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Abstract

The voltage-gated-like (VGL) ion channels superfamily is one of the largest groups of signal
transduction proteins. Each member of the superfamily contains a pore domain with a unique
architecture; some members also feature regulatory domains that respond to the changes in
membrane voltage, intracellular signaling molecules, or other stimuli. In addition, the activity of
the ion channels can be modulated by regulatory proteins. Mechanisms of VGL channels
modulation are investigated extensively not only to understand the basic principles underlying the
process, but also to facilitate drug development in order to overcome disease-causing dysfunction
of the channels. During my research, I focused on two VGL families: voltage-gated potassium
channels and cyclic nucleotide-gated (CNG) ion channels. In my first project I investigated the
human voltage-gated potassium channel Kv7.2. This channel is expressed in neurons and plays
an important role in regulation of neuronal excitability; activators of Kv7.2 are developed for
treatment of epilepsy and pain. I modeled the transmembrane (TM) region of Kv7.2 and
performed docking of a small molecule-activator named NH29 into the obtained structure. The
docking model was tested experimentally, and NH29 action mechanism was proposed. In another
project I studied the interaction between the human Kv7.1 channel and its regulatory subunit
KCNEI. Kv7.1 is also a voltage-dependent potassium channel, and its association with KCNEI
significantly alters its functionality. I constructed a three-dimensional (3D) structure of the TM
region of the complex, which agreed with previous disulfide mapping studies. The model-
structure suggested molecular interpretations of electrophysiological recordings of two KCNEI1
mutations designed to test the model. I also conducted elastic network analysis of Kv7.1
fluctuations in the presence and absence of KCNEI, proposing mechanistic perspectives on the

known modulatory effects of KCNEI. In the last project, I modeled the 3D structure of the



human cone CNG channel; mutations in the cone channel can cause achromatopsia, characterized
by color blindness, photophobia, nystagmus, and reduced visual acuity. The model-structure can
facilitate studies of these disease-causing mutations, and I utilized it to provide molecular
interpretation of several known mutations. In addition, I investigated the global motions of the
cone CNG channel, employing elastic network models. The analysis revealed interesting insights

on channels gating.
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1. Introduction

Voltage-gated-like (VGL) ion channels are integral membrane proteins that can mediate
efficient and selective passage of ions across the membrane. These channels facilitate a diverse
range of physiological processes, including signal transmission in the nervous system, muscle
contraction, sensory perception, hormone secretion, gene expression, cell division and more. The
VGL ion channels superfamily is the third in size group of signal transduction proteins,
succeeding the G protein—coupled receptors and the protein kinases in number (1). The common
structural theme of the VGL channels is the four-fold symmetry organization of the pore domain
(1). However, the VGL ion channels are regulated by different stimuli (that induce channels’
opening or closure), including membrane voltage, extracellular or intracellular ligands,
temperature, and membrane tension. Consequently, the members of the VGL superfamily differ
from each other by the structural domains adapted to “sense” a particular stimulus and to mediate

the corresponding gating response.

The first crystal structure revealing the architecture and organization of the pore domain
was determined in 1998 by the group of Roderick MacKinnon (2). The importance of the
discovery was acknowledged by awarding the 2003 Nobel Prize for Chemistry to MacKinnon
(3). The bacterial potassium channel KcsA was formed by four identical subunits, each
containing two TM helices, M1 and M2 (Figure 1.1A) (2). The short re-entrant loop between the
two TM helices consisted of a pore helix and an evolutionarily conserved stretch of five residues
TVGYG (Figure 1.1B). The conserved stretch from each subunit co-assembled the selectivity
filter, with the carbonyl groups of TVGYG lining the narrowest part of the pore (2). Since then,
several other bacterial ion channels were solved, expanding our understanding of ion channels (4-

6). The next major breakthrough was determination of a mammalian (rat) voltage-gated



potassium channel Kv1.2 (7). However, this structure did not allow identification of all side
chains, and have been recently refined (8). The next structure of the rat Kv1.2/Kv2.1 chimera
channel had higher resolution, so that identification of all residues in the density map was
possible (9). Both structures are composed of four monomers, each containing six TM regions,
named S1 to S6 (Figure 1.1C). The first four transmembrane helices, namely S1, S2, S3, and S4,
in each subunit make up a voltage-sensor domain (VSD). The last two transmembrane helices of
all subunits (S5 and S6, corresponding to KcsA M1 and M2, respectively) jointly assemble the
central pore domain (Figure 1.1C). S4 usually carries several evolutionarily conserved, positively
charged residues, known to “sense” the membrane potential and to drive the responding
conformational change (10). In the structures of both mammalian channels, these “voltage-
sensing” residues are accessible to the extracellular solvent, as expected for the depolarized state

of the channels (Figure 1.1C).

The largest family among the VGL superfamily is potassium voltage-gated ion channels.
These channels sense changes in the voltage across the cell membrane and respond by allowing
potassium ions out with high selectivity and efficiency. In excitable cells, such as neurons and
muscle cells, the Kv channels allow efflux of K' ions across the membrane restoring the resting
potential (1,11). In non-excitable cells, i.e. lymphocytes, the Kv channels are the driving force for
Ca”" ions entry, which is important for the regulation of various cell functions (1,11). In humans,

12 subfamilies of the potassium voltage-gated ion channels exist, named Kv1-12 (1).

The voltage-gated potassium channels are primarily regulated by the changes in the
membrane potential. However, many of these principal subunits associate with auxiliary subunits
that modify their electrophysiological properties (12). For instance, the members of Kvl

subfamily are modulated by the intracellular Kvf subunits (13). Kvp subunits have tetrameric



structure, and they interact specifically with the cytosolic domain of Kv1 channels (Figure 1.2A)
(1,12). K* channel interacting proteins (KChIPs) represent another family of auxiliary subunits
(Figure 1.2B). In contrast to the Kvp subunits, they do not form tetramers, but interact
specifically with the cytoplasmic domain of Kv4 channels as monomers (Figure 1.2B) (14). A
rather distinct family of auxiliary subunits includes KCNE1 (MinK) and so-called MinK-related
proteins (12). KCNEs are small proteins, generally interacting with members of the Kv7
channels. KCNEs differ from the Kv3 and KChIP subunits, as they feature one membrane-

spanning segment and thus interact with the TM domain of Kv7 channels.

Many members of the VGL superfamily are voltage-gated channels, “sensing” the
membrane potential with their VSDs. However, some of them are regulated, additionally or even
exclusively, by other signals. The “sensing” in these cases is usually completed by a cytoplasmic
regulatory domain connected to the carboxyl terminus of the S6 helix. The regulatory domains
bind the regulatory molecules, e.g., ions, small molecules or even proteins, and transfer the signal
to the pore domain. For instance, calcium-activated potassium channels are modulated by the
concentration of Ca®" in the cytosol (Figure 1.3C); inwardly rectifying potassium channels
feature a cytoplasmic domain that can interact with a number of regulatory molecules, such as G-
proteins, ATP, PIP, and Na' (Figure 1.3A); cyclic nucleotide-gated (CNG) and
hyperpolarization-activated cyclic nucleotide—gated channels are regulated by cyclic nucleotides

binding to their cytoplasmic domains (Figure 1.3B) (1).

Undoubtedly, the crystal structures allowed the structure-function studies and the atomic
level understanding of the VGL ion channels. However, in order to manage dysfunctions of ion
channels in humans and to facilitate drugs development, high-resolution structures of the human

ion channels are required. These tasks are still challenging, since human TM proteins are



particularly complex targets for structure determination. Therefore, homology (comparative)
modeling techniques are often employed to produce model-structures of the human ion channels
(or other TM proteins). This currently leading computational approach for generating model-
structures utilizes structures of proteins, homologous to human, determined experimentally at
high-resolution (15). Recent studies showed that comparative modeling is an efficient
methodology that can be successfully applied even when the sequence identity between the query

protein and the high-resolution template is extremely low (15).

The key to an accurate homology model is the alignment of sequences of the query (target
protein) and the template (crystal structure). This is especially challenging when the sequence
identity between the two is low, as in most cases of modeling of a protein from mammalian
origin using a crystal structure of a prokaryotic homolog. However, given a correct alignment, the
predicted backbone of the protein’s core, i.e., the backbone of the TM segments, is presumably
accurate (15). The loop regions are usually more flexible in structure and more variable in
sequence, and their modeling may not be based on the existing structural template. Consequently,
the predicted loops conformations are imprecise, both in terms of the backbone and the side
chains (15,16). In contrast, the side chains conformations in the protein core can be reliable, if
they are conserved between the query and the template. As functionally important sites are often
highly conserved among homologous proteins, their 3D structure in the model can be accurate.
Interestingly, a recent study showed that homology model-structures of G protein-coupled
receptors are suffice for computational virtual screening of possible ligands, a procedure that
normally requires accurate, high-resolution structures (17). Additional pitfall of comparative
modeling is possible structural changes between the query and the template, which could be

expressed even in different number of TM segments (18). However, the fold of the voltage-gated-



like channels, the focus of the current thesis, is essentially preserved among the whole

superfamily (1).

The evaluation of the model-structures is an important step in modeling. Although a
number of computational methodologies have been developed for model-structures of soluble
proteins, their performance on model-structures of TM proteins was not established (15). In the
absence of such methodologies, model-structures of TM proteins can be validated by inspecting
their general characteristics. The first general characteristic is the hydrophobicity profile of the
model-structures of TM proteins (Figure 1.4A). The expectation is that hydrophobic residues
would be exposed to the lipid, while charged and polar amino acids would be buried in the
protein core or located in the loop regions. An additional general feature of proteins structure is
the evolutionary conservation profile. It is anticipated that evolutionarily conserved amino acids
would be buried in the protein core and that variable residues would be exposed to the lipid or
located in the loop regions (Figure 1.4B). The validity of the evolutionary conservation pattern
have been recently verified on a large dataset of experimentally determined high-resolution

structures (19).

During my PhD studies, I focused on human ion channels and modeled 3D structures of
selected human VGL channels. First, I modeled the voltage-gated potassium channel Kv7.2 and
investigated its modulation by a small molecule. Next, I modeled a 3D structure of the Kv7.1-
KCNEI complex, where the former is a voltage-gated potassium channel, and the latter is its
auxiliary protein. I inspected the effects of KCNE1 on the functionalities of Kv7.1. Both projects
were complemented by experimental studies performed by the lab of Prof. Bernard Attali (Tel-
Aviv University). Finally, I focused on the human cone cyclic nucleotide-gated ion channel. I

further utilized the resultant model-structure to elaborate on the gating of the channel.



1.1 Pharmacological studies of the Kv7.2 channel

Voltage-gated cation channels play crucial roles in brain and cardiac excitability. Mutations of
ion channel genes in humans lead to severe inherited neurological, cardiovascular or metabolic
disorders, called ‘channelopathies’ (20). So far, the medicinal toolbox has focused on the pore
domain and its gate, in an attempt to cure ion channel-related dysfunctions by channel blockers or
openers (21). In contrast, the VSD of voltage-gated cation channels was virtually not exploited
for therapeutic purposes. VSDs are found in voltage-dependent cation channels and other
voltage-regulated proteins (10). In addition, VSDs have been recently characterized in voltage-
regulated proteins that lack associated ion channel pores (22-24). A voltage-sensitive
phosphatase, Ci-VSP, has a VSD that is coupled to a phosphatase domain (22). In the human

voltage-activated proton channel (Hv1), the VSD itself functions as a proton channel (23-25).

The charge-bearing S4 helix together with the C-terminal part of the S3 helix, also called
S3b, form a helix—turn—helix structure, often termed the paddle motif (Figure 1.1C) (7,26).
Recent data indicate that the VSD paddle motif can drive channel opening when transplanted
from the archaebacterial Kv channel (KvAP) or voltage-sensing domain proteins (Hvl and Ci-
VSP) into eukaryotic voltage-gated K channels (10,27). Thus, VSD paddle motifs are modular

and transferable structures, whose functions are conserved in voltage sensing proteins (10).

The Kv7 potassium channel family, encoded by the KCNQ genes, comprises five
members in humans, Kv7.1-Kv7.5, four of which (Kv7.2-Kv7.5) are expressed in the nervous
system (28). In quest to target neuronal M-type K’ channels, encoded by Kv7.2 and Kv7.3
subunits assembly, novel diphenylamine carboxylates were recently designed as powerful

openers or blockers of the Kv7.2 channel (29). M-channels generate subthreshold, non-
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inactivating voltage-gated K currents that play an important role in controlling neuronal
excitability (30,31). In collaboration with the lab of Prof. Attali (Tel-Aviv University), we
showed that the novel opener compound, NH29, acts as a non-toxin gating modifier, which
robustly increases Kv7.2 K currents. Experimental and modeling data suggest that in the Kv7.2
channel open state, NH29 docks to the external surface of the VSD at the interface of helices S1,
S2 and S4. NH29 stabilizes the interaction between two conserved residues in S2 and S4, known
to interact electrostatically in voltage-gated K™ channels. Intriguingly, NH29 is also a potent
blocker of TRPV1 channels, a feature similar to that described for tarantula toxins (32,33). The
results indicate that NH29 may operate via a voltage-sensor trapping mechanism similar to that
depicted for various gating-modifier toxins (34). Thus, the VSD represents a novel and important
pharmacological target for the treatment of major hyperexcitability disorders like epilepsy,

migraine or neuropathic pain.

1.2 Regulation of the Kv7.1 channel

As mentioned above, Kv7.1 is the only member of the Kv7 channels that is expressed mostly in
heart tissues (28). The main function of Kv7.1 is repolarization of the cardiac cells following
action potential. This function is accomplished by assembly with KCNE]1. In comparison to the
kinetics of the isolated Kv7.1 channel, the KCNE1-Kv7.1 complex manifests slower activation
and deactivation of voltage-gated currents (called Ix,) (35,36). Mutations in both proteins can
lead to cardiac long QT syndrome LQTS, which in turn can cause arrhythmias, ventricular

fibrillation and cardiac arrest (31,35,36).

Despite the biological significance of the Kv7.1-KCNEI interaction, its exact nature has
yet to be elucidated. In fact, even the stoichiometry of the complex remains a subject of debate.

Some experiments have shown that two KCNE1 molecules associate with each Kv7.1 tetramer
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(37,38), while others point to multiple stoichiometries (39,40). Kang and co-authors (41) used a
homology model of Kv7.1 (42) and the nuclear magnetic resonance (NMR) structure of KCNEI
to predict the structure of the complex. However, the preliminary analysis has shown that this
model-structure is incompatible with evolutionary data in that the most conserved amino acids of
KCNET] are exposed to the lipid, and the variable residues are buried at the interface with Kv7.1,
in contrast to the typical conservation pattern (Figure 1.5). Therefore, I attempted to provide
further insight into the Kv7.1-KCNEI interaction, using the available model-structure of Kv7.1
(42) and various computational protein-protein docking techniques in combination with
conservation data. To test the structural model, the electrophysiological properties of Kv7.1 co-
expressed with two KCNEI mutants were examined in the lab of Prof. Attali (Tel-Aviv
University). Overall, the experimental findings are consistent with my model-structure of the

complex.

Analysis, using elastic network models, suggested a molecular basis for alterations
observed in the dynamics of the Kv7.1-KCNE1 complex in comparison to the isolated Kv7.1
channel. KCNEIl-induced slow deactivation is attributed to the lower mobility of the voltage
sensor domains of the channel upon KCNEI1 association. Abolishment of voltage-dependent
inactivation could result from the decreased fluctuations in the external vestibule of the channel
upon interaction with KCNE1; Kv7.1 residues D317 and E295 could play a role in the regulation
of voltage-dependent inactivation of the channel. KCNE1 association induces changes in the
motion of residues G272, V310 and T311 of Kv7.1, changes that could be associated with the

channel’s enhanced conductivity upon complex formation.

1.3 Cyclic nucleotide-gated (CNG) ion channels
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CNG 1on channels are nonselective cation channels, crucial for visual and olfactory sensory
transduction in vertebrates (1,43-46). Like other members of the voltage-gated-like ion channel
superfamily (1), the CNG channels are composed of four (identical or homologous) monomers,
each containing the TM helices S1-S6 (43,44). In spite of the presence of the VSD, CNGs
display very little voltage-dependent activity (1,43-45). Rather, each monomer in the CNG
channel contains a cytosolic cyclic nucleotide-binding domain (CNBD), connected by a so-called
C-linker to the C-terminus of the S6 helix, and the channel is gated by cyclic nucleotide binding

to the CNBDs (1,43-45).

Structural studies of the bacterial homolog MlotiK1 from Mesorhizobium loti have
revealed the 3D structures of the CNBD (47-50) and of the TM domain (51). In mammals,
structures of CNBDs have been determined in hyperpolarization-activated cyclic nucleotide-
gated (HCN) channels (46,52-56), which are closely related to CNGs and share a similar fold
(44,57). However, despite extensive structural studies, the gating process in CNG (and in HCN)

channels is not fully understood (45,58-60).

Over time, several different models describing the gating process of CNGs have been
proposed (reviewed in (57-59,61)). The models differ from each other in the minimum number of
bound nucleotides required for activation and in the cooperativity between the binding sites. The
number of open and closed states of CNG channels is yet another discriminating parameter
between various gating schemes. The simplest model, known as the “sequential” model, suggests
that three ligand molecules bind to the closed channel, and binding of a fourth ligand causes the
allosteric conformational change to the open state (62). The sequential model was found
insufficient, since it does not account for the experimentally confirmed opening of unliganded or

partially liganded CNG channels (63). The Monod, Wyman, and Changeux (MWC) model (64)
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postulates that the channel can open with any number of bound ligands, i.e., 0 to 4; the higher the
number of bound ligands, the more favorable the transition from the closed to the open state. This
model is limited by the notion that all four binding sites are identical. Moreover, it does not
account for the existence of sub-conductance states, allowing only one open state (61). A third
model, the “dimer-of-dimers” model, describes the tetramer as a dimer of dimers, in which each
dimer acts as an MWC unit, meaning that there is cooperativity between the monomers within the
dimers (65). For the channel to open, both dimers must be activated independently, meaning
there is no cooperativity between the dimers. Lastly, the modular gating model defines the
following modules within the channel: the VSD, the pore, the C-linker and the CNBD (66). Each
module is in equilibrium between two possible conformations: the VSD and the C-linker can
either be resting or activated, the pore can be closed or open, and the CNBD can be ligand-free or
-bound. The modules are coupled to each other, so that the state of each module affects the states

of other modules.

