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ABSTRACT

In my thesis I have addressed the problem of understanding the relation between the
structure and function of CNG channels by combining electrophysiological experiments
with molecular modeling. In particular I focussed my attention into two regions present
in the Al subunit: the putative C-helix of the CNBD and the pore region. I have used
molecular biology to construct mutant channels and electrophysiology to analyse their
properties. I have heterologously expressed mutant channels in Xenopus laevis oocites
and studied their properties in excised-patches under voltage-clamp conditions. I have
mutated one by one all residues in the C-helix and in the pore region and probed the
effect of sulfhydryl reagents on mutant channels. My experiments indicate that when
c¢GMP is bound to the CNBD, the stretch of residues from Leu583 to Asn610 is likely to
form an alpha helix. In addition I have identified the residues, in which the C-helices are
in close contact in the open state. Therefore the conformation of the CNBD of CNGA1
channels is different from that determined in HCN2 channels (Zagotta et al., 2003) and
is likely to be a dimer of dimers as suggested (Scott et al., 2001 and Higgins et al.,
2002). In the absence of cGMP, C-helices are likely to kink and bend at variable angles.
My experiments also indicate that in CNG channels the S6 transmembrane segment
does not have the large movement during gating as observed in K* channels (Jiang et
al., 2002) and that the gating is primarily localised at the pore level. I suggest that the
gating of CNG channels is caused by a fine movement producing a conformational
rearrangement of the pore walls. The movement of the pore helix is likely to be initiated
by a translation of the S6 domain mediated by hydrophobic interaction between the P-

helix and the S6 domain.






INTRODUCTION

Ionic channels are membrane proteins that play a fundamental role in cell physiology
and in signal transduction and transmission (Hille, 2001). Their functional properties
have been extensively investigated by electrophysiological and biochemical assays and
their aminoacid sequence has been determined by molecular biology and genetics. The
recent determination of the three dimensional (3D) structure of the K* channel (Doyle et
al., 1998) from the bacteria Streptomyces lividans, i.e. the KcsA channel, has opened a
new era where it 1s possible to understand the relation between structure and function of
1onic channels. In order to understand this relation it is necessary to: i. obtain the 3D
structure and ii. relate functional properties to specific molecular mechanisms. This
challenging aim requires the combination of electrophysiological, biochemical and
biological tools combined with techniques of structural biology and theoretical tools
from molecular modeling and computational chemistry. In my thesis I have attempted to
address some of these issues in cyclic-nucleotide gated (CNG) channels.

CNG channels are expressed in neurons and also in non-neuronal tissue where their
specific function is unknown. The main source for my present knowledge has been
CNG channels from sensory neurons, photoreceptors and olfactory sensory neurons.
These channels are cation selective and not very selective among monovalent alkali
cations (Menini, 1990) compared to Na' and K* channels (Hille, 2001). Under
physiological conditions CNG channels conduct mixed inward currents carried by Na*
and Ca®" ions (Dzeja et al., 1999). CNG channels are structurally related to the large
family of voltage-gated channels (Kaupp et al., 1989) and are composed by four
subunits (Zhong et al., 2002; Weitz et al.,, 2002; Zheng et al., 2002). Native CNG
channels from photoreceptors and olfactory sensory neurons are composed by two types
of subunits usually referred to as Al and B1 subunits (Kaupp et al., 1989; Korschen et
al., 1995). Homomeric CNG channels composed by only the Al subunit give rise to
functional channels with properties similar, but not identical, to those of native
heteromeric CNG channels. Homomeric CNG channels composed by only B1 subunits
are not functional. The A1l subunit of CNG channels from bovine rods is composed of
690 aminoacids (Kaupp et al., 1989), while the Bl subunit is composed of 1264

aminoacids and displays a long glutamic acid-rich domain (GARP), spanning from 1 to



590. It also has a calmodulin-binding region (from 667 to 708). Each subunit comprises
6 predicted transmembrane segments with both the N- and C- termini on the
cytoplasmic side of the membrane (Henn et al.,, 1995). The N-terminus of the Al
subunit of CNG channels is composed by a segment of about 150 aminoacids that is
highly charged. The pore region of the Al and B1 subunits is formed by about 30
residues, located between helices S5 and S6. Each subunit harbors a cyclic nucleotide-
binding (CNB) domain composed of about 125 aminoacids in the cytoplasmic C-
terminal. The so-called C-linker, from residue 396 to 485, in the Al subunit, links the
last membrane-spanning segment S6 to the CNB domain. The B1 subunit has a similar
domain organization, with the exception of the GARP, at the N- terminal region, and the
CaM-binding domains. All CNG channels respond to some extent to both cAMP and
cGMP. In rods and cones, CNG channels sharply discriminate between cGMP and
cAMP, while channels in chemosensory cilia respond equally well to both ligands. The
family of hyperpolarization gated and cyclic nucleotide regulated channels (HCN) is
related to CNG channels (Robinson and Siegelbaum, 2002).

The determination of the structure of the complete CNG channel by X-ray
crystallography poses severe difficulties, both at the level of protein expression and
crystallization. Other methodologies must be found in order to gather its 3D structure. It
is possible to obtain the structure of the entire CNG channel by electron microscopy
(Higgins et al., 2002) at a resolution of 35 A and to elucidate the 3D structure of
specific domains of the CNG channel at a high resolution with different techniques such
as NMR, X-ray crystallography and electron microscopy. Indeed the CNBD of HCN2
channels has been recently obtained by X-ray diffraction at a resolution of 2 A (Zagotta
et al., 2003). It is also possible to model other domains of the channel by exploiting the
significant homology with other proteins whose 3D structure has been determined. For
instance, the pore region of a CNG channel has a 40% homology with the recently
structurally resolved KcsA channel (Doyle et al., 1998). Similarly, the CNB domain of
CNG channels has a 22-27% homology with the CNB domains of two structurally
resolved proteins; the catabolite activating protein (CAP) (Weber and Steitz, 1987) and
the cAMP-dependent protein kinase PKA (Su et al., 1995).

Model-building on the basis of the known 3D structure of homologous proteins is at

present the most reliable method to obtain structural information on proteins for which



no direct experimental data is available. At the basis of homology modelling lies the
observation that 3D structures are better conserved during evolution than protein
primary sequences. Model building by homology is a multi step process which can be
summarized in the following steps; i. template recognition; ii. alignment; iii. backbone
generation; 1iv. loops generation; v. side chain generation; vi. overall model
optimization; vii. model verification with optional repeat of previous steps.

Therefore I have decided to tackle the problem of determining the 3D structure of CNG
channels and of understanding the relation between its structure and function by
combining electrophysiological experiments with molecular modelling. The work on
molecular modeling has been performed in collaboration with Paolo Carloni, Alejandro
Giorgetti and Marco Punta at SISSA.

The objective of my thesis is to study the relation between the structure and function of
the CNG channels in particular of CNGA1 channels from bovine rods. In particular I
focussed my attention into two regions: the putative C-helix of the CNBD and the pore
region. I have used molecular biology to construct mutant channels and
electrophysiology to analyse their properties. In particular I have heterologously
expressed mutant channels in Xenopus laevis oocites and studied their properties in
excised-patches under voltage-clamp conditions. T have mutated one by one all residues
in the C-helix and in the pore region and probed the effect of sulfhydryl reagents on
mutant channels.

Let me now summarise the motivations of my analysis and the obtained results for the

two domains that I have analysed.

Cyclic nucleotide binding domain.
This part of the work has two major aims: firstly to probe the 3D structure of the CNBD
of CNG channels and its homology with that of CAP and PKA protein (Weber and

Steitz, 1987; Doyle et al., 1998), and secondly to determine possible conformational
changes associated to the binding of cyclic nucleotides (Sun et al., 1996; Li and Lester,
1999; Matulef et al., 1999). Cysteines were introduced, one by one, in the stretch from
Leu583 to Asn610 forming the putative C-helix of the CNBD. Currents activated by
cGMP were recorded under voltage-clamp conditions from membrane patches, excised

from oocytes and the effect of sulfhydryl-specific reagents (Cd**, CuP and MTSET)



was tested in the open and closed state of the channel. My experiments indicate that 7
when ¢cGMP is bound to the CNBD, the stretch of residues from Leu583 to Asn610 is
likely to form an alpha helix. In addition I have identified the residues, in which the C-
helices are in close contact in the open state. Therefore the conformation of the CNBD
of CNGA1 channels is different from that determined in HCN2 channels (Zagotta et al.,
2003) and is likely to be a dimer of dimers as suggested (Scott et al., 2001 and Higgins
et al., 2002). In the absence of cGMP, C-helices are likely to kink and bend at variable

angles.

The pore region and the S6 transmembrane domain.

In this part of my thesis I have studied, with the same methodology used for
investigating CNBD, the structure and rearrangement of the CNGA1 channel pore
during the gating. The aim of my work was to verify whether the gate of CNG channels
is the pore itself as previously suggested (Karpen et al., 1993; Fodor et al., 1997;
Bucossi et al, 1997; Becchetti et al.,, 1999) and to establish conformational
rearrangements of the pore, P-helix and S6 domain during channel gating. In particular,
[ constructed mutant channels, containing one cysteine at all positions between Phe375
and His420 in the S6 region and in position Val348, Leu351, Thr359, Thr360 and
[e361 in the inner pore (see also Becchetti et al., 1999 and Liu and Siegelbaum, 2000).
Two are the major conclusions of my experiments: firstly, in CNG channels the S6
transmembrane segment does not have the large movement during gating as observed in
K" channels (Jiang et al., 2002); secondly, in CNG channels, the gating is primarily
localised at the pore level. I suggest that the gating of CNG channels is caused by a fine
movement producing a conformational rearrangement of the pore walls. The movement
of the pore helix is likely to be initiated by a translation of the S6 domain mediated by
hydrophobic interaction between the P-helix and the S6 domain.



PROPERTIES OF CNG CHANNELS

1-Shedding light on voltage-gated channels

Most ionic channels are members of two large subfamilies usually referred as ligand-

gated (LG) and voltage-gated (VG) channels (Hille B., 2001). The membership of one

class or the other depends on the tranémembrane structure, the quaternary organisation
and the functional characteristics.

Three important channels activated by voltage are the Na* channels, the Ca*" channels

and the K channels.

1. Na’ channels: these channels are responsible of the sodium current that underlies the
rapid upstroke of the action potential in nerve and muscle fibres. They serve to let
positive charge into the cell to mediate the rising phase of the action potential. These
channels are present into the brain, in peripheral neurones, skeletal muscle and
cardiac muscle. One of the most distinctive properties of the voltage-gated Na"
channels is yours marked voltage sensitivity. At the resting potential the open
probability of these channels is extremely low and very few channels are open. The
depolarisation increases dramatically the probability of channel opening. The
channel open probability is also time dependent. In response to depolarisation the
channels open briefly after a short latency and then close to an inactivated state
which persists until the membrane is hyperpolarized. This produces a macroscopic
current that rises to a peak within about 1 millisecond and then declines. These
channels are highly selective for Na" and have a single channel conductance of 10-
30 pS in 100 mM extracellular Na’. Voltage-gated Na* channels are usually
composed of a principal subunit named o and one or more small B-subunits
(Catterall et al., 1986). Functional activity is observed when the o-subunit is
expressed in heterologous systems on its own, indicating that it possesses all the
necessary structural elements for channel formation. The B-subunit enhances the
current amplitude and modified its properties. The a-subunit of voltage-gated Na”
channels is composed of around 2000 amino acids residues and the sequence
contains four homologous repeats (from I to I'V). Each of these repeats contains six

transmembrane domains (called S1, S2, S3, S4, S5 and S6) linked by loops and two



citoplasmatic domains in position N- and C- terminal. Most important is the domain
S4 because it contains 6-8 charged residues and its function is the voltage sensor.
Another important region is the pore region between the S5 and S6 transmembrane
domains. The [B-subunit consists of a single transmembrane domain with an
extracellular N terminus and an intracellular C terminus.

. K* channels: these channels are found in all cells. They are subdivided in two
families different from the structure: which posses six transmembrane domains and
those that are formed from only two transmembrane domains. In this part of these of
mine ] discuss only the structure of two important potassium channels, the Shaker
and the KcsA channels. The first kind of channel is identificated in the first time in
the fruitfly Drosophila melanogaster (Papizan et al., 1987) and the second one from
the bacterium Streptomyces lividans (Doyle et al., 1998). The a-subunit of the
voltage-gated K™ channel (Kv) corresponds to a single domain of the Na®* charmel
and four subunits come together to form the K channel pore. Each a-subunit
consists on six transmembrane spanning segments (from S1 to S6), highly
conserved and intracellular N and C terminal of variable length. The S4 segment
shows considerable homology with that of the voltage-gated Na** chammel, in
particular it is amphipathic and has a positive charge at every third position. The
linker between the S5 and S6 segment dips back down into the membrane and
implicated to the formation of the pore region. This part is known SS1-SS2 in Na**
channels and referred to as HS5 region (pore loop) in K channels.
Electrophysiological studies first provided support for the idea that the Kv channel
1s composed of four a-subunits (MacKinnon, 1991); in 1994 Li and colleagues (Li
et al., 1994) with the electron microscope obtain direct evidences that this channel is
made up of four subunits. Kv channels may be homo-oligomers or hetero-
holigomers. In 1994 a family of voltage-gated K channel B-subunits has been
identified (Retting et al.,, 1994). The B-subunits has a molecular mass of about 40
kDa and they are citoplasmatic and not span the membrane. In the 1998 was
publicised the crystal structure of the KcsA (Doyle et al., 1998). The structure of
this channel was solved at 3.2 A resolution. KcsA has only two transmembrane
domains connected by a pore loop. Within the pore region the sequence of this

channel is nearly identical to that of Kv channels. Crystallographic analysis reveals



that the KcsA channel is a tetramer with four identical subunits arranged
symmetrically around a central pore. Each subunit consists of two transmembrane
a-helices (S1 and S2) which are linked by a stretch of about 30 amino acids that
form a pore helix. The subunits are arranged in such a way that they form a structure
similar to an inverted tepee. The poles of the tepee are formed by the four S2
helices. These lie close together at the inner side of the membrane but widen out
towards the intracellular side, forming a funnel-shaped tent that is lined by the S2
helices at its stem and by the pore helices at its outer mouth. The pore helix is
connected to the S2 helix by a stretch of amino acids that contains the GYG motif
and form a narrow selectivity filter close to the extracellular side of the membrane.
Below the selectivity filter lies a large cavity within the membrane, about 10 A in
diameter. The pore helices are arranged so that their helix dipole is focused on its
cavity. Finally a water-filled tunnel (18 A length) connects the central cavity to the
intracellular solution. The overall length of the KcsA pore is 45 A.

Ca®* channels: these channels, like Na* charmels are voltage-gated and open when

the internal voltage becomes more positive than the resting potential, and inactive,
or close, spontaneously even through the voltage stimulus is maintained. They tend
to open more slowly than Na" channels. Ca®* channels run the rising phase of the
action potential in the axon terminals of neurons. Are present also in vertebrate
smooth muscle and, with the Na® channels, in cardiac muscle. Ca?* channels
participate in action potentials when you need to get Ca** into the cell to do
something, such as make cardiac muscle contraction or release neurotransmitter at

the axon terminal.,



2-Molecular cloning of CNG channels

The physiological findings describing channels directly activated by cyclic nucleotides
(Fesenko et al., 1985; Koch and Kaupp, 1985; Yau and Nakatani, 1985) were confirmed
when molecular cloning of these channels became possible. The first CNG channel was
identified through protein purification (Cook et al., 1987) and subsequent cloning of the
gene from a cDNA library from bovine retina (Kaupp et al., 1989). This cDNA encoded
for a 63 kDa polypeptide and was termed Al subunit. Functional reconstitution of the
purified channel into liposomes (Cook et al., 1987) as well as heterologous expression
of the cloned cDNA (Kaupp et al.,, 1989) confirmed that the purified protein and the
related cDNA correspond to a functional cGMP-gated channel.

Heterologous expression of the Al subunit of the bovine rod CNG channel results in
channel activity largely resembling the one of the native channel. However, the native
rod channels display a rapid flickering behaviour indicating very brief open and closed
times (Haynes et al., 1986; Zimmerman and Baylor, 1986, Matthews and Watanabe,
1988; Quandt et al., 1991; Torre et al., 1992) contrary to the expression of the cloned
Al subunit that gives rise to distinct rectangular currents (Kaupp et al., 1989; Nizzari et
al., 1993). An additional difference between the native and the cloned bovine rod CNG
channel lies in their distinct sensitivity to /-cis-diltiazem. Indeed, the native channel is
more sensitive to this ion channel blocker (Stern et al., 1986; Quandt et al., 1991;
Haynes, 1992). These differences suggested that A1 subunits require additional factors
or subunits in order to form the native channel. The first ‘second’ subunit of a CNG
channel was reported by Chen and co-workers who cloned the B1 subunit of the human
rod CNG channel (Chen et al., 1993). This subunit appeared to exist in two different
forms of respectively 70 and 102 kDa but none of these proteins was found in retinal
rod channel preparations. Two years later, a polypeptide of 240 kDa was 1dentified as
the authentic B1 subunit and was shown to have a bipartite structure (Korschen et al.,
1995). Although the B1 subunit does not lead to functional CNG channels when
expressed on its own, when co-expressed with the corresponding A1l subunit (Dhallan et
al., 1992; Korschen et al., 1995), it introduced rapid flickering to the channel openings
reminiscent of the ones observed in the native channel (Torre et al., 1992; Sesti et al.,
1994). In addition, the heteromeric channel was shown to be highly sensitive to /-cis-

diltiazem, similarly to the native channel (McLatchie and Matthews, 1992; Chen et al.,
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1993; Korschen et al., 1995). Coexpression of the Bl subunit also led to Va reduced
sensitivity to blockage by external divalent cations (Korschen et al., 1995) similar to the
level reported for the native channel and different from the block observed for the Al
homomeric channels (Root and MacKinnon, 1993; Eismann et al., 1994). This result is
explained by the presence of a glycine residue in the B1 subunit at a position
corresponding to the glutamate 363 in the bovine rod Al subunit which was reported to
be involved in divalent cations block (Root and MacKinnon, 1993; Eismann et al.,

1994). The currents carried by the native and hetero-oligomeric channels were also

diminished by Ca2+/Ca]m0dulin (Korschen et al., 1995); this feature was not observed
for the homomeric channels formed with Al subunits only (Chen et al., 1994).

The cyclic-nucleotide-gated channels were found also in the olfactory epithelium. The
first subunit, discovered in 1990, is named A2 subunit, (Dhallan et al., 1990; Ludwig et
al., 1990); in 1994 a second subunit was found to be expressed in the olfactory
epithelium (Bradley et al, 1994; Liman and Buck, 1994). This second subunit,
designated A4 had a shorter N-terminus as the one of the rod Bl subunit and is
phylogenetically more related to the A2 subunits than to the rod B1 subunit (Kaupp,
1995). Coexpressing this second subunit of the olfactory channel with the
corresponding A2 subunit conferred increased sensitivity to cAMP. Nevertheless, this
sensitivity to cAMP was still two folds lower than the one observed for native channels.
Recently, a third subunit was cloned from the rat olfactory epithelium (Sautter et al.,
1998). This subunit represents a splice form of the B1 subunit of the rod CNG channel.
Coexpression of this olfactory subunit together with the A2 subunit and the A4 subunit
produced channels displaying a sensitivity for cAMP similar to the native channels
(Bonigk et al., 1999). Moreover, in situ hybridisation and RNase protection assays
confirmed the presence of all three subunits mRNAs in the olfactory epithelium and
subsequent immunoprecipitation experiments made on preparations of solubilized
olfactory cilia suggested that all three subunits co-assemble in the cilia to form the
native channels. Macroscopic currents as well as single-channel analysis were finally
performed on patches excised from rat olfactory neurons and confirmed that the best
match with respect to functional characteristics of the native channels were obtained

when all three subunits were present (Bonigk et al., 1999).
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In cone photoreceptors, the A3 subunit (Bonigk et al., 1993) and the B3 subunit
(Gerstner et al., 2000) were described.

It is now clear that ion channels directly activated by cyclic nucleotides are not unique
to neurons involved in visual and olfactory transduction: after being cloned from
olfactory epithelium (Dhallan et al., Ludwig et al., 1990, Goulding et al., 1992) and
cone photoreceptors (Bonigk et al., 1993), they were also identified in aorta (Biel et al,,
1993), kidney (Biel et al., 1994), testis (Weyand, 1994), keratinocytes (Oda et al., 1997)
and taste buds (Misaka et al., 1997). CNG channels have also been cloned from
invertebrates like L. polyphemus (Chen et al., 1999), D. melanogaster (Baumann et al.,
1994) and C. elegans (Coburn and Bargmann, 1996; Komatsu et al., 1999).

12



3-Role of CNG channels in phototransduction

The electrical signal generated by the absorption of light originates in rod and cone
photoreceptor cells. These cells are organised in two principal parts: the outer segment
and the inner segment. The outer segment is the site where the phototransduction takes
place. Its structure consists of a stack of membranous disks containing the visual
pigment rhodopsin; in a rod cell, the discs are enclosed by the surface membrane,
whereas they consist of foldings of the surface membrane in a cone (Fig.1A). A

rhodopsin molecule is made of a chromophore, the retinal, and a protein component, the

2
opsin. The outer segment also houses the cGMP-gated channels and the Na+/Ca +—K+
exchangers. The inner segment contains the nucleus as well as mitochondria and the

endoplasmic reticulum. In addition to these cellular organelles, the inner segment

includes Na /K pumps in its membrane. The photoreceptor cells, with the synaptic
terminals, are connected to bipolar and horizontal cells. The synaptic endings house
glutamate containing vesicles. Although it was thought that cGMP-gated channels were
exclusively present in the outer segment, it is now clear that they are also found in the
inner segment as well as in the synaptic terminals of cones but not of rods (Watanabe
and Matthews, 1988; Rieke and Schwartz, 1994; Savchenko et al., 1997).

In darkness, the cGMP-gated channels in the outer segment are open and allow a steady
“dark-current” to enter the photoreceptor cells (Hagins et al., 1970; Baylor et al., 1979):

2
Ca " and Na' ions are entering the cells through the cGMP-gated channels and Ca2+ ions
2
are leaving the outer segment via the Na+/Ca e exchangers. As a consequence,

intracellular Ca2+ concentration in darkness is around 550 nM (Gray-Keller and
Detwiler, 1994). The cell in dark is kept slightly depolarised with a membrane potential
of -40 mV and glutamate is continuously released from the synaptic endings. The
absorption of a photon by a rhodopsin molecule causes the conversion of the retinal
chromophore from its 11-cis stereoisomer to its all-frans form (Yoshizawa and Wald,
1963; Baylor, 1996). The resulting photoisomerization to all-frans retinal triggers the
conversion of rhodopsin to the active metarhodopsin state (Emeis et al., 1982). This
form of rhodopsin exchanges the GDP which is bound to the o subunit of a G protein,
called transducin, for GTP. The GDP — GTP exchange leads to the transfer of the
GTP-Ta to one of the inhibitory y subunit of the phosphodiesterase (PDE), an enzyme,
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which is then able to hydrolyse cGMP to GMP. This enzymatic reaction causes the

closure of the cGMP-gated channels and thus causes a decrease in the intracellular Ca2+

concentration (Yau and Nakatani, 1984). In saturating light (Fig.1B), the intracellular

Ca2+ concentration declines to a minimum value of about 50 nM (Gray-Keller and

Detwiler, 1994). The membrane is hyperpolarized and the rate of glutamate release is
reduced. In order for a bleached rhodopsin molecule to be able to absorb an other
photon, rhodopsin must be regenerated. The chromophore of rhodopsin is separates
from the opsin component and is converted to retinol; also the chromophore is
regenerated. It is transported by an interphotoreceptor retinol-binding protein (IRBP) to
the retinal pigment epithelium (RPE) where the retinol after various enzymatic steps is
finally converted into 11-cis retinal. The chromophore is transported back to the
photoreceptor where it associates with the dephosphorylated form of opsin to give the
functional rhodopsin. The transducin molecule regenerates also thanks to an
endogenous GTPase activity of the a subunit which subsequently permits the reunion of
the o subunit to the By complex. Without the GTP-o. transducin, the PDE inactivates
and the guanylate cyclase can transform GTP into ¢cGMP and restore the cGMP
concentration present in the dark (see Yau and Baylor, 1989; Fain et al, 1996).

To fulfil their function, the photoreceptor cells have to be able to register small changes
in light intensity. For this goal it is important to prevent the closure of all cGMP-gated
channels when moderate changes of the background light occur. This role is played by

Ca2+ ions, which are involved, in a fairly complex mechanism of feedback (Koutalos
and Yau, 1996; Baylor, 1996). First, guanylate cyclase is stimulated as Ca2+ level
decrease (Lolley and Racz, 1982; Koch and Stryer, 1988). The Ca2+ sensitivity of the
guanylate cyclase is relayed by two small Ca2+-binding proteins termed GCAP1 and
GCAP2 (Koch, 1992, Palczewski et al., 2000). Second, at low Ca2+ concentration, the

shut-off of rhodopsin by phosphorylation is favoured by recoverin (another Ca2+-
binding protein) which prevents inhibition of phosphorylation (see Gray-Keller et al.,
1993). This action may have an influence on the different steps occurring downstream
in the light-triggered cascade (Lagnado and Baylor, 1994). Finally the cGMP-gated

channel itself is a target for Ca2+-dependent feedback through the action of calmodulin

(for review see Molday, 1996). Indeed, activated by Ca2+, calmodulin binds to the N-

14



terminal part of the cGMP-gated channel B1 subunit (Weitz et al., 1998; Grunwald et
al., 1999) and the apparent affinity of the CNG channel for its ligand decreases. Thus

when intracellular Ca2+ concentration decreases in the presence of light, some of the
cGMP-gated channels tend to reopen. The contribution of this feedback process to the
overall light adaptation is thought to be rather small (Nakatani et al., 1995).
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Fig.1: Phototransduction process A: Schematic diagram of photorecepior cells. B: scheme of vertebrate

phototransduction. Phosphodiesterase (PDE), guanylyl cyclase-activating protein (GCAP). (Kaupp and
Seifert, 2002).
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4-Role of CNG channels in olfactory transduction

The olfactory epithellium is made of three different cell types: supporting cells, basal
cells and olfactory receptor cells. The supporting cells are involved in the so-called
secretion transduction, a mechanism stimulated by odorants and that generates a field
potential before the large response occurring in the olfactory receptors. The supporting
cells are also involved in the oxidation of odorant molecules in order to render them less
membrane permeable. The basal cells are dividing cells that upon differentiation lead to
the receptor cells. Finally, the olfactory receptor cells function is to transduce odorant
stimulus into membrane depolarisation. Olfactory receptor cells are bipolar neurons
having a single dendrite extending to the apical surface of the olfactory epithelium. The
tip of the dendrite is the olfactory knob from which numerous (10-30) cilia extend into
the mucus that covers the olfactory epithelium. The cell body contains the nucleus and a
single axon projects to the olfactory bulb (Buck and Axel, 1991; Gold, 1999).

