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Abstract We investigated conformational changes occur-
ring in the C-linker and cyclic nucleotide-binding (CNB)
domain of CNGAI1 channels by analyzing the inhibition
induced by thiol-specific reagents in mutant channels
Q409C and A414C in the open and closed state. Cd**
(200 uM) inhibited irreversibly mutant channels Q409C
and A414C in the closed but not in the open state. Cd**
inhibition was abolished in the mutant A414C f., in the
double mutant A414C + C505T and in the tandem con-
struct A414C + C505T/CNGAL, but it was present in the
construct A414C + C505.y .. The cross-linker reagent
M-2-M inhibited mutant channel Q409C in the open state.
M-2-M inhibition in the open state was abolished in the
double mutant Q409C + C505T and in the tandem con-
struct Q409C + C505T/CNGA1. These results show that C,
of C505 in the closed state is located at a distance between
4 and 10.5 A from the C, of A414 of the same subunit, but
in the open state C505 moves towards Q409 of the same
subunit at a distance that ranges from 10.5 to 12.3 A from
C, of this residue. These results are not consistent with a
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Abbreviations

CNG  Cyclic nucleotide-gated

CNBD Cyclic nucleotide-binding domain
CSM  Cysteine scanning mutagenesis

MTS  Methanethiosulfonate

M-2-M 1,2-Ethanediyl bismethanethiosulfonate
M-4-M 1,4-Butanediyl bismethanethiosulfonate
DTT Dithiothreitol

Introduction

Cyclic nucleotide-gated (CNG) channels underlie sensory
transduction in vertebrate photoreceptors and in olfactory
sensory neurons. These channels open when cyclic nucleo-
tides such as cAMP or cGMP bind to a specific domain,
usually referred to as the cyclic nucleotide-binding (CNB)
domain (Fesenko etal. 1985; Zimmerman etal. 1985;
Nakamura and Gold 1987; Kaupp et al. 1989; Zagotta and
Siegelbaum 1996; Biel etal. 1999; Craven and Zagotta
2006; Kaupp and Seifert 2002). As opposed to the usual
Na* and K* channels, CNG channels are cation selective,
but poorly selective for monovalent alkali cations (Zimmer-
man and Baylor 1986; Kaupp et al. 1989; Menini 1990;
Picco and Menini 1993; Craven and Zagotta 2006). They
also form a tetrameric assembly of several homologous
subunits (Chen et al. 1994; Korschen et al. 1995; Shammat
and Gordon 1999; Zheng et al. 2002; Zhong et al. 2002;
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Craven and Zagotta 2006), referred to as CNGA1-4 and
CNGBI1,3 (Bradley et al. 2001). The CNGA1 channel from
bovine rods is composed of 690 residues, corresponding to
about 80 kDa (Kaupp et al. 1989) and each subunit encodes
for a CNB domain consisting of about 125 amino acids in
the cytoplasmic C-terminal (Kaupp et al. 1989; Zagotta and
Siegelbaum 1996). The CNB domain connects to the trans-
membrane domain of CNG channels through another
domain composed of about 77 amino acids referred to as
the C-linker.

The amino acid sequence of CNG and K* channels share
a significant sequence similarity and both channels are
members of the superfamily of voltage-gated channels
(Zagotta and Siegelbaum 1996; Biel et al. 1999). They also
have a significant sequence similarity with the family of
hyperpolarization-activated and cyclic nucleotide-gated
(HCN) channels (Anselmi et al. 2007), composed of four
isoforms called HCN1-4 (Hofmann et al. 2005). All these
channels open when the membrane potential is hyperpolar-
ized and their activation properties can be modulated, to
some extent, by cyclic nucleotides. The 3-D structure of
murine HCN2 C-linker and of CNB domains has been
recently solved (Zagotta et al. 2003): the sequence align-
ment of these domains in HCN2 and bovine CNGA1 chan-
nels indicates a sequence identity of 35%. This indicates
that the overall folding of the C-linker domain of HCN2
and CNGAI1 channels could be similar, and these domains
in the two channels could have a common 3-D architecture.

The purpose of the present manuscript is to obtain exper-
imental constraints on the relative distance between amino
acids to test the hypothesis that the C-linker and CNB
domains in CNGA1 and HCN2 channels share the same
3-D structure. Here we show that in the closed state C505 is
close to A414 of the same subunit but in the open state it
moves near Q409 of the same subunit. These results are not
consistent with the 3-D structure of the CNGAI1 channel,
which is similar to the structure of HCN2 channels, either
in the open or in the closed state.

Materials and methods
Molecular biology

Three different channel constructs from bovine rods were
used: the CNGAI1 channel (about 80 kDa), the tandem
dimer construct (CNGA1/CNGAI, about 160 kDa) gener-
ated as previously described (Mazzolini et al. 2008), and
the CNGA . channel (Matulef etal. 1999). Selected
residues were replaced by introducing a cysteine in the
three channels also as previously described (Becchetti et al.
1999; Matulef et al. 1999) using the Quick Change Site-
Directed Mutagenesis kit (Stratagene). Point mutations
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were confirmed by sequencing, using the sequencer LI-
COR (4000L). cDNAs were linearized and were tran-
scribed to cRNA in vitro using the mMessage mMachine
kit (Ambion, Austin, TX).

Mutant channels constructed inside the three different
backgrounds are indicated in the following way: when resi-
due X in position 999 is mutated in residue Y, in the
CNGAL1 background the mutant channel is indicated as
X999Y (e.g., Q409C); in the CNGAI 4. background,
mutant channels are indicated similarly, but the subscript
“cys-free” is added (for example Q409C . ¢..); the double
mutations made in the same construct are indicated by add-
ing a “plus” (+) symbol between the two mutations (e.g.,
Q409C + C505T or Q409C + C505T g fre); mutant chan-
nels in the tandem background are indicated by using the
“slash” (/) symbol between the two different subunits linked
together (e.g., Q409C + C505T/CNGA1).