In vertebrates, each of the six known members of the CNG family is classified into A and
B subunits, which can coassemble in several combinations to produce functional heterotetrameric
channels (1,43-45,57,67). In cone photoreceptors, for example, functional CNG channels are
composed of two CNGA3 subunits and two CNGB3 subunits, with like subunits positioned next
to each other (68). The activity of the cone CNG channels is controlled by cyclic guanosine
monophosphate (cGMP) binding to CNBD. In the dark, the concentration of cGMP is high, and
the cone CNG channel is maintained in its open state, allowing influx of Na” and Ca®" ions.
Light absorption by visual pigments leads to hydrolysis of cGMP and closure of the cone CNG
channel (43,44,67). The cone system confers color vision; mutations in CNGA3 and CNGB3
subunits cause achromatopsia, characterized by color blindness, photophobia, nystagmus and

reduced visual acuity (43). Tens of disease-causing mutations have been identified so far in the
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genes encoding for CNGA3 and CNGB3 (Tables 1.1 and 1.2)(43), although most of them have

not been analyzed functionally (69).

Here 1 employed comparative (homology) modeling techniques to produce an
approximate full-length 3D model-structure of the human cone channel in its resting state, with
the CNBDs in ligand-free (apo) or ligand-bound (holo) conformation. The modeling was
challenging because the structure was derived from two templates: a template for the TM domain
and a template for the cytosolic domain (including the CNBD). Moreover, the sequence identity
between the template and the query in the TM region was approximately 10%, which is rather
low. Still, the resultant model-structure was compatible with the typical evolutionary
conservation pattern and the available experimental data. In addition, I utilized the model-
structure to propose molecular interpretations for several disease-causing mutations. To elucidate
the mechanism of the allosteric signal transduction through the CNG channels, I analyzed the
dynamics of the apo- and holo-states of the homotetrameric CNGA3 channel using coarse-
grained elastic network models. I suggest that the slowest mode of motion of the CNG channel is
related to gating. In this motion type, the TM and cytosolic domains rotate around the membrane
normal in opposite directions. This deduction is supported by existing experimental evidence. I
carried out a similar analysis of the modes of motion of the prokaryotic KirBac3.1 channel,
which has a known gating mechanism and resembles the CNG channel in terms of the
architecture of the pore domain as well as the function of the cytoplasmic domain, and obtained
further support for this proposition. Investigation of the next-slowest modes of motion of the
CNG channel revealed that either the TM domain or the CNBDs of the CNG (but not both
domains together) fluctuate in each mode, with inter-domain cooperativity between the mobile

and immobile domains. This observation corroborates the modular gating model of the CNG
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channels (66). Lastly, the dynamics of the channel in the apo- and holo-states were, essentially,

indistinguishable, in agreement with the demonstrated opening of unliganded channels (63,70).
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2. Research aims

My main research goal is to suggest insight into the structure-function relationship of selected
human voltage-gated-like ion channels by means of various computational methodologies. Using
structural modeling, both comparative and ab initio, I investigated the transport mechanism of the
chosen human ion channels. I also explored the modulation mechanisms of the channels by small
molecules, regulatory proteins and regulatory domains.
The specific goals of my research were as follows:
1. To model the 3D structure of the transmembrane domain of the human Kv7.2 channel and
suggest the binding mode of a small molecule known to lock the channel in its open state.
2. To model the 3D structure of the human Kv7.1-KCNE1 complex and to reveal the
mechanism(s) by which KCNE1 modulates Kv7.1 activity.
3. To model the 3D structure of the human cone CNG channel and to investigate the signal

transduction mechanism from its CNBD to the pore domain.
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3. Methods and materials

Structural modeling and docking of Kv7.2

I employed comparative (homology) modeling techniques to produce an approximate 3D model-
structure of the human Kv7.2 transmembrane domain (residues 92-323). The possible templates
were the X-ray structure of the rat Kv1.2 channel (Protein Data Bank (PDB) entry 2A79) (7) and
its modified chimeric version containing the rat Kv2.1 paddle (PDB entry 2R9R) (9). The query
human Kv7.2 channel, however, shares a very low sequence identity of about 22% with these
structures, which complicates the modeling. Instead, as a template, I chose a model-structure of
the human Kv7.1 channel, which was derived by homology from the X-ray structure of the rat
Kv1.2 channel (7), and, therefore, essentially identical in the TM region to the latter (42). The
chosen template shares about 60% sequence identity with the query, thus simplifying the
modeling process. To increase the accuracy (15), the pairwise alignment between the sequences
of the query and target (SwissProt entries KCNQ2 HUMAN and KCNQI HUMAN,
respectively) was derived from a multiple alignment of 128 sequences. These were collected as
KCNQ2 HUMAN homologs from the CleanUniProt database (71). Redundant (>99% sequence
identity), and fragmented sequences were discarded. The full-length sequences of these proteins
were then aligned using the MAFFT program (72). Next, I constructed a 3D model-structure of
the human Kv7.2 channel based on the obtained pairwise alignment using NEST (73), with
default parameters. I used the Plop program (74) to further optimize the model-structure, i.e., to

eliminate steric clashes and improve side-chains packing in the protein core.

The refined model-structure was used for substrate docking, using the LigandFit tool (75)

from the DiscoveryStudio 2.0 software (Accelrys, San Diego, CA). 41 docking cavities were
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detected using the LigandFit site search utility. Of these, only one was in line with the
mutagenesis data, and was selected as the seed binding site. The cavity was then expanded with
the Discovery Studio site editing tool to a distance of 1.5A in all directions and edited manually
to remove points protruding far outside the main cavity. To improve the search in conformational
space the binding pocket was partitioned into 3 regions. The docking of the NH29 ligand into
each of the three regions was conducted using the Dreiding force field (76) and putative
NH29/channel complexes were selected. These complexes were minimized using the Smart
Minimizer algorithm and evaluated with the DockScore (75), LigScore (77) and PMF04 (78)

modules of the Discovery Studio software.

Modeling of the Kv7.1 - KCNE1 complex

KCNEI has an extracellular N-terminus, a single TM segment between residues 44-66, and a
cytoplasmic C-terminus (35,36). The available 3D structure of human KCNE1 (PDB entry 2K21)
has a major curve in the TM segment consistent with the radius of the lipid micelles used to
determine the structure (41). Since the TM conformation may differ significantly from the one
observed in micelles (79,80), I modeled the 3D structure of residues 36—75 using the Rosetta
Membrane ab-initio protocol (81). I obtained 10,000 decoys and clustered them, with a root mean
square deviation cutoff of 2A. The ten lowest-energy candidates in the largest cluster were
selected for further analysis. The decoys, all a-helical with a slight kink around residues 5658,
differed from each other in the extent of curvature. I docked these decoys into the symmetric
model-structure of the human Kv7.1 (42), using PatchDock (82), and collected the 20 highest-
scoring complexes for each candidate. The resulting 200 complexes were filtered manually based
on the membrane topology of KCNEI (35), and 27 remained. These were evaluated according to

their hydrophobicity profiles. The expectation was that hydrophobic residues would be exposed

19



to the lipid, while charged and polar amino acids would be buried in the protein core and/or

protein-protein interface. I examined each model-structure visually to verify this.

I also evaluated the complexes’ evolutionary conservation profiles. It was anticipated that
evolutionarily conserved amino acids would be buried in the protein core or protein-protein
interface, and that variable residues would be exposed to the lipid. I used ConQuass, which
assigns scores to model-structures based on the degree to which they adhere to this pattern (19).
The conservation profile was constructed using the ConSurf server (83). The homologs were
collected from the non-redundant (NR) database (84) using PSI-BLAST (85). Redundant
sequences (>99% sequence identity) were discarded, and the resultant 76 sequences were aligned
using MUSCLE (86) (Figure 3.1). The complex with the highest ConQuass score was chosen for
further docking with the Rosetta docking protocol in high-resolution mode (87). The 1,000
complexes obtained through this procedure were clustered using a root mean square deviation
cutoff of 3A and assessed with ConQuass again. The model with the highest ConQuass score

from the largest cluster was chosen.

I also performed independent Kv7.1-KCNE1 docking using the GRAMMX software (88),

and the best model-structure of the complex was essentially the same (data not shown).

The final model-structure of the complex was evaluated against the available data from
disulfide mapping studies (89-91). In principle, for a disulfide bond to form between a pair of
residues, the two residues must be very close to each other, with Cp-Cf distance of
approximately 4.6A (92,93). However, when the residues are in mobile regions, e.g. loops or
helix termini, a bond may form even if the residues are up to 15A apart (92). The pairs taken into
account were G40/T144, G40/1145, G40/Q147, K41/T144, K41/1145, K41/Q147, L42/V324,

E43/W323 and A44/V141, where in each pair the first amino acid is from KCNE]1 and the second
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from Kv7.1 (89-91). The distances between the residues in each pair in the final model are listed
in Table 3.1. I also determined the distances separating the pairs verified as not interacting by the
disulfide mapping studies (Table 3.3). In most cases the residues in each pair were separated by a
distance of more than 15A in the final model. Still, some pairs are separated by a distances of less
than 15 A; an inspection of the model-structure of the complex revealed that only three pairs,

namely L45/1.142, D39/1145, A44/1145, can be in physical contact to create an disulfide bond.

Modeling of CNGA3 and CNGB3 subunits

Each subunit of any CNG channel contains two domains: the TM domain and the cytosolic
CNBD (which also contains the C-linker). In the absence of a high-resolution structure
comprising both domains, I focused on the existing structures of the individual domains. A
variety of high-resolution structures of mammalian CNBDs from HCN channels is available
(46,52-56). CNGs and HCN channels are closely related in structure (57); thus, HCN CNBDs can
serve as templates for modeling the CNBDs of CNGs. For the apo-state template, the only
available structure of a ligand-free CNBD was from the mouse HCN2 (mHCN2) channel (PDB
entry 3FFQ (54)). In order to model the ligand-bound state of the cone CNG channel, I used as a
template the only available holo-state structure of mHCN2 in complex with cGMP (PDB entry
1Q3E (46)). To derive the structures of the CNGA3 and CNGB3 CNBDs from the selected
templates by homology, pairwise alignment between the queries and the templates was required.
The CNBD of the mHCN2 channel shared sequence identity of 33% and 29% with the CNBDs of
CNGA3 and of CNGB3, respectively. When a query and a template display sequence identity of
30% or more, a simple pairwise alignment is sufficient to produce a reliable model-structure (15).
However, extraction of the pairwise alignment from a multiple sequence alignment improves the

accuracy (15). Therefore, I searched for mHCN2 homologs in the CleanUniProt database (71)
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and aligned their sequences using the MUSCLE program (86). Both subunits, CNGA3 and
CNGB3, were detected as homologs, and their alignment with mHCN2 was extracted from the

multiple sequence alignment (Figure 3.2).

The crystal structure of the bacterial MlotiK1 channel in its closed state (51) (PDB entry
3BEH) served as the template for modeling the TM domains of CNGA3 and CNGB3. The
sequence identity between the TM domain of MlotK1 and those of CNGA3 and of CNGB3 was
10% and 12.5%, respectively. Consequently, the sequence alignment between the queries and the
template was quite challenging. In cases of such low identity between a query and a template, it is
recommended to use a variety of tools in order to produce a reliable pairwise alignment (15). I
exploited the secondary structure prediction algorithm PsiPred (94), several methods for the
identification of TM segments (namely MEMSAT(95) and HMMTOP (96)), the FFASO3 server
for fold-recognition (97), and a methodology for profile-to-profile alignment HHpred (98)
(Figure 3.3). All tools traced the TM segments in similar locations within the sequences, with
some deviations (Figure 3.3). Additionally, I created a multiple sequence alignment that included
the sequences of the queries and the template. To this end, I searched for MlotK1 homologs in
the SwissProt database (99) using CS-BLAST (100); 3 iterations were performed with maximal
e-value of 0.00001. The collected homologs were aligned using the MUSCLE program (86). The
final alignment between the queries and the template took into account the outputs of all

methodologies used (Figure 3.3).

The initial 3D models of the CNGA3 and CNGB3 subunits were constructed using the
Modeller software, version v9.10 (101). The loops were refined with the Rosetta loop modeling

application (87,102).
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The conservation profile was calculated using the ConSurf server (83). I used CS-BLAST
(100) to collect homologous sequences of CNGA3 and of CNGB3 from the CleanUniProt
database (71). Redundant (>99% sequence identity) and fragmented sequences were discarded.

The sequences were aligned using the MUSCLE program (86).

Elastic network models

I analyzed the Kv7.1-KCNE1 model-structure and the model-structure of homotetrameric
CNGA3 channel using elastic network models. These models have provided insights on the
dynamics and function of potassium channels (103-106). A detailed description of the GNM is

available in (107,108) and of ANM in (109,110). Here I provide a short summary.

In the GNM calculations the protein structure was simplified into a-carbon atoms and
treated as an elastic network of nodes connected by hookean springs of uniform force constant y.
Two nodes i and j were assumed to display Gaussian fluctuations around their equilibrium
position if the distance between them was below the (commonly used) cutoff of 10 A. The inter-
node contacts were then defined by an N x N Kirchhoff matrix I, where N is the number of
amino acids in the protein. The correlation between the fluctuations of two nodes i and j, AR; and

AR;, respectively, was calculated as follows:

<ARAR> = GksTiy) Iy = GksT/y) Xl wpni ] (1)

where u; and A are, respectively, the k-th eigenvector and k-th eigenvalue of I', kp is the

Boltzmann constant, and 7 is the absolute temperature; kzT/y was taken as 1 A% Overall, Eq. 1

23



predicts the mean-square displacement of each residue (node) when i=j, and when i#; it
predicts the correlations between the fluctuations of residues i and j as a superimposition of N-1
eigenmodes. 4, is proportional to the k-th mode frequency, the inverse of which gives the relative
contribution of this mode to the protein’s overall structural motion. The minima in the obtained
fluctuation profile for a given mode suggest possible hinge points that coordinate the cooperative

motions between structural elements in this mode.

In contrast to isotropic GNM, ANM determines the direction of fluctuations. Here I is
replaced by the 3N x 3N Hessian matrix H, the elements of which are the second derivatives of
the inter-node potential described by Eq. 1, with a cutoff of 15 A. The correlation between AR;

and AR; was decomposed into 3N-6 modes and calculated as follows:

<ARAR>= BkpTIyte[H ;= GhsTly)Yatr[ weuy; )

where tr[H'l],-j is the trace of the ij-th submatrix [H_l]g/' of H'. The eigenvectors allowed
me to identify alternative conformations sampled by the individual modes, simply by
adding/subtracting the eigenvectors to/from the equilibrium position in the respective modes.
Thus, being an anisotropic model, ANM provides information on the directions of the motions in
3D, while GNM is more realistic with respect to the mean-square fluctuations and the correlation

between fluctuations (106).

Several studies have demonstrated that the first few slowest GNM modes, assigned the
lowest frequencies, are implicated in protein function (106,111). The least mobile residues
suggested by these modes play key mechanical roles, such as being hinge centers or controlling

the cooperative movements of domains. Therefore, while investigated the dynamics of Kv7.1
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channel in the presence and absence of KCNEI, I focused on the eight GNM modes identified as
slowest on the basis of the distribution of eigenvalues; these modes were responsible for
approximately 22% of the overall motion (Figure 3.4). Investigating the CNG channel, for
simplicity and to facilitate more convenient representation of the data, I studied a symmetric
tetrameric channel composed of four identical CNGA3 subunits. I focused on the six GNM
modes identified as slowest on the basis of the distribution of the eigenvalues (Figure 3.5); these
modes were responsible for approximately 40% of the overall motion of the channel (Figure 3.5).
The superimposition of the residues’ mean square displacement predicted by GNM and ANM
revealed the correspondence between the two elastic network models. Thus, using ANM, I was

able to determine the direction of fluctuations characterized by GNM.

Cell cultures and electrophysiology experiments on the Kv7.2 channel (performed by the lab of
Prof. Attali, Tel-Aviv University)

Chinese hamster ovary and primary hippocampal and dorsal root ganglion neuronal cultures were
performed as described (112).Whole-cell patch-clamp recordings in Chinese hamster ovary cells,
in dorsal root ganglion neurons and in hippocampal neurons were carried out as before (112). All
data were expressed as mean = SEM. Statistically significant differences were assessed by
unpaired t-test (two-tail) assuming equal variances for comparing parameters of wild-type (wr)
Kv7.2 with those of Kv7.2 mutants and by paired ¢-test (two-tail) for comparing parameters in the

same cell without and with the opener.

Details concerning the synthesis of NH29 have been previously described as compound 6

in Peretz et al., 2007 (29).
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Experimental procedures on the Kv7.1 channel (performed by the lab of Prof. Attali, Tel-Aviv
University)

The mutations of human KCNE1 were constructed using standard PCR techniques, using the Pfu
DNA polymerase (Promega). The mutants were entirely sequenced using a DNA automatic
sequencer. Human KCNEI DNA (wt and mutants) were linearized by BamHI1 enzyme
(Promega); human KCNQ1 DNA (wr) were linearized by Notl enzyme (Promega). Capped
complementary RNAs (cRNAs) were transcribed from linearized human KCNE1 by T3 RNA
polymerases and from linearized human KCNQI1 with T7 RNA polymerases (mMessage
mMachine, Ambion). The cRNAs were quantified by UV spectroscopy (Nanodrop), and its
integrity and concentration were verified by running an aliquot on a formaldehyde agarose gel.
Channel expression into Xenopus oocytes and electrophysiology were performed as previously
described (113). Current signals were filtered at 0.2 kHz and digitized at 1 kHz. The holding
potential was - 80mV. The reversal potential of the membrane, according to the Nernst-equation,

was calculated to be Ve, =-81.4mV.

_ RT [K*1o

©)

Where R = gas constant, T = temperature, Z = valence, F = Faraday’s constant and /K ],
= 4mM, /K ]; = 100mM. In order to subtract the leak off line from the currents obtained in the /-
J protocol, the resistance was changed at the - 80mV step pulse of the trace obtained (which is
about the E..,) in order to zero the current. Then, the other voltage-step currents were leak-
subtracted accordingly, using the Ohm’s law. Data analysis was performed using the Clampfit

program (pCLAMP 10.2, Molecular Devices), Microsoft Excel (Microsoft), Prism (Graphpad).
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For a measure of deactivation kinetics, a single exponential fit was applied to the tail currents and

measured from + 40mV prepulse at -60 mV tail potential according to:

fO) = YL, Ae” g )

Because of the complex activation kinetics of the currents, including a sigmoidal delay, a
rough estimate of the activation kinetics, 7', act was calculated from the macroscopic current
and measured at + 40mV. T}, act is the time at which the current amplitude is half-activated. To
analyze the voltage dependence of Iks channel activation, a single exponential fit was applied to
the tail currents (-60 mV tail potential) and extrapolated to the beginning of the repolarizing step.

Chord conductance (G) was calculated by using the following equation:
G:I/(V‘ Vrev) (5)
Where I corresponds to the current, and V., corresponds to the calculated reversal

potential. G was estimated at various test voltages V' and, then, normalized to a maximal

conductance value, Gy, calculated at + 40 mV.