Olfactory transduction (Fig.2) in vertebrates occurs in the olfactory cilia, which extend
mnto a thin layer of mucus covering the olfactory epithelium and that, is exposed to the
environment 1.e. to the odorant molecules. It is generally thought that olfactory
transduction occurs via two different second-messenger pathways (Sklar et al., 1986; for
review see Ache and Zhainazarov, 1995). The cyclic 3°, 5’-adenosine monophosphate
(cAMP) transduction pathway and the inositol 1, 4, 5-trisphosphate (IP;) pathway
(Fig.2). According to the cAMP-second messenger model (Buck and Axel, 1991), a
subset of odorants activates a subset of receptor proteins which are coupled to a G-

protein (Gojf; a2 Gglike G protein) which is itself coupled to adenylate cyclase. The

activation of the adenylate cyclase leads to a rise in cAMP comncentration and to the

subsequent activation of CNG channels. Through the open CNG channels flows a
current of Na+ and Ca2+ ions. The entry of Ca2+ in the olfactory cells results in the

activation of a Ca2+-dependent chloride current. This CI- current amplifies the primary
odour-induced cations current. Mechanisms of odorant adaptation and inactivation in
the olfactory receptor cells were first studied in vitro and several possible mechanisms
were proposed: phosphorylation of the odour-receptor by protein kinase A (PKA)
(Boekhoff and Breer, 1992; Boekhoff et al., 1992), activation of a phosphodiesterase to

reduce the cAMP concentration (Borisy, 1992), ion channel regulation (Kramer and
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Siegelbaum, 1992; Chen and Yau, 1994; Lynch and Lindemann, 1994,
Balasubramanian et al., 1996). The nature of the olfactory adaptation was investigated
later in intact olfactory cells of the new (Kurahashi and Menini, 1997) and the principal

mechanism of adaptation was identified as being a regulation of the cAMP-gated

channels by a Ca” -feedback via Ca -calmodulin, According to the IP; hypothesis
(Boekhoff et al.,, 1990; Breer and Boekhoff, 1991), a different subset of odorant
molecules would activate a different subset of receptors that couple to phospholipase C
(PLC) via a different G-protein (Gg-like G protein); PLC then cleaves the membrane
phospholipid phosphatidyl inositol leading to diacylglycerol (DAG) and IP;. IP; which
is water soluble would then activate IPs;-gated Ca2+ channels in the ciliary membrane

antecedens subsequently mediate Ca’ influx and membrane depolarisation. A recent
review (Gold, 1999) favours the cAMP-triggered cascade and proposes that the cAMP-
cascade is the only transduction mechanism in olfactory cells. Gold criticises the
sensitivity of the biochemical assays and cilia preparations used for the IP3 pathway. A
study made by the group of Gold (Lowe et al., 1989) showed that differences observed
by Sklar et al. (1986) in the magnitude of cyclase activity was simply reflecting the
number of cells activated by each odour. In addition, knockout mice have been bred for

both the cAMP-gated channels (Brunet et al.,, 1996) and for Ggif (Belluscio et al.,
1998). Knockout mice for the CNG channel showed that both the cAMP and IP3

responses were abolished suggesting that olfactory transduction in any case depend on

the activation of the cAMP-gated channel. In the new born Gg)f knockout mice, Gg was
able to substitute the lacking Gy but G4 expression declines after birth and by 3 weeks

of age, the responses induced by both cAMP and IP; were only 2.5% of the wild-type
responses, arguing for the cAMP-cascade as major transduction pathway. It has been
also proposed that gaseous second messengers such as carbon monoxide (CO; Zufall
and Leinders-Zufall, 1997) and nitric oxide (NO; Broillet and Firestein, 1997) produce
c¢GMP and prolong the responses to odorants triggered by cAMP. However the data
obtained for CO were obtained for the salamander; regarding the NO pathway, the way
of activation of NO synthase is still unclear (Gold, 1999). In brief, the mechanism of

olfactory transduction and its modulation are still a matter of debate.
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Fig.2: Scheme of olfactory transduction. Odorant receptor (OR), G protein (Goy, calmodulin (CaM), CT
channels (CIC), CaM-dependent phosphodiesterase (PDEIC2), cGMP-regulated phosphodiesterase
(PDE2), guanylyl cylcase type D (GC-D),Ca2+-dependent denylyl cyclase type III (ACIII)(Kaupp and
Seifert, 2002).

5-The CNG gene family

Based on sequence comparison, CNG channel genes can be subdivided in different
subfamilies (Kaupp and Siefert, 2002). In particular, in mammals two gene families can
be distinguished; the first subfamily consists of four members, named (see the new
nomenclature, from Bradley et al., 2001) CNGA1, CNGA2, CNGA3, CNGA4. These
represent the principal subunits that, except CNGA4, form functional channels on their
own and are responsible for several key properties of CNG channels. The second
subfamily comprises two members, designated CNGB1 and CNGB3. Genes encoding
CNG channel subunits have been also identified from invertebrates such as C. elegans,
D. melanogaster, and L. polyphemus. Six different genes have been cloned from C.

elegans (tax-2 and tax-4 and from ce3 to ce6). Four genes encoding CNG channel
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subunits have been cloned from D. melanogaster, named dmA, dmB, dm3 and dm4
(Kaupp and Seifert, 2002).

6-CNG channels and disease

Frances M. Ashcroft writes in her book: “in the last few years a new word has entered
the medical and scientific vocabulary. This word, channelopathy, describes those human
and animal diseases that result from defects in ion channel function” (F.M. Ashcroft
“Ion channels and disease’ 2000).

The retinitis pigmentosa (RP) is an inherited disease in which patients suffer from a
progressive degeneration of both rod and cone photoreceptors ultimately leading to
blindness. Mutations in the genes encoding the Al subunit cause a rare autosomal
recessive form of RP, another form is caused by a mutation in the CNGB1 gene
encoding the B1 subunit of the rod CNG channel (Kaupp and Seifert, 2002).

Mutations of the CNGA3 and CNGB3 of gene cone photoreceptors cause colour
blindness (named achromatopsia). This disease is a rare autosomal recessive disorder
characterised by the total loss of color discrimination by photophobia, nystagmus and

reduced visual acuity (Kaupp and Seifert, 2002).

7-Functional domains of the A1 subunit

The CNG channels are opened by the direct binding of cyclic nucleotides, cGMP
(Fesenko et al., 1985) and cAMP (Nakamuta and Gold, 1987). Although their activity
shows very little voltage dependence, CNG channels belong to the superfamily of
voltage-gated ion channels. Like the voltage-gated K™ channels, CNG channels are
heterotetramers composed by two or three different types of subunits. Each subunit is
composed of six transmembrane domains (Henn et al., 1995; Zagotta and Siegelbaum,
1996; Kaupp and Seifert, 2002).

In this thesis I focus my attention to the Al subunit of the CNG channel present in
bovine rods, and I use the new nomenclature (Bradley et al., 2001) (see Table 1).
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SUBUNITS REPORTED NAMES

CNGA1 Rod CNG channel
CNG1, CNGal, RCNC1

CNGA2 Olfactory CNG channel
CNG2, CNGa3, OCNC1

CNGA3 Cone CNG channel
CNG3, CNGa2, CCNC1

CNGA4 Second/modulatory subunit of olfactory CNG channel
CNGS5, CNGB2, CNGa4, OCNC2

CNGB1 Second/modulatory subunit of rod CNG channel
CNG4, CNGp1

CNGB3 Second/modulatory subunit of cone CNG channel
CNG6, CNGP3

Table 1: Adopted nomenclature for cyclic nucleotide-gated ion channel subunits (modofied from Bradley
etal, 2001).

7.1-TRANSMEMBRANE TOPOLOGY

The Al subunit (Fig.3), a polypeptide of 63 kDa, composed of 690 amino acids,
consists of six transmembrane domains, named S1-S6, located between the NH,- and
COOQOH- terminals (both present at the cytoplasmic side). The pore region of about 20-30
amino acids (from Y347 to V368) is located between S5 and S6. The S4 segment in
CNG channels is similar to the voltage-sensor motif found in the S4 segment of voltage-
gated K*, Na" and Ca®* channels (Kaupp and Seifert, 2002).

The B1 subunit (Fig.3) shows many differences compared to the A1 subunit, but I will
dwell on this point later (Kaupp and Seifert, 2002).
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Fig.3: Schematic representation of subunits present in the rod CNG channel). A: the differences between
Al and Bl-subunits; B: the proposed topology of CNGAI subunit in the membrane; C and D: Coomassie
Blue staining and western blotting, respectively, used to study the purified CNG channel (modified from
Higgins et al., 2002).

7.2-VOLTAGE-SENSOR MOTIF

The fourth transmembrane segment in VG channels is characterised by repeated
positively charged residues (R or K) at every third position interspersed with mainly
hydrophobic amino acids. Similarly to VG channels, CNG channels bear between the
third and the fifth transmembrane domains a segment that is reminiscent of the S4
segment of VG channels. Indeed, the fourth transmembrane domain of CNG channels
also contains a repetitive arrangement of positively charged residues, but the net charge
of the motif, is reduced by the presence of negative amino acids. The S4 segment is
considered to be the voltage sensor in VG channels and undergoes a conformational
change that propagates through the protein (Guy and Conti, 1990; Durell and Guy,
1992). This model has been confirmed by site-directed mutagenesis (Yang and Hom,
1995; Aggarwal and Mac Kinnon, 1996; Yang et al., 1996; Yusaf et al., 1996). In CNG
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channels, the fourth transmembrane segment resembles a voltage sensor, and this
similarity with VG charmnels served as a link for the classification of CNG channels
(North, 1995). Even if the net charge of the motif is reduced by the presence of
additional negatively charged residues, the presence of such an S4 segment is
unexpected in channels that don’t respond to voltage, while being activated by ligand
binding, and could represent a residual portion of a common ancestor of VG and CNG
channels. Tang and Papazian showed that the S4 motif of the rat olfactory CNG channel
when transferred to the Drosophila mutant ether-2-gogo (eag) the VG-channel sequence
was able to retain significant sensitivity to voltage changes (Tang and Papazian, 1997).
These authors also proposed that the S3-S4 loop of the rat olfactory CNG channel
increases the stability of the open conformation of the eag channel converting it into a
voltage-independent channel. Maybe, in CNG channels the S4 segment is not longer
functional due to the presence of some adjacent portions of the protein. To date, no

voltage-sensitive chimeras of CNG channels have been reported.

7.3-PORE REGION

A second motif shared by CNG- and VG- channels is the pore-forming region (P
region). This region links the extracellular ends of the fifth and the sixth membrane-
spanning regions. According to Sun and co-workers (1996) who applied scanning
cysteine analysis method (SCAM) (Karlin and Akabas, 1998), the P region of the CNG
tetramer would organise such as extending towards the central axis of the pore, forming

the blades of an iris-like structure (Sun et al., 1996). In 1998, the crystal structure of a

related K channel was finally obtained and described the pore organisation like an
inverted teepee or cone made of the P loops of the four subunits that form the channel
(Doyle et al., 1998). The pore region consists of a stretch of about 20 amino acids and
exhibits approximately 30% sequence identity between CNG- and VG- channels. In the

pore region of all Shaker-like K" channels and of several other K selective ion channels

two residues, a tyrosine and a glycine (the YG motif), are always present. The YG motif

2
is absent in CNG channels and VG Ca i and Na’* channels. Interestingly, when these
conserved residues are deleted from the Shaker pore region, the channel is converted

into a non-selective ion channel (Heginbotham et al., 1994) suggesting that the YG
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motif belongs to the selectivity filter. Any YG motif in the pore of the CNG channels
has been reported.

7.4-INNER HELIX (S6)

The S6 transmembrane domain, from S371 to S399 residues, of the bovine rod CNG
channels (CNGA1), shares sequence similarity with the S6 segment of KcsA and
Shaker channels (Flynn and Zagotta, 2001; Flynn et al., 2001; Jiang et al., 2002 Johnson
and Zagotta, 2001). Using sequence alignment between CNGA1 and KcsA (Doyle et
al.,, 1998) Zagotta and co-workers constructed a homology model to represent the
putative pore structure of CNG channels. The model is very similar to KcsA, with the
S6 entering the membrane at an angle to forms a helix bundle on the intracellular side.
As in KcsA, this inverted teepee structure forms the inner vestibule of the channel. A

conformational change occurs in the CNGA1 during channel opening.

7.5- THE TERMINAL ENDS

Two different regions, the N- and C- terminals, of the CNG channels, are present in the
cytoplasm. These parts are different in the Al and in the B1 subunit (see Fig.3). In
particular the Bl subunit has two binding sites for calcium-calmodulin (Hsu and
Molday, 1993; Grunwald et al., 1998; Weitz et al., 1998) and a GARP region (Korschen
et al., 1995), that are lacking in the A1 subunit.

7.5.1-The N-terminal portion

150 amino acid residues compose the N-terminal region present in the Al subunit of the
rod CNG channel. An interaction between this portion and the C-linker has been
demonstrated using electrophysiological and biochemical methods (Gordon et al., 1997,
Rosenbaum and Gordon, 2002). In particular it was shown that a disulphide bound
between a cysteine residue at position 35 of the N-terminal region and a cysteine residue
at position 481 of the C-linker region can be induced by oxidising conditions. These
data suggest that these two regions are in close proximity in the tertiary structure.

The N-terminal region is different in the A- and in the B- subunits of the retinal CNG
channel, in particular in the B1 subunit a domain is found named GARP protein that is

composed of 571 residues (Korschen et al., 1995).
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7.5.2-The C-terminal portion
7.5.2.1-C-linker

The C-linker is a segment about 90 amino acids long (from residues N400 to G484),
that connect the S6 transmembrane domain and the CNBD (cyclic nucleotide-binding
domain). This region is highly conserved among CNG channels. Some of its residues
were shown to play an important role in coupling ligand binding to channel gating
(Zong et al., 1998; Paoletti et al., 1999). Moreover, the histidine residues in position 420
of the Al subunit of the bovine rod CNG channel is a binding site for Ni** and some
other divalent cations (Zn2+, Cd**, Co*, Mn2+), which potentiate CNG current,
suggesting that the His420 is involved in gating (Gordon and Zagotta, 1995). The C-
linker is also involved in a direct interaction between the N- a C-terminal domains of
CNG channels through a cysteine residue in position 481 of the Al subunit of the
bovine rod CNG channel (Gordon et al., 1997).

A hypothesis on the structural organisation has been proposed only for the first segment
of the domain (up to His420) (Johnson and Zagotta, 2001). In particular, histidine-
scanning experiments suggest that this region may be folded into a a-helix. Even the
recent low resolution (35 A) electron microscopy structure (Higgins et al., 2002) does
not allow for the identification of the C-linker with a particular region of the electronic

surface.

7.5.2.2-Cyclic nucleotide-binding domain

The observation that phototransduction in retinal rod photoreceptors involves a cation
conductance directly activated by intracellular cGMP (Fesenko et al., 1985; Yau and
Nakatani, 1985) suggested the existence of a binding site for cyclic-nucleotide on retinal
ionic channels. Indeed, such a site was later identified in the C-terminal cytoplasmic
portion of the Al sequence (Kaupp et al., 1989) and the A2 sequence of the olfactory
CNG channels (Dhallan et al, 1990; Ludwig et al., 1990). The cyclic-nucleotide
binding site of CNG channels consists of a stretch of about 120 residues (from G484 to
N610) that exhibits significant sequence similarity to the CNBD of PKA (Proteine
kinase A) and the catabolite gene activator protein of Escherichia coli (CAP). Crystal
structures of CAP and PKA were solved (McKay and Steitz, 1981; Weber and Steitz,

1987; Su et al., 1995) and, because most of the residues forming the nucleotide-binding
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pocket of CAP are conserved in the cyclic-nucleotide binding site of CNG channels, the
tertiary structure might be similar. The cAMP-binding site of CAP comprises three o-
helices (A, B and C) and eight p-strands (B 1-8).

7.6-QUATERNARY STRUCTURE

In 2002 Kaupp and co-workers presented a low resolution three-dimensional structure
of CNG from rod. They used electron microscopy, at low-resolution (35 A), to
reconstruct the structure of the native bovine rod channel (comprising both CNGA1 and
CNGB1) (Fig.4) (Higgins et al., 2002). At this low resolution, the electron density of
channel] is clearly separated into three distinct domains (see Fig.4 panels D and E). The
larger domain has a width of about 100 A, a thickness of 50 A and four corners and it is
similar in size to the putative membrane-spanning domain of the Shaker potassium
channe] (Solokova et al., 2001) and has a diameter similar to that of the voltage-gated
sodium channel (Sato et al., 2001). Attached to the cytosolic side of the transmembrane
domain there are two smaller domains. The idea is that they are the cytoplasmic parts of
the channel, including four cyclic nucleotide-binding domains and the ordered parts of
four N-terminal regions. It therefore appears as though the four ligand-binding domains
fold into two dimers, and these two dimers ‘hang’ below the transmembrane part of the
channel]. This model is in agreement with the structure of the cyclic nucleotide-binding
domain homologue, CAP (Weber and Steitz, 1987), and a low-resolution structure of a
chimera of the CNG channel ligand-binding domain with the DNA-binding domains of
CAP (Scott et al., 2001). These structures show a dimer of cyclic nucleotide-binding
domains to have dimensions of 30x45x50 A (Weber and Steitz, 1987). Therefore, the
volume of one of the small domains of the channel is similar to that of a dimer in the
cyclic nucleotide-binding domains of CAP. The structure also suggests that the four
cyclic nucleotide-binding domains, present in each channel, form two distinct domains,

suggesting that the four subunits in the CNG channel is arranged as a pair of dimers.
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extracellular

Fig.4: Surface representation of the CNG channels. (A-E) Five different views of the molecule. (F-I)
sections through the electrn density alng the lines indicate in (D). The scale bars are 50 A in length
(Higgins et al., 2002).

7.7-B1 SUBUNIT

Native CNG channels are oligomeric proteins composed of different subunits, named A
and B subunits, that are present at different stoichiometry in different channels. Briefly,
I will discuss the differences between the second subunits present in rod photoreceptor
and 1in olfactory neuron, but I will focus to the first one.

The properties of the Al subunit, which can form functional channels by itself, are
modified by co-expression with B1 subunit, and in this case the properties of channel
are very similar to native channel (Korschen et al., 1995; Biel et al., 1999; Kaupp and
Seifert, 2002). There are different second subunits that differ from each other in the
length and the sequence of the cytoplasmic N-terminus. “Long” isoform, expressed in
rod photoreceptor (CNGB1, 240 kDa) (Korschen et al., 1995; Ardell et al., 1996;
Colville et Molday, 1996) and also in pineal gland (Sautter et al., 1997), is characterised
by an extended N-terminal that is negatively charged due to the presence of a large

number of glutamate residues. This part is named GARP-part (glutamic acid-rich



protein) is composed by 571 amino acid residues and the physiological function of this
region is not known. In the “short” B subunit, the GARP-part is replaced by various
sequences depending on the respective isoform; this short isoform is present in olfactory
epithelium (CNGA4) (Sautter et al., 1998) and in bovine testis (Wiesner et al., 1998;
Biel et al., 1999). Six transmembrane domains (S1-S6), a pore region, a S4 voltage
sensor motif and a cyclic nucleotide-binding domain compose the core region of Bl
subunit. Moreover, in this “second” subunit two distinct binding sites for Ca?*/CaM are
localised in the cytoplasmic N-terminus preceding the first transmembrane segment and
in the C-terminus downstream of the CNBD. This subunit is a modulatory subunit (see:

“Molecular cloning and diversity of subunits” and “Effect of subunit composition™).

7.8-SUBUNIT STOICHIOMETRY OF CNG CHANNEL

The native CNG channels consists of two different types of subunits, the A- and the B-
subunits but the subunit composition and the stoichiometry are different in the different
type of cells. The native CNG channel in rods comprises three Al and one B1 subunit
(Kaupp and Seifert, 2002). The CNG channel of cones is composed of three A3 and one
B3 (Kaupp and Seifert, 2002; Zheng et al., 2002) and the olfactory channel consists of
three different subunits: A2, A4 and B1b subunit (Kaupp and Seifert, 2002) (Fig.5).

A B
Model I Model II Cone cells Olfactory cells

ee Rod cells
E O EE

Fig.5: Subunits stoichiometry proposed for different CNG channels. A: the new model (I) proposed by
Kaupp and collaborators and the old model (II) proposed by He et al., 2000; B: cones and olfactory
neurons (Kaupp and Seifert, 2002).
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8-Functional properties of CNG channels

8.1-FUNCTIONAL PROPERTIES OF THE PORE REGION

8.1.1-IONIC PERMEATION

The pore-forming region is known to be the major determinant of ion permeation in
VG- (Heginbotham et al., 1994; Yang et al., 1993) as well as in CNG- channels
(Goulding et al., 1993). Despite the sequence homologies displayed by the pores of VG-
K channels and CNG channels, ions surprisingly do not permeate in the same manner
in both groups of channels. Indeed, while VG—K+ channels, like VG-NaL+ channels, are
highly selective, CNG channels do not discriminate well between the different
monovalent alkali cations (Picco and Menini, 1993). This peculiarity of CNG channels
was early demonstrated both in intact retinal rods (Capovilla et al., 1983; Nakatani and
Yau, 1988, Menini et al., 1988) as well as in excised patches (Fesenko et al., 1985;
Nunn, 1987; Furman and Tanaka, 1990; Menini, 1990; Colamartino et al., 1991).
Nevertheless, a small difference in the permeability for monovalent alkali cations is

observed between the native CNG channel and the A1l subunit: contrary to the native
channel, the Al subunit is more selective for Na than for Li (Kaupp et al., 1989).

Surprisingly, CNG channels share many permeation properties with VG-CaZJr channels,

despite different amino acid sequences in their pore regions. Indeed, both channels are
permeable to Ca2+ and monovalent cations (Yau and Nakatani, 1985). But in addition to

permeating through the pore of both channels, Ca.2+ also blocks the flow of current

carried by monovalent ions (for photoreceptors, see Yau and Baylor, 1989; Zimmerman
and Baylor, 1992; for olfactory receptors, see Zufall et al., 1994; for Ca2+ channels, see
Almers and McCleskey, 1984; Hess and Tsien, 1984). In CNG channels, Ca2+
permeation depends on the cyclic nucleotide concentration: Ca2+ ions either permeate or

block the channel (Colamartino et al., 1991). Similarly to Ca?'Jr channels, CNG channels
are also sensitive to external proton concentration in that a subconductance state due to
a blocking effect is observed when the pH is decreased (for CNG channels, see
Goulding et al., 1992; Zufall and Firestein, 1993). Ionic selectivity of CNG channels to
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non physiological cations has also been investigated in order to understand the
permeability rules at the molecular level and to give an estimate of the pore size (Picco
and Menini, 1993). The study of permeation of ammonium and guanidinium derivatives

indicates that the pore of CNG channels is permeable to at least thirteen organic cations.

Whereas Na_ and K VG channels exclude all methylated cations, the cGMP-gated
channel is permeable to many cations containing a methyl group. Following this study
of ionic permeation an estimate of the size of the pore was given: the cross section of

the narrowest part of the pore must be at least as large as 0.38 x 0.5 nm. This estimated
size suggests that the pore of CNG channels is bigger than the ones of Na+ and K

channels but smaller than the one of the Ca2+ channel of skeletal muscle. This
conclusion is in accordance with the estimation obtained by Laio and Torre after a study
of statistical mechanics (Laio and Torre, 1999). In this study, the physical origins of
lonic selectivity were investigated and it was concluded that the selectivity for
monovalent cations depends on geometrical properties of the inner core of the channel
without any critical contribution from charged or polar groups that would interact
electrostatically with the permeant ions. This hypothesis may explain the differences in
ionic selectivity between channels having similar pore residues and vice-versa the

similarities in ionic selectivity between channels having different pore residues.

8.1.2-THE FUNCTIONAL ROLE OF A CONSERVED GLUTAMATE
The pore region of CNG channels is the site of ion permeat, in particular, some residues
might be more important than others in controlling the flow of ions. Indeed, a conserved

glutamate which is found at position 363 in the CNGA1 sequence appeared to be

involved in the block by external Mg2+, Ca2+ (Root and MacKinnon, 1993; Eismann et
al., 1994) and protons (Root and MacKinnon, 1993). Since substitution of E363 by a
neutral amino acid reduced external divalent cations block but maintained the channel
sensitivity to internal blockade, it was suggested that this glutamate was localised inside
the pore, close to the external surface. The B1 subunit bears a glycine residue at the
position corresponding to the glutamate 363. Interestingly, coexpression of Al and B1
subunits led to a reduced sensitivity to external divalent cations (Korschen et al., 1995)
- analogue to the level reported for the native channel. This result is consistent with the

role played by E363 in divalent cations block. Indeed, it has been proposed that in
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2
homotetrameric channels the four glutamate residues form the high affinity Ca ¥

binding site. Various homomeric CNG channels differ in their sensitivity to external

Ca2+ ions (Frings et al, 1995). Since the glutamate residue is conserved in all CNG

channels A1l subunits known so far, additional residues or factors must participate in the

binding of divalent cations and account for the different sensitivity to Ca2+ blockade.
Indeed, it was recently shown that the S5-P-S6 region defines a particular dielectric

environment that sets the state of protonation of the glutamate residues and

consequently determines the affinity of the Ca2+ binding site inside the pore (Seifert et
al., 1999). This glutamate was also shown to be responsible for the multi-ion nature of

the pore of CNG channels (Sesti et al., 1995). Sesti and co-workers tested the

anomalous mole fraction effect with mixtures of Li and Cs'. This effect is
characteristic of a pore containing multi ion-binding sites and was observed for the
native channel as well as for the homomeric channels. At the contrary, the anomalous
mole fraction was not observed when the glutamate 363 was replaced by a neutral
amino acid and was only reduced when it was mutated into an aspartate. These results
suggest that the coordination of several negative residues is necessary to form the
molecular structure that can bind one or two monovalent cations. This structural

organisation is reminiscent from the coordination of four glutamate residues in the four

different repeats of Ca2+ channels that constitutes a binding site for one or two small
cations (Armstrong and Neyton, 1992). Another interesting observation regarding E363
of the CNGA1 was made regarding channel gating (Bucossi et al., 1996). By mutating
E363 into an alanine, a serine or an asparagine, a current decline reminiscent of the
desensitisation of LG channels was observed for the CNG channel suggesting that
glutamate 363 was involved in gating properties in addition to be part of the selectivity
filter. In the same study, it was demonstrated that, contrary to the wild type channel, the
mutant E363S was permeable to dimethylammonium. The fact that replacing the
glutamate by a smaller residue led larger organic cations to permeate suggested that

E363 was located close to the narrowest part of the pore.
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8.2-FUNCTION OF THE CYCLIC-NUCLEOTIDE BINDING SITE
The ligand sensitivity of the cyclic-nucleotide binding sites depends on the channel
considered. Nevertheless, all CNG channels are more sensitive for ¢cGMP than for

cAMP. The constant for half activation, K1/p for the native and for the cloned bovine

rod is similar: 10-50 pM for cGMP and 1.2-1.5 mM for cAMP. For the cone
photoreceptor, K1/ is around 34-70 uM for cGMP and 1 mM for cAMP. For the

olfactory CNG channels, the K12 values for both cyclic nucleotides are in general
closer: for the cloned bovine olfactory receptor, K17 is 1.4 uM for cGMP and 54 uM
for cAMP; for the native rat olfactory receptor, K1/7 is 1 pM for cGMP and 2.5 pM for

cAMP; for the native salamander photoreceptor K1/7 is 4 uM for cGMP and 20 uM for

cAMP (for review, see Eisman et al., 1993). Although the olfactory CNG channel is
slightly more sensitive for cGMP than for cAMP, its physiological ligand is cAMP.

