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ABSTRACT

Potassium (K") channels are membrane-embedded proteins that selectively pass
K" ions in or out of cells in response to a variety of signals, such as membrane potential
changes or binding of ligands. In an excitable cell, such as a neuron or cardiac muscle
cell, delayed rectifier voltage-gated K* channels respond to changes in membrane
potential to restore the cell membrane to its resting state after an action potential.

In vertebrates, voltage-gated K* (Kv) channels are tetramers of similar or
identical subunits arranged around a central conducting pore. While these channels are
primarily gated by membrane potential, their biophysical properties are set by the type
of subunits in each tetramer and by interactions with other effector molecules, such as
membrane phospholipids, calcium-binding proteins, kinases, and scaffolding proteins. In
some cases, discrete intracellular domains control the specific assembly of pore-forming
and accessory proteins. However, the molecular mechanisms that direct specific
assembly of this wide range of components into a functional K channel complex are
incompletely understood.

Chapter 2 of this thesis establishes the atomic-resolution structure of one such
assembly domain from a Kv7 family channel (Kv7.4). This study suggests the structural
basis for specific assembly properties and binding of scaffolding proteins by other
members of the Kv7 channel family. Additional studies in Chapter 3 explore
implications of the Kv7.4 assembly domain structure for oligomerization in other
subtypes. The biochemical and functional effects of Kv7 mutations designed to disrupt
or enhance assembly domain oligomerization further support the critical role for this

domain in specific assembly of these channels.
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CHAPTER |

INTRODUCTION TO Kv7Z CHANNEL ASSEMBLY

A. Structure and Assembly of Voltage-Gated K* Channels
i. A variety of selective ion channels regulates membrane potential and disease in excitable cells.
The evolution of diverse, selective, precisely regulated ion channels has allowed
organisms from bacteria to humans to harness the power of electrical signaling with
exquisite control. To appreciate the significance of these molecules, consider that the
lipid membrane surrounding every cell regulates, among other things, the
electrochemical characteristics of the intracellular environment. A polar solute, such as
a charged ion, faces a major energetic obstacle in crossing the bilayer: it must shed its
hydration shell of water molecules in favor of the hydrocarbon tails of the bilayer core.
Passage of a hydrated ion is similarly disfavored due to the energetic barrier to burying
polar moieties, including water, in the hydrophobic membrane core. The exchange of
polar for nonpolar solvation is so thermodynamically unfavorable that membranes made
purely of phospholipids are virtually impermeable to charged ions (Parsegian, 1969).
Cells have capitalized on the restricted permeability of lipid membranes by
evolving membrane-embedded proteins that allow selected charged particles to pass.
lon exchange proteins drive ion transfer either actively by the hydrolysis of ATP, or
passively in response to electrochemical gradients. If the passage of ions results in
uneven charge distribution, it creates a potential difference across the membrane.
Specialized cell types, called excitable cells, use a variety of ion-conducting proteins to
modulate and propagate potentials across their membranes, allowing them to conduct

information several orders of magnitude faster than would be possible via chemical



signals alone. Most excitable cells—such as neuronal, cardiac, and skeletal muscle cells
in humans—maintain precise negative resting potentials across their membranes. This
resting state is primarily established by membrane-integral Na'/K" ATPases, which
harness energy from the hydrolysis of ATP to transport out Na" ions and pump in K
ions. For each molecule of ATP, exchangers move 3 Na" ions out of and 2 K* ions into
the cell. This uneven charge exchange, along with the slow passive diffusion of K* ions
through K* leak channels, creates a negative resting potential near the equilibrium
potential of K*, around -50 to -90 mV (Liberman and Skulachev, 1970).

Most dynamic signaling events in excitable cells arise from the interplay between
passive, selective, voltage-sensitive ion exchange proteins called ion channels. The
classic example of controlled electrical signaling is the action potential, an electrical
current that propagates rapidly along a neuronal axon or the surface of a muscle or
glandular cell. In a single cell, an action potential is recorded as a rapid spike and
recovery of membrane potential mediated by voltage-gated ion channels. When a local
excitatory stimulus depolarizes the cell membrane above a threshold voltage, nearby
channels selective for Na* activate rapidly. Sodium flows into the cell down its
electrochemical gradient. This process further depolarizes the membrane, causing more
Na® channels to activate; the inward flow of positive ions rapidly overtakes the outward
flow through K" leak channels, establishing a positive membrane potential around +50
mV. As membrane potential peaks, the Na* channels begin to inactivate in a time-
dependent manner. Delayed-rectifier K* channels also respond to depolarization, but
only after a delay, such that K begins to flow just as Na* flow ceases. Due to the
positive membrane potential and the high intracellular concentration of K*, K* flows out

of the cell until the equilibrium potential for K" is re-established. Inactivation of voltage-



gated Na* channels combined with the slow responsiveness of delayed rectifier K*
channels leads to a hyperpolarization of the cell, called the undershoot. After a brief
refractory period, active transport by the Na'/K" ATPase restores the membrane to its
initial resting potential (Baranauskas, 2007).

