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A ring of threonines in the inner vestibule of the pore
of CNGA1 channels constitutes a binding site for
permeating ions
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Key points

e Cyclic nucleotide-gated (CNG) channels are multi-ion channels showing the anomalous mole
fraction effect (AMFE) in the presence of Li* and Cs* mixtures.

e We show that Cs™ ions at the intracellular side of the membrane block the entry of Na* ions
in a voltage dependent way.

e The blockage is relieved when Thr359 and Thr360 at the intracellular entrance of the selectivity
filter are replaced with an alanine. Moreover, the AMFE in the presence of intracellular mixtures
of Li* and Cs* is abolished in T360A mutant channels.

e We have identified a second binding site — composed by the ring of Thr360 at the intracellular
vestibule — in the selectivity filter of CNG channels controlling monovalent cations selectivity
and permeation.

e These results help us understand fundamental similarities and differences between the pore of
CNG channels and K* channels.

Abstract Cyclic nucleotide-gated (CNG) channels and K channels have a significant sequence
identity and are thought to share a similar 3D structure. KT channels can accommodate
simultaneously two or three permeating ions inside their pore and therefore are referred to as
multi-ion channels. Also CNGA1 channels are multi-ion channels, as they exhibit an anomalous
mole fraction effect (AMFE) in the presence of mixtures of 110 mMm Li* and Cs™ on the cyto-
plasmic side of the membrane. Several observations have identified the ring of Glu363 in the outer
vestibule of the pore as one of the binding sites within the pore of CNGA1 channels. In the present
work we identify a second binding site in the selectivity filter of CNGA1 channels controlling
AMEFE. Here, we show also that Cs™ ions at the intracellular side of the membrane block the
entry of Na™ ions. This blockage is almost completely removed at high hyperpolarized voltages
as expected if the Cs™ blocking site is located within the transmembrane electric field. Indeed,
mutagenesis experiments show that the block is relieved when Thr359 and Thr360 at the intra-
cellular entrance of the selectivity filter are replaced with an alanine. In T359A mutant channels
AMEFE in the presence of intracellular mixtures of Li* and Cs™ is still present but is abolished in
T360A mutant channels. These results suggest that the ring of Thr360 at the intracellular entrance
of the selectivity filter forms another ion binding site in the CNGA1 channel. The two binding
sites composed of the rings of Glu363 and Thr360 are not independent; in fact they mediate a
powerful coupling between permeation and gating, a specific aspect of CNG channels.
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Introduction

Cyclic nucleotide-gated (CNG) channels play an essential
role in visual and olfactory transduction, where they
are part of the biochemical machinery amplifying and
translating sensory signals into neuronal activity (Stryer,
1986; Menini, 1995; Kaupp & Seifert, 2002; Craven &
Zagotta, 2006; Biel & Michalakis, 2009). In rod photo-
receptors CNG channels open in dark conditions and a
steady inward current — referred to as the dark current
— flows through them keeping photoreceptor membrane
depolarized. CNG channels have also been found in
the kidney, testis and brain, where their functions have
not been fully understood (Zufall et al. 1997; Kaupp &
Seifert, 2002; Togashi et al. 2008; Lopez-Jimenez et al.
2012). In vertebrates, seven members of the CNG channel
gene family have been identified (Kaupp & Seifert, 2002;
Tetreault et al. 2006; Biel & Michalakis, 2009). According
to sequence similarity these genes are grouped into two
subtypes, CNGA (CNGA1-CNGAS5) and CNGB (CNGB1
and CNGB3). CNGA1, CNGA2, CNGA3 and CNGAS5
(but not CNGA4), can form cyclic nucleotide-activated
homomeric channels, while CNGB1 and CNGB3 are
modulatory subunits that cannot form functional homo-
meric channels (Kaupp & Seifert, 2002; Craven & Zagotta,
2006; Tetreault et al. 2006; Biel & Michalakis, 2009). CNG
channels and K* channels share the same transmembrane
gross topology and are believed to have evolved from a
common ancestor (Jan & Jan, 1990, 1992; Hille, 1992; Yu
et al. 2005), but CNG channels are only slightly voltage
dependent and, for opening, require the binding of cGMP
or cAMP to a binding site located in their C-terminal
portion (Stryer, 1986; Zimmerman, 1995; Biel et al. 1999;
Kaupp & Seifert, 2002; Craven & Zagotta, 2006, Mazzolini
et al. 2010). Cation-permeation and gating properties of
homomeric recombinant and native channels are similar
but not identical (Kaupp et al. 1989; Menini, 1990; Nizzari
et al. 1993; Kaupp & Seifert, 2002). CNGA1l and K*
channels have a significant amino acid identity in the pore
region (23%) and presumably share the same molecular
architecture (Becchetti et al. 1999; Flynn & Zagotta, 2001;
Anselmi et al. 2007; Mazzolini et al. 2010). However, CNG
and K™ channels have different functional and structural
properties: in voltage gated K™ channels (K,), the gating
mechanism consists in the closure of the intracellular gate
associated to a large bending of the S6 helices. In CNG

channels, a similar bending of the S6 helices occurs (Flynn
& Zagotta, 2001, 2003; Nair et al. 2009) but does not act
as the primary gate of CNG channels, which has been
located in the selectivity filter (Fodor ef al. 1997; Becchetti
et al. 1999; Becchetti & Roncaglia, 2000; Liu & Siegelbaum,
2000; Giorgetti et al. 2005; Contreras & Holmgren, 2006;
Contreras et al. 2008; Mazzolini et al. 2009).

