of the two chan-
nels is that the dissociation constant at 0 mV of the rod
channel is ~51% lower than for the cone channel.

The cone, but not the rod, channel contains a second
tetraalkylammonium-binding site that is accessible only
from the external surface. This site is located ~13% of the
way across the voltage drop from the extracellular side and
is distinct from the proposed location of the permeant ion-
binding site (~39%; Haynes, 1995b). Although experimen-
tal limitations prevented complete characterization of this
site, a comparison of internal and external binding affinities
suggests that the internal and external sites may have similar
properties. The lack of an external tetraalkylammonium-
binding site in the rod channel indicates that the rod and
cone channel subtypes have significant structural differ-
ences in the outer mouth region.

The properties of the two tetraalkylammonium binding
sites are inconsistent with those expected for the strong-
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field permeant ion-binding site described by permeation
studies (Picones and Korenbrot, 1992; Haynes, 1995a,b)
and suggest that the permeant ion-binding site lies more
centrally in the pore than the tetraalkylammonium-binding
sites. The location of the permeant ion-binding site inferred
by placement of the tetraalkylammonium-binding sites and
by the location of the NMDG-binding site is remarkably
consistent with that proposed by Haynes (1995b) on the
basis of Eyring rate theory modeling of ion permeation. The
positions of the tetraalkylammonium sites are roughly con-
sistent with the locations of the barriers to permeant ion
entry suggested by the Eyring model. The data presented
here also suggest that the extracellular mouth of the channel
is shallower than the intracellular mouth of the channel, and
that the permeant ion-binding site is located in the narrowest
portion of the pore. Permeability studies show that the cone
c¢GMP-gated channel is capable of conducting alkali metal
cations up to the size of cesium (Picones and Korenbrot,
1992; Haynes, 1995a), suggesting that the narrowest part of
the cone channel has a diameter of at least 3.4 A. The ability
of NMDG to reach the permeant ion-binding site suggests
that the narrowest part of the pore is somewhat larger than
this, at least the size of methylammonium.

Similarities in the pores of ligand- and
voltage-gated channels

By characterizing the pore of the cGMP-gated channels
with organic blockers, we have confirmed that similarities
exist between the pore regions of these ligand-gated chan-
nels and those of the voltage-gated potassium channel fam-
ily. Channels from both families contain a single tetra-
alkylammonium-binding site within their inner vestibules.
In potassium channels this site is also hydrophobic in nature
(French and Shoukimas, 1981; Coronado and Miller, 1982;
see Yellen, 1987, for a review). The relative sizes of inner
vestibules are also similar, each being capable of holding
the large TPeA blocker (French and Shoukimas, 1981). Not
all subtypes of the potassium channel family contain an
external tetraalkylammonium compound binding site, and
those that do selectively bind TEA (Villaroel et al., 1988).
Within the cGMP-gated channel family, only the cone sub-
type contains an external tetraalkylammonium-binding site.
This site bound TMA, but the selectivity of the site for other
tetraalkylammonium compounds is unknown. Based on the
data presented here, the structural similarities between the
c¢GMP-gated nonspecific cation channels and voltage-gated
potassium channels seen in cDNA sequence analysis (Jan
and Jan, 1990; Kaupp, 1991; Bonigk et al, 1993) are
reflected in the biophysical properties of the channels.

We wish to thank Drs. R. J. French, K. Sharkey, and K. Hoehn for helpful
discussion of these experiments.
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