Of course, this simple schema describes only a fraction of the voltage-sensitive
ion transport events that influence electrical signaling in an excitable cell. For example,
in a cardiac myocyte action potential, the initial influx of Na" ions (l,) during
depolarization is followed by a transient outward current carried by K* channels (1,
passing K ions out) and anion channels (1., passing Cl ions in). These channels
inactivate long before repolarizing the cell membrane; at this point, Ca*" influx (Ic,q)
through voltage-gated Ca** channels begins to predominate, while another species of
delayed rectifier K* channels maintains the membrane potential by passing K ions out
(I)- When the Ca® channels inactivate, K’ channels return the membrane to its resting
potential (I, lx, I;) (Nerbonne and Kass, 2005). A variety of other currents mediate
both excitatory and inhibitory variations in membrane potential. For example,
stimulation of sensory transduction channels evokes adaptive, graded receptor
potentials (Hille, 2001). Conversely, sub-threshold depolarizations in neurons elicit
inhibitory M-currents that stabilize membrane potentials and prevent overexcitability
(Cooper and Jan, 2003). In sum, a wide range of ion channels mediates an equal range
of functions to control membrane potential precisely.

The critical role of ion channels in normal physiology is underscored by a
growing catalog of channelopathies, that is, disorders arising from mutations in ion
channel genes. Mutations in over 60 ion channels have been linked to human disease. In

many cases, even minor gain-of-function mutations in Na* channels or loss-of-function



mutations in K channels induce hyperexcitability, causing epilepsy in neuronal channels,
arrhythmias in cardiac channels, or contractile disorders in skeletal muscle channels.
The inverse—diminished Na* or enhanced K* channel function—can also cause disease,
generally due to reduced excitability. Channelopathies are not restricted to the brain,
heart, and skeletal muscle: mutations in epithelial channels affect salt and water balance
in various tissues, including the inner ear, kidneys, and airways. Intracellular ion channel
mutations may severely affect pH or other ion gradients in organelles, including synaptic
vesicles, mitochondria, and the endoplasmic reticulum (ER) (Ashcroft, 2006).

The impact of ion channel mutations on health may be minor to severe. In some
cases, disease mutations affect the gating or conductance of a channel: channels are
present but respond inappropriately to stimuli, leading to disease. More often, disease
mutations cause defects in synthesis or trafficking of channels to the cell surface; the
remaining channels function properly, but the overall response of the cell is decreased.
In recessive channelopathies, one mutant copy of an ion channel gene can be
compensated by the presence of a wild-type copy from the other parent. This inherent
redundancy may arise from the multimeric nature of many ion channels, especially K*
channels, which are usually tetramers of identical or similar gene products (MacKinnon,
1991). If a binding site in one subunit is disrupted by mutation, other subunits may be
able to compensate. In dominant channelopathies, even one mutant channel gene is
sufficient to disrupt normal function. However, since heterozygous individuals usually
retain a small population of wild-type channels, dominant channelopathies are often less
severe than recessive forms. The severity of a channelopathy is related to the
multimeric state of the channel it affects, and the ability of normal subunits to

compensate for mutant binding partners (Ashcroft, 2006).



ii. K channels share structural features critical to specific assembly and function.

Due to their prominence in maintaining membrane potential and recovering the
cell from excitation, K* channels have been major targets of functional and structural
study. This field is made both richer and more challenging by the remarkable diversity
of K channels. Channels selective for K* are found in bacteria, archaebacteria,
eukaryotes, and some viruses, and over 75 distinct K* channel genes have been cloned
in mammals alone. Based on sequence homology, functional characteristics, and low-
and high-resolution structural data, all K* channels appear to exist as tetramers of
identical or similar subunits, each containing 2-8 helical transmembrane segments
around a central conductive pore (Tempel et al, 1987; MacKinnon, 1991; MacKinnon et
al, 1993; Li et al, 1994; Schulteis et al., 1996; Spencer et al, 1997; Doyle et al,, 1998;
Jiang et al,, 2002; Kuo et al,, 2003; Jiang et al., 2003; Long et al,, 2005). Additional K*
channel diversity arises from alternative RNA splicing, heteromeric assembly of subunits,
and coassembly with accessory proteins. Thus, cells have a remarkably broad
repertoire of K* channel complexes with various functional profiles at their disposal
(Jenkinson, 2006). Despite their diversity, K" channels share some general features in
terms of selectivity, kinetics, modulation, and selectivity. Relative to other voltage-gated
channels, K" channels tend to activate slowly; once open, however, they can conduct
more than 10° ions per second—near the diffusion-limited rate (Hille, 2001). The
conductive and kinetic properties of K* channels respond to numerous signals, including
pharmacological agents, intracellular Ca**, phosphorylation, and binding of accessory
proteins. Finally, K" channels are more than 100-fold selective for K* over Na" ions; this
selectivity is key to controlling a precise interplay between ion permeabilities, for

example in successive phases of the action potential (Hille, 2001).