CNG channels are poorly selective and are permeable
to all alkali monovalent cations (Lit, Na®, K*, Rb"
and Cs*), while K* channels are permeable only to
K* and Rb* (Kaupp ef al. 1989; Menini, 1990; Hille,
1992). K™ channels can accommodate at the same time
several permeating ions inside their pore in a single file
and are referred to as multi-ion channels (Hille, 1992).
This fundamental property was originally inferred from
electrophysiological and radioactive tracer experiments
(Hodgkin & Keynes, 1955; Hille & Schwarz, 1978) and was
confirmed by direct structural data of the crystal structure
of K channels (Doyle et al. 1998). The widely accepted
view of permeation across Kt channels follows Hodgkin
and Keynes’s knock-on model, in which conduction is
driven by an incoming ion that ‘knocks on’ ion(s) and
water molecule(s) in a concerted way. A standard way
to establish the multi-ion nature of an ion channel is to
verify the existence of the anomalous mole fraction effect
(AMFE). The presence of the AMFE can be established
by analysing the current carried by mixtures of two
permeating ions X* and Y* while holding their total
concentrations ([XT]+[Y"]) constant (Hagiwara et al.
1977; Hille & Schwarz, 1978). If the current or reversal
potential V., does not change monotonically with the
mole fraction [X*]/([XT]+[Y"]) of X*, this ‘anomaly’
is assumed to signal the multi-ion nature of the channel
(Hille & Schwarz, 1978). Also CNG channels are multi-ion
channels: in the presence of mixtures of 110 mm Li* and
Cs™ on the cytoplasmic side of the membrane, AMFE was
observed both in native CNG channels from salamander
rods and in recombinant WT CNGA1 channels from
bovine rods (Sesti et al. 1995). AMFE was not observed
in the channel where glutamate 363 (Glu363) in the
pore region was mutated to a glutamine (E363Q) or an
asparagine (E363N). These results and similar electro-
physiological observations (Furman & Tanaka, 1990; Qu et
al. 2001) have identified the ring of Glu363 as forming one
binding site within the pore of CNGA1 channels (Root &
MacKinnon, 1993, 1994; Eismann et al. 1994; Rho & Park,
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1998) but the other binding sites have not been identified
and have remained elusive even after two decades from the
original cloning of CNGA1 channels.

A variety of K* channels have been crystallized (Doyle
etal. 1998; Jiang et al. 2002, 2003; Long et al. 2005; Tao et al.
2009; Brohawn et al. 2012) and their molecular structure
has been solved at an atomic resolution. In contrast,
the molecular structure of CNG channels has not been
solved at an atomic scale (Higgins et al. 2002) and can be
inferred by combining homology modelling and electro-
physiological data (Giorgetti et al. 2005; Mazzolini et al.
2010). By replacing the pore of the NaK channel with the
pore of CNG (Derebe etal. 2011b), the molecular structure
of a good mimic has been obtained at atomic resolution
providing a framework for rationalizing a multitude of the
electrophysiological data obtained so far. In the present
paper we show that the ring of Thr360 at the intracellular
vestibule of CNGA1 channels forms another binding site
inside the pore. Our electrophysiological observations and
the molecular structure of the pore of the CNG mimics
(Derebe et al. 2011b) clarify the molecular mechanisms
controlling ionic permeation through CNG channels and
pinpoint similarities and differences with K* channels.

Methods
Ethical approval

All the studies have been approved by the SISSA’s
Ethics Committee according to the Italian and European
guidelines for animal care (d.l. 116/92; 86/609/C.E.).

Molecular biology

The CNGA1 channel from bovine rod consisting of 690
amino acids was used. Selected residues were replaced
as previously described (Becchetti et al. 1999) using the
Quick Change Site-Directed Mutagenesis kit (Stratagene).
Point mutations were confirmed by sequencing. cDNAs
were linearized and were transcribed to cRNA in vitro
using the mMessagemMachine kit (Ambion, Austin, TX,
USA).

Oocyte preparation and chemicals

Mutant channel cRNAs were injected into Xenopus laevis
oocytes (‘Xenopus express’ AncienneEcole de Vernassal,
Le Bourg 43270, Vernassal, Haute-Loire, France). Oocytes
were prepared as previously described (Nizzari et al. 1993).
Injected eggs were maintained at 18°C in a Barth solution
supplemented with 50 ug ml~! of gentamycin sulfate and
containing (in mM): 88 NaCl, 1 KCl, 0.82 MgSO,, 0.33
Ca(N03)2, 0.41 CaClz, 2.4 NaHCO3, 5 Tris—HCl, pH 7.4
(buffered with NaOH). During the experiments, oocytes
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were kept in a Ringer solution containing (in mm): 110
NaCl, 2.5 KCl, 1 CaCl,, 1.6 MgCl,, 10 Hepes-NaOH, pH
7.4 (buffered with NaOH). Usual salts and reagents were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA).

Recording apparatus and solutions

cGMP-gated currents from excised patches were recorded
with a patch-clamp amplifier (Axopatch 200, Axon
Instruments Inc., Union City, CA, USA), 2—6 days after
RNA injection, at room temperature (20-24°C). The
perfusion system was as described (Sesti et al. 1995)
and allowed a complete solution change in less than 1s.
Borosilicate glass electrode resistance was about 4-5 M2
and 1-2 M in symmetrical standard solution for single
channel and macroscopic current recordings, respectively.
The standard solution on both sides of the membrane
consisted of (in mMm): 110 NaCl, 10 Hepes and 0.2 EDTA
(pH 7.4). In AMFE experiments, intracellular NaCl was
replaced by an equimolar amount of the indicated Li* and
Cst mixtures ([LiCl] + [CsCl] =110 mMm). Traces were
low-pass filtered at 2 kHz and sampled at 10 kHz. Clampex
10.0, Clampfit 10.1, and SigmaPlot 9.0 were used for data
acquisition and analysis. Data are shown as mean = SEM.
n represents the number of patches.