The binding site is formed by eight-stranded antiparallel B-rolls flanked by a short
amino-terminal o-helix (A helix) and two C-terminal a-helices (B and C helices).
Based on sequence comparison between the different cyclic-nucleotide binding protein,
a model of binding was proposed (Kumar and Weber, 1992). Some residues were
identified as key residues in the interaction with the cyclic-nucleotides. A set of highly
conserved glycines in the B-rolls is important for the proper folding of the binding
pocket. Using a photoaffinity radioactive analogue of the c¢cGMP able to label
specifically both subunits of the bovine rod CNG channel, Brown and co-workers
localised more precisely the cGMP binding site and identified the residues lining the
binding pocket (Brown et al., 1995). Indeed, the specific labelling of the rod Al subunit
was localised to a 66 amino acid region (Tyr 515-Met 580) entirely contained into the
120 amino acids previously supposed to form the binding site for cyclic-nucleotides.
Moreover, within this fragment, residues Val 524, 525 and Ala 526 were found to
contain label and thus to line the binding pocket. The specific labelling was also
confirmed repeating these experiments on the B1 subunit of the bovine rod. Conserved
residues of the B7 strand were also subjected to investigation. Molecular modelling on
cGMP-dependent protein kinase suggested that the hydroxyl group of the threonine
residues of the B7 strand formed a hydrogen bond with the amino group attached to the
C2 of cGMP (Weber et al., 1989). Based on the fact that this amino group is absent

32



from the cAMP molecule, this residue might haffe accounted for ligand discrimination.
Mutation of the first alanine of the f7 roll into a threonine in the cAMP dependent
kinase indeed increased the binding of cGMP but this mutation had little effects on the
cAMP binding (Shabb et al., 1990). This alanine/threonine hypothesis was subsequently
studied by Altenhofen and coworkers who concluded that the hydroxyl group of Thr
560 (rod) and Thr 537 (olf) form an hydrogen bond with cGMP but not cAMP
(Altenhofen et al., 1991). However this threonine could not account for the molecular
basis of ligand discrimination between the retinal and olfactory channels since all CNG
channels contain a threonine at this position. Moreover the hydrogen bond can only be
formed when the cGMP is in a syn conformation whereas for the CAP the binding is
known to occur in the anti conformation (see the review of Zagotta and Siegelbaum,
1996). Based on the observation that the C-helix of the CAP (Thr 127- Ser 128) makes
two hydrogen bonds with the C6-amino group of cAMP (Weber and Steitz, 1987), the
group of Siegelbaum performed a study of chimeras between the BROD and the catfish
olfactory channel and concluded that the C-helix is both necessary and sufficient to
account for ligand specificity (Goulding et al., 1994). By comparing the sequences of
the CAP and the CNGA1 C-helices, the residue D604 of the CNGA1, which
corresponds to T127 in the CAP sequence, was mutated (Varnum et al., 1995). The
nucleotide selectivity of the CNGA1l (¢cGMP > cIMP >> cAMP) was significantly
altered when the aspartate was mutated into a glutamine (corresponding residue in the
fish olfactory channel) (cGMP >> cAMP > cIMP). Substitution of D604 by a
methionine completely inverted the initial selectivity sequence (cAMP >> cIMP >
c¢GMP). Varnum and co-workers concluded that these changes were due to an alteration
in the relative ability of the bound agonist to trigger the allosteric conformational
changes necessary to the channel opening. In addition, they proposed that D604 forms
two hydrogen bonds with N1 and N2 of the guanine ring in anti configuration. Recently,
the functional role of aromatic residues in the ligand-binding domain of CNG channels
was analysed (Li and Lester, 1999). By replacing Tyr 565 of the rat olfactory CNG
channel into an alanine, a 10-fold increase in sensitivity to both cAMP and ¢cGMP. This
tyrosine lies in the hinge between helices B and C and is thought to facilitate gating

transitions that occur after ligand binding.
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8.3-GATING PROPERTIES

8.3.1-PROPERTIES OF THE MACROSCOPIC CURRENTS

The macroscopic properties of CNG channels are usually studied using the patch-clamp
technique, excising membrane patches either from photoreceptors or from Xenopus
oocytes or cultured cells expressing the heterologous channel of interest. When an
inside-out patch excised from the membrane of the system expressing CNG channels, is
exposed to micromolar concentrations of cyclic-nucleotide, many channels are activated
and macroscopic currents are recorded. Fig.6 shows the macroscopic current obtained
from an inside-out patch excised from the outer segment membrane of a photoreceptor,
at +60 mV and in the presence of different cGMP concentrations. The current observed
1s dependent on the cGMP concentration: at saturating concentrations of cGMP (100
uM) currents as large as 1-2 nA can be obtained whereas very small currents (some pA)
are measured at low cGMP concentration. As a consequence, the relationship between
the current and the cGMP concentration can be described as:

I=Tmax [8" /(g™ +KM)]

where Imax is the maximal current activated by cGMP, g is the cGMP concentration, K
the cGMP concentration activating half of the maximal current and n the Hill
coefficient. Experimentally, n is between 1.7 and 3.5 (Zimmerman and Baylor, 1986;
Yau and Baylor, 1989) and K has a value of 10 pM or 50 uM (for CNG channels of
salamander photoreceptors; see Zimmerman and Baylor, 1986; Colamartino et al., 1991;
for CNG channels of bovine rods; see Luehring et al., 1990). CNG channel activation
also presents evidence for a slight voltage-dependence: hyperpolarisation appears to
increase the rate constant of channel closing (Karpen et al., 1988). According to Sesti
and co-workers (1994), analysis of single channel activity at positive and negative
voltages indicates that the outward rectification observed in the presence of low cGMP
concentration is primarily due to an increase in the open probability at positive voltages.
Contrary to the cGMP-activated channel involved in phototransduction that responds
instantaneously to the variation in cGMP levels, the cAMP-gated channel involved in
olfactory transduction displays much slower activation kinetics (Zufall et al., 1993).
These differences certainly account for the different requirement of the two modes of

sensory transduction, in the sense that the olfactory system must discriminate between
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thousands of odours without lost in sensitivity even if this feature is filled at the expense
of time. Similarly to the CNG channel from photoreceptors, the ones from olfactory
receptors physiologically respond to the binding of an agonist, cAMP. Surprisingly, for
the cloned channel, the half saturating concentration value (at +40 mV) is higher in the
case of cAMP (38-68 pM) than for cGMP (1.2-2.4 uM) (Dhallan et al., 1990); for the
native channel, Nakamura and Gold (1987) found a bimodal value (K = 2 and 40 mM
for cAMP). The Hill coefficient is around 1.9, similar to the one of the cGMP-activated
channel from photoreceptor (Dhallan et al., 1990). Similarly to the CNG channels
involved in phototransduction, the currents activated by cAMP in olfactory receptors
also present a very small outward rectification (Dhallan et al., 1990; Goulding et al.,
1992).
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Fig.6: Stoichiometry of the activation of the macroscopic CNG current in inside-out membrane patches
from salamander rod outer segment. Voltage steps were from 0 to +60 mV. In A and B cGMP
stoichiometry of the activation of the Na" current. A: current recording activated by I, 2,3,4, 5, 10, 20, 50
and 100 uM cGMP; B: current recording activated by 1, 2, 3, 4, and 5 100 puM cGMP. C and D: relation
between activated current and cyclic GMP concentration (Colamartino et al., 1991).

8.3.2-SINGLE CHANNEL PROPERTIES

The first attempts to record cGMP-induced single channel current were unsuccessful
(Fesenko et al., 1985; Nakamura and Gold, 1987). Noise measurements revealed a very
small single channel conductance of less than 0.1 pS that was inconsistent with an
aqueous pore but fitted more to the conduction observed in case of membrane carriers
(Fesenko et al., 1985). Another explanation for a so small unitary current was that the
effective conductance of the channel pore was reduced because of a blockade. Indeed,

the first measurements of single-channels were obtained in excised rod membrane
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patches using solutions free in divalent cations (Zimmerman and Baylor, 1986; Haynes
et al.,, 1986; Matthews and Watanabe, 1987, 1988). The reduction in single-channel
conductance by divalent cations was proposed to be physiologically important in
reducing the signal-to-noise ratio of sensory transduction (Yau and Baylor, 1989). A
great variability in the mean open time ranging from 0.1 to 1 msec and a single-channel
conductance between 20 and 60 pS were obtained (Yau and Baylor, 1989; Torre et al.,
1992; Zufall et al., 1994; Sesti et al., 1994). The typical traces for single-channel
recordings from excised patches of rod outer segments reveal a continuous flickering
between the closed and the open states (Fig.7). Theoretical analysis of the experimental
amplitude histograms gives an estimate of the mean open time of maximally 35 psec

(Torre and Menini, 1994). The density of cGMP-activated channels in the membrane of

the rod outer segment is high (126 um_z, Karpen et al., 1992) and single-channels
openings can only be obtained using very small concentrations of ¢cGMP. However,
cGMP-gated channels are not so dense in the inner segment simplifying single-channel
recordings (Matthews and Watanabe, 1988). Inner segment recordings also exhibited in
majority the flickering behaviour. Surprisingly, in some rare recordings the application
of ¢cGMP induced well defined openings without flickering behaviour (Torre et al.,
1992; Sesti et al., 1994). The properties of these single-channel recordings in terms of
conductance (25-30 pS) and open probability (half activation of this channel occurred at
about 18 uM cGMP) were reminiscent from the ones observed when expressing the A1l
subunit of the CNG channel (Kaupp et al., 1989). Depending on the nature of the
preparations, the properties of CNG channels were quite different. It has been just
mentioned that the Al subunit of the CNG channels displays a single open state with a
conductance around 28 pS (Kaupp et al., 1989). In contrast, the A2 subunit of the CNG
channels from catfish olfactory sensory neurons were found to be characterised by three
different open states with respective conductances of 25, 50 and 80 pS (Goulding et al.,
1992; Root and MacKinnon, 1994). The A4 subunit of the CNG channel from rat
olfactory neurons has a conductance of about 40 pS and is characterised by the absence
of subconductance states (Li and Lester, 1999). Complessively, the sum of the collected
data are consistent with the existence of different conducting levels in the CNG channel,
leading to the appearance of well resolved open states in homomeric channels and to

flickering behaviour in heteromeric channels (Bucossi et al., 1997).
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Fig.7: A: Single channel currents recorded with 0 (top) and 2 (bottom) uM c¢GMP. B: Single channel
currents recorded with 2 uM cGMP at —60 mV and filtered at 4 kHz (Torre and Menini, 1994).

8.4-COUPLING OF LIGAND BINDING TO CHANNEL GATING: ROLE OF THE
C-LINKER

The molecular mechanisms underlying the coupling of ligand binding to channel
opening have been recently investigated. One of the first insights were given by Gordon

and Zagotta, who identified a histidine residue in the C-linker of the bovine rod CNG

channel responsible for potentiation by internal NiZJr ions (a phenomenon previously
described by Ildefonse et al., 1992) by stabilisation of the open conformation (Gordon
and Zagotta, 1995a). Another histidine was found by the same researchers in the rat
olfactory CNG channel but this histidine accounted for channel inhibition by binding
preferentially to the closed states, stabilising them and thus reducing the efficiency of
channel activation (Gordon and Zagotta, 1995b). A conserved cysteine residue in the C-
linker L2 region was then identified as a site of potentiation through the modification of
sulfhydryl-reactive chemical (Broillet and Firestein, 1996; Brown et al., 1998). Based

on their results, Brown et al. suggested that the C-linker undergoes a movement during
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channel activation which is essential for coupling ligand binding to channel gating.
More recently, Zong et al. investigated chimeric channels between the cone
photoreceptor and the olfactory receptor and identified three amino acids in the C-linker
that account for the differences in cAMP efficacy and are major determinants in channel
gating (Zong et al., 1998). Three other residues in the C-linker L2 region were found to
be involved in gating processes after another study of chimeras. Indeed, the group of
Siegelbaum conferred the very high cAMP efficacy of a Caernobitis elegans sensory
neuron channel (TAX-4) to the CNG channel which is usually poorly activated by
cAMP (Paoletti et al., 1999). The exchange of the two different C-linker L2 regions did
not alter the spontaneous open probability of the channel, despite a large effect on
gating. This result inferred the possibility of a gate-like function for the C-linker but
suggested a possible role for the C-linker in determining the differences in agonist
interaction between the closed and the open states. Indeed, they found that the C-linker
favours the stability of the ligand-binding to the open state, stabilising the interactions
between the ligand and its binding site. This stabilisation occurring in the same way for
both cGMP and cAMP, the C-linker must interact with the cyclic nucleotide in a part of
the molecule which is common to both cGMP and cAMP. They proposed that the C-
linker would act as a rigid arm that couples a change in the structure of the core of the
channels to a movement of the ligand-binding site, which favours the binding of the
cyclic-nucleotide in thé open conformation, intersubunits interactions and consequently
stabilises the open state. The cyclic nucleotide-binding site itself has been proposed to
play an important role in coupling ligand-binding to channel allosteric conformational

change.

8.5-KINETIC MODELS OF GATING

The gating kinetics of CNG channels were studied by Karpen and co-workers (1988).
As previously mentioned, they showed the cGMP-dependence of channel activation, the
saturation of the opening rate at high cGMP levels and mentioned also the slight voltage
sensitivity of CNG channels whose opening can be increased by depolarisation. From
their results, they proposed a model with three ligand-binding steps followed by a
closed to open transition that is favoured by depolarisation and occurs when the channel

is fully liganded. This model accounts for the nearly linear current-voltage (I/V) relation

39



observed at saturating concentration of cGMP, i.e. when almost all channels are open
even at negative voltages. At low concentration of cGMP, the open probability is low so
that the role of voltage changes in the C4 to O equilibrium is major for increasing the

open probability.

8.6-ALLOSTERIC MODELS

Spontaneous openings of CNG channels in the absence of ligand have been reported
(Picones and Korenbrot, 1995b). Taking this observation into account, an allosteric
model has been proposed by Stryer (1987). In this model, the affinity of cGMP is higher
for the open conformation than for the closed one, the change of conformation is
concerted between the different subunits, the binding of the ligand to each subunit is
independent from the other bound subunits and the greater the number of cGMP
molecules that bind, the more stable the conformational change. By constructing
chimeras between the bovine rod and the rat olfactory channels, Goulding and co-
workers identified two distinct domains, the N-S2 domain of the N-terminal region and
the C-helix of the C-terminal domain, which are important for channel opening. They
propose that the N-S2 region is a portion of intersubunit contact. These contacts are
enhanced during channel activation, these modifications lead to changes in subunit
orientation, that, combined to a movement of the C-helix leads to channel opening
(Goulding et al., 1994). This interpretation is based on a simple tetrameric allosteric
model that, similarly to the model proposed by Stryer, supposes that the ligand prefers
the open conformation. The N-terminal region of the olfactory channels seems to be of
particular importance (Chen and Yau, 1994; Gordon and Zagotta, 1995b). This feature
has been exploited by Sunderman and Zagotta, who analysed the kinetic behaviour of
single CNGA1 channel in which mutations in the binding domain (D604, see Varnum et
al., 1995) have been introduced and/or the rat olfactory N-terminal domain substituted
to the original one of the CNGA1 (Sunderman and Zagotta, 1999). They refined the
previously proposed model (Gordon and Zagotta, 1995b; Varnum et al., 1995) in which
the cyclic nucleotide is supposed to bind to the closed state through interactions with the
B-roll of the binding site, this binding leads to a movement of the B-roll relative to the C
helix and to a subsequent strenghtening of the cGMP binding through hydrogen bonds
with D604. The formation of the hydrogen bonds has been shown to be important for
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the allosteric transition leading to channel opening whereas the closure of the channels
requires their dissolution. The stabilisation exerted by the N-terminal portion occurs just
before the allosteric transition and then after for stabilising the interactions between the
aspartate residue of binding domain and the ligand. The same authors studied in details
the mechanisms of allosteric transition performing single-channels analysis of the
CNGA1 subunit expressed in Xenopus oocytes (Sunderman and Zagotta, 1999). They
determined that two closed and one open states are required to explain the gating at
saturating ligand-concentration. Two kinds of models were then possible: C <--> C <-->
O or C <--> O <--> C. The first hypothetical model could describe the activation of a
channel composed of two functional dimers which would have to enter both in the
activated conformation to allow the channel to open (concerted transition). A scheme
similar to this C <--> C <--> O model was previously proposed by Liu et al. (1998). For
the second possible model, a single concerted allosteric conformational change could
underlie the C <--> O ftransition, while the O <--> C being cyclic nucleotide
independent would depend on an open-channel block or closing of a secondary gate
(multiple conformational changes). While the real mechanism is undoubtedly more

complex than two closed and one open state, they favoured the second model.

Sunderman and Zagotta also studied the effect of Ni2+ and concluded that Ni- induces
and stabilises the allosteric transition of liganded channels. This hypothesis also implies
that the conformational changes occurring spontaneously are based on a different
mechanism that does not involve the movement of H420. This is in accordance with the
recent findings of Paoletti et al. (1999) that showed that alterations in the C-linker do
not affect spontaneous openings. Opening mechanisms have been recently studied by
Ruiz and Karpen (1999) who performed analysis of single channels locked in each
liganded state. Usually, studies of kinetics have always been impaired by the fact that
the ligand binds and unbinds continuously from the binding site. In 1997, Ruiz and
Karpen overcame these problems by using a photoaffinity cGMP analogue that binds
covalently to CNG channels. From this study, these researchers found that CNG
channels can be locked in four liganded states and that in each state, channels opened to
two or three different conductance states. Now, Ruiz and Karpen refined their studies
and concluded that the channels exhibit at least nine different states for each doubly,

triply and fully liganded channel. This observation supposes that the channels exhibit
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the same series of conformational changes at each possible liganded state. Such
complex behaviour can not be explained with simple concerted or sequential allosteric
models. A general allosteric model is proposed in this study: channels with zero and one
activated subunits are closed, channels with two adjacent subunits activated lead to an
open state (O1), channels with diagonally activated subunits are closed, channels with
three or four activated subunits are open (states O2 and O3). In the four liganded
channels, additional states are required: an additional conformational change can be
added for a change in the interaction between two liganded subunits that are adjacent.
There are some evidence for such a conformational change that occurs between pairs of

subunits: Gordon and Zagotta (1995) showed that the open state is stabilised by such

intersubunits interactions through Ni2+ coordination, Varnum and Zagotta (1996)
showed that activation properties were different for adjacent subunits than for
diagonally opposed ones; Liu et al. (1998) also proposed a mechanism based on

interaction between adjacent subunits.

8.7-MODULATION OF CNG CHANNELS
For review see Kaupp and Seifert, 2002

8.7.1-MODULATION BY Ca2+-CALMODUL]N

Two Ca2+/calmodulin binding sites (CaM1 and CaM2) are located in the N- and C-
terminal domains of the B1 subunit of rod CNG channel, respectively. Only the CaM1
site is necessary for channel modulation, whereas the function of the CaM2 site is
unknown yet. The rod A1l subunit it self does not bind CaM and a channel consisting of
only Al subunits is not modulated by calmodulin, in contrast to the olfactory channel
(Weitz et al., 1998). CaM binding domains are composed of about 20 residues and are
characterised by aromatic residues at positions 1 and 14 of the motif and additional

hydrophobic residues at position 5 and 8. Several positively charged residues are

interspersed between the hydrophobic residues. Modulation of CNG channels by Ca2+-
calmodulin was first reported for the rod photoreceptor by Hsu and Molday (1993). In

this study, the effect of Ca2+/calmodulin was investigated using in particular a calcium

ion flux assay with a calcium-sensitive dye. The results of this work allowed concluding

2 .. . .
that Ca  /calmodulin increases the apparent Michaelis constant of the channel for
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cGMP. This effect leads to a decrease from two- to six- fold in the rate of cations influx,

including Ca2+, through CNG channels activated by low ¢cGMP concentrations. The
2

Ca’ /calmodulin effect can be incorporated into the process of phototransduction. In the

dark, cGMP-activated channels are open and the cytoplasmic Ca2+ concentration is
maintained at relatively high levels (around 0.3 pM). In this situation, the guanylate

cyclase is at its basal level, the cGMP-gated channels are in a low affinity state for
c¢GMP binding and Ca2+/ca1modulin is bound to the channel. In the presence of light,
cGMP-gated channels are closed, cytoplasmic Ca2+ level decreases, guanylate cyclase is

activated, Ca2+/calmodu1in dissociates from the channel that consequently switches to
its high affinity state for cGMP. This causes the reopening of cGMP-activated channels
in the presence of low ¢cGMP facilitating the photorecovery of the system. An action of

Ca2+/calmodu1in was also described for CNG channels of olfactory receptors using the

cloned rat olfactory channel expressed in cell lines (Chen and Yau, 1994). In this study,
Ca2+ was shown to reduce the apparent affinity of the channel for cAMP by up to 20-

. 2+ . . . . . . .
fold in the presence of Ca /calmodulin. This action involves a direct interaction

between the calmodulin and the 63 kDa channel protein as expression of the cloned
olfactory CNG channel is enough to observe Ca2+/calmodulin modulation. The group of
Yau went on studying the modulation of CNG channels by Ca2+/calmodulin and

succeeded in the identification of the Ca2+/calmodulin binding site on the A2 subunit of
the olfactory CNG channel (Liu et al.,, 1994). They used chimeras between the rat
olfactory channel and the human rod channel N-terminal parts. The cDNAs encoding
for these chimeras were then transfected into HEK293 cells and tested for
Ca2+/calmodulin sensitivity. These experiments showed that the N-terminal portion of
the olfactory channel contains a putative Ca2+/ca]modulin binding domain that is a
peptidic sequence characterised by two aromatic or long chain residues (aromatic
residues at position 1 and 14; other hydrophobic residues at position 5 and 8) separated
by 12 amino acids which are often positively charged. In the case of the rat olfactory
channel, this calmodulin binding sequence is located from residues Arg62 to Arg87 on
the A2 subunit and constitutes the only Ca2+/ca1modulin binding domain. In order to

quantify the interaction of the Ca2+/ca]modulin and its binding site, they performed the
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synthesis of a peptide made of the residues comprised between Arg62 and Arg87 and
performed experiments of gel-shift assays and fluorescence. They concluded in a one-

to-one stoichiometry with a dissociation constant of 3.4 nM. Experiments using cAMP

indicated that Ca2+/calmodu1in in addition to change ligand affinity affects channel

gating in that the current activated by high cAMP concentration is reduced in the

presence of calmodulin. In addition the Ca2+/ca1m0dulin mediated feedback, another

mechanism of CNG channel inhibition in olfactory neurons that involves high

. 2+ . 2+, .
intracellular Ca  concentration and an unknown Ca binding protein has been

suggested (Kramer and Siegelbaum, 1992; Gordon et al., 1995).

8.7.2-MODULATION BY PHOSPHORYLATION/DEPHOSPHORYLATION

The response of cGMP-gated channel to the binding of ¢cGMP is influenced by
dephosphorylation. Just after excision of patches from the membrane of frog rod outer
segments, Gordon and co-workers observed a spontaneous increase in apparent agonist
affinity. The conversion of the cGMP-activated channel from a low cGMP affinity state
to a state of higher sensitivity was blocked by serine/threonine phosphatase inhibitor
suggesting that an endogenous phosphatase was involved. Two different phosphatases
may play a role: an increase in apparent cGMP affinity was observed when phosphatase
type 1 was added whereas a decrease in ligand affinity appeared in the presence of
phosphatase type 2A. This dual action suggested that two sites of phosphorylation might
regulate agonist affinity during phototransduction mechanism (Gordon et al., 1992).
CNG channels have been also shown to be modulated by protein kinases (Molokanova
et al., 1997, Muller et al., 1998). Recently a site for tyrosine phosphorylation was
identified on the C-terminal portion of the Al subunit of the cGMP-gated channel
(Molokanova et al., 1999). Because only CNG channels from photoreceptors display
this modulation via phosphorylation, studies of chimeras between the Al subunits of the
bovine rod and the rat olfactory channels allowed localising the phosphorylation site on
a specific tyrosine residue (Y498). Y498 is located in the C-linker, i.e. a region shown
to be important in coupling ligand-binding to channel gating, and is highly conserved in
proteins bearing a binding site for cyclic nucleotides. When this tyrosine is removed
from the CNGAI1 channel, modulation is reduced by 75%; the residual modulation

suggests the existence of additional phosphorylation sites. Considering that deletion of
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the C-terminal Vpart of the channel totally abolishes the modulation by phosphorylation,
the supplementary phosphorylation sites must be located on this cytoplasmic region.
Molokanova and coworkers suggest a model for the mechanism of tyrosine
phosphorylation/dephosphorylation: in presence of c¢GMP, the binding of the
phosphatase leads to dephosphorylation and promotes channel opening by increasing
the affinity for cGMP; at the contrary, when the channel is closed, the tyrosine kinase
binds to the channel, phosphorylates it and stabilises the closed conformation by
reducing the affinity for c¢GMP. Hence, modulation by changes in tyrosine‘

phosphorylation is activity-dependent and is interpreted as a positive feedback, maybe

present to counterbalance the Ca2+-dependent negative feedback. In a recent work, the
effect of genistein, a competitive inhibitor of the ATP binding site on protein kinases,
was studied on inside out patches excised from the membrane of Xenopus oocytes
expressing the Al subunit of the CNG channel (Molokanova et al., 1999; Molokanova
et al., 2000; Molokanova and Kramer, 2001). Cytoplasmic application of genistein
prevents changes in cGMP sensitivity that are attributed to tyrosine phosphorylation,
slows activation kinetics and reduces the maximal current through CNG channels at
saturating cGMP concentrations. These effect are ATP-independent and occur indirectly
via the binding of genistein to the protein tyrosine kinase. This interaction between
genistein and the kinase induces a non catalytic interaction between the enzyme and the
CNG channel. The consequence is an allosteric inhibition of channel gating. This study
allows confirming that protein kinase catalysis the phosphorylation of the cGMP-gated
channel but in addition suggest a second effect of tyrosine kinase on the regulation of

channel gating.