Voltage-dependent activation curves were fitted by the Boltzmann equation:

G/Gmax = 1/(1 + exp(VSO—V)/S) ©

Where Vs is the voltage at which the current is half-activated, and s is the slope factor. To

analyze the voltage dependence of Iks channel activation, G was deduced from tail currents as
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above. All data were expressed as mean £ SEM. Statistically significant differences between the

wt and the mutants were assessed by Student’s t-test.
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4. Results

4.1 Targeting the voltage sensor of Kv7.2 channel with a new gating-modifier (in collaboration
with the lab of Prof. Attali; the experiments were performed by the lab of Prof. Attali)
Modeling of the TM region of Kv7.2

I generated a 3D model-structure of the TM domain of the human Kv7.2 channel, and examined
its validity using different approaches. First, the evolutionary conservation profile of the model
was calculated using ConSurf (83). As anticipated, the conserved residues were found at the
inter-helical interfaces within the TM region (Figure 4.1A). In contrast, variable residues were
positioned in the periphery, either in the loops or facing the lipid membrane. Next, I examined
the location of titratable residues in the TM region. As expected (114), they were mostly buried
in the protein core, while hydrophobic amino acids faced the membrane (Figure 4.1B).
Interestingly, R198 and R201, which are part of the voltage sensor helix S4, were exposed to the
lipid. This is in keeping with the suggestion that they interact with the lipids polar heads (10). In
addition, I inspected the Lys and Arg content in the extra-membrane regions. It was previously
shown that the intracellular side is enriched with the positively charged residues in the vast
majority of TM proteins (115). This observation, termed the ‘positive-inside’ rule, can be used to
predict and evaluate the topology of membrane proteins (15). Indeed, the analysis of the Kv7.2
3D model revealed 9 Lys/Arg residues in the cytoplasmatic side vs. only 3 lysine residues in the

extracellular side of each monomer (Figure 4.1B).

I analyzed known disease-linked residues in light of the model-structure of Kv7.2's
transmembrane region (Fig. 3). All the mutations occurred in evolutionarily conserved residues
located in the key structural elements. Specifically, R207W(116)/Q(117) and R214W (118) are
positioned in the voltage-sensing helix S4. These positively charged residues are involved in the

transduction of changes in the membrane potential to conformational changes in the channel (10),

29



which would explain why their substitution with electrostatically-neutral amino acids is harmful.
A306T (119) lines the ions funnel from the intracellular side (Figure 4.2). This is one of the most
highly conserved residues, and I suggest that the substitution of Ala with the much larger and
polar Thr residue could affect ion conductance. L243F (120), S247W (121) and G271V (120) are
positioned in the tight interface between S5 and the pore helix (Figure 4.2). TM a-helices
interactions often involve packing motifs, such as GxxxG and GxxxG-like, where small residues,
such as Ala and Ser, appear in the Gly positions (122). I propose that G271 is the ultimate residue
of an AxxxG motif (A267, L268, W269, W270 and G271). A267 and G271 of the pore helix face
L243 and S247 of helix S5. This interface appears to be stabilized by Ca-H--O bonds between
the backbone and tightened by the presence of the sterically-confined residues, L268 and 1243

(Figure 4.2) (123).

Compound NH29 increases Kv7.2 currents and inhibits neuronal spike discharge and
neurotransmitter release

The Attali lab have recently designed new derivatives of diphenylamine carboxylate, which act as
potent M-channel openers or blockers (29). Along this series, the pharmacological properties and
the target site of the Kv7.2 channel opener NH29 were characterized. The carboxylate group of
the diphenylamine diclofenac was derivatized to an amide functionality with ethanolamine and
the aromatic rings were substituted with nitro groups, yielding compound NH29 (Figure 4.3A).
NH29 was initially examined on wt Kv7.2 homomeric channels expressed in Chinese hamster
ovary cells. External application of NH29 rapidly increased Kv7.2 K’ currents at threshold
potentials. At -40 mV, NH29 (25 uM) enhanced by 3.5 £+ 0.3 fold Kv7.2 current amplitude (n =
15, p <0.01; Figure 4.3, C and E). However, at positive potentials, the effects of NH29 became

much weaker (Figure 4.3B) and little change in maximal conductance (Gnax) Was observed. The
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overall increase in wt Kv7.2 current amplitude mainly arose from a hyperpolarizing shift of the
activation curve. At 25 uM, NH29 caused a left-shift of -15.5 mV from Vs5o=-25.4 + 0.5 mV to
Vs50=-40.9 £ 0.6 mV (n =15, p <0.01; Figure 4.3D), while at 100 uM the shift was -31 mV. In
addition, NH29 slowed down the kinetics of Kv7.2 activation and more noticeably those of
deactivation (Figure 4.3F). The NH29-induced slowing of deactivation (4-fold) could be
accounted for by only 33% the negative shift in the voltage dependence of activation (1.3-fold

slowing for a 15 mV shift), suggesting that NH29 affects Kv7.2 gating by multiple mechanisms.

Next, the Attali lab examined the selectivity of NH29 on other Kv7 channels. NH29
increased the current amplitude of heteromeric Kv7.2/Kv7.3 channels with a similar potency
compared to homomeric Kv7.2 channels with an ECsop = 14 £ 2 uM (n = 5). In contrast, NH29
was virtually ineffective on homomeric Kv7.3 channels. NH29 weakly increased homomeric
Kv7.4 currents (1.3-fold at -40 mV) and did not affect homomeric Kv7.1 and heteromeric
Kv7.1/KCNEI channels. NH29 appeared to act on Kv7.2 both in the closed and open states.
Indeed, when NH29 was first applied for 4 min at -90 mV, a potential where Kv7.2 channels
were in the closed state, the opener increased by more than 3.5 -fold the currents at the first step
depolarization to -40 mV, indicating a closed state interaction. In addition, when Kv7.2 channels
were first opened by depolarization, subsequent application of NH29 significantly increased the

currents, suggesting an open state interaction.

The Attali lab further characterized the properties of NH29 on central and peripheral
neurons. NH29 (25 uM) hyperpolarized the resting membrane potential (from -56.0 + 2.0 mV to -
65.0 £2.2 mV,n=9; p <0.01) and reversibly reduced the number of evoked spikes of dorsal
root ganglion neurons (from 9.0 + 0.8 to 0.9 £ 0.1, n = 12; p < 0.001; Figure 4.3G). NH29

powerfully depressed synaptic transmission (Figure 4.3, H-K). It inhibited glutamate and GABA
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release as shown from the depression of network-driven excitatory and inhibitory post-synaptic
currents (EPSCs and IPSCs), which were recorded from primary cultures of hippocampal
neurons (112). This inhibition was reflected by the reduced charged transfer and frequency of

post-synaptic currents (Figure 4.3, H-K).

NH?29 does not act at the target site of retigabine

We searched for the Kv7.2 residues involved in NH29 interaction. It has been previously shown
that a parent template of NH29, meclofenamate, exhibits an additive effect with the M-channel
opener retigabine, suggesting that the two drugs act via different mechanisms (124). Thus, the
Attali lab checked whether NH29 interacted with the target site of retigabine, which involves a
crucial tryptophan residue in S5 (125-127). The Kv7.2 W236L mutant led to currents insensitive
to retigabine (126,127). While retigabine (5 uM) increased by 5.5-fold the current of wt Kv7.2 (at
-40 mV), it did not affect that of the Kv7.2 W236L mutant (Figure 4.4, A-C). Interestingly, NH29
(25 uM) markedly enhanced the current amplitude of this retigabine-insensitive mutant W236L
(by 3.6-fold at -40 mV; Figure 4.4, B and C) mainly by causing a left-shift of the activation curve
from Vso =-26.6 £ 1.7 mV to V5o = -38.9 = 1.6 mV (n =4, p <0.01). These data suggest that

NH29 does not act at the target site of retigabine in the pore region.

Residues involved in Kv7.2 modulation by NH29

Next, we turned to the VSD to explore potential residues involved in Kv7.2 modulation by
NH29. The Attali lab checked residues of helices S4 and S2 and of loop S1-S2 and characterized
the biophysical properties of each mutant in the absence and presence of NH29 (25 uM). The
sensitivity of each mutant channel to NH29 was quantified by measuring its ability to increase

the current amplitude at a voltage yielding a normalized open probability of about 0.1 (Figure
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4.4, D, E and G; Figure 4.5). In helix S4, mutant L200G demonstrated stronger stimulation by
NH29 compared to wt Kv7.2 (5.5 = 0.5 fold versus 3.5 £ 0.3 fold, n = 7-15, p < 0.05), while
mutants L197G, R198A and two epilepsy-associated mutations, R207W and R214W (116),
exhibited significantly weaker stimulation by 25 uM NH29 (1.4-, 1.6-, 1.5- and 1.1-fold,
respectively; n = 8-15, p < 0.001) (Figure 4.4, D-H). Notably, NH29 produced a very weak left-
shift, if any, of the activation curve of R198A and R207W mutant channels, compared to wt
Kv7.2 (e.g., AVs) = 0.6 £ 2.6 mV and AVsy = -53 + 0.9 mV for R198A and R207W,
respectively, compared to AVsy=-15.5 £ 0.5 mV for wt Kv7.2, n = 8-15, p < 0.01; Figure 4.3D;
Figure 4.4, E and F). In addition, in R198A and R207W mutants the kinetics of channel
activation and deactivation were not appreciably affected by NH29, compared to wt Kv7.2
(Figure 4.4E, G and H). Noticeably, the S4 mutants, which were less sensitive to NH29, were
highly responsive to other M-channel openers, retigabine (5 uM) and zinc pyrithione (10 uM)
(128). In helix S2, mutant Y127A showed significant higher stimulation by NH29 compared to

wt Kv7.2 (4.8-fold versus 3.5-fold increase, respectively; n = 8-15, p < 0.01; Figure 4.5A).

With these experimental constraints, I attempted to dock NH29 onto the 3D model-
structure of Kv7.2 in an open conformation. The NH29 docking site was an external, water-
exposed crevice within the VSD interface of helices S1-S4 (Figure 4.6A). Accordingly, I
expected K120 in loop S1-S2, Y127 and E130 in helix S2, and R207 in helix S4, to affect the
stability of the Kv7.2-NH29 complex, (Figure 4.6C and see Discussion). To further validate this
docking model, the Attali lab checked the effects of NH29 on mutants K120A in loop S1-S2 and
E130Q in helix S2. While NH29 induced similar left-shift of the activation curve of mutants
K120A and E130Q compared to wt Kv7.2, it produced significant larger current amplitude
stimulation compared to wt Kv7.2 (5.7- and 6.2-fold versus 3.5-fold, respectively, n = 8-15, p <

0.01; Figure 4.5), suggesting that the opener may also affect the channel conductance of these
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mutants. In an attempt to explore the molecular basis for Kv7.2 specificity versus Kv7.1 for
which NH29 does not act as an opener, the Attali lab transferred into Kv7.1 channel some
relevant non-conserved Kv7.2 residues (K120, Y127 and L200). In addition, the paddle motif of
Kv7.2, which includes the linker S4-S5 (Kv7.1-Kv7.2 S3b-S5), was swapped onto Kv7.1. NH29
(25 uM) did not significantly affect the chimera Kv7.1-Kv7.2 S3b-S5 and the single Kv7.1
mutants A150K and F157Y but inhibited by 38% the current amplitude of mutant Kv7.1 1230L (n
= 3-8, p< 0.01). NH29 (25 uM) produced a strong inhibition (62%) of the chimera Kv7.1-Kv7.2
S3b-S5 bearing the double mutation A150K and F157Y (Kv7.1-Kv7.2 S3b-S5 double mutation)
(n =3-8, p< 0.01). The Attali lab attempted to generate chimeras where the entire VSD of Kv7.2
was swapped by that of Kv7.1 (Kv7.2-Kv7.1 S1-S4) and reciprocally (Kv7.1-Kv7.2 S1-S4).

Unfortunately, these chimeras did not express functional channels to probe the impact of NH29.

To investigate the selectivity of NH29 for the VSD of Kv7.2 subunits within the M-
channel heteromer complex Kv7.2/Kv7.3, the Attali lab co-expressed the Kv7.2 S4 mutants
R198A and R207W with wt Kv7.3. Results indicate that despite co-expression with wt Kv7.3, the
Kv7.2 S4 mutations dominate within the complex and lead to channels, which display
significantly weaker stimulation by NH29 compared to wt Kv7.2/Kv7.3. These Kv7.2 S4
mutations were then introduced at homologous positions in helix S4 of Kv7.3 subunits (Kv7.3
R227A and Kv7.3 R236W, respectively) and were co-expressed with wt Kv7.2. NH29 potently
increased the current amplitude of the latter channel complexes and produced significant left-shift
of their activation curves similarly to wt Kv7.2/Kv7.3. These data suggest that NH29 mainly acts

on the VSD of Kv7.2, but barely affect that of Kv7.3.

4.2 Model-structure, mutations and dynamics of the Kv7.1-KCNEI1 complex (in collaboration

with the lab of Prof. Attali; the experiments were performed by the lab of Prof. Attali)
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The Kv7.1-KCNEI complex

I modeled the 3D structure of an open state of the Kv7.1-KCNE1 complex. The KCNE1 T™M
helix is not uniformly conserved (Figure 4.7), and its interface with the Kv7.1 channel is
expected to feature conserved amino acids, while its lipid-facing region should include variable
residues. The model selected on the basis of this criterion (Figure 4.8) was correlated with
experimental data regarding residue pairs that form disulfide-bonds when mutated to Cys (89-
91). Indeed, these residue pairs, located in flexible regions in the model-structure, e.g., loops,
resided at distances of less than 15A from each other and could form disulfide links (92), overall
supporting the predicted orientation of KCNE1 with respect to Kv7.1 (Figure 4.9; Table 3.1).
Kang and colleagues’ model of the Kv7.1-KCNE1 complex lacks KCNEI residues 40-44 (41),

preventing me from correlating it with the disulfide data.

Next, I used the model-structure of the Kv7.1-KCNE1 complex to investigate the effect of
KCNET association on the intrinsic dynamics of the Kv7.1 channel. To this end, I analyzed the
motion of the complex in comparison to the isolated channel. This was done using coarse-grained
elastic network models, which are not sensitive to atomic details and are suitable for model-
structures (106,129). Elastic network models are capable of exploring large-scale motions related

to channel gating and inactivation (106).

Equilibrium dynamics of the isolated Kv7.1 channel

I used elastic network models to investigate global motions of the Kv7.1 channel using the
available Kv7.1 model-structure (42). The Gaussian network model (GNM) was used to identify
the dynamic domains and their cooperative motions. The eight slowest GNM modes of motion of
the Kv7.1 tetramer emerged significantly above the rest in the eigenvalue spectrum (Figure 3.4)

and represented the most important contributions to the overall motion of the channel. I analyzed
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the shapes of the residues’ mean square displacement plots in these modes and identified the
minima, corresponding to hinge regions that coordinated the motion of dynamic domains in each
mode. Hinges often mediate functionally-important motions in proteins (129), and, indeed, the
majority of the hinge residues I identified are associated with various disease conditions, such as

long QT syndrome and atrial fibrillation (Table 4.1).

GNM modes 1 and 2 shared the same eigenvalues (Figure 3.4) and were degenerate. The
average shape of the residues’ fluctuations in these two modes was very similar to that in the
third mode (Figure 4.10). Thus, GNM modes 1-3 correspond to the same motion. Similarly,
GNM modes 5-7 represented the same motion. Overall, I grouped GNM modes 1-8 into four

types of motion (Table 4.2).

I then carried out anisotropic network modeling (ANM) analysis, which provides
information on the directions of the motions in 3D-space. I looked for correspondence between
the GNM and ANM modes, seeking to link the fluctuations (and correlations between
fluctuations) detected by the GNM calculations to their directions, obtained from the ANM
analysis. To this end, I compared the distributions of residue fluctuations in each mode (Figure
4.11; Table 4.2). I further validated the modes’ associations by mapping the GNM-derived cross-
correlations between residues on the conformations obtained via ANM (Figures 4.12, 4.13A and

4.14A).

Motions I and III described alternate slanting of VSD pairs from diagonally-opposite
monomers towards the pore (Figure 4.12). The direction of slanting differed between motions I
and III. Still, in both cases the slanting VSD pushed the external vestibule and P-loop of a
neighbor chain towards the pore funnel (Figure 4.12). In motion II the VSDs were swinging,

while the pore domain appeared to be essentially stationary (Figure 4.13A). In motion IV the
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channel was divided into two dynamic domains, connected by hinges located approximately
along the membrane mid-plane (Figure 4.14A). The two domains rotated in opposite directions,

with the domain in the intracellular membrane leaflet rotating at significantly lower magnitude.

Equilibrium dynamics of the Kv7.1-KCNEIcomplex

To understand the effect of KCNE1 binding on the channel motion I conducted GNM and ANM
analysis of the model-structure of the Kv7.1-KCNE1 complex. As the stoichiometry of the
complex has not yet been definitively determined, I arbitrarily studied the (tetrameric) channel in
complex with four KCNE1 molecules. I then matched the GNM and ANM modes of the complex
to the motions of the isolated channel (Figure 4.11; Table 4.2). The matching was based mostly
on the correspondence of the hinge regions of Kv7.1 in the presence and absence of KCNEI
(Figure 4.11). Overall, the patterns of the mean square displacement were essentially preserved
upon KCNEI1 binding, in all four motions and in both elastic models; complex formation
primarily influenced the magnitude of the channel’s fluctuations, i.e., relative mobility of
residues. In addition, the cooperative dynamics of the complex resembled the dynamics of the
isolated channel, supporting the match of the GNM and ANM modes in the presence and absence

of KCNEI.

Comparison of GNM fluctuations revealed that for the most part the residue fluctuations
were of lower magnitude in the KCNE1-Kv7.1 complex than in the isolated channel (Figure
4.11). The variations in the magnitude of the ANM fluctuations of the isolated channel versus the
complex were more significant than those of the GNM fluctuations, especially in motions I, II
and III (Figure 4.11). The decrease in fluctuation magnitude upon KCNE1 association was

manifested mainly in the reduction of VSD fluctuations. In addition, motion III manifested

37



significant reduction in the fluctuations of the pore domain (Figure 4.11C). In contrast, the
fluctuations of the S2-S3 linker in motions I, I and IV increased upon KCNEI1 binding (Figure

4.11).