Data analysis

Open probability (P,) and single channel currents (i)
were estimated from patches containing only one CNGA1
channel fitting normalized all-point histograms with two
component Gaussian functions as previously described
(Bucossi et al. 1997). Open and closed dwell-time
histograms were obtained using the pCLAMP 10 software
for 50% threshold crossing analysis. Time constants (7)
were obtained from fitting open and shut times histograms
with one or two exponential functions (Nizzari et al. 1993).
Permeability ratios relative to Na™ Px/Py, were computed
from the reversal potential V., as previously described
(Gamel & Torre, 2000).

Molecular modelling

Sequence alignments were based on published data. Pore
cartoons were prepared using known structures of K
and NaK chimeric channels available in the Protein
Data Bank (PDB) using the DeepView module of the
Swiss-PDBViewer (v4.04) software (Guex & Peitsch,
1997).

Results

Sequence alignment of the pore region of tetrameric cation
channels has identified basic differences between K* and
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CNG channels (Heginbotham et al. 1992; Gamel & Torre,
2000; Kaupp & Seifert, 2002; Zagotta, 2006). The pore
of Kt channels has the well known signature TXGXG
(where X denotes an hydrophobic amino acid) present
in all known K* channels either voltage gated or not. In
contrast, CNG channels do not have in their pore the
sequence GXG, but contain an ETPP motif flanking the
conserved TXG residues (Fig. 1A) at their C-terminal side.
These amino acid differences are expected to be at the basis
of the different selectivity and permeation of K™ and CNG
channels (Heginbotham et al. 1992, 1994; Zagotta, 2006).

In the high-resolution structures of all K channels,
from bacteria to mammals (Zhou et al. 2001; Jiang
et al. 2003; Long et al. 2005; Tao et al. 2009; Ye et al.
2010; Brohawn et al. 2012), the selectivity filter contains
four contiguous and chemically similar ion-binding
sites, termed S;-S4, numbered progressively from the
extracellular to the intracellular side (Fig. 1B). The three
outermost sites (S;—S;) are formed by carbonyl oxygen
atoms whereas site S, is formed by four carbonyl oxygen
atoms and four hydroxyl group of threonines (Fig. 1B).

A Shaker VGYGDMTPVWG
KcsA VGYGDLYPVTL
MthK VGYGDYSPSTP
NaK VGDGNF SPQTD
NaK2CNG-E VGETPP-PQTD
CNGA1l IGETPP-PVRD
CNGAZ IGETPP-PVKD
CNGA3 IGETPP-PVKD
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Figure 1. Partial sequence alignment among different ion
channels and molecular structure of the KcsA and CNG
mimicking NaK chimera

A, sequence alignment of the selectivity filter of K* channels (Shaker,
KcsA and MthK), NaK, CNG mimicking NaK chimera (NaK2CNG-E)
and the bovine subunits CNGA1-CNGA3. The ETPP motif in the CNG
signature is marked in bold; conserved threonines are highlighted in
red. B, partial molecular structure of the KcsA crystal structure as
deposited in the Protein Data Bank (PDB entry code 1K4C) featuring
the selectivity filter in two diagonally opposite subunits. C, the same
as in B but for the NaK mimicking CNG channel obtained from the
NaK2CNG-E crystal structure (PDB entry code 3KOD).

A. Marchesi and others

J Physiol 590.20

K" ions bind at the centre of these sites surrounded by
eight oxygen ligands in a square antiprism configuration.
Two additional binding sites were also located on the
extracellular side of the channel (Sy and S.). It is believed
that ion conduction involves transitions between states
with two and three K™ ions occupying the selectivity
filter, where ion-channel attraction and ion—ion repulsion
underlie the high Kt turnover rates (Bernéche & Roux,
2001, 2003; Morais-Cabral et al. 2001).

At present, the crystal structure of CNG channels has
not yet been solved, but mimics of their filter region
are available. Indeed, a set of chimeric NaK channels
mimicking CNG channels — generated by replacing the
NaK selectivity filter sequence with those of CNG -
have been constructed and their crystal structure solved
(Derebe et al. 2011b). The selectivity filter of NaK2CNG-E
chimera adopts an architecture intermediate between that
of NaK and KcsA pores and contains only three contiguous
ion binding sites equivalent to sites S,—S; of the KcsA
(Fig. 1C). The S, site in these chimeras is replaced by a
concave funnel shaped vestibule where water molecules
participate in stabilizing cations entering or exiting the
filter (Fig. 1C). Similarly to K™ channels, these mimics
have an intracellular vestibule composed of conserved
threonines, which in CNGA1 channels from bovine rods
are Thr359 and Thr360.

While the role in ion conduction, permeation and
blockage of Glu363 in CNGAI channels has been
extensively investigated (Root & MacKinnon, 1993, 1994;
Eismann et al. 1994; Sesti et al. 1995; Rho & Park, 1998),
little is known about the role of Thr360 and Thr359 at
the intracellular mouth. In the crystal structure of the
NaK2CNG-E chimera, the last ion binding site (S4) is
formed by the side chains of Thr63 and the carbonyl
oxygen of Val64, equivalent to residues Thr360 and Ile361
in CNGAL1 (Fig. 1A and C), while Thr62, equivalent to
residue Thr359, is buried underneath the external surface
of the protein.

Intracellular Rb* and Cs* affect inward Na* current in
WT CNGA1

In order to investigate the role of Thr359 and Thr360, we
expressed WT and mutant CNGA1 channels in Xenopus
oocytes and we recorded ionic currents evoked by 1 mm
c¢GMP added to the intracellular side of excised patches
under voltage clamp conditions (Hamill et al. 1981). The
current flowing through CNGA1 channels was obtained
as the difference of the current measured in the presence
of 1 mm ¢cGMP and in its absence.