8.7.3-OTHER TYPES OF MODULATORS
Gaseous Messengers

In addition to its activation by cyclic nucleotides, the native olfactory CNG channel can

be independently activated by NO in the form of nitrosonium (NO+). This ion can
interact with sulfhydryl groups. Consistent with this idea, the effect of NO was
mimicked by SH-modifying reagents (Broillet and Firestein, 1996). The chemical
reaction that leads to the formation of nitrosothiol has been shown to occur in vivo

(Lander, 1997) thus, this chemical modification may play a role in modulating CNG
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channels activity in olfactory transduction. Indeed, it has been demonstrated that the
native olfactory CNG channel is activated by such a mechanism (Broillet and Firestein,
1996). The target site for S-nitrosylation is a cysteine residue present in the C-linker and
conserved in the Al and B1 subunits. The report by Berghard et al. (1996) of Bl
subunits but not A1l subunits in the vomeronasal organ (results of in situ hybridisations)
suggested the possibility of homomeric channels constituted by Blb subunits only.
Broillet and Firestein (1997) tested this hypothesis and concluded that such channels

exist, are not activated by cyclic-nucleotides but by NO, present common features with

Ca2+-activated channels and may play an important role in vivo. Indeed, an important
role for NO was described in cone photoreceptors (Savchenko et al., 1997). CNG
channels are numerous in cones synaptic terminals and endogenous NO was shown to
modulate synapses between cones and horizontal cells in lizard retina by triggering
neurotransmitter release. NO has been described as a retrograde messenger in brain
(O’Dell et al., 1991; Schuman and Madison, 1994) and the discovery of CNG channels
in hippocampus (Kingston et al., 1996; Bradley et al., 1997) and elsewhere in the
central nervous system (Finn et al., 1996) raises the possibility of a mechanism
involving in the brain the action of both NO and ¢cGMP on CNG channels in order to
modulate synaptic transmission. Another gaseous messenger, carbon monoxide (CO),
was shown to act as a modulator of CNG channels action. Like NO, CO was shown to
activate soluble guanylate cyclase (Brune and Ullrich, 1987, Furchgott and
Jothianandan, 1991; Kharitonov et al., 1995), and was proposed to act on synaptic
strength in hippocampus (Stevens and Wang, 1993; Zhuo et al., 1993). In addition a
long-lasting form of odour adaptation dependent on a CO/cGMP messenger system was
described (Zufall and Leinders-Zufall, 1997) but the way CO is acting is not discussed
in this paper.

Diacylglycerol

Diacylglycerol (DAG) analogous have been found to allosterically interfere with the rod
cGMP-activated channel opening by reducing the apparent affinity of the channel for its
ligand and by lowering the maximum current amplitude (Gordon et al., 1995). The
action of DAG has been shown to be phosphorylation-independent. The olfactory CNG
channel is not inhibited.
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ATP and GTP

The light response is affected by both ATP and GTP in vivo. In rods, ATP has been
shown to increase the response of cGMP-gated channels whereas GTP can abolish the
action of ATP (Filatov et al., 1989). The action of ATP in cones was shown to change
in function of pH variation (ATP enhances the response of cGMP-gated channels at low
pH and decreases their response at high pH). The mechanism of modulation by
ATP/GTP seems to consist in a change in apparent agonist affinity of CNG channels
(Watanabe and Shen, 1997).

Nickel

It has been shown that Ni2+ enhances, at low concentrations, bovine rod CNG channel
responses but inhibits the olfactory CNG channel through the binding of two different
histidines present respectively in the rod CNG channel (H420) and in the olfactory CNG
channel (H396) (Gordon and Zagotta, 1995). These histidine residues are located in the
C-linker, a region found to play a role in coupling of ligand binding to channel gating.

Ni2+ binding affects the conformational changes that lead to stabilisation of the open
state in the cGMP-activated channel whereas it stabilises the closed state in the
olfactory channel. At position 420 an histidine is effectively present in the A1 subunits
of the bovine and human rod CNG channels (Kaupp et al., 1989; Dhallan et al., 1992)
but an asparagine is present in the sequences of both mouse and rat homologues (Pittler

et al,, 1992; Bamstable and Wei, 1995) so that any physiological relevance of the

; . 2+ .. . .
interaction of Ni  with histidines is controversial.

Divalent Cations

Under physiological conditions, with photoreceptor membrane potential around -45

+

mV, rod CNG channels are always blocked by external divalent cations (Mg2+, Co2 ,

Cdz+, Ca2+). Blockade by divalent cations occurs on both external and internal sites
which are located in the pore of CNG channels. In particular, a highly conserved
glutamate residue has been identified as the binding site for external divalent cations in
rod, cone and olfactory CNG channels (Root and MacKinnon, 1993; Eismann et al.,
1994; Kramer and Siegelbaum, 1992; Kleene, 1995; Frings et al., 1995; Biel et al.,
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1995; Haynes, 1995). It is thought that the carboxyl group is important to form a high
affinity binding site.

External Protons

A mechanism similar to the one that regulates the block by divalent cations involves
external protons. In the catfish olfactory neurons, pH titration combined with
mutagenesis studies of Glu 333 (the conserved glutamate involved in the block by
divalent cations) have suggested that this pore residue is also involved in protons
binding and subsequent channel block (Tanaka, 1993; Root and MacKinnon, 1994). In
some cases, protons have been shown to activate CNG channels: protonation of D604 in
the rod CNG channel may enhance the interaction between the binding site and the
cyclic-nucleotide triggering the allosteric changes that lead to channel opening (Varnum

et al., 1995; Gordon et al., 1996).

Pseudechetoxin

Recently, a peptide blocker that can be used as a pharmacological tool has been
extracted from the venom of the australian king brown snake and purified (Brown et al.,
1999). This protein (PsTX, 24 kDa) blocks the cGMP dependent current when it was
applied to the extracellular face of membrane if the patches contain the A2 subunit of
the rat olfactory CNG channel. Block was independent of voltage and required only a
single molecule of toxin. PsTx also blocked CNG channels containing the bovine rod
A1 subunit with high affinity, but it was less effective on the heteromeric version of the

rod channel.

Tetracaine

Tetracaine is a local anaesthetic which has been shown to block the bovine rod but not
the rat olfactory CNG channel (Fodor et al., 1997). Studies of chimeras failed in
identifying a specific sequence of interaction with tetracaine. The mechanism of this
blockade is state-dependent because tetracaine binds more tightly to the closed channel.
A single tetracaine molecule is enough to observe the block. In addition, this block has
been shown to be voltage-dependent. A model for tetracaine block has been proposed:

interactions between tetracaine and the inner mouth of the pore could lead to tighter
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binding to closed chamnels and stabilisation of the closed conformation. An increase in
the width of the pore when the channel opens could lead to the disruption of these
interactions. Alternatively, repulsion of the pore blocker by cations permeating through

the open channel pore has been envisaged.

Degualinium

This is an organic divalent cation (Rosenbaum et al., 2003), in particular, it is a bis-
quinolinium blocker. This compound is a high affinity bocker of CNGA1 channels and
exhibits the following characteristics: the block occurs is a state-indipendent fashion; it
1s voltage dependent and at a single channel level the appearance of long closed state
are observed with no change in unitary conductance. Moreover, dequalinium exhibits
higher affinity for block from the intracellular side of CNGA1 channels compared with

the outside.

Calcium Channels Blockers

L-cis-diltiazem, the inactive isomer of a calcium channel blocker was the first blocker
of CNG channels to be discovered (Koch and Kaupp, 1985). In the rod channel, the
efficiency of this block depends on the B1 subunit (Chen et al., 1993). It blocks the
CNG channels of rods, cones and olfactory neurons in a voltage-dependent fashon
(Haynes, 1992; Mclathee, 1992 and Picones and Korenbrot, 1992). Pimozide blocks the
rod ¢cGMP-gated channel (Nicol, 1993) whereas D-600 and nifedipine act on the
olfactory CNG channels (Frings et al., 1992; Zufall and Firestein, 1993)

Nicotine
Nicotine has been reported to stabilise the closed conformation of the rod CNG channel

(McGeoch et al., 1995).

Polyamines

Polyamines have been shown to block the pore of inward rectifier K channels as well
as some glutamate-gated channels. They have thus been tested also on CNG channels
and in particular on the retinal cGMP-gated channel which was shown to be blocked by

polyamines from both sides of the membrane. Because polyamines are constituents of
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both intra- and extra-cellular media, they may play a physiological role of modulation of
CNG channels, for example as suppressor of the noise in the phototransduction process

(Lu and Ding, 1999).
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MATERIAL AND METHODS

In order to study the relationship between structure and function of the CNBD (Cyclic
Nucleotide Binding Domain), the P region and S6 transmembrane domain of CNG (Cyclic
Nucleotide Gated) channels, I have used techniques of molecular bioiogy,
electrophysiology and homology modelling. The corresponding protocols are given in the
next sections. In particular I constructed several mutants of the CNGAL1 ion channel from

bovine rods. All the constructed mutants are listed in the section 1.1 of this chapter.
1-The mutations

1.1-THE C-HELIX OF CNG CHANNELS

The technique of substituted-cysteine accessibility method (SCAM)‘ was applied to the
putative C-helix of the CNBD, present into the Al subunit of the CNG from bovine rods
(CNGAI), in order to determine its structure and its movements. Cysteines were
introduced, one by one, in the stretch from Leu583 to Asn610 forming the putative C-helix
(Fig.8).

For the SCAM analyéis the following series of mutan"ts wefe designed:

N610C, L607C, L606C, G605C, D604C, K603C, M602C, L601C, 1600C, Q599C, K598C,
G597C, K596C, E595C, E594C, L593C, M592C, G591C, K590C, A589C, D588C, P587C,
Y586C, E585C, T584C and L583C.

1.2-THE S6 OF CNG CHANNELS AND THE PORE REGION
The SCAM method was used also to study the movement of the S6 transmembrane domain
and the pore region during the gating of channel. In particular, cysteines were introduced in

the stretch from position Phe375 to His406 and His420, and in positions Val348, Leu351,
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Thr359, Thr360, Ile361 (named also: Val4, Leu7, Thrl5, Thr16, lle17 as in Becchetti et al.,
1999 and Liu and Siegelbaum, 2000), respectively (Fig.8).

S6 transmembrane domain:

F375C, V376C, V377C, A378C, D379C, F380C, L381C, 1382C, G383C, V384C, L385C,
[386C, F387C, A388C, T389C, I390C, V391C, G392C, N393C, 1394C, G395C, S396C,
M397C, 1398C, S399C, N400C, M401C, N402C, A403C, A404C, R405C, A406C, K416C,
Q417C and H420C.

P-region:

V4C, L7C, T15C, T16C and 117C.

P-HELIX PORE S6

* ok ok ok ok ok w

(341)GRLARKY VYS LYWSTLTLTT IGETPPPVRD SEYFFVVADE LIGVLIFATI

C-LLINKER

* ok kkhok Rk kK

VGNIGSMISN MNAARAEFQA RIDAIKQYMH FRNVSKDMEK RVIKWEDYLW

TNKKTVDERE VLKYLPDKLR AETIAINVHLD TLKKVRIFAD CEAGLLVELV

CNBD

LKLQPQVYSP GDYICKKGDI GREMYIIKEG KLAVVADDGI TQFVVLSDGS

YFGEISILNI KGSKAGNRRT ANIKSIGYSD LEFCLSKDDLM EA LTEYPDAK

J ok Kk ok ok ek ok ok * ok ok kK ok Kk

GMLEEKGKQI LMKDGLLDIN (610)

Fig.8: Partial amino-acidic sequence of CNGAL. In red are mark the mutated aminoacid residues. The blue
stars show the aminoacidic residues studied also from other groups.
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2-Molecular biology

2.1-DNA MATERIAL

The ¢cDNA encoding for the Al subunit of the bovine rod cyclic nucleotide gated channel
(CNGAL1) (Kaupp et al., 1989) was provided by the laboratory of Prof. W.N. Zagotta'and
by the laboratory of Prof. U.B. Kaupp, cloned into pGEM-3Z (Pharmacia, Uppsala,
Sweden) modified vector named pGEM-HE. The pGEM-HecG (stands for pGEM-HE
containing the cGMP-gated Al subunit) plasmid was initially transformed into E. Coli
DH5aF’ competent cells following a classical CaCl, method (Sambrook et al., 1989).
Medium scale of DNA preparation was obtained using the Plasmid Midi Kit (Quiagen
GmbH, Hilden, Germany).

2.2-SITE-DIRECTED MUTAGENESIS

All the mutants were designed using the QuickChange™ Site-Directed Mutagenesis
Method (Stratagene, La Jolla, CA). With this procedure, mutations can be obtained in a
shorter time than with the classical method and with a mutagenesis efficiency of 33% (the
analysis of 3 putative clones only always allowed to identify a real positive clone). The
efficiency of mutagenesis calculated for the pWhitscript™ positive control provided in the
kit was of 62%.

The basic procedure is summarised in Fig.9. The QuickChange™  Site-Directed
Mutagenesis Method uses the Pfu DNA polymerase, wich replicates both strands of the
supercoiled plasmid DNA template with a higher fidelity than the Taq polymerase
(estimated error rates are 1.3 x 107 and 8 x 107° respectively) and avoids the linerization
step required with the classical method. The two primers are designed to be complementary
to each strand of the vector (thus overlapping) and to both contain the desired mutation;
they should have a length of 25-45 pb, a minimum GC content of 40% and a recommended
melting temperature of 78°C (although good results with Ty, just above 73°C have also
been experienced). A PCR reaction is performed to extend the primers, and the result is a

circular mutated plasmid containing nicks. The parental DNA template, which doesn’t
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contain the mutation, is dam methylated, like most DNAs extracted from E. Coli strains,
and can be recognised and digested by Dpnl, contrarily to the newly synthesised DNA
(Dpnl is an endonuclease which targets the methylated or hemimethylated sequence 5°-
G™ATC-3%). The nicked, mutated DNA vector is then transformed by heat-shock into
Epicurian Coli XL1-Blue supercompetent cells, which repair the nicks.

The reaction mix for the QuickChange was prepared using 50 ng of the pGEM-HE plasmid
containing the cDNA of the CNG channel and following the instructions of the
manufacturer.

All the pipetting steps were done using small 10 pul ART pipet tips with filter, which are
guaranteed sterile and Rnase/Dnase free by the manufacture (Molecular Bio-Products Inc.,
San Diego, CA). Thin-Wall tubes (Stratagene) were used for each reaction sample. The
cyclic reactions were performed by a PTC-100 thermo-cycler (MJ Research) using the
following parameters: 95°C, 30 s (denaturation step) followed by either 12 cycles (for
single point mutaions) or 16 cycles (for 2-3 bases change) at 95°C 30 s; 55°C 1 min; 68°C
10min (2 min/kb plasmid length). After the cycling the reactions were cooled on ice and
then treated with Dpnl to digest the parental DNA. Dpnl-treated samples were transformed
into stratagene X1L-1 Bue supercompetent cells using a classical CaCl, method with 42°C
heat shock of 45 s. The transformation reactions were plated on LB-+ampicillin Petri dishes.
For each putative mutant, 4 colonies were picked up from the plates and grown for making

DNA minipreps, which were obtained using the Quiagen PLASMID Mini Kit (Quiagen).
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Fig.9: QuickChange™ Site-Directed Mutagenesis Method (Stratagene, La Jolla, CA): overview of the
experimental protocol.
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2.3-MUTATION ANALYSIS

The putative mutant DNAs obtained through the QuickChange™ Site-Directed
Mutagenesis Method were analyse with automatic DNA sequencing (LI-COR, 4000L type;
LI-COR, Lincoln, NE). In this way I sequenced completely all of the mutants produced,
thus giving more relevance to my studies by gaining confidence in the real nature of the
mutants and their electrophysiological characterisation. 1 pug of each clone was sequenced
using the SequiTerm EXCEL II Long-Read DNA sequencing Kit-LC (Epicentre
Technologies, Madison, WI) with 1 pmol of primer, as follows.

To sequence the Al subunit of the bovine rod cyclic nucleotide-gated channel, the primers

needed were:

T7 5’ TAATAC GACTCA CTATACGG 3’
CNG-147 5’ GAG GAA GAG AAG AAGGAAGTC 3
CNG-313 5" GCG TGT GTGTACTTC TCT ATT TCC 3’
CNG-481 5" TGT GAA GCT GGT CTG TTG GTG 3’
CNG-reverse 5" ATT CGGGTGTTC TTGAGGC 3’
2.4-RNA SYNTHESIS

The RNA of wild type (wt) and mutant channels was syntetized starting from 5-10 pg of
DNA, and than injected in the cytoplasm of Xenopus laevis oocytes.

DNA preparing with midipreps was linearized by Nhel (New England Bolabs), extracted,
precipitated, washed and finally resuspended in 50 ul DEPC-treated ddH,0. All of steps
following this one were carried out in Rnase-free conditions.

The DNA was then transcribed in vitro using the T7 RNA polymerase and the mCAP RNA
Capping Kit (Stratagene). The remaining not transcribed DNA was digested by DNasel,
and the RNA was extracted with a kit for to purified the RNA (Stratagene, RNA
purification kit). RNAs were finally resuspended in the DEPC-treated dH,0, and divided

into aliquots suitable for microinjection (the finally concentration of each RNA was about 1

ng/pl).
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3-Electophysiology

The electrophysiological experiments used in this thesis consisted in measuring the currents
activated by ¢cGMP in wt and mutant CNG channels. The channels were expressed in
Xenopus laevis oocytes and the current recorded with excised patches in inside-out

configuration.

3.1-CHEMICALS
The MTS compounds were purchased from Toronto Research chemicals (Ontario, Canada).

All the other chemicals were purchased from Sigma (St. Louis, MO, USA).

3.2-ISOLATION AND PREPARATION OF XENOPUS LAEVIS OOCYTES

Xenopus laevis frogs were anaesthetised by immersion in a 0.2% aqueous solution of
tricaine (methanesulphonate salt of 3-aminobenzoic acid ethyl esther) for about half an
hour. The anaesthetised animal was put on its back on box of ice and a small incision of
about 1 cm was performed with a scalpel laterally on the abdomen. Once the skin and the
underneath abdominal muscles were cut through, the ovarian lobes became visible. The
follicles (oocytes and follicle cells) were surgically removed from the ovary and placed in
Barth’s solution (in mM: 88 NaCl, 1 KCl, 0.82 MgCl,, 0.33 Ca(NO3);, 0.41 CaCl, 2.4
NaHCOs, 5 TRIS-HC], buffered to pH 7.4 with NaOH). Follicles were then separated in
small groups containing about ten oocytes and incubated for 1 hour at 19°C in Barth’s
solution without calcium but supplemented with 1 mg/ml of collagenase. After the
collagenase treatment, oocytes were washed extensively with Barth’s solution and the
residual follicle cells were removed manually with the forceps. At this step the healthiest
defolliculated oocytes presenting two clearly delineated hemispheres were selected, and
incubated in Barth’s solution supplemented with gentamicine (50 pg/ml), during injection
and incubation, until patch-clamp experiments were performed.

Injection needles of about 10 pm of tip diameter were made from borosilicate glass
capillaries (World Precision Instrument, Sarasota, FL, USA) by using a horizontal puller
(BB-CH-PC, Mecanex S.A., Geneva, Switzerland). Oocytes were injected under a
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binocular microscope at low magnification (Olympus, Japan) using a manual microinjector
(CellTram Air, Eppendorf, Germany). About 100-200 nl of capped RNA (at approximately
1 pg/ul in DEPC-treated dH,0) were injected in each oocyte. Cells were then incubated at
19°C for 2-6 days. Just prior to patch-clamping, the vitelline membrane was removed from
the oocytes under visual control in a hyperosmotic medium. During the experiments,
oocytes were maintained in Ringer solution (in mM: 110 NaCl, 2.5 KCl, 1 CaCl,, 10
HEPES-NaOH, buffered to ph 7.4 with NaOH).

3.3-RECORDING APPARATUS

cGMP-gated current from excised inside-out patches (Hamil et al., 1981) were recorded
with a patch-clamp amplifier (Axopatch 200B, Axon Instruments Inc., Foster City, CA,
USA) 1-5 days after RNA injection, at room temperature (20-22°C). The perfusion system
was a s previously described (Sesti et al.,, 1995) and allowed complete solution changing
within 1 s. Borosilicate glass pipettes had resistances of 3-5 MQ in symmetrical standard
solution. The current traces obtained in the inside-out patch-clamp configuration, soon after
patch excision, used for obtaining steady-state current-voltage relations, were the difference
between currents in the presence and in the absence of 1 mM c¢GMP. The patch potential
was stepped up from 0 to +60 mV and from 0 to —60mV. Current were low-pass filtered at
1 kHz and acquired on-line (at 5 kHz). Macroscopic current were digitised from PCM/VCR
or DAT tape (Sony PCM-601ES and Panasonic NV-F70 HQ respectively) at 50 Hz.
pClamp hardware and software (Axon Instruments), Origin software (Microcal Software,
Inc.) and SigmaPlot software (Jandel Scientific) were used for the data acquisition and

analysis.

3.4-ANALYSIS OF CYSTEINE MUTANTS PROPERTIES

Macroscopic currents were analysed with pClamp8, Origin and SigmaPlot software. The
effect of MTS compounds on wt and mutated CNG channels was calculated from current-
voltage relations. The steady-state current amplitude at a given potential and in presence of
MTS reagents (Inrs) was normalised to the current in the absence of MTS (Ip) at the same

potential.
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For ¢cGMP dose response experiments, the theoretical curve was a Hill equation of the
form:

Vlvax = {1 + (K4 /cGMP])"} !
Where Iyax is the current produced by 1 mM c¢GMP, n is the Hill coefficient, K4 the
concentration of cGMP which yields 50% of the maximal current.
Data points are usually given as mean values * standard error (SE) of the mean (all point

were obtained from at least four or five patches excised from at least two different oocytes).

3.5-SOLUTIONS

The patch pipette was filled with (in mM): 110 NaCl, 10 HEPES, 0.2 EDTA (“standard
solution” buffered at pH 7.4 with tetramethylammonium hydroxide TMAOH). The
cytoplasmic face of the excised patches was perfused with the same solution, supplemented

or not with 1 mM c¢GMP and different reagents.

3.6-APPLICATION OF SULPHYDRYL-SPECIFIC REAGENTS

Sulfhydryl-specific reagents are useful tools for studying the proximity of specific regions
in ion channels. Here, to study the conformational changes between the open and closed
state of CNG channels, we analysed the effects of sulthydryl-specific reagents on mutant
channel activity (Cd**, MTSET, MTSEA, MTSES and CuP) in the presence and in the
absence of saturating concentration of cGMP. In the presence of 1 mM c¢GMP the open
probability is close to 1 (Bucossi et al.,, 1997) meaning that the channels are most
frequently in the liganded and open state. Therefore, sulfhydryl-specific reagents were
applied in the presence and in the absence of 1 mM c¢GMP. The Cd** effect was tested by
perfusing the intracellular side of the patch with a standard solution devoid of EDTA (to
avoid partial Cd** chelation; Gordon and Zagotta, 1995) supplemented with 1 mM cGMP
and/or 100 uM CdCl, for 5 min. The only effect of the EDTA withdrawal is the activation
of a background offset current due to the well-known presence of Ca2+-dependent Cr
channels in Xenopus oocytes (Miledi and Parker, 1984). This current, however, reached the
steady state soon after the change of solution, as reported also in previous work (Becchetti

and Roncaglia, 2000), therefore, no Cl' channel blockers were used during these
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experiments. Different concentrations of CuP (1M and 1 mM) were applied in presence
and in the absence of cyclic nucleotide and the patches were exposed for different times.
The effect of MTS compounds was tested at a concentration of 2.5 mM and 10 mM, in
standard solution with EDTA and also without EDTA, as previously described (Becchetti et
al., 1999). To study the effect of the probe in the closed state, patches were exposed to the
appropriate reagent for 5 min, in the absence of cGMP. After washout, cGMP was applied
to measure the residual current. To study the effect in the open state, sulfhydryl-specific
reagents were applied in the presence of 1 mM ¢cGMP. All effects of sulthydryl reagents on
channel activity described in this study were obtained after washing-out reagents and in the
presence of a steady cGMP-gated current, for at least 10 min. All currents were measured at

the steady state, i.e. after the effect of sulfhydryl reagents had developed fully.

4-Homology modelling

The observation that proteins evolving from a common ancestor, maintaining similar core
3D structures, is an important base for the comparative modelling. In other words, the core
structures of two homologous (evolutionary related) proteins are expected to be similar.
Comparative modelling is then used to construct structural models of proteins (targets) that
are homologous to other proteins whose 3D structure is known (templates).
Marco Punta and Alejandro Giorgetti perform this part of the project in SISSA. under the
supervision of Prof. Vincent Torre.
When, one or more templates have been detected a comparative structural model of the
target can be constructed. The accuracy of this model will depend on many factors, from
the choice of the most appropriate template to the sequence alignment procedures adopted.
The modelling procedure consists of four principal steps: template recognition, target-
template sequence alignment, model building and model evaluation. In particular:
1) the first step in comparative modelling is the identification of protein structures related
to the target sequence, proteins that may be regarded as possible templates. The

templates are selected from protein sequence databases (Barker et al., 1998), GenBank
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2)

3)

4)

(Benson et al., 1998) or TTEMBL/SWISS-PROT (Bairoch and Apweiler, 1999). Several
methods may be of help in selecting a template from database and the simplest criterion
for the detection of homology between two proteins is the pairwise sequence identity
(SI). When Sl is greater than 30% the homology between two proteins are ensured. The
most widely used programs for the sequence comparison include FASTA (Perason,
1998) and BLAST (Altschul et al., 1990).

the second step is the target/template sequence alignment in which the target sequence
is aligned to all the potential template structures. The quality of the alignment is the
single most important factor determining the accuracy of the 3D model. In the end the
alignment procedure may provide with more than one possible alignment and the
decision of the most appropriate one is often taken by directly evaluating the
corresponding model on the basis of its structural properties and of the available
experimental data.

there are two different possibilities for building the model, in the first case the model is
assembled from a small number of rigid bodies obtained from the aligned protein
structures. The protein is dissected into conserved region, variable loops that connect
them and side-chains that decorates the backbone. In the second procedure, the target
model is derived by minimising the violations of homology-derived restraints and
stereo chemical restraints. The former is generally obtained by assuming that the
distances, as well as other features, between the residues of the target are similar to
those of the aligned template residues (topological equivalence of residues). The latter
is obtained from a molecular mechanics force field and includes restraints on bond
lengths, bond angles and non-bonded atom-atom contacts, for example. To build the
models of the CNG channel domains Marco Punta and Alejandro Giorgetti. used
MODELLER (Sali and Blundell, 1993) a program that implements modelling by
satisfaction of spatial restrains.

the last step is the model evaluation; the main criteria for assessing the accuracy of a
comparative model are the stereochemistry, the stability in terms of a potential energy

function and the comparison with the available experimental data.
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5-Effect of sulthydryl reagents

In this section I summarise the characteristics of the reagents that were used to probe the

CNBBD, the pore region and S6 structure.