I also studied the influence of KCNE1 on the cooperative dynamics between structural
elements. While only minor alterations were observed in motions I and III, more substantial
changes were noted in motion II (Figure 4.13). In the isolated channel only a few VSD residues
were positively correlated with the immobile pore domain, i.e., were also immobile (Figure
4.13A). Upon KCNEI1 binding, however, a more substantial part of helix S1 was coupled with
the pore domain (Figure 4.13B). Association with KCNEI1 also led to variations in the residues’
cross-correlations in motion IV, e.g., in G272, V310 and T311, located at the entrance to the
selectivity filter (Figure 4.14). These residues manifested negative correlation with the rest of the
selectivity filter in the isolated channel (Figure 4.14A), but positive correlation in the presence of

KCNEI1 (Figure 4.14B).

Experimental data (Performed by the lab of Prof. Attali, Tel-Aviv University)

To probe my structural model, the Attali lab examined the electrophysiological properties of
Kv7.1 co-expressed with two KCNEI1 mutants, Y46A and L63W, in comparison to the wt Kv7.1-
KCNEI channel, as described below. Y46 and L63 are evolutionarily conserved and located at
the outer and inner boundaries of the KCNEI TM segment, respectively (Figure 4.8). L63W
activated with slower current kinetics compared to the wf complex, as measured by the time of
half-maximal activation at +40 mV (7, = 1202 = 95 ms vs. T1,= 952 + 37 ms, respectively; n =
6-11, p <0.05; Figure 4.15). In addition, L63W exhibited a faster deactivation rate in comparison
to the wt (t =336 + 23 ms vs. 7= 1642 + 134 ms, respectively; n = 6-11, p < 0.01) and produced

a marked rightward shift in the voltage dependence of channel activation (Vso=22.5+2.3 mV, s
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=T79+£1.6mVvs. V50=04+1.5mV,s= 143 =+ 1.4 mV, respectively; n = 6-11, p < 0.01;
Figure 4.15). In contrast to the L63W mutant, Y46A displayed faster activation kinetics
compared to the wt complex, with a significant instantaneous current component (7, =311 £ 32
ms vs. T1,=952 + 37 ms, respectively; n = 6-11, p < 0.01; Figure 4.15); its deactivation kinetics,
like those of L63W, were faster than those of the wt (7 = 363 + 62 ms vs. 7 = 1642 + 134 ms,
respectively; n =11, p <0.01). Furthermore, Y46A induced a pronounced left shift in the voltage
dependence of channel activation relative to the w¢ complex (Vso=0.07+ 09 mV, s =225+ 1.6
mV vs. Vso=04 £ 1.5 mV, s = 14.3 £ 1.4 mV, respectively; n = 6-11, p < 0.01) and even
exhibited a voltage-independent component by producing current at voltages negative to Ex
(Figure 4.15). These results suggest that the KCNE1 mutants, Y46A and L63W, stabilize the

open and closed states of the channel, respectively.

4.3 Model-structure of the human nucleotide-gated cone channel: implications for clinical
mutations and gating

Evolutionary conservation profile of the cone channel model-structure

I modeled the 3D structure of the cone CNG channel, composed of pairs of CNGA3 and CNGB3
subunits, using two separate templates: the TM region was derived by homology from the TM
region of the remotely homologous bacterial channel MlotiK1 in its closed state, whereas the
cytosolic domain was derived by homology from the CNBD of mHCN2 in its resting state
(Figure 4.16). To evaluate the resultant model, I projected the evolutionary conservation scores of
the CNGA3 and CNGB3 subunits onto the full structure of the channel (Figure 4.17). The
evolutionary conservation profile has been demonstrated to be a valuable tool for assessing
model-structures (19). In the typical evolutionary conservation profile, the protein core is

evolutionarily conserved, whereas residues that face the surroundings, either lipids or water, are
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variable (19). The model-structure was compatible with this anticipation. For comparison, the
evolutionary conservation profiles of the template proteins were projected onto their structures
and also showed the expected conservation patterns (Figures 1.4B and 4.18). It should be noted
that the conservation scores of the queries and the templates were calculated using distinct sets of

homologs, contributing to the robustness of the observed conservation profiles.

Comparison with the available experimental data

Much of the available data related to the CNG channels was collected from experiments on
bovine CNG channels. Here I compare the applicable data from these experiments to assess the

model-structure of the human cone channel.

The structure of the central pore of the bovine CNGAT1 channel has been assessed through
cysteine-accessibility analysis, using cysteine mutations and cysteine-specific modifications
(130,131). The available data on the accessibility of CNGAI1 residues to the central pore were
compatible with the model-structure (Figure 4.19A). Additionally, two CNGAI1 residues,
corresponding to L361 and F385 in CNGA3 and to R403 and F427 in CNGB3, have been shown
to interact in the same CNGAT1 subunit (132). In the model-structure the a-carbons of CNGA3
L361 and F385 (or CNGB3 R403 and F427) from the same subunit were 11 A apart; the a-
carbons of CNGA3 L361 and F385 (or CNGB3 R403 and F427) from the neighboring subunits
were 9 A apart (Figure 4.19B). The distances between the residues imply that both inter- and

intra-subunit interaction between these residues is possible.

The C-linker, connecting the TM domain and the CNBDs, is composed of helices named

A’-F’ (Figure 4.20A). In the resting state, these helices are arranged in a compact tetrameric
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structure, so that the first two helices, A’ and B’, interact with helices C’ and D’ from the
neighboring subunit (Figure 4.20A). This structural motif has been called “elbow on a shoulder”,
where helices A’ and B’ are the “elbow”, resting on a “shoulder” comprising helices C’ and D’
from the neighboring subunit (46). The interaction between the “elbow” and the “shoulder”, in
addition to interactions between other structural motifs of the C-linker and the CNBDs, have
been recognized as functionally important (53,66). Specifically, in the bovine CNGA1 a triad of
charged residues in the “elbow on a shoulder” structural motif was shown to stabilize the closed
state of the channel (53,66). In CNGA3, residues R436, E467 and D507 correspond to the triad;
in CNGB3 the triad corresponds to R478, A509 and D549. At the interface of two CNGA3
subunits, the a-carbons of residues R436, E467 and D507 are 11 A apart from each other (Figure
4.20B). Evidently, R436 could form a salt bridge with E467 or D507 and stabilize either inter-
subunit or intra-subunit interaction. Similarly, at the interface of the CNGA3 and CNGB3

subunits, CNGB3 R478 could form a salt bridge with CNGA3 E467 or D549 (Figure 4.20C).

Disease-causing mutations

I investigated known disease-causing mutations of CNGA3 and CNGB3 (Tables 1.1 and 1.2). As
anticipated, almost all known mutations, i.e., all 10 mutations in CNGB3, and 37 of 45 mutations
in CNGA3, were found to occur in evolutionarily conserved residues (Tables 1.1 and 1.2). Eight
known disease-causing mutations in CNGA3 occur in variable residues, located in loop regions
(Table 1.1). Only one of the latter mutations, namely E228K, has been investigated
experimentally; it has been found to affect channel trafficking (69). This indicates that although
E228K is not evolutionarily conserved, i.e., not important structurally, it plays a role in other

aspects of channel function.
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I mapped the known disease-causing mutations in the CNGA3 and CNGB3 subunits onto
the model-structure (Figure 4.21). Predictably, the pore and the ligand-binding regions, as
functionally important domains of the channels, featured several positions with known mutations.
In addition, I observed that several mutations occur in positions promoting inter- and intra-
subunit interactions in the C-linker (see an example below). Interestingly, in CNGA3 subunits,
but not in CNGB3 subunits, the VSD and the interface of the C-linker with the S4-S5 linker
contained several positions with disease-causing mutations. I speculate that the regions abundant

with positions involved in disease are of special functional and/or structural importance.

The model-structure of the human cone channel can facilitate studies of disease-causing
mutations and can be used to derive molecular interpretations of such mutations. Below I present

three examples of achromatopsia-causing mutations.

CNGA3 R427C/CNGB3 Y469D. The disease-causing mutation R427C in CNGA3 is of special
interest, because a mutation in the corresponding position in CNGB3 subunit, i.e., Y469, is also
disease-causing (133,134). CNGA3 R427 is located in the A’-helix in the C-linker. Examination
of the adjacent amino acids in the model-structure revealed that R427 can interact with E453,
located in the C’-helix of the adjacent CNGA3 subunit (Figure 4.22A). R427 can also interact
with CNGB3 D488, located in the loop connecting helices B’ and C’ of the C-linker of the
adjacent CNGB3 subunit, and with E495, located in helix C’ of the adjacent CNGB3 subunit
(Figure 4.22D). I suggest that interaction between these charged residues stabilizes inter-subunit
interfaces. More specifically, I suggest that the resultant hydrogen bonds stabilize the inter-
subunit interactions, as in the above-mentioned triad (Figure 4.20, B and C) (53,66). Mutation of
the positively charged R427 to Cys would abolish the electrostatic attraction to the negatively

charged residues (CNGA3 E453 or CNGB3 D488 and E495; Figure 4.22, A and D). This might
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disrupt the compact tetrameric architecture of the C-linker and CNBDs. In the mutation Y469D
in CNGB3 (corresponding to CNGA3 R427), the negatively charged D469 might repel D488 and
E495 of the adjacent CNGB3 subunit (Figure 4.22B), as well as E453 of the adjacent CNGA3
subunit (Figure 4.22C). In this case, the compact tetrameric architecture of the C-linker and
CNBDs would be disrupted due to the electrostatic repulsion between the negatively charged

residues.

CNGA3 L186F. CNGA3 L186 is located in the TM helix S1 of the VSD, at the helix’s interface
with the S5 helix and the p-loop (Figure 4.22E). Clearly, substitution of L186 with a bulky
phenylalanine might disrupt the interface between the VSD and the pore domain. Moreover, in
voltage-gated channels this interface has been shown to be functionally important (135).
Although CNG channels are not voltage-dependent, and the role of the VSD in these channels is
not clear, it is possible that the interface between S1 and the pore is still essential. Regardless of
the functional role of the interface in CNG channels, its structure can be significantly disrupted

by the L186F mutation.

CNGB3 S435F. CNGB3 S435 faces the central pore (Figure 4.22F), and its substitution with any
large residue, e.g., F, may destroy the helix bundle, or simply block the pore. In fact, CNGB3
homologs each feature a small amino acid, either S, A or G, at the position corresponding to

S435. This further supports the interpretation of the mechanism of the mutation.

Equilibrium dynamics of the CNGA3 channel in the holo-state
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I used coarse-grained elastic network models to investigate global motions of the CNG channels.
I chose this methodology because it is not sensitive to the atomic details of the (imprecise)
model-structure and is capable of exploring large-scale motions, related to channel gating and
inactivation (106,129). For simplicity and to facilitate more convenient representation of the data,
I focused on a symmetric tetrameric channel composed of four identical CNGA3 subunits, with
the CNBDs in the holo-state. GNM was used to identify the dynamic domains and their
cooperative motions. The six slowest GNM modes of motion emerged considerably above the
other modes in the eigenvalue spectrum (Figure 3.5). These modes, therefore, represented the
most important contributions to the overall motion of the channel, and I investigated them. I
analyzed the shapes of the residues’ mean-square displacement plots in the six slowest GNM
modes. GNM modes 2 and 3, as well as GNM modes 5 and 6, shared the same eigenvalues
(Figure 3.5) and were degenerate. The average shape of the residues’ fluctuations in modes 2 and
3 was very similar to mode 4, indicating that GNM modes 2—4 correspond to the same motion
(Figure 4.23). Thus, GNM modes 1-6 represented three types of motion. Next, I carried out
ANM analysis, which provided information on the directions of the motions in 3D-space. I
sought to associate the fluctuations (and correlations between fluctuations) detected by the GNM
to their directions, obtained from the ANM analysis. To this end, I compared the distributions of
residue fluctuations in each ANM mode to the residue fluctuations in the GNM modes (Figure
4.24). 1 further validated the modes’ associations by mapping the GNM-derived cross-

correlations between residues on the conformations obtained via ANM (Figure 4.25).

In motion I, described by GNM mode 1 and ANM mode 3, the channel was divided into
two dynamic domains, the TM domain and the cytosolic domain (Figure 4.25A). The two
domains rotated around the membrane normal in opposite directions (Figure 4.25B). In motion II,

described by GNM modes 2,3 and 4 and ANM mode 4, the VSDs were swinging, while the pore
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domain, as well as the C-linkers and the CNBDs, appeared to be almost stationary (Figures 4.24B
and 4.25D). A positive correlation was detected between the VSD, the C-linker and the CNBD of
the same chain (Figure 4.25C). In motion III, described by GNM modes 5 and 6 and ANM mode
12, the pairs of diagonal CNBDs were alternately moving towards, and away from, each other
(Figure 4.25F). A positive correlation was detected between the VSD and the CNBD with the C-

linker of the adjacent chain (Figure 4.25E).

Interestingly, investigation of the 15 slowest GNM modes revealed that they can be
categorized into modes in which only the TM domain is fluctuating (as in motion II) or modes in
which only the cytosolic domain fluctuates (as in motion III) (data not shown). Thus, each
domain fluctuates as an individual module. However, the observed cooperativity between
domains suggests that they affect each other (Figure 4.25, C and E). This observation
corroborates the modular gating model of the CNG channels, which postulates that the CNG
channel domains can undergo conformational changes individually, but that the state of each

module affects the states of other modules (66).

Equilibrium dynamics of the CNGA3 channel without VSDs

CNG channels are not regulated by the membrane potential, but VSDs are present in the CNG
structure. The role of the VSD is not yet clear (51), although a recent study has shown that the
domain is required for proper trafficking of the channel (136). In order to understand the effect of
the VSDs on the channel motions, I performed GNM and ANM analysis of the CNGA3 channel
in holo-state, removing the VSDs. Three GNM modes of motion emerged as the slowest in the
eigenvalue spectrum (Figure 3.5). GNM mode 1 was associated with ANM mode 3 (Figure 4.26,

A and B); this motion was very similar to motion I of the intact CNGA3 channel, in direction and
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cooperative dynamics (Figures 4.25, A and B, and 4.26, A and B). GNM modes 2 and 3 were
degenerate, and I related them to ANM mode 4 (Figure 4.26, C and D). This motion was similar
to motion IIl described above, with the exception of the positive correlation detected in the
complete channel between the VSD and the CNBD (with the C-linker) of the same chain (Figures
4.25, E and F, and 4.26, C and D). These findings indicate that the presence of VSDs does not
significantly affect the slowest modes of motion of CNG channels, aside from the motions that

directly involve the VSDs.

Equilibrium dynamics of the CNGA3 channel in the apo-state

According to the crystal structures of the apo- and holo-states of the mHCN2 CNBD, the CNBD
undergoes only minor conformational changes upon ligand binding (Figure 4.18). I aimed to
assess whether these conformational changes influence channel motion. To this end, I modeled
the CNGA3 channel in the apo-state and performed a separate elastic network analysis. As in the
analysis of the holo-state, I observed that the six slowest GNM modes of motion had
considerably high eigenvalues, and I focused on them (Figure 3.5). In the apo-state, residue
fluctuations in GNM and ANM modes of motion were nearly identical to the fluctuations of the
channel in the holo-state (data not shown). There was no change in the cooperative dynamics of
the six slowest GNM modes (data not shown). These observations suggest that the slowest modes
of motion of CNGA3 are not affected by the minor conformational changes in the CNBDs

induced by ligand binding.
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5. Discussion

5.1 Targeting the voltage sensor of Kv7.2 channel with a new gating-modifier

The results of this study suggest that the new Kv7.2 channel opener, NH29, acts as a gating
modifier. NH29 increases Kv7.2 current amplitude by affecting channel gating, thereby
producing a hyperpolarizing shift of the activation curve. In addition, NH29 significantly reduces

both activation and deactivation rates.

So far, retigabine is the most extensively characterized Kv7 channel opener. Retigabine
docks to a pore hydrophobic pocket, which is formed by the cytoplasmic ends of helices S5 and
S6 (125-127) (Figure 4.6A). The presented data clearly indicate that NH29 does not interact with
the retigabine site on Kv7.2, as it can potently stimulate the retigabine-insensitive mutant W236L

and left-shifts its voltage-dependence of activation.

Among the residues tested in S4, two mutants, L197G, R198A and two epilepsy
mutations, R207W and R214W (116), exhibit significantly weaker stimulation by NH29
compared to wt Kv7.2. In contrast, mutants L200G in S4, K120A in loop S1-S2, E130Q and
Y127A in S2 show significantly higher activation by NH29. The S4 mutants that are much less
sensitive to NH29 (e.g., R198A and R207W) are potently activated by M-channel openers acting
at the pore region like retigabine and zinc pyrithione, suggesting that these molecules interact
with a different target from NH29 on Kv7.2 subunits. Thus, the results suggest an NH29
interaction with the VSD of Kv7.2 subunits. Docking data indicate that NH29 interacts with the
external groove formed by the interface of helices S1, S2 and S4 in a pocket formed by the bulky
residues K120 in loop S1-S2, Y127 and E130 in helix S2, L200 and R207 in helix S4 (Figure 4.6,
A and B). The docking model of NH29 predicts that a nitro group of one aromatic ring is

engaged in hydrogen-bonding with the guanidinium of R207 in S4 and with the carboxylate of
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E130 in S2 (Figure 4.6C). In addition, the carbonyl oxygen of the NH29 amide function also
forms hydrogen-bonds with the hydroxyl of Y127 in S2. In this orientation, the hydroxyl group
of NH29 lies close to the aromatic ring of Y127, consistent with the formation of a hydrogen
bond with the m-electrons of Y127. Remarkably, in the open state the guanidinium of R207 and
the carboxylate of E130 are sufficiently close to form a salt bridge. The docking model suggests
that in the presence of NH29 this interaction could be stabilized, which favors the activated VSD
conformation (Figure 4.6C). The mutation R207W destabilizes the interaction with NH29, while
in E130Q the nitro group of NH29 can still interact via H-bonding with the glutamine side chain
and the guanidinium of R207 and even act as a surrogate of E130. In the closed state, the S4 helix
rotates and moves downward leading R207 to interact with E140 (10,137). I speculate that NH29
stabilizes the Kv7.2 channel open state by preventing this movement. In the docking open state
model, the S4 residue R198 whose mutant A198 displays significant weaker stimulation by
NH29, does not face NH29; instead, it is located at 180° opposite to the molecule. I suggest that

R198 interacts with NH29 in the closed state, in line with the electrophysiological data.

Despite the overall agreement between the computationally suggested binding mode of
NH29 and the mutagenesis data, one should keep in mind the inherent limitations of small
molecule docking protocols. Such procedures involve searching for ligand binding site(s) in a
query protein and the prediction of the preferred positioning of the ligand in the sites(s), and a
scoring function to estimate its binding affinity. In this study, in the absence of a high-resolution
structure, a homology model of human Kv7.2 was used, increasing the uncertainty of the
procedure. Although the protein backbone is expected to be of relatively high accuracy, the side
chains’ orientation is based on rotamer libraries and, therefore, presumably imprecise. The
LigandFit method that I used (75), akin to most docking protocols, treats proteins as rigid bodies

to make the search process computationally feasible, thus, side chains movements were not
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included. Moreover, any other possible protein rearrangements taking place upon ligand binding
were left out as well. To evaluate ligand positions obtained with a search algorithm, scoring
functions were exploited. Scoring functions use approximations and simplifications to moderate
their complexity with a consequent cost in terms of accuracy. The results of three different
scoring functions were combined in order to reduce the risk. Clearly, further mutagenesis data

will be necessary to increase the structural constrains and refine the docking model.