We have analysed the blocking effect of the mono-
valent alkali cation X* (where X could be Li™, Nat,
K*, Rb* or Cs™) on the inward current carried by Na*
ions (Ix). In these experiments the patch pipette was

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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filled with 110 mm NaCl and we tested the effect of
a similar amount of LiCl, NaCl, KCl, RbCl and CsCl
perfused in the medium bathing the intracellular side of
the membrane patch (Fig.2A). We stepped the voltage
from a holding potential of 0 mV from —100 to +40 mV
in steps of 20 mV. At negative voltages, such as —100 mV,
Ix is almost unaffected by the presence of Li*, and K*
at the intracellular side of the membrane (Fig.2B and
online Supplemental Material, Supplementary Fig. 1). In
contrast, I is smaller in the presence of Rb* and even more
so in the presence of Cs* (Fig. 2B). The I-V relationships
and Na' fractional inward current in the presence of the
ionic species X in the bathing medium (Ix/Iy,) are shown
in Fig 2C and D. In the presence of intracellular Rb*
or Cs* sodium current inhibition is almost completely
removed at voltages more negative than —100mV

Permeation in CNGA1 channels
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(Fig.2D and Supplementary Fig. 2). Therefore this
blockage is voltage dependent, as expected when the Cs™
blocking site is located within the transmembrane electric
field.

In order to understand the molecular mechanisms of
Cs* blockage, we analysed the effect of Cs™ ions at the
single channel level. In the presence of Na™ ions at both
sides of the membrane, the single channel current (i)
was —2.2+ 0.3 pA and the open probability (P,) was
0.71 £ 0.04 (n=6; Fig. 3A and B) in agreement with pre-
vious reports (Nizzari ef al. 1993). At —100 mV the mean
open and closed times were 1.1 £0.1 and 0.7 0.1 ms,
respectively (Fig. 3C). When Na' bathing the intracellular
side of the membrane patch was replaced by Cs*, channel
openings became smaller and less frequent (Fig. 3D). The
analysis of the current amplitude histograms indicated
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Figure 2. Voltage-dependent blockage of Na* current by intracellular Rb* and Cs* ions in WT CNGA1

channels

A, scheme illustrating the nomenclature used for designating intracellular (Xi") and extracellular (X$) solutions.
Xt is the indicated monovalent cation. B, representative WT CNGA1 current recordings from one excised-patch
in Nat symmetrical conditions (110 mm Nag/110 mm Na;i") and when intracellular Na* was replaced by an
equimolar amount of K+, Rbt and Cs*, respectively (110 mm Nat/110 mm Kit, 110 mm NaZd/110 mm Rb;™ and
110 mm Nag/110 mm Csit). Currents were elicited in the presence of 1 mm cGMP in the bathing medium and
voltage steps ranging from —100 to 40 mV (AV =20 mV). Dashed line indicates O current level; arrows indicate
the —100 mV Na* current level in symmetrical solution. C, =V curves in WT CNGA1 channels in the presence
of 110 mwm intracellular Na* (filled squares), K* (open circles), Ro* (filled triangles) and Cs™ (filled circles). D,
dependency of residual fractional Na* current /x/Iya on voltage when Rb™ (filled triangles; n = 5) and Cs* ions

(filled circles; n = 6) are in the bathing medium.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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that i, decreased to about —1.7 0.2 pA and P, reduced
to 0.51 £ 0.05 (n=>5; Fig. 3E). At the same time, longer
closures were observed: indeed, in the presence of Cs*
ions, the distribution of closure times was fitted by the
sum of two exponential distributions with a mean closure
time 0of 0.5 + 0.1 and 3.8 & 0.2 ms (Fig. 3F). Therefore the
blockage of Ix observed in Fig. 2 caused by Cs™ ions is
produced by the combination of a reduced single channel
conductance and the appearance of longer closure times.

Thr359 and Thr360 control Rb*, Cs* and ammonium
derivatives blockage

Previous analyses have established that the stretch of
amino acids from Thr359 to Gly362 form the intra-
cellular mouth of the pore of CNGA1 channels (Becchetti
et al. 1999; Becchetti & Roncaglia, 2000) in agreement
with the recently determined structure of the pore of
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CNG mimics (Fig. 1C). Therefore Thr359 and Thr360
are good candidates to form the intracellular binding
site for Cst. We analysed the blockage of Ix by Rb™
and Cs™ ions in mutant channels T359A (Fig.4A and
C) and T360A (Fig.4B and D). As shown in Fig. 4E,
in this case Rb™ inhibition of Na™ current is abolished
in both mutant channels. In T359A mutant channel
Cs* inhibition is significantly reduced and the Na™
fractional current (I¢s/In,) becomes equal to 0.92 £ 0.02
at —100 mV (Fig. 4F; n=6). In mutant channels T360A,
Ix is almost the same in the presence of Na®, Rb™ or
Cs™ ions at all voltages between —40 mV and —200 mV
(Fig. 4E and F).