Oocyte preparation and chemicals

Mutant channel cRNAs were injected into Xenopus laevis
oocytes (“Xenopus express” Ancienne Ecole de Vernassal,
Le Bourg 43270, Vernassal, Haute-Loire, France). Oocytes
were prepared as previously described (Nizzari et al. 1993).
Injected eggs were maintained at 19°C in a Barth solution
supplemented with 50 pg/ml of gentamycin sulfate and
containing (in mM): 88 NaCl, 1 KCl, 0.82 MgSO,, 0.33
Ca(NOy),, 0.41 CaCl,, 2.4 NaHCO;, 5 Tris—HCI (pH 7.4
buffered with NaOH). During the experiments, oocytes
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 Chemicals (St Louis, MO, USA)
and methanethiosulfonate (MTS) cross-linkers (1,2-etha-
nediyl bismethanethiosulfonate (M-2-M) and 1,4-but-
anediyl bismethanethiosulfonate (M-4-M)) were purchased
from TRC (Toronto Research Chemicals, Canada).

Protein preparation and immunoblotting

After 4-day incubation at 19°C, batches of 15-20 oocytes
were homogenized in 200 pL. of homogenization buffer
(100 mM Tris—HCI, 100 mM NaCl, 0.5% v/v Triton X-100,
pH 8.0, supplemented with protease inhibitors) by tritur-
ation. The homogenate was incubated on ice for 15 min and
then centrifuged at 16,000g for 10 min at 4°C. The soluble
fraction was removed and placed into a clean tube, avoid-
ing the pellet and the floating layer of the yolk, then centri-
fuged at 16,000g for 10 min. Then it was centrifuged one
additional time at 16,000g for 10 min and transferred into a
clean tube. About 50 min after homogenization, 20 mM
N-ethylmaleimide (NEM, Sigma-Aldrich) was added in order
to prevent further disulfide bond formation. A 20 pL of the
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soluble fraction was then added to 10 pL loading dye
(125 mM Tris—HCl, 6% v/v SDS, 20% v/v glycerol, 10% v/v
bromophenol blue, pH 6.8) in the absence or in the pres-
ence of 10% v/v f-mercaptoethanol (f-ME) (Sigma-Ald-
rich) or 100 mM DTT (Sigma-Aldrich). Samples were
subjected to SDS-PAGE using 3-8% acrilamide gel. After
SDS-PAGE, proteins were transferred to a nitrocellulose
filter by electroblotting. After the transfer, channels were
detected by Western blotting using a mouse M2 anti-FLAG
primary antibody (Sigma-Aldrich) and an anti-mouse IgG
secondary antibody conjugated with horseradish peroxidase
(HRP) (GE Healthcare). The analyzed channel constructs
have a C-terminal FLAG tag epitope (DYKDDDDK).
Chemiluminescent detection was performed using the
Amersham ECL Western blotting detection kit (GE Health-
care). Exposure times were between 1 and 30 min. Images
were then digitally acquired.

Recording apparatus

cGMP-gated currents from excised patches in inside-out
configuration were recorded, with a patch-clamp amplifier
(Axopatch 200B, Axon Instruments Inc., Foster City, CA,
USA), 4-6 days after RNA injection, at room temperature
(20-24°C). The perfusion system was as previously
described (Sesti et al. 1995) and it allowed a complete solu-
tion change in less than 1 s. Borosilicate glass pipettes had
resistances of 3—10 MQ in symmetrical standard solution.
The standard solution on both sides of the membrane con-
sisted of (in mM) 110 NaCl, 10 HEPES and 0.2 EDTA
(pH 7.4). The membrane potential was usually stepped
from 0 to £60 mV. We used Clampex 8.0, Clampfit 9.2,
and Matlab 7.1 for data acquisition and analysis. Currents
were low-pass filtered at 2 kHz and acquired digitally at
5 kHz. The current inhibition was calculated as 1 — I, /I g
(where I is the residual current after application of drugs
and I g is the control current in the presence of 1 mM
cGMP).

Application of sulfhydryl-specific reagents

The effect of Cd** was tested by perfusing the intracellular
side of the membrane with a standard solution without
EDTA (to avoid partial Cd** chelation), supplemented with
200 uM of CdCl, (Becchetti and Roncaglia 2000; Ronca-
glia and Becchetti 2001; Mazzolini et al. 2002; Nair et al.
2006; Mazzolini et al. 2008) for 5 min, in the open (i.e., in
the presence of 1 mM cGMP) and close state (i.e., in the
absence of 1 mM cGMP). When a partial inhibition was
observed after 5-7 min of Cd**, we investigated the effect
of longer exposures to Cd** ions up to 10 min.

Cd** inhibition of mutant channels where exogenous
cysteines are introduced in specific locations can have a

high efficacy with a half inhibition constant K, varying
between 100 nM and 1 pM (Rothberg etal. 2003); in
mutant channels H462C + Q468C constructed in the HCN
channels Cd** inhibition has a value of K., of 72nM
(Rothberg etal. 2003). Similarly, Cd** inhibition of
mutant channels T360C and I361C constructed in the
CNGAI1 channels occurs with a K, in the micromolar
range and develops in just a few seconds (Contreras et al.
2008). The high efficacy of Cd* inhibition in these mutant
channels is explained by its coordination to three and pos-
sibly four exogenous cysteines forming a stable and rigid
binding site. In other conditions, Cd** inhibition has a
lower efficacy and develops on a longer time scale (Yellen
et al. 1994; Kurz et al. 1995; Krovetz et al. 1997; Liu et al.
1997; Kubo et al. 1998; Becchetti and Roncaglia 2000).
The lower efficacy of Cd** inhibition in these mutant chan-
nels is caused by the Cd** coordination to the S atom of
only two cysteines—either exogenous or endogenous—
and the longer time scale is caused by concomitant fluctua-
tions of coordinating cysteines (Krizek et al. 1993; Berg
and Godwin 1997).