Additional residues in the Kv7.2 VSD are likely involved in NH29 interaction and need to
be further identified. The results with the chimera Kv7.1-Kv7.2 S3b-S5 indicate that swapping
helices S3 and S4 is not enough to recover the opener effect of NH29. In line with the docking
data, the whole VSD (S1-S4) is apparently necessary to retrieve the opener action of NH29.
Unfortunately, the lack of functionality of fully swapped VSD chimeras Kv7.2-Kv7.1 S1-S4 and
Kv7.1-Kv7.2 S1-S4 prevented a confirmation of the necessity of the whole VSD for supporting
NH29 opener action. This lack of functionality of fully swapped VSD chimeras was already
emphasized by Alabi et al. (27). Nevertheless, it is interesting to notice that the chimera Kv7.1-
Kv7.2 S3b-S5 double mutation converts the opener effect of NH29 into a strong inhibition,
supporting the view that this region is important for NH29 interaction. This notion is reminiscent
to the finding that a point mutation (S512Y), in the loop S1-S2 converts the VSD targeted
TRPV1 antagonist iodoresiniferatoxin into an intrinsic agonist (138). The presented data are in
line with a recent study suggesting that the Kv7.2/3 channel opener ICA-27243 may interact with

the VSD (139).

Specific residues, found to be critical for the opener action, are also key positions in
structural interactions between helices S2 and S4. In Kv7.2, charged residues E130 in S2 and

R207 in S4 are homologous to E283 and R371, respectively, in Shaker channel, where they were
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shown to interact electrostatically (140). E283 and R371 interact in the activated conformation of
the VSD (140). The presented data suggest that NH29 resides in the S2-S4 interface and contacts
both R207 and E130 in the channel open state. Interestingly, combining charge reversal
mutations in Shaker channel, a previous study (140) showed that the double mutant,
E283R+R371E, left-shifts the channel conductance-voltage relation and slows down the kinetics
of activation and deactivation. These features are very similar to those exerted by NH29 on wt
Kv7.2. I suggest that NH29 stabilizes the interaction between E130 and R207, thereby increasing
the relative stability of the activated state as well as the heights of energetic barriers for

transitions into and out of the open state.

The mechanism of NH29 activation of the Kv7.2 VSD may be similar to that of gating
modifier toxins. The VSD of voltage-gated Na" channels is the target of polypeptide toxins from
scorpions and sea anemones. These toxins bind to the S3—S4 loop at the outer end of S4 segments
of Na" channels and impede their movements during gating (34). Hence, o-scorpion and sea-
anemone toxins specifically block inactivation by holding the S4 of domain IV in its inward
position, while B-scorpion toxins enhance activation of Na' channels by holding the S4 of
domain II in its outward position (34). Similarly, hanatoxins from tarantula venom bind to the
S3-S4 loop of Kv2.1 K' channels and inhibit their activity by right-shifting the voltage
dependence of activation (33). Interestingly, the vanillotoxin VaTx1 from tarantula venom, not
only inhibits Kv2.1 in a similar manner to hanatoxin but also activates TRPV1 channels (32,33).
Along this line, the preliminary data from the Attali lab intriguingly showed that in addition to
activating Kv7.2 K" channels, NH29 is also a potent blocker of TRPV1 channels with an ICsy of
4.2 uM. NH29 changes the rather linear TRPV1 current-voltage relation obtained with capsaicin,

to an outwardly rectifying shape. A voltage-sensor trapping mechanism was suggested to be the
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molecular basis of action of polypeptide toxins that alter the voltage dependence of channel

gating (34). Such mechanism may also operate for NH29.

In conclusion, the modular nature of the VSD and its rather unexploited targeting by
drugs makes this strategic domain an important pharmacological target. The presented data
provide a framework for designing non-toxin gating-modifiers of voltage-gated cation channels

to treat hyperexcitability disorders.

5.2 Model-structure, mutations and dynamics of the Kv7.1-KCNE1 complex

Limitations of the calculations

I presented a 3D model-structure of the Kv7.1 channel in complex with its regulatory unit
KCNE], and correlated it with empirical data. Despite the overall agreement between the model
and experimental data (Figure 4.9), one should keep in mind some inherent limitations of the
approach. As high-resolution structures were not available, I used a homology model of human
Kv7.1 (42) and an ab-initio model of KCNE1. An NMR structure of KCNE1 is available (41),
but it was determined in micelles and might differ from the structure in a bilayer (79).
Specifically, the helix corresponding to the TM segment displayed a curvature consistent with the
micelle radius, and its precise structure within the context of the Kv7.1-KCNEI1 complex is still
under debate (41,80). The backbone model of Kv7.1 is expected to be close to the native
structure; indeed, it fits the expected evolutionary conservation pattern (Figure 5.1). In contrast,

the KCNE1 model might deviate from the real structure, e.g. in the curvature of the TM segment.

In both elastic network models utilized here, the protein structure is simplified into a-
carbons connected by hookean springs of identical force constant (107-110). Thus, the models do

not depend on the identity of the amino acids and the specificity of their interactions. Moreover,
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the models do not depend on the atomic details of the structure and can tolerate small variations
in topology (106,129). This is particularly important in the current study as I utilized model-
structures of both Kv7.1 and KCNEI. Indeed, the magnitude and direction of the Kv7.1
fluctuations presented here were very similar to those observed in previous studies of potassium
channels, in which high-resolution structures, still represented using a-carbons only, were used
(103-105). In particular, my current results regarding Kv7.1 were very similar to those of the
earlier analysis of the Kv1.2 channel (103), but here I separated modes 4-8 into three motion
types, rather than investigating them collectively. The two channels share the same fold; in fact,
the Kv7.1 model-structure was inferred from the Kv1.2 crystal structure by homology (42).
Because the two channels share the same architecture, they also manifest very similar amino-acid
contact maps, and subsequently most of their hinges are observed in similar structural locations
(Table 4.1). Ligand-gated ion channels also share a similar TM domain, and are expected to
manifest many of the motions of Kv1.2 and the other voltage-gated channels. However, they also

feature the distinctive ligand binding domain (1), which should add unique motions.

By definition, elastic network models are not capable of reflecting major conformational
changes. Offering possible directions of protein motions, ANM provides only hints as to
conformations located close to the initial structure in conformational space. Still, several studies
have demonstrated that the slowest (softest) modes describe relevant features of large-scale
functional conformational changes, suggesting paths from the global energy minimum and
depicting collective changes in the conformation (129). A protein’s intrinsic modes of motion are
determined by its architecture, making it possible to predict conformational changes from the
structure (106). Elastic network models are capable of capturing these intrinsic conformational

changes, including changes that are dependent on external stimuli such as voltage. In what
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follows I propose potential functional roles for the channel motions described above and for the

effects of KCNE1 on these motions.

The lower mobility of the VSDs in motion Il upon channel association with KCNE1 and slow
deactivation

Motion II mainly describes the fluctuations of the VSDs (Figure 4.13). The movement of the
VSDs is further transmitted to the S4-S5 linkers (Figure 4.11B), suggesting that it could be
related to channel closure and deactivation. To examine this possibility (and in the absence of a
structure of a voltage-gated potassium channel), I compared the model-structure of the open state
of Kv7.1 that was used here to the crystal structure of the bacterial potassium channel MlotiK1 in
its closed state (51). The two channels share a similar fold, although the latter does not display
voltage-dependent activity (141). Interestingly, the fluctuations of the VSDs in motion II
resemble the transition of Kv7.1 into the conformation captured for the closed state of the
MiotiK1 channel (Figure 5.2, A and B). This supports the association of motion II with

deactivation.

Upon channel association with KCNE1 the magnitude of the VSD fluctuations decreases
(Figure 4.11B). Additionally, in the complex, a more substantial part of the S1 segment is
coupled with the immobile pore domain (Figure 4.13B) as compared to the isolated channel
(Figure 4.13A). Both observations indicate lower mobility of the VSDs upon KCNEI
association, consistent with the fact that deactivation of the complex is slower than that of the

isolated channel (35,142).
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Molecular interpretations of the Y46A and L63W mutants

Overall, the model-structure of the complex manifests the anticipated correlation between the
buried vs. exposed nature of the amino acids and their evolutionary conservation. Namely,
KCNEI] residues that are buried at the interface with Kv7.1 are conserved, whereas residues that
are exposed to the lipid are variable (Figure 4.8B). However, the C-terminal extension of the TM
helix shows a patch of evolutionarily conserved and exposed residues in close proximity to each
other, including L.63 and R67 (Figure 4.8B). Patches of conserved and exposed residues are often
important for interaction (143), and I suggest that this patch could fulfill a role in the closed state
of the channel. In particular, I suggest that upon deactivation, the VSD moves towards KCNEI
(Figure 5.2, A and C), so that the S1 segment interacts with the conserved patch. All KCNEI
homologs, aside from one, feature Leu or Val in position 63 (Figure 5.3), and the mutation to Trp
might promote aromatic-stacking interaction with F123 and/or F127 of S1 of the channel (Figure
5.2C). The interaction between these aromatic residues may stabilize the closed state of the
channel (144). This could explain the observed slow activation and fast deactivation of the
channel when co-expressed with the KCNE1 L63W mutant (Figure 4.15) as a shift of the channel
population towards the closed state. For comparison, in the model-structure by Kang et al. (41)
L63 is located in a rather tight interface with Kv7.1 S1 (Figure 1.5), and its mutation to Trp
would oppose the movement of S1 (Figure 5.2) and destabilize the closed state, which should

produce the opposite effect, in conflict with the experimental data (Figure 4.15).

The Y46A mutant showed different behavior; electrophysiological studies showed that
activation and deactivation in Kv7.1 co-expressed with this KCNE1 mutant were faster than
those of the wt complex, comparable with those of the isolated Kv7.1 channel (Figure 4.15C). All
KCNEI homologs feature Tyr or Phe in position 46 (Figure 5.3). Y46 is tightly packed against

the bulky W323 and V324 of the channel (Figure 5.2C), and replacing it with a small Ala residue
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would loosen the tight Kv7.1-KCNEI1 interface, reducing the regulatory effect of KCNEI1. This
could explain why the electrophysiological recording of the Y46A mutant resembled that of the
isolated channel in activation, deactivation and even inactivation (Figure 4.15C). It is noteworthy
that Y46, W323 and V324 are all within a cluster of residues that form a hinge in motion II
(Figure 5.3; Table 4.1), and could be involved in the regulation associated with this motion. In
this respect, the observed similarities between the electrophysiological recordings of the Y46A
mutant and those of the wt isolated channel (Figure 4.15C) could be related to deficiencies in
motion II. For comparison, in the previous model-structure of the complex Y46 faces the lipid

(41), making it difficult to explain the effect of the mutation (Figure 1.5).

Immobilization of the pore region in motion Il and voltage-dependent inactivation

In motion III pairs of juxtaposed VSDs lean alternately towards the pore (Figure 4.12). The
resulting distortion in the selectivity filter resembles fluctuations previously associated with
inactivation of the prokaryotic channel KcsA (145-148). It has previously been demonstrated that
KcsA and Kv7.1 share the same inactivation mechanism (149), and I therefore suggest that
motion III is related to Kv7.1 inactivation. Kv7.1 displays two types of inactivation: one is fast
and voltage-independent, and the other is slow and voltage-dependent (150). In motion III each
VSD is divided into two dynamic domains: the first includes the paddle motif, namely the C-
terminus of the S3 and S4 segment, S1, and the N-terminus of S2; the second domain includes
the C-terminus of S2, the S2-S3 linker, and the N-terminus of S3 (Figure 4.12B). The paddle
motif is thought to drive conformational changes in response to membrane-voltage variations
(10). In motion III it is decoupled from the rest of the VSD, and I suggest that this motion is

associated with voltage-dependent inactivation.
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Upon association with KCNEI the fluctuations of the external vestibule and P-loop of
Kv7.1 are significantly lower as compared to those of the isolated channel, especially according
to the ANM calculations (Figure 4.11C). Given that fluctuations of the external vestibule and
selectivity filter are essential for inactivation, a decrease in the fluctuations in these regions could
indicate dampening, or even elimination, of inactivation. Indeed, one of the known effects of

KCNETI on Kv7.1 is abolishment of voltage-dependent inactivation (150-154).

D317 and E295 may play a role in voltage-dependent channel-inactivation

Previous studies have highlighted the importance of the interaction between residues E71 and
D80 for inactivation of the KcsA channel (Figure 5.4, A and B) (145-148). Those studies
demonstrated that electrostatic repulsion between the two residues hindered the approach of the
external vestibule towards the funnel and the conformational changes in the selectivity filter
region; neutralization of either of these residues enhanced inactivation (145,146). ANM analysis
of KcsA yields results compatible with these observations (104,105), as in one of the two most
contributing motions the external vestibules of juxtaposed chains move towards each other, so
that E71 is pulled towards D80 (104,105). For illustration and comparison I repeated the ANM

studies of KcsA using the HingeProt server (110) (Figure 5.4, A and B).

Kv7.1 has a negatively charged residue in position D317, which is equivalent to D80 in
KcsA, but a hydrophobic residue in position V308, which is equivalent to E71. Assuming that the
inactivation mechanism in Kv7.1 is similar to that in KcsA (149), I searched for an additional
negatively charged residue in the external vestibule of Kv7.1. E295 emerged as a candidate, since
it is located in the vicinity of D317; the distance between the a-carbons of D317 and E295 is
about 10A, similar to the distance between the a-carbons of E71 and D80 in KcsA (146). Of the

other negatively charged residues in the region, namely E284, D286, E290 and D301 (Figure
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5.4C), the first three are too distant from D317 to contribute significantly to the repulsion, while
D301 is conserved in all Kv7 family members (including Kv7.2), regardless of their inactivation
properties. In motion III, E295 approaches D317 when the VSD and external vestibule lean
towards the pore funnel (Figure 5.4, C and D). Mutation of E295 or D317 to Ala amplifies
voltage-dependent inactivation of Kv7.1 (113). Moreover, I examined the sequences of the other
Kv7 family members undergoing slow inactivation and observed that Kv7.4 and Kv7.5 each have
a negatively charged residue at the position corresponding to E295 (D266 and E294,
respectively). The Kv7.2 channel, in contrast, does not undergo inactivation upon depolarization,
and features H260 in the equivalent position. Thus, I suggest that the electrostatic repulsion
between E295 and D317 hinders voltage-dependent inactivation of Kv7.1, similarly to the

repulsion between E71 and D80 in KcsA.

Changes in the cross-correlations in motion IV and enhanced conductivity

The rotation displayed in motion IV has been investigated experimentally and computationally
(103-105,155,156), and associated with gating. Roughly speaking, the motion divides the channel
into two dynamic domains that rotate in opposite directions around hinges in the membrane mid-
plane (Figure 4.14, A and B). In the presence of KCNEI, residues G272, V310 and T311 shift
from one dynamic domain to another, i.e., change the sense of their cooperative motion, so that
all residues in the pore region (and the channel’s dynamic domain located in the intracellular
membrane leaflet) move together (Figure 4.14C). With these residues, the pore region rotates as a
whole rather than in part, which is expected to increase conductance. This could explain the
increased K" ion current through the channel upon KCNE1 association (35), indicating that the
three residues mentioned above should be considered as a regulatory switch for enhanced

conductivity.
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Further support for this notion emerges from the fact that mutation of V310 to Ile in
Kv7.1 results in substantially lower currents (157,158). V310 and T311 (corresponding to KcsA
A73 and T74) are located at the entrance to the selectivity filter and interact with F272 and F273
in S5 and F340 in S6 (corresponding to KcsA V39, 140 and F103; Figure 4.14, B and C; Figure
5.5). These five residues are involved in channel inactivation, deactivation and selectivity
(148,153,157-161); disease-causing mutations in four of them are well known (42). Indeed, it has
recently been suggested that in potassium channels selectivity and inactivation are linked, with
F340 in Kv7.1 (or the corresponding position in other channels) and residues interacting with it

serving as the link (149).

In conclusion, I presented here elastic network analysis of the equilibrium dynamics of
the model-structure of the Kv7.1-KCNE1 complex. The model-structure is compatible with the
typical evolutionary conservation pattern and with available disulfide mapping studies.
Furthermore, it suggests molecular interpretations for electrophysiological phenomena that was
observed by the Attali lab, Tel-Aviv University, in the channel co-expressed with two KCNEI
mutants. Elastic network analysis of the model-structure revealed interesting details with regard
to channel deactivation, inactivation and gating, suggesting important roles for D317 and E295 in
channel inactivation and for G272, V310 and T311 in conductivity. Moreover, it enabled me to
formulate a mechanistic perspective of how KCNE1 binding affects channel dynamics. Slow
deactivation was attributed to the low mobility of the voltage sensor domains upon KCNEI
binding; abolishment of voltage-dependent inactivation resulted from the decreased fluctuations
in the external vestibule; amalgamation of the fluctuations in the pore region was associated with

the enhanced conductivity of the channel.
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5.3 Model-structure of the human nucleotide-gated cone channel: implications for clinical

mutations and gating

Comparison with KirBac channels indicates that motion I is related to gating

Motion I is a rotational, iris-like motion (Figure 4.21A), similar to a motion previously described
for potassium channels and associated with gating (104,105,162). Here I compare this motion
with gating in KirBac channels, prokaryotic homologs of mammalian inwardly rectifying
potassium channels. KirBac channels share architecture of the pore domain with other members
of the voltage-gated-like ion channel superfamily, and they lack VSDs. Similarly to CNG
channels, KirBac channels feature a cytoplasmic domain interacting with regulatory molecules,
such as G-proteins, ATP and PIP, (163). Recent crystal structures of the KirBac3.1 channel in its
open and closed states have provided interesting insight into the gating mechanism of the channel
(Figure 5.6A) (164,165). Comparison of the crystal structures of KirBac3.1 has revealed that
upon activation the TM and cytoplasmic domains rotate in opposite directions around the
membrane normal (164). For comparison, I performed elastic network analysis of the KirBac3.1
channel in its closed state. The slowest GNM mode was associated with the slowest ANM mode,
which displayed the same rotational motion of the TM and cytoplasmic domains as described by
the structural studies (164). The conformational changes that would result from this type of
motion resemble the conformational changes observed in the crystal structures, i.e., the shift
between the open and closed states (Figure 5.6, A and B). This finding reconfirms the power of
elastic network models to capture large conformational changes associated with function.
Because motion I of the CNGA3 channel (Figure 5.6C) is analogous to this rotational motion of

KirBacl.3 (Figure 5.6B), I propose that it is related to channel gating.
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The idea of a rotational motion related to the gating of CNG channels is not new
(166,167). Flynn and colleagues used existing experimental evidence to validate involvement of a
clockwise rotation of the C-linkers in channel gating (reviewed in (167)). The authors also stated
that a gating model including a rotational motion requires definition of a ‘pivot point’, such that
the residues above the pivot point rotate counterclockwise, and the residues below the pivot point
rotate clockwise. They proposed that in CNG channels the pivot point is located at the top of the
S6 helices. The elastic network analysis shows that the clockwise rotation of the cytosolic
domain is indeed coupled to counterclockwise rotation of the TM domain (Figure 4.25A), an
observation compatible with their proposition and with the gating mechanism of the KirBac
channels (164). However, the pivot point is located at the C-termini, rather than at the top, of the

S6 helices (Figure 4.25A).