Previous investigations (Picco & Menini, 1993) have
shown that in native CNG channels Na™ inward current
is reduced by the presence of intracellular ammonium
derivatives, suggesting that organic cations occupy a
weakly voltage-dependent binding site in the intra-
cellular vestibule. Therefore we investigated the effect

D Na’ //Cs”,
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Figure 3. Single channel recordings of inward Na* current in the presence of intracellular Na* and Cs*
A, current recording from a single WT CNGA1 channel at —100 mV in the presence of 1 mm cGMP in symmetrical
Na™. Dashed line indicates the closed state. B, all-point amplitude histograms from recordings as in A. The
continuous line represents a two-component Gaussian fit. isc and Py indicate the single channel current and the
open probability. C, open (left panel) and closed (right panel) dwell-time distribution histograms from recordings as
in A. The continuous line represents a one-component exponential fit. T indicates the time constant. Inset shows
an enlargement of closed dwell-time distribution. D, as in A, but when Na™ ions in the bathing medium were
replaced by Cs*. E and F, as in B and C, respectively, but from recordings where bathing Na™ ions were replaced
with CsT. The continuous line in the closed dwell-time distribution (right panel) represents a two-component
exponential fit. Open and closed dwell-time distribution histograms were obtained from at least 10 s recordings.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Figure 4. Voltage-dependent blockage of
inward Na* current by intracellular Rb*
and Cs* ions in T359A and T360A mutant
channels

A, T359A current recordings from
excised-patch in Na* symmetrical conditions
and when intracellular Na* was replaced by an
equimolar amount of Cs*. Recording
conditions as described in Fig. 2. Dashed line
indicates O current level; arrows indicate the
—100 mV Nat current level in symmetrical
conditions. B, as in A, but for T360A mutant
channel. C, -V curves in T359A mutant
channels in the presence of 110 mm
intracellular Na™ (filled squares), and Cs* (open
circles). D, as in C, but for T360A mutant
channel. E, dependency of /zy/Ina ON voltage
for WT (filled circles), T359A (open squares)
and T360A (filled squares), respectively (n > 5).
F, as in E, but when intracellular Rb* ions were
replaced with Cs™ (n > 6).
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of 110 mM intracellular methylammonium (MA) and
dimethylammonium (DMA) on Ix in WT CNGALI and
T360A mutant channels. I is inhibited when MA or DMA
ions are present in the intracellular solution (Fig. 5A and
C),being Na* fractional current (Ix/Iy,) at—100 mV equal
t00.85 4+ 0.03 (n=5) and 0.76 £ 0.02 (1 = 6), respectively
(Fig. 5E). The Nat current blockage is larger in the pre-
sence of DMA with a weak voltage dependency (Fig. 5E).
MA and DMA blockage of Ix is abolished in mutant

A WT
Na' //Na*,

AS—
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Na* //MA,
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channel T360A (Fig. 5B, D and E). Na™ currents at —100
mV in the presence of MA and DMA are larger than those
in the presence of Na™, because when Na™ is replaced
by MA or DMA the reversal potential shifts from 0 mV
up to 60 mV, so that the driving force for Na* influx at
—100 mV in the presence of these cations is larger than in
symmetrical Nat. These results support the notion that
the ring of Thr360 forms a binding site for Cs™ as well as
for methylated ammonium cations.
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Figure 5. Voltage-dependent blockage of the of inward Na* current by intracellular organic cations in

WT and T360A mutant channels

A, representative macroscopic WT current recordings from one excised patch in Na* symmetrical conditions and
when intracellular Na* was replaced by an equimolar amount of MA and DMA. Currents were elicited in the
presence of 1 mm cGMP in the bathing medium and voltage steps ranging from —100 to +100 mV (AV = 20 mV).
Dashed line indicates O current level; arrows indicate the —100 mV Na* current level in symmetrical solution. B,
as in A, but for T360A mutant channel. C, -V curves in WT channels in the presence of 110 mwm intracellular
Na™ (filled circles), MA (filled squares) and DMA (open triangles). D, as in C, but for T360A mutant channel. E,
dependency of Ix/Ina on voltage when MA ions (open and filled squares) and DMA ions (open and filled triangles)
were in the bathing medium for WT (open symbols; n > 5), and T360A (filled symbols; n = 4) mutant channel,

respectively.
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Figure 6. Macroscopic currents through T359A mutant channel in the presence of Lit and Cs* mixtures

and analysis of AMFE

A, representative macroscopic currents through T359A mutant channel from one excised patch in the presence
of 110 mm Lit inside the patch pipette and different mole fraction of Cs* (Xcs) in the bathing solution (being
Xcs equal to 0, 0.3 and 1 from left to right). Currents were elicited in the presence of 1 mm cGMP in the bathing
medium and voltage steps ranging from —100 to +100 mV (AV = 10 mV). Dashed line indicates O current level.
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AMFE in T359A and T360A mutant channels

Since AMFE has been previously reported in the presence
of mixtures of Cs* and Li* ions in native and WT CNGA1
channels, we investigated this effect in mutant channels
T359A and T360A. Figure 6 illustrates current recordings
obtained in mutant channel T359A in the presence of
either 110 mm Li* (Fig. 6A) or 110 mm Cs™ (Fig. 6B) in
the patch pipette while Lit and Cs* mixtures are pre-
sent in the bathing medium. Large macroscopic currents
were recorded both in the presence of 100% Li* and Cs*
either when the pipette was filled with 110 mMm Li* or
Cs* (Fig.6A and B), confirming that both cations are
highly permeant. The current flowing in the presence
of the Lit and Cs* mixture, however, was clearly larger
than the current flowing either with Cs™ or Li™ alone
(Fig. 6A and B). The [-V relations obtained in the pre-
sence of either 110 mM Cs* or 110 mMm Li* in the patch
pipette (Fig 6C and D) showed that in both cases, the
current carried by Lit—Cs™ mixtures was larger than the
current observed in the presence of either Lit or Cs* for
all voltages more positive than 50 mV. When the Cs*™ mole
fraction was 0.3, the outward current was 1.3—1.5 times
larger than the current observed in the presence of 100%
Cs* or Lit*. Figure 6E and F illustrate several features of
the AMFE under various conditions for WT and T359A
mutant channels. The normalized current measured at
4100 mV shows a peak at Xc,=0.3 both for WT and
T359A mutant channels (Fig. 6E). The AMFE was also
observed measuring V., (Fig. 6F), when the patch pipette
was filled either with Li* (open squares) or Cs* (filled
squares).