The time course of Cd** inhibition of mutants Q409C
and A414C was determined with the application of 100 and
200 uM of the reagent in the closed state for variable peri-
ods and by measuring the current observed after Cd>*
removal and in the presence of 1 mM cGMP. Figure la
shows data collected from seven patches containing mutant
channel Q409C exposed for variable time periods to 100
(filled circles) and 200 pM cd* (open circles), respec-
tively. Data were normalized to the cGMP current activated
at +60 mV, before Cd** treatment. The solid line through
the experimental points was obtained from the equation
exp(—1/t), where t is the time constant of Cd?* inhibition.
Figure 1b shows similar data but for mutant channel
A414C (six patches). The time constant of Cd?* inhibition
was 909 and 217 s for 100 and 200 uM Cd** for mutant
channel Q409C and was 555 and 105 s for 100 and 200 uM
Cd>* for mutant channel A414C.

Therefore, we analyzed Cd** inhibition in the closed
state by exposing patches to 200 pM Cd** for 5 min. Fol-
lowing this procedure, in some constructs such as
Q409C + C505T and Q409C + C481A, an inhibition
between 30 and 70% was observed. In order to check
whether a partial inhibition that was observed after 5 min of
Cd>* exposure was due to a slow inhibition rate of Cd**
ions, we investigated the effect of longer exposures to Cd>*
ions. To study Cd** inhibition in the open state, we applied
200 uM Cd** ions in the presence of 1 mM cGMP for
5 min or longer, during which the amplitude of the cGMP-
activated current was continuously monitored. If after
5 min of Cd** exposure, the amplitude of the cGMP current
did not change by more than 10%, we concluded that Cd**
ions did not inhibit the cGMP-activated current.
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Fig. 1 Time course of Cd** closed-state inhibition and estimation of
the distance between C, of coordinating cysteines. a, b Time-depen-
dent inhibition of mutant channels Q409C and A414C by 100 uM
(closed symbols) and 200 uM (open symbols) Cd**, respectively, in the

Cross-linker compounds (M-2-M and M-4-M) were dis-
solved in dimethyl sulfoxide (DMSO) and diluted in a stan-
dard solution reaching a final concentration of 100 M. The
final concentration of DMSO was 0.1%. We also checked
that this concentration of DMSO did not affect the cGMP-
activated current. Solutions containing cross-linker com-
pounds were prepared immediately before application (typ-
ically <5 min) to prevent degradation, as these reagents
dissociate rapidly in aqueous solution; in fact, they were
never used for more than 45 min after dissolution. Cross-
linkers of different length were used to determine the dis-
tance between exogenously introduced cysteines (Ren et al.
2006; Loo and Clarke 2001). In experiments with mutant
channel Q409C, after application of 100 uM M-2-M in the
open state, 5 mM, DTT was applied for at least 10 min in
order to check whether the blocking effect caused by M-2-
M was reversible.

Estimation of the distance between C, of coordinating
cysteines

MTS cross-linkers, such as M-2-M and M-4-M, and cda*
modify cysteine mutant channels by triggering different
mechanisms and the comparison of their effect are used as a
tool for the investigation of conformational changes during
channel gating (Mazzolini et al. 2002, 2008; Craven et al.
2008). Indeed, the MTS cross-linkers bears reactive S
atoms at both ends and forms covalent bonds with two cys-
teines from different subunits (Loo and Clarke 2001)
whereas one Cd>* ion usually coordinates two or even more
cysteines (Benitah et al. 1996; Holmgren et al. 1998; Lous-
souarn et al. 2000).

In order to evaluate the distance between the C, of cyste-
ines coordinating Cd** ions or the cross-linkers, we per-
formed an extensive in silico search. We explored possible
3-D conformations of Cd**, M-2-M and M-4-M interacting
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closed state. Data are shown as mean =+ standard deviation (SD). Solid
line through the experimental points was obtained by fitting the data
with exp(—1/f), where 7 is the time constant of Cd?* inhibition

with two cysteines in which -NH, and -COOH functional
groups had been substituted by —CHj;. This substitution was
made in order to avoid polar interactions that could alter the
probability of sampled conformational states. Initial struc-
tures were generated by means of PRODRG server (Schu-
ettelkopf and van Aalten 2004). Bonded and van der Waals
parameters of the force field were obtained from the gener-
alized Amber force field (GAFF) (Wang etal. 2004).
Atomic partial charges and Cd-S distances for the Cd**
complex were calculated by optimizing the initial structure
and using the DFT/B3LYP methodology (Becke 1993) fol-
lowed by RESP fitting (Bayly et al. 1993). Molecular orbi-
tals were described by the 6-31G(d) type basis set for H, C
and S atoms (Binkley et al. 1980) and the LANL2DZ basis
set with effective core potentials for Cd atom (Hay and
Wadt 1985). Calculations were made using the Gaussian03
program (Gaussian, Inc., Wallingford, CT). Atomic partial
charges for the M-2-M and M-4-M derivates were evalu-
ated with Gasteiger charge calculations (Gasteiger and
Marsili 1980).

After brief minimization, we performed molecular
dynamics (MD) simulations using the AMBERS program
(Pearlman et al. 1995) for 100 ns with a time step of 1 fs
and collecting snapshots every 10 ps. Temperature was
maintained at 300 K by coupling the systems to a Berend-
sen thermostat (Berendsen et al. 1984). Solvation was con-
sidered by means of the generalized Born/surface area
model (Still et al. 1990). Bonds containing hydrogens were
kept fixed with the SHAKE algorithm (Ryckaert et al.
1977).

From the analysis of the conformations sampled by MD,
it is possible to infer the possible distance between the C, of
cysteines (Fig. 2). Hence, if Cd** inhibits the channel by
coordinating to two cysteines, the distance between the C,
of coordinating cysteines is <10.5 A. If channel inhibition
is observed with M-2-M but not with Cd** the distance
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Fig. 2 Normalized distribution of the distance between the C, of cys-
teines coordinating Cd** ions (gray), M-2-M (red) or M-4-M (green)
as evaluated from MD simulations

between the C, of coordinating cysteines is between 10.5
and 12.3 A. Similarly, if the inhibition is caused by M-4-M
and not by Cd** and M-2-M, the distance of the C,, of coor-
dinating cysteines is between 12.3 and 14.7 A.