A handful of high-resolution structures reveals conserved features of K* channel
architecture (Figure I). As predicted, all known K" channel structures are complexes of
four subunits (Doyle et al,, 1998; Jiang et al., 2002; Kuo et al,, 2003; Jiang et al., 2003;
Long et al,, 2005); in some cases, this feature has provided noncrystallographic symmetry
operators essential to solving the structure (Doyle et al, 1998). Unlike previously
characterized membrane pores, which are bundles of -sheets (Schulz, 1996), K*
channels comprise a novel fold based on membrane-embedded a-helices. The K*
channel conduction pathway is defined by two central helices, called “outer” and “inner”
helices in the bacterial channels Kcsa (Doyle et al, 1998), MthK (Jiang et al,, 2002), and
KirBacl.l (Kuo et al. 2003), or S5 and Sé6 in the voltage-gated channels KvAP (Jiang et
al, 2003) and Kv1.2 (Long et al,, 2005). Beginning at the N-terminus, each outer helix
(one from each subunit) crosses from the intra- to extracellular sides of the membrane,
paralleling the ion pathway and interacting significantly with lipids. As each polypeptide
exits the membrane, the first few residues of the pore domain form an extracellular
“turret.” The polypeptides then reenter the membrane as short pore helices, angled with
their negative dipole moments towards the center of the pore. The next dozen
residues extend back towards the extracellular side to form the selectivity filter, the
narrowest part of the conduction pathway; this subdomain is characterized by a
consensus sequence T/S-x-x-T-x-G-Y-G (Heginbotham et al,, 1992). Finally, the inner
helices pass to the intracellular side, nested inside the outer helices and surrounding the
pore (Doyle et al, 1998).

The K" ion conduction path is conserved in all known K* channel structures

(Figure 1A). A K" ion enters the channel via a constricted opening at the intracellular



end of the inner helices; this region is thought to play a role in activation gating (Kuo et
al, 2003). The ion then passes into a large, solvent-filled cavity lined with nonpolar
residues. The hydrophobic nature of this inner vestibule facilitates rapid transport by
preventing charged ions or their solvating water molecules from interacting strongly
with the channel (Zhou et al, 2001). The pore helices converge at the extracellular end
of the vestibule. Although early work proposed the pore helix dipole might stabilize
ions in the pore, its role is controversial (Chatelain et al, 2005). Having passed through
the inner vestibule, ions exchange their solvating waters for the backbone carbonyls of
residues in the selectivity filter. The geometry of the selectivity filter perfectly
coordinates K* but not Na®, Rb", or other ions. Neighboring residues in the filter form
a chain of equivalent binding sites, such that K" ions pass in a single-file column. The
filter collapses to a nonconducting conformation when the concentration of K* is low
(Zhou et al,, 2001); the conformation of this domain may play a major role in
inactivation (Cordero-Morales et al, 2006). The extracellular entryway of the channel is
negatively charged, forming a binding site for extracellular blockers (Doyle et al, 1998).
These results largely agree with previous electrophysiological data, which predicts that
ions should pass single-file through a selective pore sensitive to extracellular blockers
(Hodgkin and Keynes, 1955; Begenisich and De Weer, 1977; Hille and Schwarz, 1978).
The structural basis for voltage sensitivity in K* channels also appears to be
conserved. A voltage-gated K* (Kv) channel generally displays strong outward
rectification: at highly negative potentials the channel is “closed”; depolarization alters
the electromagnetic field in the membrane, causing a conformational change that opens
the channel. The steep voltage-dependence of Kv channel opening implies it is coupled

to the movement of several charges through the membrane electric field. Indeed, tiny