Also in T360A mutant channels large macroscopic
currents were recorded both in the presence of 100%
Lit and Cs™ when the pipette was filled with 110 mm
of either Li* or Cs* (Fig. 7A and B). In contrast to T359A
mutant channels, no obvious AMFE was observed when
the patch pipette was filled with 110 mm Li* (Fig. 7A and
C). The normalized current (Fig. 7E) and V.., (Fig.7F)
have always an intermediate amplitude between that
measured either with 110 mm Cs™ or Lit for all tested
Cs*—Li* mixtures. The AMFE in T360A mutant channels
was reduced compared to that observed in T359A mutant
channels when the patch pipette was filled with 110 mm
Cs* (Fig. 7B and D). Normalized currents and V., show
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respectively a peak and a drop in the presence of 33 mm Cs™
and 77 mM LiT (X, = 0.3) as observed in T359A mutant
channels (Fig. 7E and F).

These observations are in agreement with the notion
that the hydroxyl group of the Thr360 side chain forms a
Cs™ binding site at the intracellular mouth of the selectivity
filter which in concert with the binding site composed by
the Glu363 ring determines the AMFE.

Thr359 and Thr360 control selectivity and
permeability to monovalent cations

In WT CNGAI1 channels, the amplitude of 7, at +140 mV
for monovalent cations has been determined to be
Na:K:Li:Rb = 1.0:0.8:0.3:0.15 (Nizzari et al. 1993). At
+140 mV i carried by Cs* could not be distinguished
from the baseline noise. The ionic selectivity in T359A and
T360A mutant channels was analysed by substituting the
Na™ present in the medium bathing the cytoplasmic side
with other monovalent cations, and by measuring single
channel currents at very positive membrane potentials.
Figure 8 illustrates single channel recordings from mutant
channels T359A and T360A at +100 mV in the presence
of Na* in the patch pipette and when Na* in the bathing
solution was replaced with Lit, K*, Rb*™ and Cs*. Discrete
open-to-closed transitions were observed for both mutant
channels in the presence of all alkali monovalent cations
(Fig. 8A and C). Analysis of the amplitude histograms
shows that the i, for Li*, Na™, K*, Rb* and Cs* was 0.61,
2.27, 3.71, 3.21 and 0.54 pA for T359A and 0.77, 2.44,
2.93,2.04 and 1.18 pA for T360A, respectively (Fig. 8 Band
D). Hence, the ratio of single channel currents recorded
at +100 mV in T359A and T360A mutant channels,
respectively, for monovalent cations was:

K:Rb:Na:Li:Cs=1.6:14:1.0:0.3:0.24
and
K:Na:Rb:Cs:Li=12:1.0:0.8:0.5:0.32

This indicates that these mutant channels conduct Rb™"
and Cs™ significantly more than WT CNGA1 channels do.
Measurements of relative ionic permeabilities, obtained
from the analysis of V., under bi-ionic conditions, show
that mutant channels T359A and T360A are significantly

B, as in A, but with 110 mm Cs™ inside the patch pipette. C, /-V curves in T359A mutant channels in the
presence of 110 mm Lit inside the patch pipette and 110 mm Lit (Xcs = O; filled circles), 33 mm Cs* and 77 mm
Li™ (Xcs = 0.3; open circles) and 110 mm Cs* (Xcs = 1; open triangles) in the bathing solution. D, as in C, but with
110 mm Cs* inside the patch pipette. £, normalized current amplitude flowing at +100 mV in the presence of
different Li* and Cs* mixtures in the bathing solution (being Xcs equal to 0, 0.3, 0.5, 0.7 and 1, respectively) and
110 mm Li* (open symbols; n = 5) and 110 mm Cs™ (filled symbols; n = 4) in the patch pipette for T359A mutant
channel (squares) and WT (triangles; redrawn from Sesti et al. 1995). Currents were normalized to the current
flowing in the absence of Li*. F, dependence of the reversal potential Vye, on the Cs* mole fraction Xcs in the
bathing solution for T359A mutant channels and WT. Solutions and symbols are as described in E. Each point was

obtained from at least 4 patches.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Figure 7. Macroscopic currents through T360A mutant channel in the presence of Lit and Cs* mixtures
A, representative macroscopic currents through T360A mutant channel from one excised-patch in the presence
of 110 mm LiT inside the patch pipette and different mole fraction of Cs* (Xcs) in the bathing solution (being Xcs
equal to 0, 0.3 and 1 from left to right). Recording conditions were as described in Fig. 6. Dashed line indicates 0
current level. B, as in A, but with 110 mm Cs* inside the patch pipette. C, -V curves in T360A mutant channels
in the presence of 110 mm Li* inside the patch pipette and 110 mm Li™ (Xcs = O; filled circles), 33 mm Cs* and

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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77 mm Lit (Xcs =

0.3; open circles) and 110 mm Cs* (Xcs = 1; open triangles) in the bathing solution. D, as in

C, but with 110 mm Cs™ inside the patch pipette. £, normalized current amplitude flowing at +-100 mV in the

presence of different Li*

and Cs™ mixtures in the bathing solution (being Xcs equal to 0, 0.3, 0.5, 0.7 and 1,

respectively) and 110 mm Lit (open symbols; n = 4) and 110 mm Cs* (filles symbols; n = 4) in the patch pipette
for T360A mutant channel (squares) and WT (triangles; redrawn from Sesti et al. 1995). Currents were normalized
to the current flowing in the absence of Li*. F, dependence of the reversal potential Ve, on the Cs™ mole fraction
Xcs in the bathing solution for T360A mutant channels and WT. Solutions and symbols are as described in £. Each

point was obtained from at least 4 patches.

more permeable to Cs* ions compared to WT CNGALI
channels, with Pcy/Px, equal to 0.97, 0.62 and 0.37 for
T359A, T360A and WT, respectively (Table 1).