CADMIUM: this divalent cation (diameter of about 1 A) is usually tetracoordinated and
binds preferentially to cysteines, histidines and negatively charged residues. The distance
between the Co. atoms of two cysteines binding to the same Cd** ion ranges between 4 and
9A (Kovetz et al., 1997; Ermler et al., 1998; Maroney, 1999).

COPPER PHENANTHROLINE: CuP is an oxidizing agent that favours disulfide bridge
formation between neighbouring cysteines. The distance between the Cot of two cysteines
forming a disulfide bond is between 4 and 6.5 A (Srinvasan et al., 1990). Given the thermal
fluctuations of the protein, the maximum distance between the Cat of two cysteines able to
form a disulfide bond or to coordinate one Cd** ion can be estimated around 10 A (Johnson
and Zagotta, 2001; Careaga and Falke, 1992; Krovetz at al., 1997; Elmer et al., 1998).
Thus, Cd** and CuP can be use to have a correct evaluation on the residue relative distance.
MTS COMPOUNDS: they are thiol specific reagents like MTSET, MTSEA and MTSES
(trimethylammonium methanethiosulfonate, ethylammonium methanethiosulfonate and
sulfonatoethyl methanethiosulfonate, respectively). In particular, in my experiments, I use
the MTSET reagent to study the accessibility of residues that I have mutated to cysteines.
This compound is a cylinder with a diameter of 5.8 A and a height of 10 A (Akabas et al.,
1992) not able to cross the lipid bilayer and it is positively charged (Becchetti et al, 1999).
In some cases I use also MTSEA and MTSES: the first one is a positively charged
compound, able to cross the lipid bilayer (Becchetti et al, 1999), with a diameter of 4.8 A
and a Height of 10 A (Akabas et al., 1992); the second one is a negatively charged
compound with a diameter of 4.8 A and a Height of 10 A (Akabas et al., 1992).

These reagents react very rapidly and specifically with cysteine, in particular with the group

SH- present in this amino acid and it form a covalent bond with only one thiol group.
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RESULTS

In this chapter of my thesis, I describe the results obtained with the electrophysiological
experiments regarding three different regions of CNGA1 channels. In particular, the C-
helix of the cyclic nucleotide-binding domain, the S6 segment and the pore region. This
chapter is subdivided in to two sections: the first dedicated to the CNBD and the second
to the pore and the S6 region; before describe my experiments, I will present an
introduction to previous results and structural suggestions concerning these channel

regions.
1-Cyclic nucleotide binding domain

1.1-CYCLC NUCLEOTIDE BINDING DOMAIN: AN OVERVIEW

The CNB domain of the CNGA 1 subunit shares about 20% sequence identity with other
cyclic nucleotide (CN) binding proteins and in particular with two proteins for which a
crystal structure is available: the catabolite gene activator protein (CAP) (Weber and
Steitz, 1987; Passner et al., 2000) and the cAMP-dependent protein kinase (PKA) (Su et
al., 1995). CAP is a homodimer, while PKA is a heterodimer, both having two CNB
domains. The topography of CNB domain in CAP and PKA is common and consists of
a short N-terminal aipha helix, referred to as the A helix, which precedes an eight-
stranded antiparallel beta roll and is followed by two alpha helices, referred to as B and
C-helix, respectively. Both proteins were crystallized in a complex with cAMP and the
solution of their structure revealed that they bind cyclic nucleotides differently: cAMP
is in anti-conformation in CAP whereas it is in syn-conformation in PKA. Contacts with
ribofuranose are maintained in the two proteins but are different the interactions with
purine ring: CAP binds purine through hydrogen bonds between the adenine atoms and
polar residues on the C-helix, whereas PKA binds purine through interactions with
hydrophobic and aromatic residues. Recently, a low-resolution (7 A) structure of a
A1/CAP chimera in complex with cAMP (in anti-conformation) has been obtained
(Scott et al., 2001). The fusion protein conteined the CNB domain of the CNG channel
and the DNA-binding domain of CAP. This structure suggests that the CNB domain of
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CNG channels is composed of two dimers, and, each one of them has a folding very
similar to that of CAP, in which the two C-helices are at the interface between the two
monomers. This configuration, however, may be introduced in the chimera by the
presence of the CAP DNA binding domain. For this reason, it is crucial to obtain direct
evidence both for the existence of a helical structure in the C terminal part of the CNB
domain of CNG channels (analogous to the C-helix of CAP) and for the dimeric folding
of the whole domain.

In an important paper, Matulef and Zagotta, (2002) present work similar to that I
present in my thesis and they conclude that although they cannot rule out the possibility
that the binding domain of CNG channels come together as a 2-fold symmetric “dimer
of dimers”, the simplest explanation of their result is that the binding domain exhibits 4-
fold symmetry.

Several electrophysiological experiments have shown that residues in the CNB domain
move, following binding of cGMP in the binding pocket (Sun et al., 1996; Scott and
Tanaka, 1998; Tibbs et al., 1998; Zong et al., 1998; Li and Lester, 1999; Matulef et al.,
1999; Paoletti et al., 1999). These experiments, based on cysteine scanning
mutagenesis, have shown that residues such as Gly597 and Cys505 have a different
accessibility in the presence or in the absence of a saturating concentration of cGMP.
Many experimental observations were recently incorporated in a detailed molecular
model (Punta et al., 2003) of the C-linker and of the CNB domain, based on homology
modeling. In this model, the CNB domain is assumed to be a dimer, with a 3D structure
similar to that of CAP. In the CNB domain model, there are two C terminal alpha
helices, B and C

1.2-TEMPLATE AND SEQUENCE ALIGNMENT

CAP appears to be a suitable template for the modelling of the binding domain present
in CNGALI. Indeed, a low resolution crystal structure of the chimera formed by the
CNBD of CNGA1 and CAP DNA-binding domain suggests that this construct forms a
dimer and that its folding is similar to that of CAP (Scott et al., 2001). Furthermore, the
CAP structure has been successfully used to rationalise site-directed mutagenesis

experiments in CNBD of CNGA1 (Gordon et al., 1996). In contrast, no available
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experiments suggest that PKA is appropriate for modelling of the CNBD of CNGAI.
Thus, only CAP is considered for modelling in this thesis.

The CNBD present in CAP 1s composed of an N-terminal o helix (A hehx) followed by
an eight-stranded anti parallel p roll and two more o hehces (B and C hehx) (Fig.10).
The ahgnment between CNGA1- and CAP is shown in Flg 11A The ahgnment spans
residues 495 to 588, compnsmg the CAP’s B roll and B helix. The overall sequence
identity is 20%; in partlcular re51dues 1nvolved in the bmdlng of cyclic nucleotides are
highly conserved: CAP remdues binding cAMP ribofuranose (G71, E72 R82 and S83)
are either 1dentlca1 (G543, E544 and R559) or conserved (T560 for 583) in the CNBD
of CNGAI1. Two of these res1dues (R559 and T560) are known to bind cGMP in
CNGAL1 (Altenhofen etal.,, 1991; Varmum et al., 1995; Tibbs et al., 1998). ‘

The predicted secondary structure elements (Rost and Sander, 1993) of the CNBD of
CNGAL agree fairly well with those of CAP (Fig.1 1B). In addition, the geps of CNGAL
CNBD correctly fall'into loop re‘gions ’of the template (Fig.11B). Theseresults justify
the use of'the CAP structure for comparatlve rnodellmg of the CNBD of CNGAI

To obtain a good a11gnment between the C-helix present m the blndmg domaln of CAP
and the C-helix located in the CNBD of CNGAl 1s necessary to ahgn the residues
important for ligand afﬁmty These are D604 in CNGAI % arnum et al., 1995;
Sundermann and Zagotta, 1999; Goulding et al., 1994; Gordon et al., 1996; Scott and
Tanaka, 1998; Shapiro and Zagotta, 2000) and T127, S128 in CAP (Moore et al., 1996;
Chang et al., 1998; Leu et al, 1999). The alignment of D604 to T127 (Fig.11C
alignment I) or to S128 (Fig.11C alignment II) differ for the insertion of a one residue
gap in the hinge region between the B and the C helix.

In order to discriminate between the two alignments Marco Punta under the supervision
of Prof. Vincent Torre constructed a model and a simulation in the presence of cGMP.
The model is approved by the site-directed mutagenesis, which has established the key
role of R559, T560 and D604 for cGMP binding (Altenhofen et al., 1991; Varnum et al,
1995, Tibbs et al., 1998). In both complexes the ribofuranose moiety binds to the first
two residues consistently with the experimental results, but the ligand interacts with
D604 only in alignment I. Thus, only alignment I is consistent with the available

experimental data and it is the only one considered in this thesis.
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Fig.10: CAP structure: in red the three alpha helices (A, B and C); in yellow the eight-stranded anti
parallel beta roll; in blue the cAMP molecules (Kaupp and Seifert, 2002).
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Fig.11: CNGA1/CAP CNBD sequence alignment. A: alignment firom residues 495 to 588 of CNGAI.
Stars and colons mark identities and conservative substitutions, respectively. Shared boxes indicate the
residues of CAP that bind to the ribofuranose moiety of cAMP. B: secondary structure elements either
Jrom X-ray structure of CAP (Weber and Steiz, 1987). Squared boxes represent f§ strands and round
boxes represent a helices. C: Alignment including residues from 589 to 608. D604 (CNGAI) is paired
either to T127 of CAP (1) or to S128 (I) (modified from Punta et al., 2003).

1.3-EXPERIMENTAL RESULTS

All residues from Leu583 to Leu607 and Asn610 of the CNGA1 channel (Kaupp et al.,
1989) were mutated, using as template the wt CNGA1 channel, one by one into a
cysteine while the effect of sulfhydryl reagents such as MTSET, Cd*" and CuP, was
investigated. The construct that I use has all seven endogenous cysteines and it is not
the cysteine free CNGA1 channel used by Zagotta and his collaborators (Matulef et al.,
1999). The presence of these cysteines makes the channel under investigation close to
the real CNG channel.

These mutant channels will be referred to as cysteine mutants, and the sensitivity of a

given residue (such as Leu607) to sulfhydryl reagents implies the sensitivity of the
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corresponding cysteine mutant (i.e., L607C). All results referred to in this thesis were
obtained in at least five different patches excised from at least two different oocytes.
When a similar procedure was used to explore the pore topology of CNGA! channels,
MTSET and Cd** had very similar effects (Becchetti et al,, 1999; Becchetti and
Roncaglia, 2000), the only difference being that Cd** and not MTSET blocked mutant
channel T360C. This difference was attributed to the larger dimension of MTSET,
making some residues less accessible to MTSET. As will be shown in the present these,
MTSET and Cd** act very differently on cysteine mutants in the CNB domain. Such a
different blocking effect of MTSET and Cd** on cysteine mutants in the CNB domain
cannot be uniquely ascribed to their different dimensions, but to their specific blocking
mechanism and to the fact that cysteines introduced in the CNB domain are not
necessarily in close contact like those introduced in the pore region. In fact, one
molecule of MTSET forms a covalent bond with the thiol group of a single cysteine
(Akabas et al., 1992; Karlin and Akabas, 1998), while one Cd** ion usually binds to two
or even more cysteines (Benitah et al., 1996; Holmgren et al., 1998; Loussouarn et al.,
2000). If the same effect produced by Cd** can be induced by applying the oxidizing
agent CuP, known to enhance the formation of disulfide bonds between neighbouring
cysteines (Glusker, 1991; Hastruph et al., 2001). The current modification caused by
Cd* is very likely due to its binding to two cysteines in close contact.

The present analysis indicates that residues from Leu583 to Asn610 can be grouped in
four distinct regions according to their Cd*" and CuP sensitivity: residues in the C-
terminal end (from Lys603 to Leu607) and in the N-terminal end (from Pro587 to
Met592) are reduced by Cd** and CuP in the closed state but not in the open state;
residues in the middle (from Leu593 to Met602) are reduced by Cd*" both in the open
and closed states, and residues downstream (from Leu583 to Pro587) are never blocked

neither in the open nor in the closed state by Cd*" and CuP.

Effect of sulfhydryl reagents and wt current
The wt - i.e., the CNGA1 - channel is not irreversibly reduced by 100 pM Cd*" neither

in the closed nor in the open state (using saturating concentration of cGMP) (Becchetti
and Roncaglia, 2000). Similarly, the addition of 1 pM or 1 mM CuP to the bathing

medium did not lead to any permanent decrease of the cGMP-gated current (data not
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shown). This data is similar to that observed by Zagotta and collagorators using the cys-
free CNG channel: in the open state with saturating concentration of cGMP they do not
observe any modification of current amplitude; in subsaturating concentration of cGMP
treatment with CuP drammatically increased the current and this potentiation was seen
as a shift of the dose-response curve toward lower concentrations of cyclic-nucleotide
(Gordon et al., 1997 and Matulef and Zagotta, 2002). As already shown (Sun et al.,
1996; Becchetti et al., 1999; Becchetti and Roncaglia, 2000) MTSET does not reduce
the wt in the open state, but in the closed state a decrease by about 20% of the cGMP-
gated current is observed (fig.12). Therefore, current reduction by, Cd**, CuP and to
some extent also by MTSET, can be attributed to an action on the exogenous introduced

cysteines.

EFFECT OF CADMIUM

closed state open state

ontrol

contral
Cd**

recovery

= Cd™*

EFFECT OF MTSET
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control /
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/
/MTSET
__{ A ] L
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Fig.12: The effect of 100 uM Cd"* and 2.5mM MTSET on wt channel in the presence and in the absence
of 1 mM cGMP. A: effect of 100 uM Cd** in the cGMP-gared current in the close (left) and in the open
state (right). B: effect of 2.5 mM MTSET in the absence of ¢cGMP (left) and in the presence of 1 mM
cGMP (right). Voltage steps from 0 to +/- 60 mV. Each trace is the average of 10 individual trials. The
cGMP-gated current was obtained as the difference of the current in the presence and in the absence of 1
mM c¢GMP. Control indicates the control current, Cd™* the current after exposure for 5 min to 100 uM
Cd**, MTSET the current after exposure for 5 min to 2.5 mM MTSET.
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Residues from Lys603 to Asn610

A cGMP-gated current was recorded in all cysteine mutants from Lys603 to Leu607
with the exception of mutant channel D604C. As shown in Figs.13 A and C in the case
of mutant channels L607C and L606C, the application of Cd*" and MTSET reduced the
current to a different extent in the closed state, but not in the open state (see panels B

and D).
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- c. ————
C C c
~ ~ cd™ T
Cy
L607C  __| - Mg b — - -
s o
C 3]
C MT .

L606C

500 pA

25 ms

o
E Cd2+\ 1\
My~ — — — — C —
A

<—QI_J———>
¥
]

Fig.13: The effect of Cd”* and MISET on mutant channels L607C and L606C in the presence and
absence of cGMP. A: irreversible reduction of the cGMP-gated current caused by 100 uM Cd”* (left) and
2.5 mM MTSET (right) added for 5 min in the absence of cGMP in mutant channel L607C. B: as in A, but
with sulfhiydryl reagents added in the presence of 1 mM c¢GMP. C: as in A, but for mutant channel
L606C. D: as in C, but in the presence of 1 mM cGMP. In 4, B, C and D voltage steps from 0 to +/- 60
mV. Each trace is the average of 10 individual trials. The cGMP-gated current was obtained as the
difference of the current in the presence and in the absence of 1 mM c¢GMP. The solid horizontal lines
over current traces indicate the time of the voltage command. C indicates the control current, Cd”" the

current after exposure for 5 min to 100 uM Cd**, MT the current after exposure for 5 min to 2.5 mM
MTSET.

The data of Fig.14 show that in the closed state the current of mutant channels L607C
and G605C were powerfully decreased, by 83+2.4% and 88+3% respectively, but the
current of mutant channels 1L.606C and K603C were decrease only by 18.6+2.9 and
19.3+2.3% respectively. None of these mutant channels were permanently blocked by

Cd*" in the open state, as shown in Figs. 13 B, D and 14.
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Fig.14: Percentage of 100 uM Cd** and 10 uM CuP irreversible current reduction in the absence of
cGMP (closed circles for Cd** and closed triangles for CuP) and in the presence of 1 mM cGMP (open
circles for C&°* and open triangles for CuP) for cysteine mutants from Lys603 to Leu607. Error bars
indicate the standard deviation. Each point was obtained from at least four paiches excised from at least
two different injected oocytes.

MTSET applied in the closed state decreased the current in mutant channel L607C by
77.5£2.5% and by about 30£7% and 23%+2% in mutant channels G605C and L606C
respectively, but slightly potentiated mutant channel K603C. When MTSET was
applied in the open state no current decrease was observed, like in the wt channel, but in
the case of mutant channels L606C and K603C a potentiation of about 30% was
observed (Fig.15). Similar results were obtained when the smaller sulthydryl reagent

MTSEA was used (data not shown).
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Fig.15: Percentage of 2.5mM MISET irreversible current reduction in the absence of cGMP (closed
circles) and in the presence of 1 mM cGMP (open circles) for cysteine mutants from Lys603 to Leu607.
Error bars indicate the standard deviation. Each point was obtained from at least four patches excised
Jrom at least two different injected oocytes.

The addition of 1 M CuP to the bathing medium in the presence of 1 mM ¢cGMP for 2
min had only a weak effect on the cGMP gated current in mutant channels G605C and
K603C: the induced irreversible current reduction was at most 10% (see Fig.14). In the
absence of cGMP, exposure to 1 uM CuP for 2 min decrease the cGMP gated current in
mutant channels G605C by 80+4% and L607C by 751+25%. The decrease induced by
the exposure of 1 pM CuP for 2 min was very similar to that caused by the exposure of
1 mM CuP for just 10 s (see Fig.18 in the case of mutant channel I600C). Also Asn610
was mutated into a cysteine and the mutant channel N610C was not reduced by any of

the test sulfhydryl reagents neither in the open nor in the closed state.
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Residues from Leu593 to Met602

Cysteine mutants from Leu593 to Met602 had a different sensitivity to Cd**: the current
was decreased also in the open state. As shown in Fig.16 mutant channels L601C (A
and B) and I600C (C and D) are powerfully reduced by 100 pM Cd* both in the closed
(A and C) and in the open state (B and D).

A closed state B open state
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Fig.16: The effect of Cd"* and MISET on mutant channels L601C and 1600C in the presence and
absence of cGMP. A: irreversible reduction of the cGMP gated current caused by 100 uM Cd™* (left) and
2.5 mM MTSET (right) added for 5 min in the absence of cGMP in mutant channel L601C. B: as in A, but
with sulfhydryl reagents added in the presence of 1 mM ¢GMP. C: as in A, but for mutant channel I600C.
D: asin C but in the presence of 1 mM ¢GMP. In 4, B, C and D voltage steps are as in Fig. 13.

The effect of MTSET was rather different: it significantly reduced the current of mutant
channel L601C both in the open and in the closed state, while the current of mutant
channel G597C was reduced only in the closed state and not in the open state (Matulef
et al., 1999). This current reduction was almost complete, i.e., close to 100%. Current
reduction induced by MTSET on the other cysteine mutants is reported in Fig.17.
MTSET in the open state potentiated mutant channels M602C and Q599C. In the closed
state MTSET reduced the current of mutant channels M602C, L601C, 1600C, G597C
and E594C by 35+5%, 100%, 55+5 %, 100% and 55+2%.
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Fig.17: Percentage of 2.5 mM MISET irreversible currrent reduction in the absence of ¢cGMP (closed
circles) and in the presence of I mM cGMP (open circles) for cysteine mutants from GLU594 to MET602.

The small effect of MTSET on most of these cysteine mutants, illustrated in Fig.17,
does not imply the inaccessibility of these residues to MTSET. As shown in Fig.18,
when mutant channels E595C and 1600C are first exposed to MTSET in the open state
and then exposed to Cd**, a significantly lower current decrease is observed: the current
decrease by Cd*" in mutant channels E595C and 1600C in the open state is from 50%
and 100% to 10% and 58+4% respectively by MTSET pre-treatment. This pre-treatment
of MTSET in the closed and open state reduced the effect induced by Cd* and by the
oxidizing agent CuP in mutant channels I600C, Q599C, K596 and E595, but not in
mutant channel E594C. Therefore residues Leu601, Ile600C, GIn599, Arg596 and
Glu595 are accessible to MTSET both in the open and closed states.
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Fig.18: Protection by MTSET of Cd”* current reduction in mutant E595C and I600C. On the left: current
traces before and after the addition of 100 uM Cd™ for 5 min in the open state. On the right: effect of 100
M Cd** in the open state before and after the application of 2.5. mM MTSET.

As shown in Fig. 19A CuP applied in the closed state caused an irreversible decrease of
the cGMP gated current in mutant channel I1600C within 2 min in the presence of 1 pM
of CuP and within 10 s in the presence of 1 mM CuP. A similar effect was observed
also in the closed state for the low and high CuP concentration (see Fig.19B). The time
course of this current reduction is shown in Fig.19C: both in the open and closed state
CuP completely suppressed the cGMP-gated current in mutant channel I600C within 2

min.
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Fig.19: The effect of CuP on cysteine channels from GLU594 to MET602. A: irreversible reduction of the
cGMP-gated current, in the closed state, caused by an addition of 1 uM CuP and 1 mM CuP for mutant
channel I600C. B: as in A, but in the open state. In A and B voltage steps are as in Fig. 13. The four

traces shown in the left panel of A and B were obtained before application of 1 uM CuP and after 10, 60
and 120 5. On the right panel of A and B only the trace obtained before application of 1 mM CuP and
after 10 s are shown. C: time course of current reduction in the open and closed state, in the presence of
I mM and 1 uM CuP.

A comparison between the current decrease induced by exposure for 5 min to 100 pM

Cd*" and for 2 min to 1 puM CuP is shown in Figs. 20 A and B. In the open state the

application of 100 pM Cd*" caused a current decrease in mutant channels M602C,
L601C, 1600C, Q599C, G597C, K596C, E595C and E594C by 30+3%, 100%, 100%,
<5%, 23+4%, 20+5%, 55+4% and 100% respectively. In the open state blockage, by the
two sulfhydryl reagents was almost identical except in mutant channel G597C. In this
case, the current reduction by CuP is 67+7%, considerably higher than that one induced

by Cd**; this difference could be explained if in G597C the cysteines were close to each
other and so deeply buried that they would result inaccessible to Cd*".

In the closed state the current decrease for the same mutant channels was 65+2%,
100%, 75£5%, 100%, 100%, 100%, 100% and 100% respectively. A very similar effect
by CuP was observed for most of these mutant channels, but with some differences: in

the closed state Cd>" induced a current reduction in mutant channels E595C, 1600C and
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M602C by 100%, 75+5% and 65£2% respectively, but the effect of CuP for these same

mutant channels was 80+5%, 97+3% and 0% respectively.
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Fig.20: A percentage of 100 uM Cd** irreversible current reduction in the absence (closed circles) and
in the presence (open circles) of | mM ¢cGMP for cysteine mutanis from Glu594 to Met602. B: percentage

of 1 uM CuP irreversible current reduction in the absence (closed triangles) and in the presence (open
triangles) of 1 mM c¢GMP for cysteine mutants from Glu594 to Met602.

In the absence of sulfhydryl reagents mutant channels L601C, 1600C, G597C and
E594C in the presence of 1| mM cGMP exhibited a rundown of the ¢cGMP activated
current varying between 5 and 12% within 15 min. This run down was higher than that

one observed in the wt channel.

Residues from Pro587 to Met592

Residues from Pro587 to Met592 were sensitive to sulthydryl reagents similarly to
those from Lys603 to Leu607. As shown in Fig.21A in the closed state cd** powerfully
reduced the cGMP-gated current in mutant channels D588C, K590C and G591C.
Current decrease of mutant channels A589C and M592C was 20+4% and 50+5%
respectively. Perfusion with 1 pM CuP in the closed state for 2 min had a similar effect

on the same mutant channels, as shown in Fig.21B.
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Fig.21: The effect of Cd** and CuP applied in the absence of cGMP on cysteine mutants from Asp588 to
Met592. A: current traces before and after the addition of 100 uM Cd** for 5 min. From right to left
recordings from channel mutants M592C, G591C, K590C and A589C and D588C. B: As in A, but adding
1 pM CuP for 2 min. Voltage steps in A and B as in Fig. 13.

As shown in Figs. 22 A and B in the open state Cd*" effect was at most 10% and that of
CuP was slightly larger, at most 30%. MTSET did not have any significant effect in the

open state and decreased by about 25% all these mutant channels, as shown in Fig.23.
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Fig.22: A: percentage of 100 uM Cd™* irreversible current reduction in the absence of ¢cGMP (closed
circles) and in the presence of 1 mM ¢cGMP (open circles) for cysteine mutants Asp588 to Met592. B: as

in A, but for 1 uM CuP.
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Fig.23: percentage of 2.5 mM MTSET irreversible current reduction in the absence of cGMP (closed
circles) and in the presence of 1 mM ¢cGMP (open circles) for cysteine mutants Asp588 to Met592.

Residues from Leu583 to Tyr586

A clear and evident cGMP gated current was recorded from mutant channels ES85C and

L583C. No cGMP-gated current was recorded from oocytes injected with the mRNA of
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mutant channels Y586C and L584C. As shown in Fig.24 100 pM of cd*" did not
produce any irreversible decrease of the cGMP gated current in mutant channels ES85C
(A and B) and L583C (C and D) neither when Cd* was applied in the open state (B and
D) nor in the closed state (A and C). Similarly, neither the addition of 1 uM or mM CuP

to the bathing medium caused any permanent reduction of the cGMP gated current.
MTSET caused a current decrease of about 20% when applied in the closed state but
none when applied in the open state. Therefore the sensitivity to sulfhydryl reagents of
cysteine mutants from Tyr586 to Leu583 is similar to that one observed in the wt

channel.

closed state open state
ca™ MTSET o MTSET
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500 pA
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Fig.24: The effect of Cd”* and MTSET on mutant channels E585C and L583C in the presence and
absence of cGMP. A: irreversible reduction of the cGMP-gated current caused by 100 uM Cd** (left) and
2.5 mM MTSET (right) added for 5 min in the absence of cGMP in mutant channel E585C. B: as in A4,
but with sulfhydryl reagents added in the presence of 1 mM c¢cGMP. C: as in A, but for mutant channel
L583C. D: as in C, but in the presence of I mM cGMP. In A, B, C and D voltage steps as in Figl 3.
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2-S6 transmembrane domain and pore region

2.1-S6 TRANSMEMBRANE DOMAIN AND PORE HELIX: AN OVERVIEW

Fig.25 reproduced the overall architecture of the K channel pore. This structure was
revealed for the first time in 1998 after the elucidation of the X-ray crystal structure of
KcsA, a K channel from Streptomyces lividans (Doyle et al., 1998). Subsequently, the
same architecture was found in other K* channels and is thought to be shared by all the
pore regions present in voltage gated channels. All members of this family share a
common pore domain that contains two transmembrane (TM) segments named M1 and
M2 that correspond to S5 and S6 in the CNG channel. Between this domains there is a
loop forming the filter region and an additional small helix, not spanning the lipid
membrane, referred as the P-helix. (Doyle et al., 1998; Jiang et al., 2002; Flynn and
Zagotta, 2003). S6 and M2 are involved in the gating of K™ channels, whereas the loop
forming the filter region does not change its conformation upon gating. In K* channels,
the only significant structural difference on passing from the closed to the open
conformations is the bending by 30° of the S6/M2 helix towards the lipid phase, around
an glycine hinge (Jiang et al., 2002). One of the purposes of my thesis is to test and
challenge whether a similar conformational change occurs also in CNG channels.