Sequence and structural analysis of the CNB domains

The 3-D structure of the CNB domains from six different pro-
teins is available in the Protein Data Bank (PDB) (Berman
et al. 2000): the CNB domain of CAP (entry 1G6 N) (Passner
etal. 2000), KAPO (entries INE6 and 1RL3) (Wu etal.
2004a, b), KAP3 (entry 1CX4) (Diller etal. 2001), HCN2
(entries 1Q3E and 1Q50) (Zagotta et al. 2003), M. loti CNB
domain mutant (MlotiK1) (entries 1U12 and 1VP6) (Clayton
etal. 2004) and CNGC6 (entry 1WGP) (Chikayama E,
Nameki N, Kigawa T, Koshiba S, Inoue M, Tomizawa T,
Kobayashi N, Yokoyama S, unpublished). All sequence align-
ments were performed with Clustal W (Thompson et al.
1994). Structural superimpositions were performed by using
the program STAMP (Russell and Barton 1992).

Structural models of CNGA1 C-linker and CNB
domains were built by using homology modeling with the
program Modeller 6v1 (Sali and Blundell 1993). In some
cases, additional restraints on the C,-C, distances of
selected amino acids were used, according to the experi-
mental observations in the present manuscript.

Results

A common tool for the investigation of functional and
structural properties of ionic channels is Scanning Cysteine
Mutagenesis (SCM) in which residues in a given region of
the ionic channel are mutated one by one into cysteines and
the action of reagents able to interact with the sulfur atom

of the single cysteine is investigated. Considering this ratio-
nale, we scanned several residues in the C-linker domain of
CNGAL channels from F375 to H420. In these mutated
channels, we studied the effect that 200 pM Cd** added to
the bathing medium in the presence (open state) or in the
absence (closed state) of 1 mM c¢cGMP had on cGMP-acti-
vated current. Exposure of CNGAI1 channel to 200 uM
Cd?* induced a very small permanent change in the cGMP-
activated current (9.4 £ 6.0%, N=7) (Nair et al. 20006).
During this extensive SCM, we found that many mutant
channels (F380C, V391C, N400C, N402C, A403C,
A404C, A406C, E407C, F408C, Q409C, A414C and
Q417C) were irreversibly inhibited by Cd** ions (the
nomenclature adopted here for the mutants in the CNGAI,
CNGAIyq free and tandem backgrounds is described in the
“Materials and methods” section).

In the present manuscript, we analyze in detail the
molecular mechanisms underlying Cd** inhibition and
longer cross-linkers such as M-2-M and M-4-M in mutant
channels Q409C and A414C using the rationale previously
described.

Cd?* inhibition of mutant channel A414C

The CNGAI1 channel is composed of four subunits, each
showing six-transmembrane-helix topology. Each subunit
contains seven native or endogenous cysteines: C35, C169,
C186, C314, C481, C505 and C573. C35 is located near the
N-terminal of the CNGAT1 channel, at the cytoplasmic side
(Molday et al. 1991; Brown et al. 1998), and it is thought to
interact with C481 in the open state, but not in the closed
state (Gordon et al. 1997; Rosenbaum and Gordon 2002).
C169 and C186 are located in the S1 and their functional
and/or structural role has not been studied in detail, yet.
C314 in the S5 transmembrane segment can interact with
residues at position 380 in the S6 domain (Nair et al. 2006).
C481 is located in the C-linker region (Brown et al. 1998)
and its role in channel function has been extensively stud-
ied (Brown et al. 1998). C505 in the CNB domain is acces-
sible to sulthydryl reagents in the closed state but not in the
open state (Sun et al. 1996; Matulef et al. 1999). Finally,
C573 is located near the C-terminus of the channel. C573
does not contribute to the potentiation observed after the
application of compounds promoting the formation of
disulfide bonds (Gordon et al. 1997) and does not seem to
have any structural and functional role. Therefore, we stud-
ied the effects of mutations in the C-linker region and in the
CNB domain limiting our analysis only to C481 and C505.

When the CNGA1 channel of bovine rod is exposed for
some minutes to an intracellular medium containing
200 pM Cd** in the open or closed state, the cGMP-acti-
vated current measured after Cd** removal is not signifi-
cantly modified, as shown in Fig.3a (Becchetti and
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Fig. 3 Effect of Cd>* on the CNGA1 and mutant channels. a Effect of
200 uM Cd?* on the CNGA1 channel in the closed state. b, ¢ Effects of
200 uM Cd?* on mutant channel A414C in the closed and open state,
respectively. Cd?* inhibits irreversibly mutant channel A414C (b red
trace) in the closed state but not in the open state (¢ green trace). d
Effect of 200 uM Cd>* on the mutant Q409C, 4 ree (mutation in the
cysteine free background) in the closed state. Currents were measured
in the presence of 1 mM cGMP before and after a 5-min exposure to
200 uM Cd?*. Current traces were obtained by stepping the membrane
voltage from 0 to 60 mV. Black traces were obtained in control con-
ditions, before the application of Cd?*, and red traces after the applica-
tion of Cd>* in the closed state—absence of cGMP. Green traces were
obtained after the application of Cd** in the open state and in the pres-
ence of | mM cGMP

Roncaglia 2000; Nair et al. 2006). The absence of any irre-
versible effect indicates that in the CNGA1 either Cd** ions
cannot coordinate with multiple cysteines and histidines or
such coordination does not modify the channel gating. A
different behavior was observed when a cysteine was intro-
duced at position 414. In fact, as shown in Fig. 3b, the
mutant channel A414C was irreversibly inhibited by expo-
sure to Cd** ions in the closed state. The irreversible inhibi-
tion of the mutant channel A414C by 200 uM Cd** was
96.4 £ 2.7% (N =7). As shown in Fig. 3c, mutant channel
A414C was not inhibited by Cd** in the open state
(2.6 = 2.0%, N = 4), where neither the cross-linker M-2-M
nor M-4-M inhibited the mutant channel A414C in the open
state (data not shown). These results suggest that in the
open state 414C of different subunits are far from each
other and they are also distant from endogenous C481 and
C505. Irreversible inhibition (10.1 & 2.1%, N =2) in the
closed state was not observed when A414 was substituted
by a cysteine in the CNGA1 channel (Matulef et al.
1999), as shown in Fig. 3d.