Discussion

Previous studies have shown that CNG channels are
multi-ion pores and that the ring of Glu363 near the
extracellular vestibule of the pore constitutes a major
binding site for divalent and monovalent cations as well as
for protons (Furman & Tanaka, 1990; Root & MacKinnon,
1993, 1994; Eismann et al. 1994; Sesti et al. 1995; Rho
& Park, 1998; Qu ef al. 2001). The present paper shows
that the ring of Thr360 at the intracellular vestibule forms
another ion binding site, controlling monovalent cation
selectivity and permeation. We discuss here more in detail
the properties of the binding site composed by the ring
of Thr360 and how the pore structure of CNG channels
determines its selectivity and permeation.
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Origin of the inward Na* current inhibition by Rb*
and Cs*

When Rb* and Cs™ ions are present in the internal
cavity, Nat inward current is reduced and this blockage
is stronger in the presence of Cs* and is relieved at
negative voltages (Fig. 2). The voltage dependency of the
Rb*/Cs™ blockage argues against any simple intracellular
modulatory-site mechanism since it is not expected to
be voltage dependent (Plested, 2011). Moreover, analysis
of single channel current fluctuations shows that Cs*
inhibition is due to both a lower amplitude of the
single channel current and to the appearance of longer
closed states (Fig. 3). Neutralization of Thr360 in the
intracellular vestibule almost completely abolishes this
blockage suggesting that Rb™ and Cs' could interact
directly and/or indirectly through a water molecule with
the hydroxyl group of Thr360. In this view, voltage
dependency of the blockage arises from the binding
of these ions within the electrical field focused on the
selectivity filter (Contreras et al. 2010).
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Figure 8. Single channel ionic selectivity in T359A and T360A mutant channels

A, current recordings from one T359A mutant channel at +100 mV in the presence of 110 mm Na* in the patch
pipette and 110 mm Lit, Na*, K*, Rb™ and Cs* in the bathing medium. Dashed lines indicate the closed state.
Currents were elicited in the presence of 1 mm cGMP. B, all-point amplitude histograms from recordings in A. The
continuous line represents a two component Gaussian fit. isc indicates the single channel current amplitude. C, as
in A, but for T360A mutant channel. D, as in B, but for T360A mutant channel.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Table 1. Permeability ratios (Px/Pna) of WT CNGA1 and of T359A and T360A mutant channels
Lit K+ Rb* Cst
Mutant Viev (MV) PLi/Pna Viev (MV) Px/Pna Viev (MV) Pro/PNa Viev (MV) Pcs/Pna
WT 89 +1.2 0.71 1.45 £ 0.6 0.95 86 +1.0 0.72 26.6 + 1.8 0.36
T359A 20.1 +3.3 0.45 —-83+0.7 1.37 —4.7 +£3.2 1.20 0.7 +42 0.97
T360A 95 +£25 0.69 —1.4+£2.0 1.05 6.5 £3.0 0.78 12.5+3.0 0.62

In the crystal structure of CNG-mimicking chimeras
the side chains of Thr62, equivalent to Thr359 in WT
CNGA1 channels, point away from the permeation
pathway seemingly unable to make direct contact with
permeating ions. Indeed, Thr62 side chains interact with
neighbour residues in the selectivity filter stabilizing the
pore architecture. Therefore, neutralization of Thr359 is
expected to alter the conformation of the intracellular
mouth of the selectivity filter that is likely to modify Cs™
and Rb* coordination to Thr360.

Interestingly, similar mechanisms of blockage have been
observed in the KcsA channel when Lit or Na* ions are
present in the cavity blocking KT current (Nimigean &
Miller, 2002; Thompson ef al. 2009). In these studies
both, a fast and a slow blockage have been observed and
were associated respectively to a low affinity binding site
in the internal cavity and to a higher affinity binding
site within the selectivity filter, near the plane of Thr75
carbonyl atoms, as confirmed also by molecular dynamics
(MD) simulations and crystallographic data. Albeit Cs™
blockage in CNGA1 could reflect similar mechanisms, an
alternative intriguing explanation could be that Cs* ions
bind to the conductive and non-conductive configurations
of the selectivity filter resulting in different mechanisms of
blockage. Indeed the primary gate in CNG channels has
been located within the selectivity filter itself (Fodor et al.
1997; Becchetti & Roncaglia, 2000; Contreras et al. 2008)
and this hypothesis is consistent with previously reported
state-dependent reactivity of cystein mutants in position
360 using transition metal ions as probes (Becchetti &
Roncaglia, 2000).

The role of Thr359 and Thr360 in ion conduction,
selectivity and permeation

The presence of AMFE in rod and olfactory CNG
channels has been previously observed and according to
the most-accepted mechanisms underlying it, AMFE has
been associated to an interaction between ions in the
channel pore indicating the multiple-ion occupancy of
the channel (Hagiwara et al. 1977; Hille & Schwarz, 1978;
Hille, 1992). Moreover Sesti et al. (1995) suggested that
the molecular basis for multi-ion interactions in CNGAL1