We know that there are many differences between this region present in K* channels
and CNG channels but some experiment suggest that the structure and the movement
are similar (Flynn and Zagotta et al., 2001; Flynn et al., 2001; Johnson and Zagotta,
2001; Jiang et al., 2002; Flynn and Zagotta, 2003). The hypothesis put forward by
Zagotta and his collaborators is that during channel gating the S6 transmembrane
domain present in CNGA1 channels moves as in K' channels. In particular, it is assume
that the KcsA model represents the putative closed state of the channel and the MthK
model represents the open state (Flynn and Zagotta, 2003). The analysis performed in
the S6 domain of CNGA1 channels from Thr389 to Ser399 (Flynn and Zagotta, 2001
and 2003) suggested that also in CNG channels the S6 domain has an helical
configuration, possibly crossing at an hypothetical constriction, located between residue
Val391 and Ser399. In this view the inner vestibule of CNG channels has the same
structure of K™ channels, i.e. a bundle of four helices crossing so to form a restriction

constituting the gate in the closed state of the channel. The mutant channel V391C is
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blocked by MTSET only in the open state, but is blocked by Ag" equally well in the
closed and open state (Flynn and Zagotta 2001). The former observation suggests the
existence also in CNG channels of a gating mechanism similar to that of K* channels,
while the later shows that Ag" ions penetrate the inner vestibule of CNG channels up to
residue Val391 both in the open and closed state. Several previous reports have argued
or implied that the gate of CNG channels was in the pore itself.

In 1999 Becchetti et al. (Becchetti et al., 1999) have shown that CNG and K" channels
share the same gross topology and that residues L(358)TTIGETPPP(367) of the
CNGAI channel from bovine rods span the lipid membrane from the intracellular to the
extracellular side. These residues form the inner pore of the channel.

Point mutations in the pore itself, primarily of glutamate 363, significantly changed the
gating (Bucossi et al., 1997): in mutant channel E363A in the presence of a steady
cGMP concentration the cGMP activated current inactivated spontaneously and in
mutant channels E363D and T364M single channel properties were markedly different
from those observed in the wt CNG channel. Sun et al. (1996) and Liu and Siegelbaum
(2000) reported that internal MTSEA blocked both in the open and closed state channel
mutants T360C and I361C. However, as shown in Becchetti et al. (1999),
methanesulphonate reagents (MTSET and MTSEA) potentiate and do not block the
mutant channel T360C. The mutant I361C has a fast run down (Becchetti et al., 1999)
and it is impossible to establish unequivocally any effect of methanesulphonate
reagents. Fodor et al. (1997) have observed that tetracaine had a 1000-fold higher
affinity for the closed CNG channel as compared to the open channel. This rather
surprising result, however, does not show or prove that the inner vestibule is equally
accessible to permeating ions both in the open and closed state. Karpen et al. (1993)
have described a state-independent block of native CNG channels by divalent cations
such Ni** and Zn®*. Rather correctly, these authors have assumed that the observed
effect was due to an interaction with the gating machinery and not with the pore itself.
As a consequence the exact location of the gate in CNG channels is yet an open

question. The testing and validation of this hypothesis is another objective of my work.
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Fig.25: structural elements of the K+ channel pore. Two subunits of the KcsA channel are shown with the
extracellular side on top. The selectivity filter is orange and a red asterisk marks the central cavity. Three
helical segments include, from n to C terminus, the outer helix (M1), pore helix (P) and inner helix (M2).
The gate is formed by the inner helix (Bundle) (Jiang et al., 2002).

Before describing my results concerning the S6 transmembrane domain and the pore
region [ present a brief overview of the experimental results obtained by other groups,

discuss their hypothesis on structure of the pore of CNG channels.

A) PREVIOUS INVESIGATION ON THE P-HELIX AND INNER PORE

Three previous SCAM studies identified certain cysteine-substituted residues in the
pore-forming P region (S5-S6 linker) of the CNG channels that react with charged,
hydrophilic MTS reagents (Sun et al, 1996, Becchetti et al., 1999 and Liu and
Siegelbaum, 2000).

The results present in these papers show that several amino acid residues in the P loop
of the CNG channel are differently accessible to MTSEA and MTSET. The accessibility
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map of the residues tested with MTSET in the work of Torre and collaborator
(Becchetti et al.,, 1999) is consistent with a topological structure of the pore region
different from the one previously proposed (Sun et al., 1996), and more similar to that
of voltage-dependent potassium channel (Doyle et al., 1998), which have a significant
sequence homology with CNG channels. Indeed, the results obtained with MTSEA are
in agreement with those reported by Sun et al. (1996) but; the interpretation of the
results is basically different. In particular, they identified three residues (V4C, T2C and
P22C) that were accessible from both sides of the membrane when the channel was
closed, in contrast with results obtained for voltage-gated K~ channels. To account for
this result, they propose that each of the four P regions form a “thin blade of an iris”.
Becchetti et al. demonstrated that these results are an artefact produced by slight
permeation of MTSEA through the plasma membrane. Indeed, this compounds,
although unable to permeate the open channel as a charged amine, rapidly crosses the
lipid bilayer, probably because the uncharged amine is partially soluble into the plasma
membrane (Becchetti et al., 1999). Thus, the accessibility to MTSEA of several P loop
residues from the two sides of the membrane could be due to MTSEA permeation
through the plasma membrane instead of being a consequence of the CNG channel
topology. For this reason they test the accessibility of an MTS derivatives such as
MTSET, impermeant the plasma membrane. The results of these experiments indicate a
different accessibility for MTSET and MTSEA and suggest that the accessibility of
several residues to MTSEA from both sides of the plasma membrane (Sun et al., 1996)
is caused by MTSEA permeation through the lipid bilayer. MTSET effects suggest that
the distinction between residues outwardly or inwardly accessible is clear-cut, in the P
loop of CNG channels, with an overall topology reminiscent of that of K™ channels.

Becchetti et al. demonstrated that neither MTSEA nor MTSET had any effect on
mutants K2C and S6C. cGMP-activated currents from mutant V4C were not affected by
MTSET application to the inner side of the plasma membrane, either in the closed or in
the open state. On the contrary, MTSET strongly inhibited ¢cGMP-gated currents in
mutant V4C, when applied to the outer side of membrane patches, both in the presence
and in the absence of cGMP. These results suggest that Val4 is located extracellularly,
possibly in the outer pore vestibule. cGMP-activated currents from L7C mutant were

scarcely different from those observed in wt channels. They were not affected by
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external MTSET. However, MTSET application to the inner side of membrane patches
produced a partial but reproducible block: 60% (£9.9%, n=4) in the closed state, and
25% (+3.6%, n=>5) in the open state. These results show that Leu7 residue is accessible
from the internal side of the plasma membrane. These data indicate that cysteines
introduced in positions 9 and 12 are accessible from the inner side of the plasma
membrane. Mutants T15C and T16C had similar properties only data from T16C mutant
will be presented. The cGMP-gated currents were strongly and rapidly potentiated by
intracellular application of MTSET (and MTSEA), in the presence and in the absence of
cGMP. MTSET application to the outer face of the plasma membrane produced
negligible effects on both T15C and T16C mutants. These results suggest that residues
in position 15 and 16 are not accessible from the extracellular side, and that T16C is
accessible to MTSET from the inner side of the plasma membrane and may be partially
involved in channel gating. cGMP-activated currents recorded from the mutant channel
I17C rapidly decayed in inside-out patches. Current did not recover even when patches
were maintained several minutes in the absence of cGMP (Lynch, 1998). Cysteines in
position 17 of neighbouring subunits should be in closer contiguity than cysteines in the
other functional mutants. These results argue that residue in position 17 is accessible
from the inner side of the patch membrane. Furthermore, we propose that Ilel7 is
located near the narrowest section of the channel pore, at its intracellular side. The faster
decay in the presence of cGMP suggests also that Ilel7 residues of different subunits
are closer to each other in the open state. Thr20, Pro21 and Pro22 are extracellular
residues. The weak effect on P21C indicates that the side chain of this residue does not
line the channel pore lumen. For summarising the effects produced by the application of
MTSET on the different cysteine mutants: residues Leu7, Trp9, Leul2, Thrl5, Thrl6,
Ilel7 were accessible intracellularly; residues V4, T20, P21, P22 were accessible
extracellularly. For Leu7 the effects of MTSET was more pronounced in the closed state
than in the open state.

The results of the SCAM study made on the A1 subunit of the bovine rod CNG channel
revealed that the accessibility of several residues in the P loop to MTSEA and MTSET
is significantly different. The results obtained are only in part in accordance with those

reported by Sun et al. (1996). Therefore, the accessibility map of the residues tested
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with MTS compounds is consistent with a topological structure of the pore region
different from the one previously proposed (Sun et al., 1996).

After the publication of these papers in 1996 and 1999, Liu and Siegelbaum corrected
theirs interpretation of the experiments. Moreover, they extend these studies by rescuing
nine of the twelve non expressing mutants through construction of tandem dimers that
contain one wild type and one cysteine-substituted mutant subunit (Liu and Siegelbaum,
2000). They conclude that there are several fundamental similarities between the
structure of the P region of CNG channels with that of KcsA. The accessibility of three
residues at the C terminal end of the P region (E19C, T20C and P22C) is consistent with
previous SCAM studies on CNG channels (Sun et al., 1996; Becchetti et al., 1999) and
voltage-gated shaker (Lu and Miller, 1995). The results are also consistent with the
external location of these residues in the KcsA structure (Doyle et al., 1998). The
pattern of accessibility of V4C, L7C, T11C and L14C at the amino terminus of the CNG
channel P region suggests that this region forms an o helix, consistent with the aligned
pore helix of KcsA and regions of helical MTS accessibility patterns in Shaker channels
(Gross and MacKinnon, 1996). However, there are also some significant differences
between these results on CNG channels and previous results in potassium channels.
These results show both similarities and differences with those of Becchetti et al.
(1999), which studied reactivity of CNG channels with external MTSET using a set of
cysteine-substituted mutant monomers. Similarly, the authors observed hat T20C and
P22C are modified in both the open and closed state. Although no state dependence of
VA4C reactivity was observed, the authors used 500 uM ¢GMP to activate the channels
compared to 10 mM ¢GMP in our experiments. A second discrepancy is that Becchetti
et al. (1999) did not observe any effects on extracellular MTSET on L7C mutants.
Finally, although Becchetti et al. (1999) found no inhibition of WIC currents with
external MTSET, they did not look for any potentiating effects on responses to low

concentrations of cGMP.

B) PREVIOUS INVESTIGATION ON THE S6 HELIX
My interest is focused also in the S6 transmembrane domain and also in this case,
before describing my results, I analyse briefly the experiments and the conclusions

proposed by other authors. In particular, I will discuss and analyse five different papers,
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concerning the movement of this region during the gating of channel, I analyse (Flynn
and Zagotta, 2001; Johnson and Zagotta, 2001; Flynn et al., 2001; Jiang et al., 2002 and
Flynn and Zagotta, 2003).

All these papers suggest that the effects of cysteine modification on permeation give
indication of a structural homology between CNG and KcsA channels in this region. In
particular all the residues that compose the S6 putative helix are modified in cysteines
and the effect of MTSET is tested.

An aim of my thesis is to check the hypothesis proposed in 2001 by Johnson and
Zagotta (Johnson and Zagotta, 2001) regarding the rotational movement during cyclic
nucleotide-gated channel opening. The author used a histidine scan of the C-linker of
the CNGA1 channel and studied the modulation (potentiation or inhibition) caused by 1
uM Ni**. They conclude that the channel opening involves rotation of the initial C-
linker around the central axis without translating radially and probably initiates
movement of the S6 and pore opening.

Another objective of my study is to verify if in the open state of CNG channel there is
the same bend of S6 transmembrane domain present in the K™ channel. This similarity is
described in 2001 end in 2003 by Flynn and Zagotta (Flynn and Zagotta, 2001; Flynn
and Zagotta, 2003).

The experiments of Zagotta and collaborators (2001) suggest that the residues in
position 391 and 399 lie on different faces of the S6 helix and the formation of a
disulfide bond at both of these positions is consistent with a bundle crossing between
S399C and V391C. An important result is also the formation of a spontaneous disulfide
bond at S399C in the absence of cGMP; this result suggests that these residues be close
together in the closed state. The state dependent formation of a spontaneous disulfide
bond in this position reports a conformational change in the helix bundle that is
associated with channel gating and suggests that the smokehole may widen as the
channel opens. These results are consistent with the hypothesis that CNG channels are
structurally similar to KcsA in the helix bundle region and suggest a plausible
mechanism for the opening conformational change in CNG channels. The authors
propose that the helix bundle opens by a translation and possible rotation of the
intracellular ends of the S6 helices, with the extracellular ends constrained by

interactions with the pore loop (Flynn and Zagotta, 2001; Flynn et al., 2001).
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In the 2003 the same group propose again a model for this region of the channel from
the residues in position 384 to 399 using MTSEA to understand the effect cysteines
modification. In particular, the behaviour of three important residues (391, 395 and 399)
was studied. Currents through S399C channels spontaneously declined immediately
after patch excision. They demonstrate that the decline in S399C current is due to the
formation of a disulfide bond between the S399C residues from different subunits
(Flynn and Zagotta, 2001). An intersubunit disulfide bond also formed in V391C
channels, but required the presence of the mild oxidizing agent CuP (Flynn and Zagotta,
2001). Currents through G395C channels decline after a brief exposure to MTSEA. This
1s an unexpected result and suggests a possible formation of disulfide bond between S
atoms of G395C mutants. All these results are consistent with the view that side chains
of residues V391, G395 and S399 are pointing toward the centre of the pore. Since,
CNGAL share sequence similarity with KcsA and MthK channels (Jiang et al., 2002),
these channels are used as templates for the closed and open state, respectively, and the
conclusion of Zagotta end collaborators is that the distances between the residue S399C
in the closed and in the open state are respectively of 5-8 A and 20-30 A, like the

distance in te same position of the mentioned channels.

2.2-TEMPLATE AND SEQUENCE ALIGNMENT

The S6 region of the bovine rod CNG channels (CNG1) shares sequence similarity with
KesA (K channel from Streptomyces lividans), Shaker (Drosophila melanogaster K
channel) (Flynn and Zagotta, 2001; Jiang et al., 2002) and MthK channel from
Methanobacterium thermoautotrophicum (Jiang et al., 2002, Flynn and Zagotta, 2003)
(Fig.26).

The principal observation in the sequence alignment is the conservation of amino acids
at different position in the inner helix (Fig.26), in particular, in the first position, the
gating hinge, it is conserved a glycine; in the second position, at five amino acids later
to the gating hinge, in position C-terminal, we observe a conserved glycine or alanine.
Notably, the CNG channel is different from KcsA in the selectivity filter, as the first one
lack the GY G sequence important for the ion selectivity.

As seen in Fig.26, conservation of the P region motif between CNG and potassium

channel sequences is particularly high (about 40%). In the KcsA structure, the motif

88



corresponds to the pore helix and the pore loop, hence forming the channel selectivity
filter. All potassium channels share, in this region, a highly conserved GYG triplet.
Deletion-mutants of the Shaker cannel, lacking the YG residue pair, lose much of their
preference for K' ions (Heginbotham et al., 1992), suggesting that these residues are
determinant of K channels selectivity. Not surprisingly, the GYG triplet is not
conserved in CNG channels, constituting the major difference whit respect to the KcsA
channel P region. In addition to the striking sequence conservation, SCAM experiments
argue in favour of a structural similarity between the P region of CNG channels and
KcsA. First, accessibility data suggests o helical configuration for the pore region
spanning residues Y347 to T359 of the CNG channel and corresponding to the pore
helix of the KcsA (Liu and Siegelbaum, 2000). Second, accessibility of CNG channel
residues from T359 to P366 correlate well with those of the pore loop residues in the

KcsA structure (Becchetti et al., 1999).

P-HELIX INNER HELIX

KcsA: PRALWWSVETATTVGYGDLY-PVTLWGRCVAVVVMVAGITSFGLVTAALATWEVG (117)
Shaker: PDAFWWAVVTMTTVGYGDMT-PVGVWGKIVGSLCAIAGVLTIALPVPVIVSNENY (483)
MthK: TVSLYWTEVTIATVGYGDYS-PSTPLGMYFTVTLIVLGIGTFAVAVERLLEFLIN (100)
HCN: SFALFKAMSHMLCIGYGRQA-PESMTDIWLTMLSMIVGATCYAMFIGHATALIQS (440)
CNGAl: VYSLYWSTLTLTTIG--ETPPPVRDSEYFFVVADFLIGVLIFATIVGNIGSMISN (400)

Fig.26: Amino-acid sequence alignment of the pore helix, selectivity filter and inner helix for same
channels of the P-loop-containing family. The selectivity filters is coloured in red, the gating hinge
glycine blue and in green the conserved amino acids.

KcesA is a K channel from Streptomyces lividans, Shaker is a Drosophila melanogaster K" channel,
MihK channel from Methanobacterium thermoautotrophicum, CNG cyclic nucleotide gated channel (41
subunit) from bovine rod and HCN, hyperpolarization activated cyclic nucleotide gated channels.
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When the whole region, spanning from TM1 to TM2 of the KcsA and from N294 to

S396 of the CNG1 channel, is considered, sequence similarity becomes rather low

(about 20%). However, experimental data strongly support homology of the entire

region. In particular:

1

!\)

90

the experimental residue accessibility in the C terminal part of CNGA1 S6 is fully
consistent with the accessibility of the corresponding KcsA residue in TM2
(Johnson and Zagotta, 2001);

residue G383, which is located in the middle of the CNGA1 S6, is conserved
throughout the whole K and CNG channel families. In K* channels, it represent the
hinge point (gating hinge) at which the TM2 helix bends (about 30%) to bring the
channel into the open state conformation (Jiang et al., 2002). A similar movement,
upon channel gating, has been proposed for the S6 of CNG channels (Flynn and
Zagotta, 2001, Johnson and Zagotta, 2001). As a consequence, conservation of
(383 might correspond to a conserved structural role of this residue;

residue A388 is either G or A in all CNGA1 channels and K" channels. The
presence of a small side-chain at this site is believed t be important in order to avoid
blockade of the channel open state configuration (Jiang et al., 2002). Again, the
conservation of a residue that is so relevant in K™ channels argue in favour of the

conservation of its structural role in CNG channels subunits.



2.3-EXPERIMENTAL RESULTS

In this part of my thesis, I analyse the effect of Cd**, MTSET, MTSEA and MTSES
when some residues present in the pore region were mutated into a cysteine (i.e. mutant
channels V348C, L351C, T359C, T360C and 1361) and in many residues that compose
the putative S6 transmembrane domain from residues Phe375 to His420, both in the
closed and in the open state.

In my experiment I use the wt CNGA1 channel and the residues are mutated in cysteine,
one by one. The construct that I used has all the seven endogenous cysteines and it is
not the cysteine free CNGA1 channel used by Zagotta and his collaborators. The
presence of these cysteines makes the channel under investigation close to the real CNG
channel but complicates the interpretation of the experimental results. For example,
modification of current amplitude due by the application of MTSET could be caused by
an interaction with the native cysteine in position 481 (Brown et al., 1998) and not
caused by a direct interaction of MTSET with the exogenously induced cysteines. For
this reason it was necessary, every time that I observed a current modification after the
application of MTSET or MTSEA to test the effect of MTSES as this last compound
does not have any effect in the wt (Brown et al., 1998). In particular, I have studied all
these effects on the mutant channels T359C and T360C. ‘

I have tested the effect of MSTES also on some mutant channels in the S6 segment,
such as, F380C and G383C mutant channels.

Residues in the N-terminal side of the S6 domain from Phe375 to Ile390

I have replaced one by one all residues from Phe375 to I1e390 with a cysteine and
constructed mutant channels from F375C to I390C. These residues compose the N-
terminal portion of the S6 transmembrane domain. The application of MTS compounds
both in the open and in the closed state does not produce any significant modification on
the cGMP-activated current on mutant channels from F375C to I390C. The only
significant observation is the large potentiation (90£5%) of current for F380C mutant
channel caused by MTSET in the open state, in the closed state any effect was observed.
Other residues, in which it is possible measure a small potentiation (<20%) in these
condition, are V377C, G383C and I390C; the residue G383C is potentiated, in the same

manner, also in the closed state (see table 2). For the mutant channels F380C and
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G383C I have also studied the effect of MTSES (2.5 mM) in the open and in the closed
state and the effects is different for the two mutants (Fig.27). In particular, MTSES does
not have any effect for the mutant G383C in both the channel configurations. Instead,
the effect in the F380C is state dependent, in fact, it is potentiated in the open state and
no effect is observed in the closed state. Different is the behaviour of MTSEA when |
tested on the current of D379C and F380C (Fig.28): in the open state this MTS
compound block the D379C channel and potentiated the F380C, instead, in the closed
state all the channel currents are potentiated.

The application of 100 uM Cd** and 1 pM CuP, for all the residues in this region, does
not present any important decrease of current (table 2, Fig.27 and Fig.28); indeed, all

the decrease of current is smaller than 30%.

Cd’” Cd* CuP CuP MTSET ~ MTSET
open stale closed Open Closed  open state close state
state state state

F375C 0 0 0 0 0 0

'376C 0 0 0 0 0 0
V377C <20 0 0 0 <20 0
A378C <20 <10 0 0 0 0
D379C 0 2244 2342 4613 0 0
F380C 80+10 38+7 30£2.5 30£2.5 9045 0
1382C <20 <20 2512 2012 0 0
G383C <20 3542 45+5 2342 <20 <20
L385C 30+2 30+2 0 0 0 0
1386C 0 0 0 0 0 0
T389C 10£5 2912 1545 40+3 0 0
1390C 0 36+5 1545 0 <20 0

Table 2: Summary of results from the residue in position F375 to 1390. In this table are represented the
percentage (%) of block of current in black and the percentage of potentiation of current in blue. Each
value was obtained from at least five patches excised from at least two different injected oocytes.
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Fig.27: The effect of Cd"* and MTSES on mutant channels F380C and G383C in the presence and
absence of cGMP. A: reduction of the cGMP-gated current caused by 100 uM Cd** added for 5 min in
the closed state (left) in the open state (vight). B: potentiation of the cGMP-gated current caused by 2.5
mM MTSES added for 5 min in the closed state (left) in the open state (right). In A and B voltage steps
Jrom 0 to +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-gated current was
obtained as the difference of the current in the presence and in the absence of 1 mM ¢cGMP. C indicates
the control current, Cd”* the current after the exposure for 5 min to 100 uM Cd** MT the current after
the exposure for 5 min to 2.5 mM MTSES.
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Fig.28: The effect of Cd°" and MTSEA on mutant channels D379C and F380C in the presence and
absence of cGMP. A: reduction of the cGMP-gated current caused by 100 uM Cd”* added Sfor 5 min in
the closed state (left) in the open state (vight). B: potentiation of the cGMP-gated current caused by 2.5
mM MTSEA added for 5 min in the closed state (left) in the open state (right). In A and B voltage steps
from 0 to +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-gated current was
obtained as the difference of the current in the presence and in the absence of 1 mM ¢cGMP. C indicates
the control current, Cd** the current after the exposure for 5 min to 100 uM Cd** MT the current after
the exposure for 5 min to 2.5 mM MTSEA.
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In table 2, I do not show results on channel mutants 1.381C and F387C because I did not
obtain functional channels. There are two possible explanations for the lack of
functional expression: the first one is the spontaneous formation of disulfide bonds
cause by the closeness of introduced cysteines; the second hypothesis is the
impossibility to produce a good fold of the channel into the membrane. I do not have
data for mutant channels V384C and A388C, as they present a very fast and complete
rundown of current probably due to the spontaneous formation of disulfide bond in
excised patch. It is likely that the formation of disulfide bridges is prevented inside the

intact oocyte, because of the reducing intracellular environment (Creighton, 1993).

Residues in the middle of the S6 domain (position 391, 395, 399 and 406)

The region of the S6 transmembrane domain, from the amino acids Val391 to Ala406,
is a very interesting portion of the channel, as the homology with K channels suggests
that the S6 transmembrane segments become in close contact and cross. Indeed, the
V391C, G395C, S399C and A406C mutant channels present a particular behaviour after
the application of Cd** and MTSET.

The application of 100 uM Cd** produce, in the V391C mutant channel, a reversible
decrease of current respectively of 85£6% (n=5) and 89+4% (n=5) in the open and
closed state (Fig.29A). Instead, the application of 2.5 mM MTSET causes a complete
decrease of current (100% n=3) in the open state and no effect in the closed state (n=3)
(Fig.29B).
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Fig.29: The effect of Cd>™ and MTSET on mutant channel V391C in the presence and absence of cGMP.
A: reversible reduction of the cGMP-gated current caused by 100 M Cd”* added for 5 min in the closed
state (left) in the open state (vight). B: irreversible reduction of the cGMP-gated current caused by 2.5
mM MTSET added for 5 min in the closed state (left) in the open state (vight). In A and B voltage steps
from 0 to +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-gated current was
obtained as the difference of the current in the presence and in the absence of 1 mM c¢cGMP. C indicates

the control current, Cd"* the current after the exposure for 5 min to 100 uM Cd** MT the current after
the exposure for 5 min to 2.5 mM MTSET.

In order to obtain a more quantitative analysis of the blocking effect of Cd* in the
closed and open state I tested also the effect, using the same experimental protocol, of
different concentrations of Cd*", in particular 10, 20 and 50 pM (Fig.30) and the results
obtained are very similar for all the different concentrations. When I apply the mild
oxidant CuP I obtain the same large effect that I observed whit Cd** but, in this case the
block of current is irreversible [85+5% (n=3) and 874£3% (n=3) in the open and closed

state, respectively] (Fig.31).
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Fig.30: Time-dependent recovery in current from V391C mutant channel in the open and closed state
after application of 10 and 100 uM Cd’* added for 5 min.