The different blocking effect of Cd?* ions in the closed
state observed in mutant channels A414C and A414C .
can be produced either by two different mechanisms or by

cys-free
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their combination. Cd** inhibition of cysteine mutants in
the CNGA 1 background can originate from Cd** coordina-
tion with endogenous cysteines and particularly with C481
and C505 which are known to be part of the C-linker and
the CNB domains, respectively, and are involved in the gat-
ing machinery of CNGA1 channels (Brown et al. 1998). An
alternative explanation is that the 3-D structure of
CNGAl yq gee channels differs by a few A from that of
CNGAL1 channels (Mazzolini et al. 2008), so that Cd** can
coordinate exogenous cysteines introduced in the CNGAL1
channels but not in the CNGAI . .. channels. Zagotta and
co-workers have shown that tetracaine blocks in a very sim-
ilar way both the CNGAI and CNGAI .. channels,
although also that the concentration of CNG activating half
of the maximal current is different in the two channels
(Matulef et al. 1999). Therefore, some physiological prop-
erties of the CNGA1, .y g are very similar to those of the
CNGAL channels, but the degree of similarity of the 3-D
structure of the CNGA1 and CNGAI1 4. has not been
established. Experiments from our lab show that removal of
all cysteines from the CNGA1 channels perturbs the posi-
tion of several residues and that, for some amino acids, the
relative distance between homologous residues in different
subunits varies by some A in the two channels (Mazzolini
et al. 2008). Given the major structural role of cysteines in
protein structure, it is expected that the exact 3-D structure
of a native protein is going to be different—to some
extent—from its cysteine-free version.

Therefore, we decided to analyze Cd>* inhibition in
mutant channels Q409C and A414C in the CNGA1 channel
background. Given their probable proximity to Q409 and
A414, we concentrated our attention to the two endogenous
C481 and C505 and we investigated the mechanism of the
irreversible Cd>* inhibition observed in the closed state of
mutant channel A414C by comparing Cd>* inhibition
whilst C481 was replaced with an alanine and C505 was
replaced with a threonine. The inhibition caused by the
exposure to 200 pM Cd*" in A414C was not significantly
affected in the double mutant A414C + C481A (Fig. 4a),
but it was drastically reduced in the double mutant
A414C + C505T (Fig. 4b). Moreover, we tried to analyze
the effect of Cd®>* in triple mutant channels
A414C + C481A + C505T, but, unfortunately, we were not
able to record any cGMP-activated current from these
mutants even in the presence of 5 mM DTT. In order to test
the possibility that Cd** inhibition of mutant A414C is
mediated by its coordination to native C505 and exogenous
cysteine at position 414, we inserted a cysteine at position
505 in the mutant A414C ;... As shown in Fig. 4c,
200 uM Cd** ions irreversibly inhibited also in mutant
channel A414C + C505 free-

As shown in Fig. 4d, 200 uM Cd** ions inhibited the
mutant channel A414C by 96.4 & 2.7% (N = 7), the double
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Fig. 4 Closed-state inhibition of mutant channel A414C depends on
C505. a—c Current recordings of cGMP-activated current before
(black) and after (red) application of 200 uM Cd?* in the closed state
from mutant channels A414C + C481A, A414C + C505T and
A414C + €505,y frce» respectively. Voltage commands as in Fig. 3. d
Bar plot of the average inhibition by 200 uM Cd* of mutant channels
in the closed state. Data shown as mean £ SD

mutant channel A414C + C481A by 86.0 £ 6.2% (N=5)
and the mutant A414C + C505 .. by 81 &£ 10% (N = 4).
In contrast, Cd** inhibition was drastically reduced and
almost eliminated in the double mutant A414C + C505T
(18.0 = 7.2%, N =3) which was not statistically different
from that observed in the CNGA1 channel (9.4 £+ 6.0%,
N = 12). These results strongly indicate that Cd** inhibition
in the closed state in A414C mutant channels was generated
by its coordination with 414C and C505 (for clarity, non-

A B

A414C+C505T/ICNGA1
R ]
200 uM Cd*

8

1 '|,°J|

— After Cd*

Fig. 5 The interaction between C505 and 414C is within the same
subunit. a Current recordings before (black) and after (red) application
of 200 uM Cd** in the closed state from mutant channel
A414C + C505T/CNGAL. Voltage commands as in Fig. 2. b Bar plot
of the average inhibition by 200 uM Cd?* in the closed state. Applica-

native residues will be indicated throughout the text by
swapping the 1-letter codes and position numbers, i.e.,
414C, with respect to the common notation, here adopted
for native residues, i.e. C505).

The interaction between C505 and exogenous cysteine
A414C is within the same subunit

In order to establish whether Cd>* inhibition observed in
the closed state in mutant A414C was a consequence of a
cross-linkage between two cysteines from the same subunit
or from neighboring subunits, two tandems were con-
structed: the tandem A414C + C505T/CNGA1 where each
subunit contained either an exogenous cysteine at 414 or
the native cysteine 505, and the tandem A414C/C505T
where two subunits have 414C as well as C505 and the
other two have A414 and 505T. As shown in Fig. 5a,
200 pM Cd** in the absence of cGMP poorly inhibited the
tandem construct A414C + C505T/CNGA1 and Cd** inhi-
bition was very similar to what observed in the CNGALl
channel.