Although CNG and KirBac channels display similar rotational motion upon gating, there
is a principal difference between the two channels. The KirBac channel contains two gates: one
in the center of the S6 helix (near the p-loop) and one at the C-termini of the S6 helices (Figure
5.6A) (164). In contrast, in the CNG channels only a single gate was found in the pore region
(59,167). I propose that in the absence of the second gate in the CNG channels, the VSDs provide
an additional means of gating regulation. This conclusion derives from a close investigation of
the rotational motion of the full-length CNGA3 channel (Figure 5.6C) and that of the CNGA3
channel lacking the VSDs (Figure 5.6D). In the absence of the VSDs (Figure 5.6D), the
fluctuations of the N-termini of the S6 helices are greater in magnitude than they are in the full-
length channel (Figure 5.6C). Thus, in the presence of the VSDs the pore region is rigid, so that
the fluctuations in the gate region are limited. In the absence of the VSDs (also in KirBac
channels, which lack the VSDs), the pore region is more flexible. Therefore, more strict

regulation of gating is required. This could explain why KirBac channels, which lack VSDs, have
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an extra gate at the C-termini of the S6 helices (164), whereas CNG channels, which contain

VSDs, have only one gate.

Limitations of the study

The approach used to predict the structure has certain drawbacks. First, the TM region of the
channel was derived from the structure of a distant bacterial homolog, MlotiK1, with very low
sequence identity (~10%) between the queries and the template. This may have led to
inaccuracies due to errors in the alignment of the query and template sequences, as well as
structural changes along the course of evolution. However, the fact that the model-structure fits
the expected evolutionary pattern and the available experimental data is encouraging (Figures
4.17, 4.19 and 4.20). Second, the model-structure of the cone channel was derived from two
distinct templates. Therefore, the interface connecting these templates in the model, i.e., the S6-
C-linker region, might be incorrect. Lastly, the loop regions in any model-structure are
presumably imprecise (15). To examine the effect of the loop conformations on the results of the
elastic network analysis, I repeated the analysis, omitting the loops. Reassuringly, the results
were very similar. This outcome also validates the offered conclusions for other channels of the

CNG family, inferred on the basis of the analysis of the CNGA3 channel.

A different approach in homology modeling includes generation of a number of structural
models rather than a single model-structure. This approach is often applied in two cases: the first
case involves uncertainty in the query-template alignment; the second case involves modeling of
regions absent from the template and essential for the scientific question asked. Indeed, query-
template alignment is the most critical step in homology modeling (15). When the query-template

alignment is uncertain, generating an ensemble of model-structures can cover all possible
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alignment variations. The intrinsic traits of membrane proteins decrease the uncertainty in the
query-template alignment, often leading to a single optimal solution. These traits include a high
abundance of hydrophobic residues in the TM segments, the existence of "aromatic belts”, i.e., an
abundance of Trp and Tyr residues near the termini of the TM helices, as well as the tendency to
bury conserved and polar and charged residues in the protein core, and expose variable and
hydrophobic residues to the lipids (15). Given a pairwise alignment between the query and the
template, only a single solution is possible for the secondary structure elements; the loops
connecting the secondary structure elements are in fact modeled ab-inito, and multiple solutions
are possible. If one needs to explore the conformational space of flexible loops to gain biological
insights, then an ensemble of conformations is indeed required. This is not the case when
exploring global motions of ion channels, for example; indeed, elastic network analysis was

unaffected by the presence of loops.

The structure of the cytosolic domain of the cone channel, including the C-linkers and the
CNBDs, was derived by homology from the crystal structure of the corresponding domain of an
HCN channel (see “Methods and Materials”). However, the resemblance of CNG CNBDs to
HCN CNBDs has been questioned previously (168), on the basis of several experiments
performed on bovine CNG channels. For instance, the A’-helix from the C-linker have been
demonstrated to be close to the B-strands from the CNBD of the same subunit (169,170); clearly,
this contradicts the model-structure derived from the crystal structure of mHCN2 CNBD (Figure
4.20A). Conversely, triads of negatively charged residues (Figure 4.20, C and D), present in
corresponding positions of the mHCN2 and bovine CNGAI1 channels, have been shown to
stabilize the closed states of both channels (53,66). Moreover, the model-structure revealed a
cluster of disease-causing mutations in positions that, like those triads, potentially promote inter-

and intra-subunit interactions of the C-linker (Figure 4.21). These observations indicate that the
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cytosolic domains of HCN and CNG channels in closed conformation could share structural
similarities. It is also imaginable that more than one closed state exists for both CNG and HCN

channels, resolving the contradicting experimental data.

Given the above-mentioned weaknesses of the presented model-structure, the choice to
use elastic network models to study the channel dynamics is rational. As mentioned above in
section 5.1, in both GNM and ANM, the channel structure is simplified into a-carbons, making
the methodology suitable for investigation of model-structures (106,129). Moreover, GNM and
ANM are capable of capturing large-scale conformational changes, including changes that are

dependent on external stimuli such as voltage or ligand binding (106).

Using the model-structure of the CNG channel I have provided molecular interpretations
of three achromatopsia-causing mutations. One might have expected a more extensive
investigation that could include, for instance, a quantitative analysis of disease-causing mutations
and their conservation scores, or analysis of non-deleterious mutations, etc. However, such
investigation requires extensive experimental and/or clinical data that could unanimously
determine mutations effect, supporting or disapproving theoretical predictions. The lack in the
experimental information precludes profound studies of mutations effects in case of the CNG

channel, as well as in case of many other human proteins.

To conclude, I presented a 3D model-structure of the human cone channel, composed of
CNGA3 and CNGB3 subunits. The model-structure provides a structural framework for
investigation of disease-causing mutations of the cone channel, enabling me to propose molecular
interpretations for several such mutations. I performed elastic network analysis of the homomeric
CNGAZ3 channel and obtained a mechanistic view of the gating of CNG channels. I suggest that

the slowest mode of motion, describing counter-rotations of the TM and cytosolic domains
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around the membrane normal, depicts channel gating. The VSDs appear to play a role in gating,
supplementing the sole gate in the pore. Furthermore, the presented results support the modular
gating mechanism of CNG channels (57,66). Lastly, the resemblance in fluctuations of the
CNGAZ3 channel in the apo- and holo-states is in line with experimental evidence showing that

the CNG channel can open in the absence of a ligand (63,70).
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Tables

Table 1.1. Investigation of known disease-causing mutations in CNGA3. ConSurf grades were
calculated using the ConSurf server (83), as described in the “Methods and Materials” section. The
“Position occupancy in homologous proteins” column describes all possible amino acids featured in
the corresponding positions in homologous sequences. Positions with a ConSurf grade of less than five

are underlined. The “Experimental verification” column shows studies that identified the mutation and

states whether experimental verification of the mutation was performed.

Mutation ConSurf Location inthe  Position occupancy in homologous Experimental
grade  model-structure proteins verification
(reference)
Y181C 7 S1 AWM,LG,Y,V No (134)
N182Y 8 S1 H,Q,T,N,I,V No (134)
L186F 6 S1 T,C,LL,V No (134)
C191Y 6 Loop S1-S2 F,S,A,T,C,G,V No (134)
E194K 2 Loop S1-S2 F,S, T.N,K,Y,E,V,Q,C,L,A,P,H,D,R No (134)
R223W 8 S2/Loop S2-S3 F,H,N,LLR No (133,134,171)
T224R 8 S2/Loop S2-S3 SM,T,K,LE,L,V No (134)
E228K Loop S2-S3 F,S, T.N,K,E,V,H,Q,D,[,R,G,L No (134); impaired
4 trafficking (69)
F249S 8 S3 S,A,F,W,L No (133)
D260N 8 S3 S,D.G,Y,L,E No (134)
Y263D 4 S3 AFNY, H,QM,C,I,.L No (133)
G267D 3 S3-S4 loop F,S,N,K,P,E,V,H,Q,D,I,G,L No (134)
R277C/H S4 Q,D.K,R No (133,134); no
channels formed
8 (172)
R283Q S4 AS,T,P.K,Q,C,R No (134,173);
Impaired trafficking
8 (69)
T291R S4-S5 linker F,S,W,T.,P,K,V.M,R,I,.L No (134,173);
Decreased cGMP
sensitivity; impaired
5 trafficking (69)
S341P 1 Loop S5-P-loop F,S,T.N.K,Y,E,V.M,L,A,P,.D,[.R,G No (133,134)
T369S 7 SF S,A,T,N,K,V.H,Q,M,D,R,L No (134)
P372S 8 Loop P-loop-S6 S,AP No (134)
F380S 8 S6 FM,LL)Y No (134)
S401P 7 S6 AS,T,N,D,E No (133)
M406T 7 S6 S,A,E,V.M,R,I.L No (134)
R410W 7 A’-helix S, A, T,K,E,H,Q,D,R,G No (133,134,173)
R427C 7 A’-helix F.N,K,Y,H,Q.M,R,L No (133,134)
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Mutation ConSurf Location inthe  Position occupancy in homologous Experimental
grade  model-structure proteins verification
(reference)
R436W 8 B’-helix Q.K,R,G,E No (133,134,171)
R439W B’-helix S, T.,K.E.H,Q.M,D,R.L impaired trafficking
5 (69)
A469T D’-helix S,A,T,K)Y,V,.C,D,I.G,L Increased cGMP
7 sensitivity (69)
N471S D’-helix AF.SN.E,Y,H,Q,D No (134); Increased
cGMP sensitivity
6 (172)
D485V 4 F’-helix S,A,T,N,K,E.H,Q,D,G,L No (134)
C510S 8 B-roll F.CLLY,V No (134)
G5S13E 9 B-roll H,N,G,E No (134)
G516E 8 B-roll ALG,L,V No (134)
1522T 9 B-roll LV No (134)
G525D 9 B-roll G No (134)
L527M 8 B-roll F,AM,LLL,V No (134)
V529M 9 B-roll A,LE,L,V No (133,134,173)
F547L B-roll F,LL,V No (134,171,173);
Increased cGMP
sensitivity;
9 misfolding (69)
G548R 9 B-roll D,G Expression (69)
G557R B-roll S,Q.G No (173); Decreased
cGMP sensitivity
7 (69)
R563H B-roll H,Q,P.K.R,L,V No (134); Increased
cGMP sensitivity
(172); ER retention
8 (174)
T565M 8 B-roll AS, TN,V.HM,C,R,I No (133,134)
R569H 7 B-roll H,T,LR,K,L,V No (134,171)
Y573C 7 B-roll F,T,N,Y,V.H,C,D No (134)
E590K B-roll S.F.N,Y.E,V.HQM,D,ILR,.L No (133);Increased
cGMP sensitivity;
impaired trafficking
5 (69)
E593K 3 C-helix A, TN,E,V,H,Q.M,D,[LR,L No (134)
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Table 1.2. Investigation of disease-causing mutations in CNGB3. ConSurf grades were
calculated using the ConSurf server (83), as described in the “Methods and Materials” section.
The “Position occupancy in homologous proteins” column describes all possible amino acids
featured in the corresponding positions in homologous sequences. None of the mutations has

been verified experimentally.

Mutation ConSurf Location in the  Position occupancy in homologous  Reference
grade model-structure proteins
P309L 9 S3 P (175)
R403Q 7 P-loop F,A,S,T,K,V,D,C,ILR,L (133,175)
S435F 9 S6 S,A,G,V (176)
M466T 8 Helix A’ S,A,V.M,C,I,G,L (133)
Y469D 7 Helix A’ F,AN,K,Y,H,Q.M,C,R,L (133)
D494N 7 Loop B’-C’ F,Q,T,N,D,R,K,G,E (133)
D513Y 5 Helix D’ F,S, T.N,K,Y,E,H,Q,C,D,L (133)
F525N 8 Helix F° F,L,V (171)
G558C 7 cGMP binding ATLP,G,LV (133)
region
L595F 7 cGMP binding F.A,S,WN,Y,V,C,.L (133)
region
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Table 3.1. The Cp-Cp distances between KCNE1-KCNQI1 residue pairs in the
final model of the complex (presented in A). In the case of G40 the distances
were measured from the Ca. These pairs were verified against data from
disulfide mapping studies, and the residues in each pair are separated by a
distance of less than 15A in the final model. The last column details the

location of the interacting pairs, either in a loop, a TM segment (TM) or at the

end of a TM segment (TM end).

Pair The final model Location
G40/T144 12.7 Loop/TM end
G40/1145 9 Loop/TM end
G40/Q147 13 Loop/Loop
K41/T144 13.9 TM end/TM end
K41/1145 9.3 TM end/TM end
K41/Q147 14.6 TM end/loop
L42/V324 7 TM end/TM end
E43/W323 5.7 TM end/TM end
A44/V141 6.2 T™/TM
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Table 3.2. The Cp-Cp distances between KCNE1-KCNQI1 residue pairs in the
final model of the complex (presented in A). In the case of G40 the distances
were measured from the Ca. These pairs were verified as not interacting by the
disulfide mapping studies, and in most cases the residues in each pair are
separated by a distance of more than 15A in the final model. Still, some pairs
are separated by a distances of less than 15 A; an inspection of the model-
structure of the complex revealed that only three pairs, namely [L45/L142,
D39/1145, A44/1145 (italicized), can be in physical contact to create an
disulfide bond.

R36/S140 232 D39/L142 13 L45/1145 13.5
S37/S140 23.3 G40/L142 10.5 Y46/1145 15
S38/5140 20.4 K41/L142 94 V47/1145 13.1

D39/5140 17.6 L42/1.142 12.3 R36/Q147 18.6
G40/S140 14.6 E43/1.142 11.1 S37/Q147 20.5
K41/5140 13.9 L45/L142 10.1 S38/Q147 18.1
L42/S140 16.1 Y46/L142 12.3 D39/Q147 14.9

E43/S140 14.2 V47/L142 10 A44/Q147 15.9
A44/5140 10.8 R36/T144 20.1 L45/Q147 19.4
L45/S140 12.8 S37/T144 21 Y46/Q147 20.8
Y46/S140 14.1 S38/T144 18.2 V47/Q147 19
V47/5140 10.8 D39/T144 15.2 R36/Y148 21.3
R36/V141 19.5 L42/T144 16 S37/Y148 23.1
S37/V141 19.5 E43/T144 14 S38/Y148 20.5
S38/V141 16.7 A44/T144 11.3 D39/Y148 17.1

D39/V141 14.2 L45/T144 14.5 G40/Y 148 16.6
G40/V141 10.9 Y46/T144 15.7 K41/Y148 17.5

K41/V141 10.5 V47/T144 13 L42/Y148 21.2
L42/V141 12.7 R36/1145 17.1 E43/Y148 204
E43/V141 10.5 S37/1145 18.1 A44/Y148 18.5
L45/V141 9.9 S38/1145 15.2 L45/Y148 21.7
Y46/V141 10.9 D39/1145 11.9 Y46/Y148 23.6
R36/L142 19.4 L42/1145 13.8 V47/Y148 21.9
S37/L142 19.3 E43/1145 12.3

S38/L142 16.1 A44/1145 10
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Table 4.1. Matching GNM modes of the Kv7.1 channel with the corresponding modes of Kv1.2

(103) that share similar hinges. The first column shows hinges in Kv7.1, and the second column

shows hinges in the Kv1.2 channel (103). The third column shows the Kv7.1 positions

corresponding to the Kv1.2 hinges of the second column; if the hinges are the same in Kv7.1 and

Kv1.2, the same position appears in columns 1 and 3. The last column describes the involvement

of each Kv7.1 hinge (first column) in diseases. LQTSI1 - long QT syndrome 1; JLNS - Jervell

and Lange-Nielsen syndrome; AF - atrial fibrillation.

Disease association

R192P is involved in LQTS1(177)
1235N is involved in LQTS1(178,179)

E261D is involved in JLNS(179);
E261K(180), L262V(177) are involved
in LQTS1

T3121(179), I313M(181),
G314S(182)/C(183)/D(179)/A(184),
Y315S(180)/C(179), G316R(179) are
involved in LQTSI

A341E(185)/V(179), L342F(180,182),
P343S(177), A344E/V(179),
G345E(179)/R(186) are involved in
LQTS1

Disease association

Kv7.1 Corresponding
GNMI12+3  RVIZGNM3 o ion in Kv7.1
Q147 C181 V141
A208 V261 1204
1235 R297 R231
Q260-262 M325-1328 R259-1.262
T312-G316  T373-D379 T311-D317
F340-A346 1402-V410 F340-G348
Kv7.l GNM4 Kvl2GNMm4 ~ corresponding
position in Kv7.1
L137 V178 1138
A152-T153 F223 F157
F232-M238 P265 A208
1282 V301 1235
Y299 L341-F348 F275-1282
W323-G325 V390 1328

L137P is involved in LQTS1

1235N is involved in LQTS1(180,182)

G325R 1s involved in LQTS1(181)
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Kv7.1 Corresponding . L
GNMS.6+7 Kv1.2 GNM5 position in Kv7.1 Disease association
V129 L182 L142
F167-G168 T216 - G168R is involved in LQTS1(179)
1204-V206 1254-T269 P197-V212 1204M(177)/F(179) is involved in
LQTS1
L250H(187), L251P(188),
V254M(179) E261K(180),
R249-V262 L321 V235 L262V(177) are involved in LQTS1;
E261D is involved in JLNS(179)
1313M(181),
i i i G314S(182)/C(183)/D(179)/A(184),
1313-G316 T373-G376 T311-G314 Y315S(180)/C(179). G316R(179) are
involved in LQTSI
G345 A403 A341 G345E(179)/R(186) is involved in

LQTSI

Table 4.2. Matching the slowest GNM and ANM

modes of the Kv7.1

channel alone and in

association with KCNE1. Degenerate modes are

separated by commas.