When the neighbouring glycine in position 392 is mutated into a cysteine the mutant
channel G392C presents a completely different behaviour. Indeed, no effect was
observed in presence of Cd** (n=5) and MTSET (n=5) in the open state, i.e. in the
presence of 1 mM c¢GMP; only a small decrease of current was observed in the closed
state after the addition of 100 uM Cd** (n=5) (Fig.32).

Another interesting mutant channel is the G395C. Replacing the glycine at position 395
with cysteine produced a channel with such a low open probability that the cGMP-
activated currents were so small that only single channel opening could be observed
(this effect was observed also by Flynn and Zagotta, 2003). In order to clearly see single
channels opening and record single channel currents I used a particular experimental

protocol in which I apply first a pulse of -100 mV to inactivate the “stretch activated
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channels” and after 1 second a voltage command at -180 mV was delivered (Fig.33). In
the open state I observe a decrease of single channel opening after the application of
both Cd*" (100% n=4) and MTSET (about 50% n=4). In the closed state I observed a

potentiation of current after the application of MTSET (n=4), whereas a complete block

is observed after the application of Cd** (n=4) (Fig.33).
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Fig.31: The effect of CuP on mutant channel V391C in the presence and absence of cGMP. Reduction of
the cGMP-gated current caused by 10 uM CuP added for 5 min in the closed state (left) in the open state
(vight). Voltage steps from 0 to +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-
gated current was obtained as the difference of the current in the presence and in the absence of 1 mM
c¢GMP. C indicates the control current, CuP the current after the exposure for 5 min to 1 uM CuP.
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Fig.32: The effect of Cd**, MTSET and CuP on mutant channel G392C in the presence and absence of
cGMP. A: reduction of the cGMP-gated current caused by 100 uM Cd”* added for 5 min in the closed
state (left) in the open state (vight). B: reduction of the cGMP-gated current caused by 2.5 mM MTSET
added for 5 min in the closed state (left) in the open state (right). C: reduction of the cGMP gated current
caused by 10 uM CuP added for 5 min in the closed state (left) in the open state (vight). In A B and C
voltage steps from 0 to +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-gated
current was obtained as the difference of the current in the presence and in the absence of 1 mM ¢GMP.
C indicates the control current, Cd°* the current after the exposure for 5 min to 100 uM Cd** MT the
current after the exposure for 5 min to 2.5 mM MTSET, CuP the current after the exposure for 5 min to 1

M CuP.
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Fig.33: The effect of Cd** and MTSET on mutant channel G395C in the presence and absence of cGMP.
A: reversible reduction of the cGMP-gated current caused by 100 uM Cd** added for 5 min in the
absence of cGMP. B: as in A, but with 100 uM Cd** added in the presence of 1 mM ¢GMP. C: as in A,
but in presence of 2.5 mM MTSET. D: as in C, but in the presence of 1 mM ¢GMP. In A, B, C and D
voltage steps from -100 to - 180 mV.
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Of particular interest was mutant channel S399C. This mutant channel exhibits a
spontaneous decline of the cGMP-activated current after patch excision (Fig.34). This
decline is likely to be caused by the spontaneous formation of a disulfide bond. For this
reason the application of sulfhydryl reagents was performed, not immediately after
patch excision, as in the experiments of Flynn and Zagotta (Flynn and Zagotta, 2003),
but only after I observed a stabilisation of the current. For this reason I believe that the
any effect of MTS compounds that I observed is real and not an artefact due to the
rundown of current. By analysing the effect of sulfhydryl reagents after stabilisation of
the cGMP activated current, I concluded that both in the open and in the closed state the
application of Cd** produces a reversible block of current of 90+4% (n=7) and 50+8%
(n=7), respectively (Fig.35A). The administration of MTSET, however, does not cause
any decrease of current in the open (n=6) and closed state (n=6) of channel (Fig.35B).

This observation is contrary to what reported by Flynn and Zagotta (2001 and 2003)
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Fig.34: Current rundown of the mutant channel S399C after patch excision in presence of 1 mM cGMP.
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Fig.35: The effect of Cd"" and MTSET on mutant channel S399C in the presence and absence of cGMP.
A: reversible reduction of the cGMP-gated current caused by 100 uM Cd** added for 5 min in the closed
state (left) in the open state (right). B: irreversible reduction of the cGMP-gated current caused by 2.5
mM MTSET added for 5 min in the closed state (left) in the open state (right). In A and B voltage steps
from 0 to +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-gated current was
obtained as the difference of the current in the presence and in the absence of 1 mM cGMP. C indicates
the control current, Cd"* the current after the exposure for 5 min to 100 uM Cd™* MT the current after
the exposure for 5 min to 2.5 mM MTSET.
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The last important mutant channel that I analysed in this region of the S6
transmembrane domain is the A406C. Also in this case the application of MTSET does
not cause any decrease of current neither in the open (n=4) nor in closed state (n=4) of
channel (Fig.36B), whereas, the behaviour of the current after the application of Cd* is
state dependent: indeed, in the oﬁen state (n=5) I did not observe any effect and, on the
contrary, in the closed state the decrease of current was complete (100% n=5) and not

reversible (Fig.36A).
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Fig.36: The effect of Cd"* and MTSET on mutant channel A406C in the presence and absence of cGMP.
A: irreversible reduction of the cGMP-gated current caused by 100 uM Cd”" added for 5 min in the
closed state (left) in the open state (vight). B: irreversible reduction of the cGMP-gated current caused by
2.5 mM MTSET added for 5 min in the closed state (left) in the open state (vight). In A and B voltage
steps from 0 to +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-gated current was
obtained as the difference of the current in the presence and in the absence of 1 mM cGMP. C indicates
the control current, Cd** the current after the exposure for 5 min to 100 uM Cd”>" MT the current after
the exposure for 5 min to 2.5 mM MTSET.
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Residues in the C-terminal side of the S6 domain (position 403, 404, 405,
408, 410, 413, 416, 417 and 420)

The current of the mutant channels of some residues that compose the C-terminal
portion of the S6 transmembrane domain is analysed after the application of Cd** and
MTSET in the open and in the closed state. In particular only nine mutant channels are
studied: A403C, A404C, R405C, A406C, F408C, D413C, K416C, Q417C and H420C
(Table 3 and Fig.37). The MTSET applied in the closed and open state produce a
decrease of current of 80+2% and 100%, respectively, only on the D413C mutant
channel, in the other three channels no effect was observed. Treatment with Cd**
produces a large decrease of current in the open state of D413C channel (55£5%) and in
the closed state of A403C (85+10%), A404C (75+8%), A406C (100%), F408C (100%)
and Q417C (9515%). A small effect was observed in H420C channel in the close state

(17+£3%) and no effect was observed in the other mutants.

Ca’’ cd” MTSET MTSET

open state closed state open state close state
A403C 0 (n=3) 8510 (n=3)
A404C 0 (n=3) 75£8 (n=3)
R405C <20 (n=2) 0 (n=2)
A406C 0 (n=5) 100 (n=5) 0 (n=4) 0 (n=4)
F408C 100 (n=3) 100 (n=3)
A410C 0 (n=3) 7613 (n=3)
D413C 5545 (n=4) <20 (n=4) 100 (n=4) 8042 (n=4)
K416C <10 (n=4) 0 (n=4) 0 (n=4) 0 (n=4)
Q417C 0 (n=4) 9515 (n=4) 0 (n=4) <20 (n=4)
H420C 0 (n=3) 1743 (n=3) 0 (n=3) 0 (n=3)

Table 3: Summary of results from the residue in position from A406 to H420. In this table are
represented the percentage (%) of block of current in black and the percentage of potentiation of current
in blue.
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Fig.37: The effect of Cd"* and MTSET on mutant channel Q417C in the presence and absence of cGMP.
A: irreversible reduction of the cGMP-gated current caused by 100 uM Cd** added for 5 min in the
closed state (left) in the open state (right). B. reduction of the cGMP-gated current caused by 2.5 mM
MTSET added for 5 min in the closed state (left) in the open state (right). In A and B voltage steps from 0
io +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-gated current was obtained as
the difference of the current in the presence and in the absence of 1 mM c¢GMP. C indicates the control
current, Cd** the current afier the exposure for 5 min to 100 uM Cd** MT the current afier the exposure
Jor 5 min to 2.5 mM MTSET.
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Residues in the pore helix (position 348, 351)

When I apply 100 pM Cd** in the inner side of the plasma membrane I do not observe
any decrease of current in mutant channel V348C (also referred as V4C) in the open
(n=7) and in the closed state (n=7) of the channel (Fig.38A). Also when I apply 2.5 mM
MTSET in the intracellular side of the membrane, in the closed (n=7) and in the open
state (n=7), I do not observe any change in the amplitude of the current (Fig.38B).
Therefore I conclude that this residue is not accessible to Cd** and MTSET from the
inner side of the plasma membrane. Instead, if I apply the same concentration of
MTSET in the outer site of the membrane (in this case the MTS compound is added to
the solution contained in the patch pipette) I observe a different behaviour: in particular
in the closed state a complete block (100% in 5 minutes of application; n=7) of current
is observed (Fig.39A). Also in the open state I observed a block of the cGMP-activated
current but occurring in a longer time; after 10 minutes of perfusion in the presence of
2.5 mM MTSET in the extracellular medium I observed a partial block of about but
4516% (n=7) (Fig.39A). This suggests that the residue in position 348 is accessible
from the outer site of the membrane both in the open and closed state: however in the
closed state residue in position 348 is more accessible to extracellular MTSET. The
same results are obtained measuring the single current (Fig.40).

These results are summarised in Fig.41A. In the figure I plotted the current decrease in
inside-out patch in presence and in the absence of cGMP and in presence of saturating
concentration of ¢cGMP and in the continuos presence of 2.5 mM MTSET in the
external side of the plasma membrane. Initially 1 mM ¢GMP was continuously present
in the intracellular medium and a relative small decline of the cGMP-activated current
was observed. When ¢cGMP was removed from the intracellular medium and was briefly
added again for 10 seconds when the ¢cGMP activated was measured, the ¢cGMP

activated current disappeared irreversibly within a few minutes.
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Fig.38: The effect of Cd"" and MTSET on mutant channels V348C and L35IC in the presence and
absence of cGMP. A: reduction of the cGMP-gated current caused by 100 uM Cd*" added for 5 min in
the closed state (left) in the open state (right). B: reduction of the cGMP-gated current caused by 2.5 mM
MTSET added for 5 min in the closed state (left) in the open state (vight). In A and B voltage steps from 0
to +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-gated current was obtained as
the difference of the current in the presence and in the absence of 1 mM ¢GMP. C indicates the control
current, Cd”" the current after the exposure for 5 min to 100 uM Cd** MT the current after the exposure
for 5 min to 2.5 mM MTSET.
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Fig.39: The effect of MTSET applied in the outer site of plasma membrane on mutant channels V348C
and L351C in the presence and absence of cGMP. A: reduction of the cGMP-gated current caused by 2.5
mM MISET in the closed state (left) in the open state (right). B: reduction of the cGMP gated current
caused by 2.5 mM MTSET in the closed state (lefi) in the open state (right). In A and B voltage steps from
0 to +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-gated current was obtained
as the difference of the current in the presence and in the absence of 1 mM cGMP.
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Fig.40: The effect of MTSET applied in the outer site of plasma membrane on mutant channel V348C in
the presence and absence of cGMP. A, B and C: reduction of the cGMP-gated current caused by 2.5 mM
MTSET in the open state. D, E and F: reduction of the cGMP-gated current caused by 2.5 mM MTSET in
the closed state. In A, B, C, D E and F voltage steps from 0 to -100 mV.
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Fig.41: Time course of V348C and L351C mutant channels. All the plots represent the time course in the
open and in the closed state in presence of 2.5 mM MTSET outside the patch membrane. A and B are the
effect in V348C and L351C mutant channels, respectively. The arrows represent the moment in which the
channel was closed. In B are plotted the results of two different experiments. The effect of MTSET in open
and closed state was tested in the same paich.

A different behaviour was observed with mutant channel L351C (named also L7C)
(Fig.39B). In particular when I add 2.5 mM MTSET in the extracellular site of the
plasma membrane, in the open state I do not observe any block of current after 10
minutes (n=7), whereas in the closed state the block of current is slow but complete: in
20 minutes the percentage of block is 100% (n=7). Also in this case the results are better
summarised in Fig.41B. In this figure I have plotted the current decrease in inside-out
patch in presence and in the absence of saturation concentration of ¢cGMP, but in the

continuos presence of 2.5 mM MTSET in the external side of the plasma membrane.
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As shown in Fig. 41B extracellular MTSET (2.5 mM) did not appreciably block the
mutant channel L351C in the open state, but when ¢cGMP was removed from the
medium bathing the cytoplasmic side of the patch, MTSET blocked the mutant channel
L351C. Extracellular MTSET blocked the mutant channel V348C, as shown in Fig.41A,
both in the open and closed state, but the blocking rate was significantly higher in the
closed state. When the excised patch contained only one cGMP activated channel it is
possible to monitor in time MTSET blockage. In the presence of 1 mM ¢GMP in the
medium bathing the cytoplasmic side of the membrane and 2.5 mM MTSET in the
patch pipette, the mutant channel L351C was most of the time in open state and the
open probability was 0.91. With time the open probability decreased but channel
openings had the same amplitude and finally after 5 minutes, no channel opening were
observed. Similar results were observed with patches containing a single mutant
channel Val348C. These results indicate that extracellular MTSET blocks mutant
channels V348C and L351C by reducing the open probability and not the single channel
conductance, suggesting that Val348 and Leu351 are part of the channel gate. Liu and
Siegelbaum (2000) have shown that also Leu358 and Thr355 are accessible to
extracellular MTSET in the open state, but Thr355 is not accessible in the closed state.
Becchetti et al. (1999) have shown that Trp353 is accessible to intracellular MTSET

equally well in the closed and open state.
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Residues in the inner pore (position 359, 360 and 361)

I observed a different behaviour in mutant channel T359C (named also T15C) (Fig.42).
The application of 100 uM Cd*" in the open (n=6) and in the closed state (n=6) from the
inner side of the plasma membrane does not produce any blockage of current. When
MTSET is added to the intracellular medium, potentiation of current is observed both in
open (n=6) and closed state (n=6) of channel. Instead, the application of the same
concentration of this MTS compounds from the outside of the membrane does not

produce any significant modification of current (Fig.43A)
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Fig.42: The effect of Cd’* and MTSET on mutant channel T359C (named also T15C) in the presence and
absence of cGMP. A: reduction of the cGMP-gated current caused by 100 uM Cd** added for 5 min in
the closed state (left) in the open state (right). B: reduction of the cGMP-gated current caused by 2.5 mM
MTSET added for 5 min in the closed state (left) in the open state (right). In A and B voltage steps from 0
to +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-gated current was obtained as
the difference of the current in the presence and in the absence of 1 mM c¢GMP. C indicates the control
current, Cd"" the current after the exposure for 5 min to 100 uM Cd”* MT the current after the exposure
for 5 min to 2.5 mM MTSET.
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Fig.43: The effect of MTSET applied in the outside of the plasma membrane on mutant channels T359C
and T360C in the presence and absence of cGMP. A: effect on the macroscopic cGMP-gated current
caused by 2.5 mM MTSET added for 15 min in the closed state (bottom) in the open state (top). Each
trace is the average of 10 individual trials. B: effect on single-channel openings of cGMP-gated channels
caused 2.5 mM MTSET added for 15 min in the closed state (bottom) in the open state (top). In A voltage
steps from 0 to +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-gated current was
obtained as the difference of the current in the presence and in the absence of 1 mM cGMP. In B voltage

steps from —100 to —180 mV.
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The mutant channel T360C (named also T16C) (Fig.44) has a different behaviour in the
closed and open state after the application from the inner side of the 100 uM Cd**. In
particular, in the closed state (n=6) no blockage of the cGMP-activated current is
observed, as observed in mutant channel T359C, whereas in the open state the
application of Cd* produce a complete but reversible block of current (n=6). As in
mutant channel T359C, application of MTSET from the inner side produce a
potentiation of current both in the open (n=6) and in the closed state (n=6). When
MTSET was applied from the extracellular side of the membrane no significant
modification of the cGMP-activated current was observed (Fig.43B).

The ¢GMP-activated current of mutant channel 1361C (named also 117C), after the
patch excision, spontaneously decay (data not show). This behaviour is probably due to
the formation of disulphide bridges between the inserted cysteines, suggesting that the
distance between these neighbouring and opposing residues is small so that -S-S-

bridges are spontaneously formed.
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Fig.44: The effect of Cd°" and MTSET on mutant channel T360C (named also T16C) in the presence and
absence of cGMP. A: reduction of the cGMP-gated current caused by 100 uM Cd”* added for 5 min in
the closed state (left) in the open state (right). B: reduction of the cGMP-gated current caused by 2.5 mM
MTSET added for 5 min in the closed state (left) in the open state (right). In A and B voltage steps from 0
to +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-gated current was obtained as
the difference of the current in the presence and in the absence of 1 mM ¢GMP. C indicates the control
current, Cd"* the current after the exposure for 5 min to 100 uM Cd”>* MT the current after the exposure
Jor 5 min to 2.5 mM MTSET.
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The observed potentiation in mutant channels T359C and T360C does not necessarily
report a direct action of MTSET on the exogenously introduced cysteine, because
MTSET is known to potentiated also the wt channel (Brown et al., 1998). Indeed, 2.5
mM MTSET significantly shift the dose response curve to cGMP of the wt channel, by
binding to the native cysteine 481 located in the C-linker of the channel. MTSET
potentiation of the wt is much faster when MTSET is added in the presence of 1 mM
cGMP, i.e. when the channel is open. The same effect was observed in presence of
MTSEA, a MTS compound positively charged but smaller then MTSET. Potentiation of
the wt channel is not observed when the positively charged MTSET is replaced by the
similar compound MTSES, but negatively charged. Fig.45 and Fig.46 illustrate the
results of the experiments of T359C and T360C when MTESEA (2.5 mM) and MTSES
(2.5 mM and 10 mM) replaced MTSET (2.5 mM). In this case potentiation was
observed only in mutant channel T360C and not in mutant channel T359C. MTSES
potentiation of mutant channel T360C was observed when MTSES was added in the
presence and in the absence of cGMP in the bathing medium. In Fig.47 there is a plot in
which there 1s the comparison between the three different MTS compounds. As a
consequence MTSES potentiation is not state dependent: indeed the time course of
potentiation was indistinguishable when the channel was either open or closed. The
results of these experiments strongly suggest, but not yet prove, that the potentiation
effect of MTSES is mediated by a direct binding of the compound to the exogenous

cysteine introduced in position 360.
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Fig.45: The effect of MTSET and MTSES on mutant channel T359C in the presence and absence of
c¢GMP. A: the effect of 2.5 mM MTSET added for 2 minutes in the absence (left) and in the presence of 1
mM ¢GMP (right) in mutant channels T359C. B: the effect of 10 mM MTSES added for 2 minutes in the
absence (left) and in the presence of 1 mM c¢GMP (right) in mutant channels T359C In A and B voltage
steps from 0 to +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-gated current was
obtained as the difference of the current in the presence and in the absence of 1 mM cGMP.
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Fig.46: The effect of MTSET and MTSES on mutant channel T360C in the presence and absence of
c¢GMP. A: the effect of 2.5 mM MTSET added for 2 minutes in the absence (left) and in the presence of 1
mM cGMP (right) in mutant channels T360C. B: the effect of 10 mM MTSES added for 2 minutes in the
absence (left) and in the presence of 1 mM cGMP (right) in mutant channels T360C In A and B voltage
steps from 0 to +/- 60 mV. Each trace is the average of 10 individual trials. The cGMP-gated current was
obtained as the difference of the current in the presence and in the absence of 1 mM cGMP.

118



T359C
300 —
250 -
= 200 - 0
()]
S 150 o K
©
S 100
=
5 50 - @
P oo-
_50 .
i & &
2 L P
= = =
B
T360C
300 —
250 —
= 200 4 0
S 150
& oy
S 100
g 50 -
: o-
50
-100 T T T
o o5 o
2 2 2
= = =

Fig.47: Fractional potentiation induced by MTSET, MTSEA and MTSES on mutant channels T359C and
T360C in the presence and absence of cGMP. A: the effect of MTS compounds added for 2 minutes, in the
absence (closed square) and in the presence of 1 mM cGMP (open square) in mutant channel T359C. B:
the effect of MTS compounds added for 2 minutes, in the absence (closed square) and in the presence of 1
mM cGMP (open square) in mutant channel T360C. In A and B the error bars indicate the standard
deviation. Each point was obtained from at least six patches excised from at least two different injected
oocytes.
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Cd* ions are useful probe for the accessibility of native and exogenous cysteines
(Becchetti and Gamel, 1999; Becchetti and Roncaglia, 2000; Rothberg et al., 2002). A
Cd** ion by coordinating to two or more cysteines can bind very tightly to cysteines
with an affinity varying between 10 and 100 uM (Becchetti and Roncaglia, 2000).
Fig.49 illustrates the effect of treating the channel mutant T360C with micromolar

amount of Cd*" for 2 minutes in the closed and open state (Fig.48)

T360C
A
closed state
1 mM 1mM . 1 mM 1mM
cGMP  cGMP 100 microM Cd2+ cGMP cGMP
i e i el a it e i o L i L
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B 1mM 1mM . 1mM 1mM 1mM
cGMP cGMP 1 mM cGMP + 100 microM Cd2+ cGMP cGMP cGMP
N~ - -i-“mrw.*w1 w-f‘
<
a
o
=
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Fig.48: Effect of 100 uM Cd** on mutant channels T360C in the open and closed state. A: the effect of
Cd** added for 2 minutes, in the absence of I mM ¢cGMP. B: the effect of Cd** added for 2 minutes in the
closed presence of 1 mM ¢cGMP.
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When 1 pM Cd** was added to the intracellular medium, the cGMP-activated current
was immediately potentiated and no significant effect on the current was observed when
Cd* was removed from the intracellular medium (Fig.49). When 10 uM was added for
2 minutes, after Cd*" removal the cGMP-activated current was transiently reduced
(Fig.49) and was completely blocked when a Cd** concentration larger than 20 pM was
used. Cd** blockage was reversible, after washing in a Cd*" free solution for more than
3 minutes or so. As shown in Fig.49 the concentration blocking half of the cGMP-
activated current was about 10 pM. No significant blockage was observed when the
same experiments were repeated with wt channels or mutant channels T359C (Fig.50).
When Cd** was added to the intracellular medium in the absence of cGMP, no blockage
was observed for Cd** concentration below 100 uM, for wt and mutant channels T359C

and T360C (Fig.49 and Fig.50).
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Fig.49: Stoichiometry of Cd** on mutant channel T360C in the open and closed state. Each point was
obtained from at least four patches excised from at least two different injected oocytes.
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Fig.50: Stoichiometry of Cd** on mutant channel T359C in the open and closed state. Each point was
obtained from at least four patches excised from at least two different injected oocytes.

1 mM Cd** irreversibly blocked the wt and mutant channels T359C and T360C when
added in the absence of cGMP, but did not blocked the wt and mutant channel T359C
when added in the presence of 1 mM cGMP (Fig.49 and Fig.50). These results indicate
multiple actions of Cd**. At low concentrations around 1 pM potentiate the wt and
mutant channels T359C and T360C probably by interacting with an endogenous
cysteine, possibly cysteine 481. At the higher concentration around 10 pM Cd** binds to
the cysteines exogenously introduced in mutant channel T360C in the open state. At the
concentration of 1 mM Cd*" blocks the wt channel through a low affinity binding,
possibly located in the cyclic nucleotide binding domain as blockage is antagonised by
the presence of 1 mM cGMP. If the potentiation of mutant channel T360C by MTSES is
mediated by a direct binding of MTSES to the cysteines introduced in position 360,
MTSES is expected to protect the mutant channel T360C from Cd*" blockage observed
in the open state. Before to test the effect of this compound I analyse the effect in the wt
channel and in the T369C mutant channel (Fig.51).
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Fig.51: Stoichiometry of cGMP on WT and in mutant channel T360C in the open state. A: dose-response
of cGMP in the wt channel before (open circle) and after (closed circle) the application of 10 mM
MTSES for 5 min; B: dose-response of cGMP in the mutant channelT360C before and after the
application of 2.5 mM MTSET for 5 min. Each point was obtained from one excised patch.
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Besides pre-treating the patch with MTSES, it is possible to add to the intracellular
medium simultaneously MTSES and Cd**. With this protocol the blocking effect of 10
uM Cd** (or a higher concentration) is first measured (Fig.52) and after washing out
Cd*" and returning to the original amplitude of the cGMP activated current the
potentiating effect of 10 mM MTSES was measured. As shown in Fig.52, when Cd** is
added to the intracellular medium in the presence of MTSES, the cGMP activate current
was initially potentiated as in the absence of MTSES, indicating that 10 mM MTSES
did not chelate Cd*". When Cd** was removed from the intracellular medium the cGMP
activated current was only slightly reduced, showing that MTSES indeed protected
mutant channel T360C from Cd*" blockage observed in the open state.