As summarized in Fig. 5b, while 200 uM Cd%* ions
almost completely inhibited the cGMP-activated current in
mutant channel A414C, it did not significantly inhibit the
tandem A414C + C505T/CNGA1 (5.6 £2.0%, N=4)

even during exposures lasting up to 20 or 30 min. In con-
trast, Cd>* application inhibited the A414C/C505T channel
similarly to what observed in the A414C channel. From
these results, we conclude that the inhibition in mutant
channel A414C in the closed state in the presence of Cd** is
caused by its cross-linkage between C505 and 414C of the
same subunit.

tion of 200 uM Cd?* at the intracellular side of the membrane patch
inhibited the cGMP-activated current by 84.0 & 6.1% in A414C/
C505T and by 5.6 £ 2.0% in A414C + C505T/CNGA1. The represen-
tation at the top of each bar shows the cysteines present in each subunit
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Open state inhibition of mutant channel Q409C

During the SCM analysis in the C-linker region we found
that a majority of mutant channels in the open state were
not inhibited by thiol-specific reagents. Neither Cd** nor
long cross-linkers such as those of the M-X-M family pro-
duced any significant permanent inhibition of the cGMP-
activated current. A remarkable exception was mutant
channel Q409C, which was permanently inhibited by
100 pM M-2-M. Exposure to 200 pM Cd>* ions in the open
state poorly inhibited (16.0 & 2.1%, N = 4) the cGMP-acti-
vated current (see Fig. 6a).

In contrast, as shown in Fig. 6b, when, in the open state,
100 uM M-2-M was added, the cGMP-activated current
recorded from the mutant channel Q409C was permanently
inhibited. Inhibition persisted even after the patch was
washed for 10 min or longer with a medium not containing
thiol reagents. To check whether blockage of the cGMP-
gated current in the mutant channel Q409C was caused by
the formation of disulfide bonds between S atoms of M-2-M
and of exogenous cysteines in position 409, after treatment
with M-2-M we exposed the patch to 5 mM DTT. After
10 min of exposure to this reducing agent the cGMP-gated
current recovered to 70 £ 12% (N=4) of the initially
observed current (Fig. 6b). During the exposure to M-2-M,
the cGMP-activated current declined within 4-6 min with

A Q409 B qao09c
- b=
< <
Jdo _¥e
10 msS 10msS
after Cd* + cG — after M-2-M+ cG
— recovery (DTT)
C - —+cG
1.0 . - +M-2-]
08 \
g
= 06
T 04 \\\
0.2 .. @
0.0

0 100 200 300 400
Time (s)

500

Fig. 6 Q409C is inhibited by M-2-M in the open state. a Current
recordings obtained in the presence of | mM cGMP before (black) and
after (green) exposure to 200 uM Cd** in the open state. b Current
recordings obtained in the presence of 1 mM cGMP before (black) and
after (blue) exposure to M-2-M in the open state; recovery after expo-
sure of 5 mM DTT (red). ¢ Time course of inhibition of mutant channel
Q409C by M-2-M in the open state. The gray line through the experi-
mental points was obtained by fitting with exp(—1t/f), where t is the
time constant of M-2-M inhibition. d, e Effect of M-2-M in the open
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D Q4o9c+cs505T

an average time constant of about 255 s, as shown in Fig. 6¢.
In order to identify the molecular mechanisms underlying
this open state inhibition, we analyzed the effect of
100 uM M-2-M on mutant channel Q409C when C505 was
replaced with a threonine. As shown in Fig. 6d, the com-
pound M-2-M did not inhibit the double mutant channel
Q409C + C505T (10 & 7%, N = 4). Therefore, inhibition of
Q409C in the open state caused by the compound M-2-M is
due to its cross-linking to 409C and C505. In order to estab-
lish whether the inhibition was a consequence of the cross-
linkage between two cysteines from the same subunit or
from neighboring subunits, M-2-M inhibition in the open
state was analyzed in the tandem Q409C + C505T/CNGAL.
In this tandem construct, each subunit contained either 409C
or C505 and the cross-linkage between 409C and the C505
can occur only between different subunits. As shown in
Fig. 6e, M-2-M in the open state did not inhibit the tandem
construct Q409C + C505T/CNGAL.

As summarized in Fig. 6f, 100 pM M-2-M in the open
state inhibited 86 4+ 6% (N = 5) of the cGMP-activated cur-
rent in mutant channel Q409C, but only 10 £ 7% (N =4) in
the double mutant Q409C + C505T and 17 + 10% (N =4)
in the tandem construct Q409C + C505T/CNGAL. It is
concluded that inhibition of mutant channel Q409C by the
compound M-2-M in the open state is caused by the cross-
linkage of C505 with 409C of the same subunit.

E Q409C+C505T/CNGA1

11/l

O A, A
& <P &
e OXO A3 op,o
o O
N \0‘\ O@

state on Q409C + C505T and Q409C + C505T/CNGA1 channels,
respectively. Colors of current recordings correspond to the same
parameters as in b. Voltage commands as in Fig. 3. f Bar plot of aver-
age inhibition by 100 uM M-2-M in the open state. A 5-min applica-
tion at the intracellular side of the membrane patch inhibited the
cGMP-activated current by 87 & 6% in Q409C, by 17 £10% in
Q409C + C505T/CNGAL and by 10 £ 7% in Q409C + C505T. The
representation at the top of each bar shows the cysteines present in
each subunit
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Cd>* inhibition of mutant channel Q409C in the closed state

Mutant channel Q409C was permanently inhibited by the
exposure to 200 uM Cd** also in the closed state, as shown
in Fig. 7a. The irreversible inhibition observed in the closed
state was not seen when Q409 was substituted with a cys-
teine in the CNGA1 .y g, (see Fig. 7b).