Motion Kv7.1 Kv7.1 + KCNEI
type GNM ANM GNM ANM
I 1243 4 1243 1

11 4 123 4 3,4
11 56+7 6,7+8  56+8 5

v 8 5 7 2
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Figure 1.1. Tetrameric potassium channels: (A, B) KcsA (PDB entry 1K4C, (13)) and (C)
refined Kv1.2 structure (PDB entry 3LUT, (8)). Potassium ions are shown as purple. (A, B) The
prokaryotic channel KcsA represents the simplest VGL channel with only two TM helices,
named M1 and M2. (A) An extracellular view of the KcsA tetramer. One of the subunits is
presented in rainbow scheme to show the structural elements, and the rest are in grey. (B) Side
view of the channel, showing only two juxtaposed subunits. The conserved residues of the
selectivity filter, i.e., TVGYG, are shown in sticks representation. (C) An extracellular view of
the Kv1.2 tetramer. One of the subunits is presented in rainbow scheme to show the structural
elements, and the rest are in grey; on the adjacent subunit the paddle motif, i.e., the C-terminus of
S3 helix and the S4 helix, is colored pink. The conserved positively charged residues on S4 are

shown in stick representation. Many VGL channel share a similar fold with six TM helices.
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A Side view B Cytosolic view

Figure 1.2. Diversity in the auxiliary subunits of the voltage-gated potassium channels. (A) A
side view of the crystal structure of the Kv2 subunit (blue) interacting with the cytosolic domain
(green) of Kv1.2 (PDB entry 2A79, (7)). (B) A cytosolic view of the crystal structure of the
KChIP1 subunit (orange) interacting with the cytosolic domain (green) of the Kv4.3 channel
(PDB entry 212R, (14)). It is evident that KChIP1 subunits interact with the cytosolic domain of
the voltage-gated channel as monomers, whereas Kvp2 subunits interact with the cytosolic

domain as a tetramer.

73



A Inwardly rectifying K+ channel C Ca2+-activated K+ channel

B Hyperpolarization-activated
cyclic nucleotide—gated channel

3 A\ S

Figure 1.3. Diversity of the cytoplasmic regulatory domains in the VGL superfamily. (A) The
cytosolic tetrameric domain of the inwardly rectifying potassium channel Kir3.2 (PDB entry
3SYA, (189)). The domain is presented in side view and colored according to monomers. The
channel can be modulated by Na" ions and PIP2 molecules, both interacting with the cytosolic
domain. Na’ ions and PIP2 molecules are presented as space-filled atoms colored grey and
brown, respectively. (B) The cytosolic tetrameric domain of hyperpolarization-activated cyclic
nucleotide—gated channel HCN2 (PDB entry 1Q3E, (46)). The domain is presented in side view
and colored according to monomers. The cyclic nucleotide is shown as brown space-filled atoms.
(C) The cytosolic octameric domain of the calcium-activated potassium channel BK1 (PDB entry
3U6N, (190)). The domain is presented in side view and each subunit is colored separately. Ca*"
ions are shown as grey space-filled atoms. It is evident that the regulatory cytosolic domains
differ from each other significantly in their structure, size, number of subunits and the

modulatory ligands.
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Hydrophilic Hydrophobic Variable Conserved

Figure 1.4. The hydrophobicity profile and the evolutionary conservation profile are general
characteristics of TM structures. Here both profiles are demonstrated on the bacterial MlotiK1
channel (PDB entry 3BEH, (51)). (A) The channel is colored according to the color-coding bar,
with hydrophilic-through-hydrophobic residues corresponding to blue-through-yellow (side
view). The approximate boundaries of the hydrocarbon region of the membrane, as predicted by
the OPM database (191), are shown in grey. The structure displays a typical hydrophobicity
pattern, with hydrophobic residues exposed to the lipid, and charged and polar amino acids
buried in the protein core or located in the loop regions. (B) The channel is colored by
conservation grades according to the color-coding bar, with variable-through-conserved
corresponding to turquoise-through-maroon (extracellular view). The structure displays the
typical conservation pattern, where the variable residues are peripheral, and the conserved

residues are in the channel core.
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M23456 78
Variable Conserved

Figure 1.5. Extracellular (A) and side (B) views of the evolutionary conservation profile of
KCNEI in complex with the Kv7.1 channel according to the Kang et al. model (41). The channel
tetramer is in grey, and the KCNEI model is colored by conservation grades according to the
color-coding bar, with variable-through-conserved corresponding to turquoise-through-maroon.
The most variable residues (score 2 — none of the residues in this region was assigned a score of
1), namely L59, and the most conserved residues (score 9), namely Y46, 161, L63, R67 and S68,
are displayed as space-filled atoms. It is evident that variable residues of KCNEI are located at
the interaction interface with the channel, a conformation that is in conflict with the typical
conservation pattern. KCNEI residues Y46 and L63, mutations in which are described here, are

labeled.
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Figure 3.1. The multiple sequence alignment of KCNE1 homologs used to calculate the
conservation profile of KCNEI. The homologs were collected from the NR database (84) using
PSI-BLAST (85). Redundant sequences (>99% sequence identity) were discarded, and the

resultant 76 sequences, all from the KCNE family, were aligned using MUSCLE (86). Only the



modeled segment of KCNEI, i.e., residues 36-75, and the corresponding sequences of the

homologous proteins are shown. Positions Y46 and L63, which were mutated, are highlighted.

CNGA3 NASRAEFQAKIDSIKQYMQFRKVTKDLETRVIRWEDYLWA
CNGB3 TANQNYFRACMDDTIAYMNNYSIPKLVQKRVRTWYEYTWD
mHCN2 DSSRROYOEKYKOVEOYMSFHKLPADFROKIHDYYEHRY -
A B
CNGA3 NKKTVDEKEVLKSLPDKLKAEIAINVHLDTLKKVRIFQDC
CNGB3 SQRMLDESDLLKTLPTTVQLALAIDVNFSIISKVDLFKGC
mHCN2 QGKMFDEDSILGELNGPLREEIVNENCRKLVASMPLEANA
C D E F
CNGA3 EAGLLVELVLKLRPTVFSPGDYICKKGDIGKEMYIINEGK
CNGB3 DTOMIYDMLLRLKSVLYLPGDFVCKKGEIGKEMYIIKHGE
mHCN2 DPNFVTAMLTKLKFEVFQPGDYIIREGTIGKKMYFIQHGV
A 1 > 3
CNGA3 LAVVA-DDGVTQFVVLSDGSYFGEISILNIKGSKSGNRRT
CNGB3 VQVLGGPDGTKVLVTLKAGSVFGEISLLAAGG—---GNRRT

mHCN2 VSVL--T-GNK-EMKLSDGSYFGEICLLT---—--- RGRRT
= 5. "o

CNGA3 ANIRSIGYSDLFCLSKDDLMEALTEYPEAKKALEEKGRQI
CNGB3 ANVVAHGFANLLTLDKKTLQEILVHYPDSERILMKKARVL
mHCN2 ASVRADTYCRLYSLSVDNFNEVLEEYPMMRRAFETVAIDR

7 8 B C
CNGA3 LMK
CNGB3 LKQ
mHCN2 LDR

Figure 3.2. Sequence alignment of mouse HCN2, CNGA3 and CNGB3 channels in the CNBD
region. The structural elements, a-helices (red lines) and B-sheets (blue arrows), are marked. The

a-helices are labeled with capital letters and the B-sheets with regular numbers (59).
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NLYYgWLTAIALPVFYNWYLLICRACFDELQggYLMLWLVLDYSA

DVLYVLDVLVRARTGFLEQGLMVSDTNRLWQHYKTEEQFKLDVLS

LVPTDLAYLKVGTNYPEYRFNRLLKFSRLFEFFDRTETRTNYng

FRIGNLVLYILIIIHWNACIYFAISKFIGFGTDSWVYPNISIPEH

GRLSRK%&%ELYWSTLTLTTIGETPPPVKBEEYLFVUVDFLVGVL

IFATIVGNVGSMISNMNASRAEFQAKIDSIKQYMQF

B

LYL%WLLLVTLAYNWNCCFIPLRLVFPYQT%PNIHYWLIADIICD

IIYLYDMLFIQPRLQFVRGGDIIVDSNELRKHYRT%EKFQLDVAS

IIPFDICYLFFGFNPgFRANRMLKYTSFFEFNHHLESIMDKAE;Y
RVIRTTGYLLFILHINACVYYWASNYEGIGTTRWVYDGEGNE;%%b

CYYWAVRTLITIGGLPEPQT%@EIVFQLLNFFSGVFVFSSLIGQM

RDVIGAATANQNYFRACMDDTIAYMN

— PSI-PRED — MEMSAT — FFASO03
— HMMTOP ~ HHPred

Figure 3.3. Building the model structures of human CNGA3 (A) and CNGB3 (B). The location
of the TM helices according to secondary-structure prediction (PsiPred (94)), TM segment
identification (MEMSAT (95) and HMMTOP (96)), profile-to-profile alignment (HHpred (98))
and fold recognition (FFAS03 (97)) are marked in different colors according to the legend. The
boundaries of the TM helices that were used for the modeling are highlighted in yellow; the TM

helices are also marked and highlighted in yellow.
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Figure 3.4. The contribution of the 30 slowest GNM modes to the overall motion of the Kv7.1
tetramer. The percentage of contribution was estimated as the weight of the frequency of a
specific mode n, calculated considering the frequencies of all N modes (100A,/Axn.1). Modes 1 and

2 share the same eigenvalue, as do modes 5 and 6. I studied the 8 slowest modes, each of which

contributes over 1%.
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Figure 3.5. The contribution of the 30 slowest GNM modes to the overall motion of the CNGA3
tetramer in apo (A) and holo (B) states, and in holo-state lacking the VSDs (C). The percentage
of contribution was estimated as the weight of the frequency of a specific mode », calculated
considering the frequencies of all N modes (100A,/An-1). (A, B) Modes 2 and 3 share the same
eigenvalue, as do modes 5 and 6. I studied here the 6 slowest modes, each contributing over 4%.
(C) Modes 2 and 3 share the same eigenvalue. I investigated the three slowest modes of the

CNGA3 tetramer lacking the VSDs, each contributing over 3%.
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Figure 4.1. (A) The hydrophobicity profile of the model-structure of the TM region of Kv7.2.
The channel is colored according to the color-coding bar, with hydrophilic-through-hydrophobic
residues corresponding to blue-through-yellow (a side view). The approximate boundaries of the
hydrocarbon region of the membrane, as predicted by the OPM database (191), are shown in
grey. The structure displays a typical hydrophobicity pattern, with hydrophobic residues exposed
to the lipid, and charged and polar amino acids buried in the protein core or located in the loop
regions. The positively charged residues, lysine and arginine, in the extracellular and the
intracellular sides of the membrane are shown as space-filled atoms. Reassuringly, the abundance
of the predicted location of such residues in the cytoplasmic end of the protein is in accordance
with the ‘positive-inside’ rule (115). (B) The Kv7.2 channel is colored by conservation grades
according to the color-coding bar, with variable-through-conserved corresponding to turquoise-
through-maroon (an extracellular view). The model-structure displays the typical conservation
pattern, where the variable residues are peripheral, and the conserved residues are in the channel

core.
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Variable Conserved
Figure 4.2. The location of disease-causing mutations in the Kv72 TM region. For clarity, only
the S5 and S6 helices of two juxtaposed monomers (of the tetrameric channel) are shown in
ribbons representation with the cytoplasmic region facing down. The evolutionary conservation is
color-coded using the bar. The amino acids, mutations in which are disease-causing, are shown as
space-filled atoms. Evidently, L243, S247, A267, G271 are positioned in the tight interface

between S5 and the pore helix, while A306 faces the pore.
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Figure 4.3. NH29 increases Kv7.2 currents and inhibits neuronal spike discharge and

neurotransmitter release. (A) Chemical structure of NH29. (B) Representative Kv7.2 whole-cell

currents, in transfected Chinese hamster ovary cells, in the absence and presence of 25uM NH29.

Cells, held at -90 mV, were stepped from -70 mV to +30 mV in 10 mV increments and

repolarized at -60 mV. (C) Representative trace of a cell, stepped at -40 mV every 30 s in the

absence (control) and presence of 25uM NH29. (D) The normalized conductance was plotted as a

function of the test voltages, for cells in the absence (empty squares) and presence (solid squares)

of 25uM NH29 (n = 15, *p < 0.01). (E) Potentiation of wt Kv7.2 currents recorded at -40 mV in

the presence of NH29 expressed as percentage of control in the absence of opener (n = 15, *p <

0.01). (F) Kinetics of Kv7.2 were measured in the absence (empty bars) and presence of 25 uM
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NH29 (solid bars) (n = 15, *p < 0.01). Activation kinetics was evaluated at -40 mV by t;., the
time at which half of the current amplitude developed. Deactivation kinetics was measured at -60
mV and fitted by one exponential function. (G) Representative rat dorsal root ganglion spiking
discharge, evoked by a squared depolarizing current pulse (100 pA for 400 msec) before
(control), during exposure to 25 uM NH29 and after washout (wash). Representative traces of
spontaneous EPSCs (H) and IPSCs (J) recorded before, during exposure to 25 uM NH29 and
after washout. Effects of NH29 on burst frequency and charge transfer of spontaneous EPSCs (I)

and IPSCs (K) (n = 4; *p < 0.05). The experiments were performed by the lab of Prof. Attali.
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Figure 4.4. Sensitivity of pore and S4 residues to NH29 modulation. (A) Representative trace of
a cell expressing wt Kv7.2, stepped at -40 mV in the absence (control) and presence of SuM

retigabine. (B) Representative trace of a cell expressing mutant Kv7.2 W236L, stepped at -40 mV

86



in the absence (control) and presence of 10 uM retigabine and subsequently exposed to 25 uM
NH29. (C) Potentiation of wt Kv7.2 and mutant W236L currents recorded at -40 mV in the
presence of NH29 or retigabine expressed as percentage of control (n = 5-8, *p < 0.01). (D)
Potentiation of the current produced by 25 uM NH29 on wt Kv7.2 (red bar) and the different S4
mutants, expressed as % of control determined in the absence of the opener (n = 6-15, *p <0.01).
(E) Representative trace of a cell expressing mutant Kv7.2 R198A, stepped at -20 mV in the
absence (control) and presence of 25 uM NH29 (left) and normalized conductance (right) in the
absence (empty squares) and presence (solid squares) of 25uM NH29 (n = 8). (F) Normalized
conductance of mutant Kv7.2 R207W in the absence (empty squares) and presence (solid
squares) of 25uM NH29 (n = 8). (G) Representative trace of a cell expressing mutant Kv7.2
R207W, stepped at -20 mV in the absence (control) and presence of 25 uM NH29. (H)
Representative Kv7.2 R207W currents recorded as in Figure 4.3B, in the absence and presence of

25uM NH29. The experiments were performed by the lab of Prof. Attali
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Figure 4.5. Sensitivity of S2 and S1-S2 linker residues to NH29 modulation. (A) Potentiation of
the currents produced by 25 uM NH29 on w¢ Kv7.2 (red bar) and the different S1-S2 linker and
S2 mutants, expressed as % of control determined in the absence of the opener (n = 4-15, *p <
0.01). (B) Representative trace of cells expressing mutant Kv7.2 K120A (left) or mutant Kv7.2

E130Q (right) in the absence (control) and presence of 25 uM NH29. The experiments were

performed by the lab of Prof. Attali
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Figure 4.6. Docking of NH29 onto the model-structure of Kv7.2 in an open state. (A) Top view
of the model-structure showing on one subunit the S5 residue W236 (blue) involved in retigabine
interaction and on another subunit the VSD residues (green) (K120, Y127A, E130, L200 and
R207) forming the binding pocket of NH29. (B) Front view of one VSD showing the bulky
residues (green filled spheres) sandwiching one NH29 molecule (salmon filled spheres). (C) Side

view of VSD residues (sticks) engaged in hydrogen bonding with one NH29 molecule (stick).
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Figure 4.7. Mapping of the ConSurf conservation grades of Figures 4.8 and 1.5 on the KCNEI
sequence. Conservation is shown using the color-coding bar, i.e. the highly variable and highly
conserved residues are shown in turquoise and maroon, respectively. The brown rectangle
represents the location of the TM helical segment in the model-structure. The residues marked by
asterisks are more variable than the rest. All these residues face the lipids in my model-structure
of the Kv7.1-KCNE1 complex, but three of them, namely L45, F56 and L59, are in direct contact

with Kv7.1 in the Kang et al. model (41).
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Figure 4.8. The evolutionary conservation of KCNE1 within the complex with Kv7.1. In the
proposed model, the evolutionarily-conserved face of KCNEI1 is in contact with the channel, and
the variable face points to the lipid bilayer, as it should. The channel tetramer is in grey, and the
KCNEI model is colored by conservation grades according to the color-coding bar, with
variable-through-conserved corresponding to turquoise-through-maroon. The most variable
residues (scores 1 and 2), namely R36, S37, S38, D39, G40, K41 and L59, and the most
conserved residues (score 9), namely Y46, 161, L63, R67 and S68, are displayed as space-filled
atoms. (A) Extracellular view. One of the subunits of the homotetrameric channel is presented in
rainbow scheme to show the structural elements, and the rest of the subunits are in grey. (B) Side

view. KCNEI1 residues Y46, L.63 and R67 are marked.

L42——V324
E43—W323
— V141
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Figure 4.9. The model-structure of the Kv7.1-KCNE1 complex correlates well with disulfide-
link experiments. Extracellular (A) and side (B) views of the model using ribbon representation.
KCNETI appears in light orange and the channel tetramer in grey. The a-carbons of residues that
formed disulfide bonds upon Cys mutation of G40, K41, L42, E43 and A44 in KCNEI and of
V141, T144, 1145, Q147, W323 and V324 in the channel are shown as space-filled atoms and
colored according to the scheme. The distances between the residue pairs shown here are listed in
Table 3.1. The pairs reported to form S-S bonds when mutated to Cys are connected by solid

black lines (89-91). In (A) residues 3639 of KCNEI are omitted for clarity.
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Figure 4.10. Mean-square fluctuations of the Kv7.1 tetramer in the three slowest GNM modes.