T360C:
A blockage of current in the open state caused by 10 uM Cd?*
1 mM cGMP 10 M Cd?* blockage of current after fecovery

removal of Cd**
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blockage of current in the open state when 10 uM cd?
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B

1 mM cGMP+ 10 mM MTSES + 10 pM Cd* blockage of current aﬂezr+ recovery
10 mM MTSES removal of MTSES+Cd
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Fig.52: Effect of 10 uM Cd** in mutant channel T360C in the open A: effect of cadmium before the
application of 10 mM MTSES (solution containing MTSES +Cd""). B: effect of cadmium after the
application of 10 mM MTSES (solution containing MTSES +Cd*").
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In the presence of 10 mM MTSES the Kp of Cd** blockage increased from about 10 to
35 uM (Fig.53). These results show that MTSES and Cd*" ions compete for the same
binding site. Therefore the potentiation induced by MTSES is caused by a direct
binding of the compound to the cysteine exogenously introduced in the mutant channel
T360C. The results not only show that MTSES is able to reach in the inner vestibule
both in the closed and open state, but indicate that residue in position 360 in the pore

moves during channel gating.
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Fig.53: Stoichiometry of Cd”* in mutant channel T360C in the open state. A: dose-response of cd*
before the application of 10 mM MTSES for 5 min; B: dose-response after the application of 10 mM
MTSES for 5 min. Each point was obtained from one excised patch.
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DISCUSSION AND CONCLUSIONS

In this final part of my thesis, I will discuss the experimc,ntal results that I have
obtained. [ will first discuss the CNBD region and in particular the C-helix and secondly
the pore region comprising the pore walls, the S6 transmembrane domain and the P
helix. A new model of their structural organisation will be presented and possible

conformational changes occurring during the gating will be proposed.
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1-Cyclic nucleotide binding domain

The current reduction induced by Cd*" and CuP, 1s better summarized and rationalized
when mapped on an ideal alpha helix and the degree of blockage of the cGMP-gated
current in the corresponding cysteine mutant is shown in a color coded scale, as shown
in Figs 54A and B. Red indicates reduction higher than 30%, blue indicates the absence
of a significant reduction lower than 30%, white indicates residues where the

corresponding cysteine mutant did not produce functional channels with a cGMP gated

current.
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Fig.54: Map of Cd™" blockage of cysteine mutants from lLeu383 to Lys607. In each panel current
reduction is shown in a color-coded map (ved indicates reduction higher than 30%, blue between 0 and
30%, white indicates residues where the corresponding cysteine mutant did not produce JSunctional
channels with a cGMP gated current) with residues located on an ideal alpha helix. Two views of the
alpha helix, rotated by 180 degrees around its symmetry axis, are shown. A: current reduction in the
presence of | mM cGMP. B: current reduction in the absence of cGMP. The black circles indicate
residues where the corresponding cysteine mutant was significantly (more than 40%) blocked by 2.5 mM
MISLET. Gly597 is marked with a star since the current of mutant channel G597C is reduced by less than
30% by Cd™" and ~70% by CuP.
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As clearly shown in Fig.54A, the current reduction induced by Cd** on cysteine mutants
in the open state is well localized on one side of the helix covering three turns of the
helix from Glu594 to Leu601. The blocking effect of CuP has a similar pattern, with the
largest decrease coinciding with that one of Cd**. The only exception is mutant channel
G597C, where CuP excised a fairly stronger current reduction (67+7%) than Cd**
(23+4%). As previously stated, this could be explained by a low accessibility of Gly597
to Cd*". On the contrary, the current reduction caused by Cd** and CuP in the closed
state is rather diffuse and it is significant for the majority of cysteine mutants from
Asp588 to Leu607 (Fig.54B). Sulthydryl reagents did not have any effect on cysteine
mutants downstream to Pro587. In the open state, MTSET caused a current reduction
only for the Leu601 cysteine mutant. In the closed state, a current decrease, larger than
40%, caused by MTSET was observed only in cysteine mutants Leu607, Leu601,
Ile600, Gly597 and Glu594. Therefore, in the open state the effect of Cd*" and CuP
among these mutants coincides almost completely with that of MTSET in the closed
state with the exception of Leu607.

The different action of MTSET and by Cd”" and the similar action of Cd*" and CuP in
the open state can be rationalized by their different interaction with cysteine mutants.
One molecule of MTSET forms a disulfide bond with the thiol group of a single
cysteine molecule, whereas one Cd** atom is usually coordinated by two or more (up to
four) cysteines and CuP enhances the formation of disulfide bonds among two
cysteines. A Cd** ion has an approximate diameter of 1.82 A (Glusker, 1991).
Inspection of the 3D structure of metallothioneins deposited in the Protein Data Bank
(Berman et al., 2000) indicates that the distance between a Cd*" ion and the sulfur atom
of a coordinating cysteine is about 2.5 A and that distances between the C, of two
cysteines coordinating the same cd** ion ranges between 4 and 9 A (Krovetz et al.,
1997; Ermler et al., 1998; Maroney, 1999). The distance between the C, of two
cysteines forming a disulfide bond ranges between 4 and 6.5 A (Srinivasan et al., 1990).
Given the thermal fluctuations of the protein, the maximum distance between the C,, of
two cysteines able to form a disulfide bond or to coordinate one cd* ion (establishing

bonds at the previously reported distances) can be estimated as being around 10 A
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(Johnson and Zagotta, 2001; Careaga and Falke, 1992; Krovetz et al., 1997; Ermler et
al., 1998; Maroney, 1999).

The space occupied by a molecule of MTSET is approximately a cylinder with a
diameter of 6 A and a height of 10 A (Akabas et al.,, 1992). These distances and the
observed effect of the used sulfhydryl reagents will be used to understand the
experimental data and to develop a model of the relative location of two C-helices in the

open state.

Current reduction in the open state

The clear action of Cd>" and CuP in the open state when residues are mapped on an
ideal alpha helix (see Fig.54A) has two major implications. Firstly it gives the evidence
that in the open state residues from Asp588 to Leu607 have the secondary structure of
an alpha helix. Such a secondary structure was previously assumed to be in analogy
with the 3D structure of CAP, but was not supported by any direct experimental
evidence. These data, therefore, provide experimental support to the notion that in the
open state these residues form an alpha helix, usually referred to as the C-helix.
Secondly it strongly suggests that in the open state C-helices from two subunits come in

close contact like CAP. In the open state, the action of Cd*" and CuP suggests that the
distance between the C, of residues Leu601, I1e600, Gly597, and Glu594 of C-helices
of two subunits is between 4 and 10 A. Under these conditions in the corresponding
cysteine mutants, disulfide bonds can be formed and Cd*" ions find pairs of neighboring

cysteines for an energetically favorable coordination. The formation of these bonds
between pairs of neighboring cysteines leads, by constraining the C-helices position, to
the disruption of the gating mechanism and the subsequent blockage of the cGMP-gated

current.

129



560 610

A CNGALl > MEALTEYPDAKGMLEEKGKQILMKDGLLDIN
Kk * x
CAP > RQLIQVNPDILMRLSAQMARRLQVTSEKVGN
103 . 133
B-helix' l C-helix
B cap C
K130
T127
L124
R123
M120 _
S117
L3
D CNGAl E CNGAl
Comparative — o b —
Model Y N ™~ 07 e
Comparative — - = = D608 N e ;
Model y 22
with experimental S i | LE0L N oo,
consfraints \ 1600 o= By
' . C-helix
4 “ 6597 ------
D588 .
\ = p . L583 ES94 gl
P587 .
TN pY AN
i N ‘ ~ ,
-y | ) - A K590 Pprei - rmn-
- ! e D
G =Hinge % o’
Y585 : - «’ B-helix
* T584 ’

Fig.55: C-helices in CAP and in CNGAI. A: B- and C-helix alignment between CNGAI and CAP
sequences. B and C: two different views of the 3D location of C-helices in CAP; Ca of the residues at the
hinge between B and C-helix (Asn109, Prol10 and Asp111), at the end of the B helix (I1le106, Glnl07 and
Vall08) (B) and at helix-helix interface (Leul 13, Serl17, Metl20, Argl123, Leul24, Thr127 and Lys130)
are shown (C); distances in C are in Angstrom (A). D and E: two different views of the putative 3D
location of C-helices in the open state of CNGAL. In D, the crossing angle in the comparative model
(blue) is compared to that one obtained considering the experimental constraints (red); Ca of the
residues at the hinge between B and C-helix (Tyr386, Pro387 and Asp388), at the end of the B helix
(Leu383, Thr584 and Glu583) (B) and at helix-helix interface (Lys590, Glu594, Gly597, 1le600, Leu601,
Asp604 and Leu607) are shown (E); distances in E are in Angstrom (4).
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CAP residues forming the C-helix and the hinge with the B helix, from Argl03 to
Asnl33, are shown in Fig.55A, and are compared to the sequence of residues from
Met580 to Asn610 of the CNGA1 channel. Pro110 and Aspl11 at the hinge of the B
and C-helix of CAP are conserved in the CNGA1 channel and correspond to Pro587
and Asp588. Sequence similarity between CAP and CNGA1 downstream of these two
conserved residues is not high. Two views (rotated by 90 degrees around the twofold
symmetry axis of the template) of the 3D structure of the 'two C-helices of CAP and
their hinge with B helices are shown in Figs.55B and C. In CAP the two C-helices have
their C,, closest contact in correspondence of Leul24, with the C, at a distance of 5.3 A.
The angle between the two C-helices is about 35°.

If the C-helices of the CNGAI1 channel have the same 3D structure of those in CAP
using the sequence alignment of Fig.55A the C, of residues Glu594, Gly597, Leu601
and Asp604 will be at a distance of less than 10 A in agreement with Cd*" and CuP
action in the open state. This comparative model, however, predicts the C,, of 11600 of
two neighboring subunits to be at 12 A, a distance too high to be in agreement with
Cd*" and CuP action on mutant channel 1600C. In addition, the comparative model also
suggests that the C, of Leu607 of two neighboring subunits are at 8.5 A, a distance
compatible with a strong Cd*" and CuP on the c-GMP gated current, not experimentally
observed. |

A way to obtain a better relation between the experimental data and the comparative
model of the CNB domain is to increase the crossing angle between the C-helices, as
shown in Fig.54D, so that residues Leu601, Ile600, Gly597 and Glu594 of the two C-
helices are in close contact. In this case the closest contact between the two C-helices is
at Gly597 with the Cq at a distance of 4.3 A and with the angle between the two C-
helices being 60 degrees. With this geometry, the distance between the C,, of Leu607 is
12.8 A (Fig.55D), too large for the formation of disulfide bond in mutant channel
L607C. This distance is compatible with the absence of current reduction by Cd** and
CuP in the mutant channel L607C in the open state.

Residues downstream of Pro587 of two neighboring subunits, such as Glu585 and

Leu583, are expected to be rather distant, as mutant channels G585C and L583C are
neither affected by Cd*" nor by CuP and they tend to form the B helix of the CNGA1
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channel. Residues from Glu585 to Asp588 probably form the hinge between the C and
B helices.

The 3D structure of the C-helices shown in Figs.55D and E provides also an
explanation for the blocking effect of MTSET. In the open state, MTSET affects only
the mutant channel L601C, implying that Leu601 is accessible. Leu601 is indeed at the
interface of the two C-helices with a C, - C, distance of 8.7 A and, during its thermal
fluctuations, can bind the large compound MTSET. Once bound MTSET is likely to
prevent the C-helix from reaching the correct position necessary for triggering channel

gating.

Current reduction in the closed state

As summarized in Fig.54B, in the closed state, Cd2+ and CuP cause a current decrease
in almost all of the cysteine mutants, from Asp588 to Leu607. A significantly lower
blockage was observed only in cysteine mutants Leu606, Lys603 and to some extent in
MET602, Met592 and Ala589. All these residues, as shown in Fig.54B, are located on
the same face of the alpha helix but at the opposite side of those associated with the
current reduction of Cd>" and CuP in the open state.

In the closed state, when MTSET binds to the thiol of cysteine mutants the gating
mechanism is significantly impaired for mutants L607C, L601C, 1600C, G597C and
E594C. In the open state Leu601, Ile600, Gly597 and Glu594 are at the interface of the
C-helices and, in the closed state, when MTSET binds to the corresponding cysteine
mutants, it blocks the motion of the C-helices towards the necessary position for
opening the channel. Therefore, the current in residues Leu601, Ile600, Gly597 and
Glu594 is decreased by Cd”" and CuP in the open state and by MTSET in the closed
state.

In the open state, Leu607 (in the model of Figs.55 D and E) are at a distance of about 13
A, not enough to accommodate two molecules of MTSET without interfering with the
position of the two C-helices. This can provide an explanation for the blockage of
MTSET in the closed state of mutant L607C.

In the closed state, MTSET potentiates mutant channels L606C, K603C, K596C and
E595C and protects G605C, M602C, 1600C and E595C from Cd*" and CuP effect.
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Therefore, Leu606, Gly605, Lys603, Met602, Leu601, I1e600, Gly597, Lys596 and
Glu595 are accessible to MTSET. Glu594 does not seem to be accessible to MTSET in
the closed or in the open state, as the mutant channel E594C is neither potentiated by
MTSET nor protected from Cd** current reduction by MTSET. Mutant channels
D604C, K598C and L593C do not produce functional channels with currents gated by
cGMP. Asp604 is thought to bind to cGMP and it is expected that the mutation into
cysteine is going to be fatal.

The current reduction of Cd2+, CuP and MTSET in the closed state suggest two

conclusions: firstly, that in the closed state the great majority of residues from Asp588
to Leu607 are accessible to sulfhydryl reagents, and secondly, that the C-helices
undergo a significant rearrangement if it is compared to their open state conformation so
that a cysteine introduced in this region could be able to form a disulfide bond with
other native cysteines of the chammel. Exogenous cysteines introduced in the CNB
domain may interact with the endogenous cysteines of the CNB domain such as Cys481
or Cys505 or that one in the N terminal such as Cys35. As a consequence, in the closed
state residues from Asp588 to Leu607 either do not form an alpha helix or these C-
helices fluctuate significantly, as suggested by the molecular dynamics simulation of
these C-helices (Punta et al., 2003). These fluctuations support transient contacts
between exogenous cysteines introduced in the C-helix and endogenous cysteines such
as Cys35, Cys481 and Cys505.

Also Zagotta and collaborators (Gordon and al., 1997; Matulef and Zagotta, 2002) using
the CNGA1 channel and the cys-free channel showed similar conclusions. Indeed, theirs
data suggest that the C-helices from all four channel subunits are in close proximity in
the closed state and move apart during channel opening

An important observation regarding these results is that, with the experiments, we
cannot rule out the possibility that the CNBD of CNGA1 channels come together as a 2-
fold symmetric “dimer of dimers” or exhibits 4-fold symmetry. At this time, the only
conclusion is the real identification of the point in which the C-helices are in close
contact. In the absence of cGMP, C-helices are free to move around their hinge. During
these rearrangements C-helices may kink and bend at variable angles and at different

residue positions.
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2-P helix, S6 transmembrane domain and pore region

In this part 6f my thesis, I will discuss the architecture and conformational

rearrangements of the S6 domain and the pore region occurring during channel gating.

These are the questions I will try to answer:

1. Which are the movements of the S6 domain and the P-helix during the gating of the
channel?

2. 'Which conformational rearrangements occur in the pore during the gating?

3. Which are the possible interactions between the S6 domain, the P helix and the pore

region during channel gating?

The aminoacid sequence of CNG and K™ channels shares a significant homology
particularly in the pore region (Fig.26). CNG channels do not have the classical
signature of K* channels, i.e. the GYG motif, however the pore topology of the two
channels is likely to be similar (Becchetti et al., 1999) and the S6 transmembrane
segments are likely to have a similar helical conformation reminiscent of an inverted
“TeePee” (Doyle et al., 1999; Flynn and Zagotta 2001, 2003). During gating K*
channels do not alter significantly the conformation of the pore region, but when the
channel opens the S6 transmembrane segments bend towards the lipid phase by about
30° around a glycine hinge located in the middle of S6. Given the structural similarities
between CNG and K" channels it is conceivable that the two channels have a similar
gating, in which the structure of the inner pore does not change and opening and closing
of the channel is caused by conformational changes occurring in the S6 segments.

The analysis of residue accessibility in the pore of CNG channels, based on Cysteine
Scanning Mutagenesis (Karlin and Akabas, 1998), has shown that CNG and K'
channels share the same topology (Becchetti et al., 1999) and that residues
L(358)TTIGETPPP(367) of the CNGAIl channel from bovine rods span the lipid
membrane from the intracellular to the extracellular side. These residues form the inner
pore of the channel. A similar analysis performed in the S6 domain of CNGA1 channels
from Thr389 to Ser399 (Flynn and Zagotta, 2001, 2003) suggested that also in CNG
channels the S6 domain has an helical configuration, possibly crossing at an

hypothetical constriction, located between residue Val391 and Ser399. In this view the
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inner vestibule of CNG channels has the same structure of K™ channels, i.e. a bundle of
four helices crossing so to form a restriction constituting the gate in the closed state of
the channel. The mutant channel V391C is blocked by MTSET only in the open state,
but is blocked by Ag" equally well in the closed and open state (Flynn and Zagotta,
2001). The former observation suggests the existence also in CNG channels of a gating
mechanism similar to that of K™ channels, while the later shows that Ag" ions penetrate
the inner vestibule of CNG channels up to residue Val391 both in the open and closed
state. These results could be rationalised by the existence of two gates in CNG channels:
a gate located in the S6 domain at the hypothetical constriction between Val391 and
Ser399 blocking the access to the inner vestibule to large cations such as MTSET, but
not to small cations such as Ag © and an other gate located in the pore controlling the
permeation of monovalent alkali cations, such as Na" and K.

Liu and Siegelbaum (2000) have shown that the accessibility to extracellular MTSET of
residues in the P-helix changed during gating, indicating the existence of a
conformational change. On the basis of the obtained results Liu and Siegelbaum
suggested that the P-helix, during gating, rotated around its principal axis.

Several previous reports have suggested that the gate of CNG channels involved also
conformational changes in the pore region itself. Karpen et al., (1993) have described a
state-independent block of native CNG channels by divalent cations such Ni** and Zn**.
Rather correctly, these authors have assumed that the observed effect was due to an
interaction with the gating machinery and not with the pore itself. Fodor et al., (1997)
have observed that tetracaine had a 1000-fold higher affinity for the closed CNG
channel as compared to the open channel. This rather surprising result, however, does
not show or prove that the inner vestibule is equally accessible to permeating ions both
in the open and closed state. Point mutations in the pore itself, primarily of glutamate
363, significantly changed the gating (Bucossi et al., 1997): in mutant channel E363A in
the presence of a steady cGMP concentration the cGMP-activated current inactivated
spontaneously and in mutant channels E363D and T364M single channel properties
were markedly different from those observed in the wt CNG channel. Sun et al., (1996)
and Liu and Siegelbaum (2000) reported that internal MTSEA blocked both in the open
and closed state mutant channels T360C and 1361C. However, as shown in Becchetti et

al., (1999) and in the present thesis, methanesulphonate reagents (MTSET and MTSEA)
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potentiate and do not block the mutant channel T360C. The mutant channel I361C has a
fast run down (Becchetti et al., 1999) and it is impossible to establish unequivocally any
effect of methanesulphonate reagents on it. As a consequence the exact location of the
gating in CNG channels was not unequivocally proved.

The experiments described in my thesis show that the negatively charged compound
MTSES potentiated the mutant channel T360C by about 100% when is applied for 5
minutes or so both in the absence and in the presence of 1 mM c¢cGMP (Fig.46). The
positively charged compounds MTSET and MTSEA (Fig.47) induce a similar
potentiation of mutant channels T359C and T360C. MTSET and MTSEA potentiate
also the wt channel by binding to the native cysteine 481 (Brown et al., 1998). MTSES,
on the contrary, does not potentiate the wt channel as shown in Fig.51 (see also Brown
et al., 1998). These results indicate that potentiation of CNG channels by the binding of
a methanesulphonate reagent to cysteine 481 needs a positively charged reagent, such as
MTSET and MTSEA and not MTSES. As a consequence MTSES potentiation of
mutant channel T360C occurs by a molecular mechanism different from what occurs
when MTSET and MTSEA potentiate the wt and mutant channel T359C. As shown in
Fig.54 Cd** ions block with a Kp of about 10 pM the channel mutant T360C only in the
open state. This blockage is antagonised by MTSES: indeed in the presence of 10 mM
MTSES the Kp of Cd** blockage increases to about 35 uM. These experimental results
show that the site of MTSES potentiation is indeed the exogenously introduced
cysteine. As potentiation is observed when MTSES is added in the absence and in the
presence of 1 mM cGMP, it is concluded that residue in position 360 is equally
accessible to MTSES in the open and closed state.

As shown in Fig.44 Cd** blockage of mutant channel T360C is observed only when
Cd*" is added in the presence of 1 mM c¢cGMP, i.e. when some channels are in the open
state. No blockage was observed when Cd** was added in the absence of cGMP. These
experimental results indicate that residues in position 360 are accessible both in the
open and closed state but change their relative conformation so to allow Cd*" blockage
in the open state.

Let us now see whether it is possible to propose a molecular model of the pore CNG
channels in the closed and open state, based on the homology with the 3D structure of

K" channels and in agreement with the electrophysiological experiments with mutant
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channels. Previous investigations have shown that mutant channels T364C and P366C
are blocked by extracellular MTSET equally well in the closed and open state
(Becchetti et al., 1999; Liu Siegelbaum, 2000), suggesting that during gating
aminoacids in the extracellular vestibule from threonine 360 to proline 366 do not
change their configuration significantly. Mutant channels T364C and P366C do not
have any significant run down, indicating that the exogenously introduced cysteines are
too far apart to form spontaneously disulfide bonds. In patches excised from oocytes,
the mutant channel I361C has a fast spontaneous rundown which is faster in the
presence of cGMP, suggesting that the side chains of Ile361 point towards the pore axis
and that side chains of opposing Ile361 become closer in the closed state. On the basis
of these previous results and the effect of MTSES and Cd*" described in the present
manuscript a molecular model of the pore region from Leu358 to Pro367 in the open
and closed state.

Fig.56A illustrates a model of the backbone of the loop from Leu358 to Pro367 of two
opposing subunits in the open (red) and closed (blue) state. The direction of side chains
of the different residues for the open and closed state is shown in a symbolic way in
Fig.55 B and C respectively. The model was constructed by imposing that in the closed
state the distance between opposing C, of Pro366 to be about 16 A, of Thr364 to be
about 14 A, of Gly362 to be about 5 A, of Ile361 to be about 9 A and finally of Thr360
to be about 14 A. In this model of the closed pore the tighter restriction is formed by
Gly362 approaching almost at the shortest Wan der Waals distance. In the open state
Gly362s move apart opening therefore the gate, while Ile361 move slightly closer: the
distance between opposing C, of Gly362 is about 10 A and of Thr360 is about 9 A,
allowing for the formation of Cd** binding sites in mutant channels T360C. Distances
between the C,, of residues from Glu363 to Pro367 were assumed to be almost identical
in the open and closed state. In the closed state residues from Leu358 to Thr360 are
assumed to have a helical arrangement and to be part of the P helix starting from
Val348. The open and closed state configurations were checked for physical consistency
by using Procheck (Laskowski et al., 1996) and Whatif (Vriend, 1990) programs.
Fig.57B shows how the mutant channel T360C can bind one MTSES molecule at each

subunit and not been obtruded in the open state. However, Cd*" ions by binding to two
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neighbouring cysteines can obtrude the pore in the open state, as shown in Fig.57 C and

D, but cannot coordinate to these cysteines in the closed state as they are more than

10 A apart.

The conformational change of the pore wall underlying the transition between,_th”e
closed and open state is initiated by the binding of CGMP in the cyclic nucleofiae-
binding domain. Therefore there is a remarkable soﬁhisticated coupling of
conformational changes spanning throughout the entire cytoplasmic domain of the
channel. It is rather likely that channel gating is mediated by some movements of the S6
domains which are transmitted to the pore walls. Fig.57A 1llustrates two possible
ingredients for this coupling: an hydrophobic interaction between the side chain of
Phe360 in S6 and the side chain of Leu356 or Trp353 (Becchetti et al., 1999) possibly
coupling S6 and the P helix; similarly the P helix can be coupled to the pore walls by an
hydrophobic interaction between side chains of Ile361 and Leu3ss.

Contrary to what proposed by Flynn and Zagotta (2001 and 2003) my data do not
support a view of the gating in which there is a large bending of the S6 domain towards
the lipid phase in the open conformation around an hinge located between Val391 and
Ser399. Indeed, the application of Cd** ions in the closed state and open state has the
same blocking effect on mutént channels V391C (Fig.29), G395C (Fig.33) and S399C
(Fig.35). My experiments aiso do not support the view that in CNG channels there is a
large movement in which the smokehole enlarges during channel opening as a
consequence of a significant displacement of Ser399. Indeed, whereas Flynn and
Zagotta reported a different sensitivity to MTSET of mutant channel S399C in the
closed and open state, I observe a very similar effect of MTSET in both the states.
Another important residue is that in position Ala406. This is the first mutant channel in
which I observed a clear differential effect of Cd** in the open and in the closed state. In
the closed state there is a complete block of current (100%) but none in the open state; I

did not detect any blockage by MTSET either in the closed or in the open state.
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Fig.56: Molecular models of the pore of cGMP-gated channel in the open and closed state. A: Molecular
models of the pore of cGMP-gated channel in the open (red) and closed state (blue): model of the
backbone of the loop from Leu338 to Pro367 of two opposing subunits in the open and closed state.
Possible movements of the P helix from the closed to the open state. B and C: Side chains of the different
residues for the closed and open state respectively.
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Flg 5 7: Bma'mg (y' MTSF .S and Cd™" ions 1 mutant cham.'el 1360C. A: wde wcu of two neighboring
modeled in gray is the possible structure of the P helix and the S6 llammembl ane segment obtained by
homology with the KcsA channel. Possible hydrophobic interaction between the side chain of lle361 and
Leu338 possibly mediating the coupling between the P helix and the pore wall and possible hydrophobic
interaction between the side chain of Phe380 and Leu356 or Thr 333) possibly mediating the coupling
between the S6 segment and the P helix. binding of MTSES and Cd™ ions to mutant channel T360C in the
open stale, respectlvely B: top views of the four subunits binding 4 MTSES. C and D: side views of four
subunits binding 2 Cd”' ions (in green), each Cd" ion is coordinated by two S atoms of neighboring
cysteines.
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...Conclusions

us summaries the main conclusions of my thesis:

The CNBD of CNGAI1 channels come together as a 2-fold symmetric “dimer of
dimers” . My experiments identify the residues, in which the C-helices are in close
contact (see Fig.54). Therefore the conformation of the CNBD of CNGA1 channels
is different from that determined for the CNBD in HCN2 channels (Zagotta et al.,
2003). I propose that in the absence of cGMP, C-helices are free to move around
their hinge. During these rearrangements C-helices are likely to kink and to bend at
variable angles and at different residue positions.

In CNG channels the S6 domain does not have the large movement observed during
gating in K channels. This conclusion is primarily based on my observation that the
blocking effect of Cd** on mutant channels V391C (Fig.29), G395C (Fig.33) and
S399C (Fig.35) in the absence and in the presence of 1 mM cGMP is almost
identical. As Cd** blockage is a good reporter of distance among the S atoms of
exogenously introduced cysteines, I conclude that during gating S6 domains of
CNG channels do not move as much as in K channels. I conclude also that Ala388
in CNG channels is not the hinge of the large bending of S6 underlying gating in K
channels. My experiments are consistent with a conformational rearrangement
producing a movement of the S6 helices leading to changes in distances between the
C,. of homologous residues in position 391, 395 and 399 not larger than some A. I
suggest that, in CNG channels, the gating is primarily localised at the pore level.
Gating of CNG channels is caused by a small movement of the pore (possibly about
1-2 A) producing a conformational rearrangement of the pore walls. This conclusion
is primarily based on the potentiation of channel mutant T360C by MTSES both in
the open and closed state (see Fig.46). This result indicates that the S6 bundles do
not form the gate in CNG channels and therefore the gate resides in the pore itself.

I speculate that a translation and/or rotation of the S6 domain initiate the movement
of the pore walls. This coupling is likely to be mediated by hydrophobic interactions
between the P helix and the S6 domain and between the P helix and the pore walls.
This hypothesis is supported by the potentiation observed in mutant channels F380C
(Fig.27), G383C (Fig.27) and T360C (Fig.46), in the presence of MTSES. In



particular, these interactions could be mediated by the side chains of the residues

Phe380/Trp353/Leu356 and Ile361/Leu358, respectively, as proposed in Fig.57A.

With my thesis I hope to have contributed to unravelling the beautiful mechanisms

underlying gating in CNG channels.
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