In order to understand the molecular mechanisms
underlying Cd>* inhibition in the closed state in mutant
channel Q409C, we analyzed the inhibition when C481
was replaced with an alanine and C505 was replaced with
a threonine. Exposure to 200 uM Cd?* for 5 min inhibited
the cGMP-activated current in the double mutant channels
Q409C + C481A and Q409C + C505T between 30 and
50%. When membrane patches were exposed to 200 pM
Cd>* for at least 15 min an almost complete blockage of
the cGMP-activated current was detected, as shown in
Fig. 7c and d. Moreover, we tried to analyze the effect of
Cd* in triple mutant channels Q409C + C481A + C505T,
but we were not able to record any cGMP-activated current
from these mutant channels even in the presence of 5 mM
DTT.

We engineered the tandem construct Q409C + C505T/
CNGAL, having a cysteine residue at position 409 in all
four subunits, but native C505 present in only two subunits.
In this tandem construct, Cd** inhibition was drastically
reduced and was comparable to that observed in the
CNGAI1 channels. In this construct, the four native C481
were present, and the negligible Cd** inhibition indicated a
minor role of the native C481. In contrast, Cd>* inhibition
in the tandem Q409C + C505T/Q409C was very similar to
that observed in mutant channel Q409C.

Figure 7e compares the inhibition caused by 200 pM
Cd>* in the closed state in different constructs: the largest
inhibition (98.5 4+ 1.9%, N =15) was observed in mutant
channel Q409C, where the exogenous cysteine at position
409 is present in all four subunits. A very similar inhibition
(97.1 &£ 2.4%, N = 4) was observed in the tandem construct
Q409C + C505T/Q409C where the native C505 was
replaced with a threonine in two subunits. In the double
mutants Q409C + C481A and Q409C + C505T, Cd>* inhi-
bition following an exposure of 5 min was reduced to
59.6 £ 6.4% (N=4) and to 41.0 £ 3.2% (N =4), respec-
tively, but it was almost complete for exposures longer than
15 min. Cd** inhibition was very small (2.3 & 2.1%, N=4)
in the tandem construct Q409C + C505T/CNGA1 where
only two subunits have an exogenous cysteine at position
409. A similar negligible Cd** inhibition (9.4 & 6.0%,
N =7) was observed in the CNGA1 channel. Cd** inhibi-
tion is significantly slower in the double mutants
Q409C + C481A and Q409C + C505 and it was abolished
in the tandem construct Q409C + C505T/CNGAL.

In order to obtain further information on the mechanisms
leading to Cd** inhibition of mutant Q409C in the closed
state, we inserted a cysteine at position 505 in the mutant
Q409C g free- However, we were not able to record any
cGMP-activated current from this mutant channel even in
the presence of 5 mM of the reducing compound DTT. To
determine the cause of the absence of cGMP-gated current,
we performed a biochemical analysis using oocytes
injected with the mRNA of the above mentioned mutant
channel. The total protein from injected oocytes was solubi-
lized and ran on SDS-PAGE gels under either non-reducing
or reducing (Fig. 7f) conditions, and channel proteins were
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Fig. 7 Closed-state inhibition of Q409C by Cd** depends on C505
and C481. a-d Current recordings of cGMP-activated current before
(black) and after (red) closed state application of 200 pM Cd** on mu-
tant  channels Q409C, Q409C . g, Q409C +C481A and
Q409C + C50ST respectively. Voltage commands as in Fig. 3. e Bar
diagram comparing the inhibition of 200 uM Cd** in constructs

containing cysteines in different locations. Data shown as mean & SD.
The representation at the top of each bar shows the cysteines present
in each subunit. f Biochemical analysis of mutant channel
Q409C + €505,y free- Western blot of total proteins from Xenopus oo-
cytes, either uninjected, injected with the mRNA of CNGAL
channels (control) and Q409C + C505 mutant channels

cys-free

cys-free
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visualized using Western blotting. As shown in Fig. 7f, the
CNGAI, g fee channel ran at the size of a monomer
(80 kDa). In contrast, the mutant channel Q409C + C505,.,
frec Tan at the size of a dimer (160 kDa) both under reducing
and non-reducing conditions. Therefore, we concluded that
the absence of cGMP-dependent current in mutant channels
Q409C + C505,y free Was likely to be caused by the forma-
tion of disulfide bonds that interfered/impeded with the nor-
mal trafficking to the cell membrane or with the correct
function of the protein.

These results show that Cd** inhibition in mutant chan-
nel Q409C cannot be ascribed to Cd** coordination
between the exogenous cysteine and one native cysteine in
the same subunit as happens for mutant channel A414C.
Therefore, it is possible that inhibition in mutant channel
Q409C is mediated also by Cd** coordination to cysteines
belonging to different subunits.

Discussion

In the present article, we have investigated the relative dis-
tance between specific residues in the C-linker of CNGA1
channels. These interactions were analyzed by introducing
cysteines into selected positions and by studying the effect
of thiol specific reagents such as Cd** and different MTS
cross-linkers (Loo and Clarke 2001). We found that mutant
channels Q409C and A414C are irreversibly inhibited in
the closed state by 200 pM Cd** added at the intracellular
side of the membrane. In contrast, in the presence of 1 mM
cGMP, these two channels are not inhibited by Cd** ions,

but the mutant channel Q409C is powerfully inhibited by
the cross-linker reagent M-2-M. Cd** inhibition of mutant
channels Q409C and A414C has a lower efficacy with
respect to other channels and develops with a time constant
of the order of hundreds of seconds (Yellen et al. 1994,
Kurz et al. 1995; Krovetz et al. 1997; Liu et al. 1997; Kubo
et al. 1998; Becchetti and Roncaglia 2000).

Our results shows that residues C505 and A414 of the
same subunit are located at a distance between 4 and 10.5 A
(Fig. 2) in the closed state whereas in the open state C505
moves towards the residue Q409 of the same subunit. The
molecular mechanisms underlying these effects imply that
the molecular architecture of the C-linker and CNB domain
in CNGA1 channels is not consistent with the 3-D structure
of HCN2 channels neither in the open nor in the closed
state as it will be discussed hereafter.