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society

channels involved the glutamate 363, constituting a major
binding site within the pore. We have found that mutation
of Thr359 does not affect AMFE significantly compared to
WT channels. Indeed the normalized current at +100 mV
in both channels has a maximum at X, = 0.3 when either
Lit or Cs™ were present in the patch pipette (Fig. 6).
V. in these solutions also demonstrated AMFE, further
supporting the multi-ion nature of these channels, since
V ey does not depend on the number of open channels
(Fig 6). These observations are consistent with the crystal
structures of CNG mimicking chimeras, where only
Thr360 interacts with permeating ions and Thr359 does
not contribute directly to ion binding within the selectivity
filter. In T360A mutant channels AMFE was abolished
when Lit ions were present in the patch pipette (Fig. 7).
However, AMFE could be still detected in V., if the patch
pipette was filled with 110 mM Cs™, signalling the presence
of two ions within the pore (Fig. 7). Crystallographic data
and MD simulations have shown that smaller Na* and Li*
ions do not coordinate at the centre of the carbonyls cage
in the selectivity filter like larger K™ and Rb™, but tend to
binds in a plane with carbonyl oxygens (Thompson et al.
2009; Ye et al. 2010; Derebe et al. 2011b). In this view, it
is possible to imagine the simultaneous presence of two
differently sized ions in the selectivity filter of the T360A
mutant channel; a larger ion like Cs* could bind ‘in cage’
at site S, and a smaller ion like Li™ could be coordinated
in-plane by backbone carbonyls of Ala360, separated by
a water molecule. The fact that AMFE was observed only
when Cs* ions were present in the patch pipette but not
Li* ions is likely to reflect the architectural asymmetries of
the extracellular and intracellular mouth of the selectivity
filter.

In WT CNGALI channel both Rb* and Cs™ are less
permeant than Na* ions. The single channel conductance
at +100 mV for Na™ is around 30 pS while it is only 5 pS
in Rb* (Kusch et al. 2004) and it could not be determined
in Cs* at membrane potentials up to +140 mV (Nizzari
et al. 1993). We propose that the Thr360 hydroxyl group
contributes to this ion binding site, stabilizing Rb™ and
Cs* in the S, position and reducing their permeation. In
fact replacement of Thr359 or Thr360 with an alanine
significantly increases Rb™ and Cs™ permeabilities and
well-resolved openings could be detected at +100 mV
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when Cs™ ions were present in the bathing medium (Fig. 7
and Table 1). Mutation of Thr359 is likely to result in
a local perturbation of the intracellular mouth of the
selectivity filter affecting Thr360 side chain orientation
and hence monovalent cation conduction, permeation
and selectivity.

Similarities and differences in the pore of CNG and K*
channels

Our electrophysiological results and the molecular
structure of the pore of the CNG mimics (Derebe et al.
2011Db) reveal one major similarity and two fundamental
differences between the pore of CNG and K channels.

Crystallographic and electrophysiological data suggest
that the intracellular vestibule of CNG and K* channels
have a similar architecture with two threonines (Fig. 1)
playing a very similar role. The threonines closer to the
P-helix (Thr359 in CNGA1 channels) have side chains
pointing towards the interior of the protein providing
structural stability, while the other threonines closer to the
narrowest region of the pore (Thr360 in CNGA1 channels)
constitute a binding site for cations.

The substitution of the motif GYG — the signature
of KT channels — with the ETPP motif present in the
vast majority of CNG channels removes the first ion
binding site (S;) in the selectivity filter, resulting in major
structural differences at the extracellular vestibule. This
site is replaced by a concave funnel shaped vestibule with
the pyrrolidine ring from Pro68 forming the wall of the
funnel (Fig.1C). This proline is conserved among all
known CNG channels and is not present in either K or
Na™ channels. Previous electrophysiological investigations
have identified this proline as part of the external vestibule
(Becchetti et al. 1999) and mutant P365T channels have
profoundly anomalous permeation and gating (Gamel &
Torre, 2000). These observations suggest that the overall
architecture at the intracellular mouth of the selectivity
filter is rather similar in CNG and K* channels but it is
not so for the extracellular mouth.

While the selectivity filter of K' channels can
accommodate up to three ions, not more than two ions can
be present at the same time in the pore of CNG channels.
This difference, which seems to be well established, is likely
to be at the basis of the different selectivity of CNG and
K* channels. Studies of NaK channels and of its various
mutants demonstrate that four contiguous ion-binding
sites in the filter are a necessary prerequisite for a selective
and efficient K™ conduction (Derebe et al. 2011a,b). CNG
channels with only three binding sites in the filter are
poorly selective.

The results of the present study suggest a possible
physiological relevance of the ring of threonines in the
inner vestibule of the pore of CNG channels. CNG
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channels were originally detected in photoreceptor and
olfactory neurons but they are also present in several
non-sensory neurons; there is also extensive evidence
for the expression of several CNG channel subtypes in
the central nervous system (Zufall et al. 1997; Kaupp
& Seifert, 2002). Because of their high permeability to
Ca’", CNG channels have the potential to influence
numerous cellular functions, including cell excitability
and several Ca’"-dependent intracellular processes. The
two rings of threonines in the intracellular vestibule are
highly conserved in the great majority of K™ and of CNG
channels of both A and B subunits. Therefore, possibly
all CNG channels have a binding site for cations near
their intracellular vestibule which could play a regulatory
role in CNG channels in different tissues, in particular
in CNS (Zufall et al. 1997; Podda et al. 2008; Togashi
et al. 2008; Lopez-Jimenez ef al. 2012). For instance, CNG
channels are involved in growth cone pathfinding and
the intracellular ring of threonines here described could
be part of the orchestration of growth cone attraction
and repulsion (Togashi et al. 2008; Lopez-Jimenez et al.
2012). Indeed it has been established that CNG channels
are modulated by different intracellular molecules like
diacylglicerol, retinoids and polyamines possibly involving
interactions with polar groups within the channel pore
(Lu & Ding, 1999; Crary et al. 2000; Horrigan et al.
2005). Moreover the ring of Thr360 could be or could
contribute to the receptor site for many voltage-dependent
intracellular CNG channels blockers, like dequalinium,
L-cis-diltiazem and tetracaine (Brown et al. 2006). The two
binding sites composed of the rings of Glu363 and Thr360
are not independent, so divalent cations permeation and
blockage may be attributable to the multi-ion occupancy
of the channel.
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