The shape of the third mode (blue) fits the profile of the average of modes 1 and 2 (green).
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Figure 4.11. Mean-square displacement of the Kv7.1 channel alone (black curves) and in
complex with four KCNEI subunits (blue curves) according to the GNM and ANM modes. The
modes of motion are grouped as described in Table 4.2: (A) Motion I; (B) Motion II; (C) Motion
IIT; (D) Motion IV. The locations of the TM helices and the selectivity filter (SF) are marked on
the x-axis. The fluctuations of one chain of the homotetrameric channel are presented, since the
fluctuations of all four Kv7.1 chains are identical. The overall shape of the fluctuations is mostly

preserved upon KCNEI1 binding in both elastic models.
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Figure 4.12. Mapping the cooperative dynamics of the Kv7.1 channel on the conformations
predicted by ANM. The channel is shown in cartoon representation and colored according to the
correlation of the chain A paddle with the other residues in the corresponding GNM mode (Table
4.2): (A) Motion I — conformations of ANM mode 4, colored according to the corresponding
GNM modes 1-3. (B) Motion III — conformations of ANM mode 8, colored according to the
corresponding GNM modes 5-7. The magnitude of positive and negative correlations between the
fluctuations of the residues is color-coded according to the blue-to-red scale at the bottom of the
picture. Positive correlation indicates motion of two residues in the same direction, while
negative correlation specifies motion in opposite directions. The direction of motion, detected by
the ANM analysis, is marked with black arrows. For clarity, the VSDs of chain A are shown in
side view as well. It is apparent that in motion I each VSD domain moves, in essence, as one unit.

In motion III, the S1, the N-terminus of S2, and the paddle motif (C-terminus of S3 and S4
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segments) are negatively correlated with the C-terminus of S2, the S2-S3 linker and the N-

terminus of S3.

chain A
- 0 .

Figure 4.13. KCNEI association affects the cooperative dynamics of motion II of the isolated
Kv7.1 channel. The conformations are colored according to the correlation of the chain A paddle
with the other residues in the corresponding GNM mode (Table 4.2), using the blue-to-red scale
at the bottom. (A) Channel conformations from ANM mode 1, colored according to the
corresponding GNM mode 4. The direction of motion, detected by the ANM analysis, is marked
with black arrows. (B) Averaged conformations of the channel in complex with KCNEI from
ANM modes 3 and 4, colored according to the corresponding GNM mode 4. KCNEI1 association

affects the cross-correlations of the S1 C-terminus (green arrows).
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Figure 4.14. Changes in the cooperativity dynamics of motion IV of the isolated Kv7.1 channel
upon association with KCNEI. The conformations predicted by ANM are colored according to
the correlation of the chain A paddle with the other residues in the corresponding GNM mode
(Table 4.2): (A, B) Channel conformations from ANM mode 5, colored according to the
corresponding GNM mode 8. (C) Conformations of the channel in complex with KCNEI from
ANM mode 2, colored according to the corresponding GNM mode 7. The magnitude of positive
and negative correlations between the fluctuations of the residues is color-coded according to the
blue-to-red scale at the bottom. (A) Extracellular view of the channel tetramer. The direction of
motion, detected by the ANM analysis, is marked with black arrows. (B, C) Side view of Kv7.1
segments S5 and S6 from a single chain in the absence (B) and presence (C) of KCNEI; the
cross-correlations were identical for all four chains. The a-carbons of G272, L.273, V310, T311
and F340 are shown as space-filled atoms. Notably, the correlation of residues G272, V310 and

T311 with the other residues is reversed upon complex formation.

96



A wt Kv7.1-KCNE1 B Kv7.1-L63W KCNV

S

C Kv7.1-Y46A KCNE1 D G/G,,. of the wt channel vs. mutants
‘/"Il/ 107 <= wtKv7.1-KCNET =
g S - Ky7.1-Y46A KCNET
o = Kv7.1-L63W KCNET

Figure 4.15. Electrophysiological properties of the wt Kv7.1-KCNE1 channel and two KCNEI
mutants, L63W and Y46A. (A-C), representative traces of the wt Kv7.1-KCNE1 (/ks), Kv7.1-
L63W KCNEI1 and Kv7.1-Y46A KCNEI, respectively, expressed in Xenopus oocytes. The
currents were recorded from 2.4 s depolarizing pulses of -140 mV to +40 mV, in 15 mV
increments, from a holding potential of —80 mV. The tail currents were recorded at —60 mV. (D)
normalized conductance-voltage relation of the wt Kv7.1-KCNE1, Kv7.1-L63W KCNEI1 and
Kv7.1-Y46A KCNEI. Voltage-dependent activation curves were fitted by a single Boltzmann

function (Eq. 6). The experiments were performed by the lab of Prof. Attali
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Figure 4.16. Modeling of the full-length cone channel in its resting state, based on two separate
templates. (A) Side view of the TM region of the bacterial channel MlotiK1 in a closed state,
PDB entry 3BEH (51). This structure was the template for modeling the TM region of the cone
channel. (B) Side view of the mouse HCN2 CNBDs in a resting state, pdb entry 1Q3E (46). This
structure served as a template for the cytosolic domain of the cone channel. (C) Side view of the
resultant model-structure of the human cone channel, shown in cartoon representation. CNGA3

subunits are colored cyan (light and dark); CNGB3 subunits are colored orange (light and dark).
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Figure 4.17. The evolutionary conservation profile of the cone channel model-structure is
compatible with the typical conservation pattern. The channel is colored by conservation grades
according to the color-coding bar, with variable-through-conserved corresponding to turquoise-
through-maroon. Overall, the variable residues are peripheral, whereas the conserved residues are
in the structural core and channel pore. (A) Side view of the model-structure in cartoon
representation; the CNBDs are in their holo-state. (B) Extracellular view of the TM domain of the

model-structure. The proposed locations of the CNGA3 and CNGB3 subunits are marked (68).
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Figure 4.18. The evolutionary conservation of the high-resolution structures used as the
templates for comparative modeling of the cytosolic domain of the cone channel. The proteins are
colored by conservation grades according to the color-coding bar, with variable-through-
conserved corresponding to turquoise-through-maroon. All structures display the typical
conservation pattern, where the variable residues are peripheral, and the conserved residues are in
the core of the channel. (A) Ligand-free CNBD from the mHCN?2 channel, PDB entry 3FFQ (54).
(B) cGMP-bound CNBD from the mHCN2 channel, PDB entry 1Q3E (46). The main differences
between the ligand-free and cGMP-bound structures of the CNBDs are marked by black

rectangles.
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Intracellular

Figure 4.19. The model-structure of the human cone channel is in agreement with the available
experimental data. (A) Intracellular view of the channel in cartoon representation. For clarity, the
VSDs and CNBDs are omitted. The channel is colored grey. S6 residues accessible to the central
pore are colored green; S6 residues with intermediate accessibility are colored yellow; S6
residues not accessible to the central pore are colored red (130,131). (B) Extracellular view of the
cone channel in cartoon representation. For clarity, the VSDs and CNBDs are omitted. The
CNGAZ3 subunits are colored cyan (light and dark), and the CNGB3 subunits are colored orange
(light and dark); the a-carbons of CNGA3 L361 and F385 and the corresponding CNGB3 R403
and F427 are shown as space-filled atoms. The distance between the a-carbons of residues in the
same subunit, e.g., the distance between the a-carbons of L361 and F385 in the CNGA3 subunit,
was 10 A (marked by a black line in one of the subunits); the distance between the a-carbons of

the residues in neighboring subunits, e.g., the distance between the a-carbons of CNGA3 F385
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and CNGB3 R403, was 7 A (marked by a blue line in one of the subunits). It is apparent that the

residues can interact with each other (132).
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Figure 4.20. The model-structure of the human cone channel is in agreement with the available
experimental data. (A) Side view of the CNBD tetramer in cartoon representation. For clarity, the
TM domain is omitted. The CNGA3 subunits are colored cyan (light and dark) and the CNGB3
subunits are colored orange (light and dark). The helices composing the C-linker, A’-F’, are
marked; the helices of the CNBD, namely helices A-C, are marked in one of the subunits. The
inter-subunit interaction called “elbow on a shoulder” is evident: the “elbow” comprises the A’
and B’ helices, which rest on the “shoulder,” the C* and D’ helices of the neighboring subunit.
(B) Side view of two CNGA3 CNBDs from the cone channel in cartoon representation, colored
cyan (light and dark). The a-carbons of R436, E467 and D507 are shown as space-filled atoms;

the distance between the R436 Ca and the Cas of both E467 and D507 is 11 A. Hence, R436 can
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form a salt bridge with E467 or D507, stabilizing the intra- and inter-subunit interface. (C) Side
view of two CNBDs from the cone channel, CNGA3 and CNGB3, in cartoon representation,
colored cyan and orange, respectively. The a-carbons of CNGA3 E467 and CNGB3 R478 and
D549 are shown as space-filled atoms; the distance between the Ca of R436 and the a-carbons of
the negatively charged residues is 11 A. Therefore, R478 can form a salt bridge with E467 or

D549, stabilizing either the intra- or inter-subunit interface.

Figure 4.21. Mapping disease-causing mutations on the model-structure of the cone channel.
CNGAZ3 subunits are colored cyan (light and dark); CNGB3 subunits are colored orange (light
and dark). (A) Side view of the cone channel in cartoon representation. Residues with known
disease-causing mutations are shown as space-filled atoms. Evidently, disease-causing mutations
of the cone channel are clustered in several regions of the model-structure: the pore region, the C-

linker, and the ligand-binding region. In addition, in CNGA3 subunits (cyan) the VSD and the
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interface between the C-linker and the S4-S5 linker contain several positions with disease-
causing mutations. (B) For clarity, the cone channel is presented from the same view, but colored
according to the functional domains: the VSDs are blue, the pore domain is green, the C-linkers
are red and the CNBDs are grey. Residues with known disease-causing mutations are shown as
space-filled atoms and colored according to the functional domains to which they belong: light
blue, light green, light red and dark grey for disease-causing mutations in the VSDs, the pore

domain, the C-linkers and the CNBDs, respectively.

A CNGA3-CNGA3 ) B cneB3-cNeB3 |

&

Figure 4.22. Molecular interpretations for disease-causing mutations mapped on the model-
structure of the cone channel. (A-D) The effect of the CNGA3 R427C mutation and the
corresponding CNGB3 Y469D mutation. In each panel CNBDs from two neighboring subunits

are shown in side view. The a-carbons of CNGA3 R427 and E453, as well as of CNGB3 Y469,
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D488, and E495, are presented as space-filled atoms. The insets show a closer view of the
residues’ interactions, marked by black rectangles on the main panels. It is clear that CNGA3
R427 could interact with CNGA3 E453 (A) or CNGB3 D488 and E495 (D). Abolishment of the
positive charge at the position R427C may disrupt the inter-subunit electrostatic interactions.
Similarly, the negative charge resulting from mutation of CNGB3 Y469 to D could result in
repulsion of the mutated residue by the negatively charged CNGA3 E453 (C) or by CNGB3
D488 and E495 (B). The distances of the interacting residues are marked. (E) The effect of the
CNGA3 L186F mutation. A side view of the TM region of the cone channel is presented; for
clarity only one VSD is shown. CNGA3 L186, shown as space-filled atoms, is located at the
interface of the VSD with the p-loop. Substitution of L186 with a bulky F can interrupt the tight
interface. (F) The effect of the CNGB3 S435F mutation. An intracellular view of the pore region
of the cone channel is presented. S435 faces the central pore, and its substitution with a bulky F

can disrupt the helix bundle and/or block the pore.
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Figure 4.23. Mean-square fluctuations of the CNGA3 tetramer in holo-state in GNM modes 2-4.

The shape of mode 4 (red) fits the profile of the average of modes 2 and 3 (black). The
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fluctuations of one chain of the homotetrameric channel are presented, since the fluctuations of

the four chains are identical.
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Figure 4.24. Mean-square displacement of the CNGA3 channel in the holo-state according to the
GNM and ANM modes. (A) Motion I: the shape of GNM mode 1 fits the profile of ANM mode
3. (B) Motion II: the average shape of GNM modes 2-4 fits the profile of ANM mode 4. (C)
Motion III: the average shape of GNM modes 5 and 6 fits the profile of ANM mode 12. The
fluctuations of one chain are demonstrated, since the fluctuations of all four chains are identical.
The locations of the VSD, the pore, the C-linker and the CNBD are marked on the x-axis. The
fluctuations of the channel in the apo-state according to GNM and ANM are almost identical (not

shown).
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Figure 4.25. Association of GNM and ANM modes of motion of the homotetrameric CNGA3
channel. In each panel, chain A represents an arbitrary CNGA3 chain (the channel comprises four
identical chains). (A, B) Motion I: GNM mode 1 is associated with ANM mode 3. (A) Side view
of the channel in cartoon representation, colored according to the correlation of the VSD of chain
A with the other residues in GNM mode 1. (B) Conformations of ANM mode 3, colored
according to the direction of motion, ranging from green to red (extracellular view). (C, D)
Motion II: GNM modes 2 and 3 are associated with ANM mode 4. (C) Side view of the channel
in cartoon representation, colored according to the correlation of the chain A VSD with the other

residues in GNM modes 2 and 3. (D) Conformations of ANM mode 4, colored according to the
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direction of motion, ranging from green to red (extracellular view, CNBDs are omitted for
clarity). (E, F) Motion III: GNM modes 5 and 6 are associated with ANM mode 12. (E) Side
view of the channel in cartoon representation, colored according to the correlation of the chain A
VSD with the other residues in GNM modes 5 and 6. (F) Conformations of ANM mode 12,
colored according to the direction of motion, ranging from green to red (intracellular view, the
TM domain is omitted for clarity). (A, C, E) The magnitude of positive and negative correlations
between the fluctuations of the residues is color-coded according to the blue-to-red scale at the
bottom of the picture. Positive correlation indicates motion of two residues in the same direction,

while negative correlation indicates motion in opposite directions.

Figure 4.26. Association of GNM and ANM modes of motion of the homotetrameric CNGA3
channel lacking the VSDs. In each panel, chain A represents an arbitrary CNGA3 chain (the
channel comprises four identical chains). (A, B) GNM mode 1 is associated with ANM mode 3.
(A) Side view of the channel in cartoon representation colored according to the correlation of the
S5 helix in chain A with the other residues in GNM mode 1. (B) Conformations of ANM mode 3,
colored according to the direction of motion, ranging from green to red (side view). (C, D) GNM

modes 2 and 3 are associated with ANM mode 4. (C) Side view of the channel in cartoon
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representation, colored according to the correlation of the chain A S5 with the other residues in
GNM modes 2 and 3. (D) Conformations of ANM mode 4, colored according to the direction of
motion, ranging from green to red (intracellular view). (A, C) The magnitude of positive and
negative correlations between the fluctuations of the residues is color-coded according to the
blue-to-red scale at the bottom of the picture. Positive correlation indicates motion of two

residues in the same direction, while negative correlation indicates motion in opposite directions.

23 456 71N
Variable Conserved

Figure 5.1. ConSurf (83) analysis of the Kv7.1 homology model by Smith and colleagues (42)
supports the accuracy of the model. An extracellular view of the channel is colored by
conservation grades according to the color-coding bar, with variable-through-conserved
corresponding to turquoise-through-maroon. Variable residues face the lipid or are located in the

loops, whereas conserved residues are located in the channel core, as expected.
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Figure 5.2. Association of Kv7.1 motion II with channel deactivation. (A) Extracellular view of
the Kv7.1 model-structure in an open state (colored green) and the closed structure of bacterial
potassium channel MlotK1 (colored red) aligned according to the pore domain. Both proteins are
shown in cylinder representation. The arrows indicate possible direction of transition between the
open and closed states. The KCNEI1 subunits are in blue, and L63 is shown as space-filled atoms.
(B) Kv7.1 conformations as predicted by ANM mode 1 (motion II); only two edge conformations
are presented (in red and green). The arrows denote the direction of the motion. The loops
connecting S1 and S2, as well as S3 and S4, are omitted for clarity. (C) The Kv7.1 model-
structure in the open state (green) and the closed structure of the bacterial potassium channel
MiIotK1 (red) aligned according to the pore domain (side view). For clarity, only one VSD of
MiIotK 1 and one KCNE1 subunit are shown. Both proteins are shown in cylinder representation.
The KCNEI subunit is in blue, and Y46 and L63 are shown as space-filled atoms. Kv7.1 F123
and F127 are shown as space-filled atoms. The inset shows the tight interface between Kv7.1 S6

and KCNET; Kv7.1 W323 and V324 are also shown as space-filled atoms.
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Figure 5.3. Hinges controlling motion II mapped on the model-structure of the Kv7.1-KCNEI
complex: (A) extracellular view, (B) side view. The Kv7.1 channel is green and KCNEI1 is blue.
The hinge residues of motion II are shown as yellow space-filled atoms. KCNE1 Y46 is shown as
orange space-filled atoms. Clearly, the hinge residues are in close proximity to each other,

creating a cluster, and KCNE1 Y46 is a part of this cluster.
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Figure 5.4. Two negatively charged residues may affect slow voltage-dependent inactivation of
Kv7.1. (A, B) KcsA conformations predicted by the ANM mode related to channel inactivation
are shown. The conformations were reproduced using HingeProt (110) and colored according to
the direction of motion, ranging from yellow to white and green. The a-carbons of E71 and D80
are shown as blue and pink space-filled atoms, respectively. (C, D) The conformations predicted
by ANM mode 8, related to slow voltage-dependent inactivation in Kv7.1, are colored according
to the direction of motion, ranging from yellow to white and green. The a-carbons of E295 and
D317 are shown as blue and pink space-filled atoms, respectively. In (C) the a-carbons of E284,
D286, E290 and D301 of one of the chains are shown as grey space-filled atoms. (A, C)
Extracellular view. (B, D) Side view; for clarity the pore domains of only two chains are

presented.
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Figure 5.5. The location of residues G272 (red), L273 (orange), V310 (blue), T311 (green) and
F340 (yellow) in the Kv7.1 model-structure. Segments S5 and S6 of two diagonally-opposite
chains are presented. Residues G272, L273, V310, T311 and F340 are shown as space-filled

atoms. These five residues are in close proximity to each other, creating a cluster.
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A KirBac crystal structures B KirBac ANM1
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C cNGA3 ANM3 D cNGA3 lacking VSDs ANM3

Figure 5.6. Motion I of the tetrameric CNGA3 channel appears to describe its gating. (A) Side
view of the KirBac3.1 crystal structures in an open state (pale green, PDB entry 3ZRS (164) and
in a closed state (pale red, PDB entry 2WLJ (165)). The a-carbons of the two gate-residues,
namely G120 and Y132, are shown as space-filled atoms. (B) The two edge KirBac3.1
conformations, as predicted by the slowest ANM mode, are shown in red and green. The
similarity between the ANM conformations and the crystal structures in panel A is apparent,
verifying the relationship between these conformations and channel gating. (C) The two edge
CNGAZ3 conformations, as predicted by ANM mode 3, are shown in red and green. The VSDs
are omitted for clarity. The conformations resemble the conformations predicted for the KirBac
channel (panel B), but the pore region is rigid. (D) The two edge CNGA3 conformations in the
absence of VSDs, as predicted by ANM mode 3, are shown in red and green. The conformations
are identical to the KirBac conformations (panel B). For clarity, only helices S5 and S6 (or

corresponding helices) of two juxtaposed subunits are shown in all panels.
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