Cd** and M-2-M inhibition in mutant channels Q409C
and A414C

In the closed state 200 uM Cd>* powerfully inhibited
mutant channels Q409C and A414C (Fig. 1a, b). Inhibition
of mutant channel A414C was not affected by the replace-
ment of C481 with an alanine, but was abolished when
C505 was replaced with a threonine (Fig. 4) and in mutant
channel A414C g, (Fig. 3d). Cd** inhibition (Fig. 4c)
was present also in mutant channel A414C + C505y e
confirming that Cd** inhibition is caused by its coordina-
tion to exogenous 414C and to C505. Cd** inhibition was
also abolished in the tandem construct A414C + C505T/
CNGA1 where each subunit had only one of the two cysteines

Fig. 8 Possible structures of the C-linker. a Homology model of the
CNGAT1 subunit using HCN2 (PDB entry 1Q3E) as a template. Helices
are labelled alphabetically, strands are labelled numerically. The mod-
el shows that C505 and C481 are very far from either Q409 or A414.
In contrast, R431 and D502 are close to each other and form a salt

@ Springer

bridge, which is present also in the template and is very well conserved
in the CNGA1-4 family. Structural models were built using the Mod-
eller 6.2 program (Sali and Blundell 1993). b Homology model re-
strained according to the experimental observations, where A414 and
Q409 are near C481 and C505 as shown in the present manuscript
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at position 414 and 505 (Fig. 5a). Therefore, Cd** inhibi-
tion of mutant channel A414C is caused by its coordination
with C505 and with 414C of the same subunit.

In contrast, Cd** inhibition in the closed state in mutant
channel Q409C cannot be ascribed to a simple mechanism
as in the case of mutant channel A414C. As shown in
Fig. 7, Cd** inhibition was present in double mutant chan-
nels Q409C + C481A and Q409C + C505T (Fig. 7). The
comparison of Cd** inhibition in different constructs,
shown in Fig. 7, suggests that inhibition is mediated by its
coordination with cysteines in different subunits. Therefore,
Cd?* inhibition in mutant channel Q409C in the closed state
is mediated by Cd** coordination to several cysteines such
as the exogenous 409C and native C481, with C505 in the
same and different subunits.

In the open state, Cd>* inhibition was not observed either
in Q409C or in A414C mutant channels. In the open state,
the cross-linker reagent M-2-M (Loo and Clarke 2001)
powerfully inhibited the mutant channel Q409C (Fig. 6),
but not the mutant channel A414C. M-2-M inhibition was
abolished in the double mutant channel Q409C + C505T
and in the tandem construct Q409C + C505T/CNGAL.
These results indicate that M-2-M inhibition in the open
state is mediated by the cross-linkage between 409C and
C505 of the same subunit.

These results reveal that in the closed state the residue at
position 414 is at a distance between 4 and 10.5 A from
C505 of the same subunit, so that one Cd** ion can coordi-
nate C505 and 414C of the same subunit. In the open state,
C505 moves to reach a distance that ranges between 10.5
and 12.3 A towards residue Q409 of the same subunit so
that M-2-M—but not Cd>*—can cross-link them; C505 has
been previously proven to be accessible to MTSEA in the
closed state but not in the open state (Brown et al. 1998; Sun
et al. 1996; Matulef et al. 1999); C481 moves towards A461
during channel opening (Islas and Zagotta 2006). All these
results indicate a complex molecular rearrangement occur-
ring in the CNB domain and in the C-linker during gating.

Possible 3-D structure of the C-linker and cyclic nucleotide
binding domain

HCN2 and CNGALI channels share a sequence identity of
35% in the CNB domain and C-linker region and could be
expected to have the same 3-D architecture. Indeed, R590
and E617 forming a salt bridge in HCN2 channels (Zagotta
etal. 2003) and the homologous R431 and D502 in
CNGAL channels interact almost identically. In addition,
amino acids like K472, E502 and D542 (Craven and Zag-
otta 2004) which were indicated to be important for the
HCN?2 function, are very well conserved in the CNGA1-4
family. Nonetheless, a homology model of the C-linker and
CNB domain of the CNGA1 channel based on the HCN2

Fig. 9 Structural alignment of CNB domains of the proteins available
in the PDB. Proteins are represented as tubes: yellow CAP (1GX6),
green KAPO (1NE6), cyan KAP3 (1CX4), gray HCN2 (1Q3E), red
MilotiK1 (1VP6), blue CNGC6 (1WGP). CNB domain secondary
structural elements are labelled alphabetically (helices) or numerically
(strands). A cyclic nucleotide (cGMP, sphere representation) is also
represented inside the binding site. Figure shows as the CNB domains
are well structurally conserved, whereas the remainders of the proteins
show higher structural variability

template (see Fig. 8a) fails to explain the experimental
results here described: in fact, in this homology model, the
distance between the C, of C481 and Q409 is more than
40 A and the distance between the C, of C505 and A414 is
more than 29 A: these distances are not in agreement with
the estimates obtained in the present investigation.

The 3-D structure of the CNB domains from six different
proteins is available in the PDB (see “Materials and meth-
ods” section). These proteins share a sequence identity
ranging between 13 and 45% and the overall protein archi-
tecture is very different; nevertheless the folding of their CNB
domains is almost identical (Fig. 9). These considerations
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indicate that the folding of the individual CNB domain is
likely to be conserved among all or most of CNB proteins
but the assembly of different subunits may be different.
Therefore, differences between the 3-D structure of HCN2
and CNGAI1 channels are likely to be residing in the struc-
ture of the C-linker domain and/or in the orientation of the
single CNB domain subunits. Indeed, as shown in Fig. 8b, a
rotation of the CNB domain around D502, towards the C-
linker, can displace C481 and C505 near Q409 and A414 in
order to satisfy the obtained experimental constraints. How-
ever, given the current uncertainties, it is not possible to
infer the 3-D structure of the subunit with a high reliability.
The exact molecular rearrangements underlying the transi-
tion from the closed to the open state will be determined by
the combination of future structural and electrophysiologi-
cal experiments.
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