gating currents can be measured during the lag before channel opening, representing the
movement of around 12-16 positive charges, or 3-4 per subunit, toward the
extracellular solution prior to activation (Schoppa et al, 1992; Aggarwal and MacKinnon,
1996; Zagotta et al,, 1994). X-ray crystallographic structures of Kv channels from
archaebacteria (Jiang et al, 2003) and rat (Long et al,, 2005; Long et al,, 2007) include a
conserved voltage-sensing domain (VSD) consisting of four transmembrane helices S|-
S4. The S4 helix contains multiple conserved Arg and Lys residues likely to carry
positive charges. It has been proposed that a helix-turn-helix motif comprising S4 and
the C-terminal half of S3 translocates in response to changes in the membrane
electromagnetic field, altering a gate at the intracellular side of the S6 inner helices.
Notably, the Kv1.2 VSD is a discrete modular domain, associating only loosely with the
S5-S6 pore-forming helices (Figure 1B). The VSD moves freely in the lipid membrane
and interacts cooperatively with different subunits in the K" channel complex (Alabi et
al, 2007). Furthermore, the Kv VSD is structurally homologous to voltage sensors in
the proton channel Hvl (Sasaki et al, 2006) and the soluble phosphatase Ci-VSP (Murata
et al, 2005), supporting the theory that this motif is a self-contained domain that can be
implemented in diverse contexts.

Structural data on K* channels confirms the hypothesis that membrane proteins,
like soluble proteins, implement modular domains to carry out critical regulatory
functions. As described above, even voltage sensing, a defining feature of Kv channels, is
attributed to a domain with remarkable independence from the rest of the channel
(Figure 1B) (Long et al., 2005). The implementation of modular domains by K channels

is an important experimental insight. Isolated domains may be tractable to biochemical



and structural analysis, and can subsequently be useful in solving the structures of full-
length complexes: high-resolution structures of isolated RCK and T1 domains provided
molecular replacement search models that were instrumental in solving the structures
of MthK (Jiang et al,, 2002) and Kv1.2 (Long et al., 2005), respectively. In addition,
modular domains may operate independently to regulate function and assembly.
Because a given cell may express a wide range of homologous K" channels
simultaneously, all K channels face a common problem of selecting appropriate partners
for assembly (Papazian, 1999; Deutsch, 2003). K" channels fine-tune their properties by
permitting only one or a few combinations of subtypes to interact. Specific assembly of
tetramers also adds to the great diversity of channels, as functional heteromers often
have different properties from either of their parent homomers. Although the
membrane helices of a K channel make sufficient intersubunit contacts to stabilize a
tetrameric complex even in the presence of SDS (Heginbotham et al, 1997; Schrempf et
al, 1995), these regions are relatively conserved between families, and cannot account
for the highly specific nature of K" channel assembly. In most cases it appears that
specific K* channel assembly is determined by interaction of intracellular motifs.
Chapters 2 and 3 of this thesis will consider an informative case of Kv channel assembly

determined by a modular intracellular motif, and its implications for assembly specificity.

ii. The TI Domain is a model K channel assembly module.

Little is known about the structure of K" channel intracellular domains. One of
the few well-characterized examples is the T1 domain, found in the N-terminus of many
Kv channels. T| domains are independent tetramerizing motifs: they interact with one

another and form tetramers even when isolated from full-length K* channels (Li et dl,



1992; Shen et al,, 1993). According to most evidence, deleting the T| domain prevents
the channel from assembling and reaching the cell surface (Shen et al, 1993; Schulteis et
al, 1998; Papazian et al, 1999; Isacoff et al, 1990; Minor et al,, 2000). Replacing the
domain with an alternative tetrameric motif restores functional channels, albeit with
modified properties (Minor et al, 2000; Zerangue et al, 2000). T| domain
tetramerization appears to be the earliest event in channel assembly, taking place while
the channel polypeptide is still bound to the ribosome (Lu et al, 2001).

In addition to driving tetramerization, the T| domain plays a major role in
selecting specific partners to bind to the channel. Despite the similarity of their
transmembrane domains, voltage-gated K* channels generally do not coassemble
between families: for example, Kv| family channel subunits will not form tetramers with
Kv2 subunits. This subtype specificity is encoded by the T| domain. Yeast 2-hybrid
experiments show the Kvl T| domain binds only Kvl channels, T1 from Kv2 binds only
Kv2 channels, and so on (Xu et al. 1995). Substituting the Kvl T1 domain into Kv2
allows the chimeric channel to assemble with KvI subunits (Li et al, 1992). Beyond the
pore-forming complex, T| domains also form docking platforms for accessory proteins
such as {3 subunits (Yu et al, 1996; Gulbis et al, 2000) and calcium-binding proteins
(Scannevin et al, 2004; Pioletti et al, 2006). Residues on the membrane-proximal
surface of T| may also interact with inactivating factors (Kreusch et al, 1998; Gulbis et
al, 2000). Thus, the TI domain is a nexus for specific assembly of pore-forming and
accessory proteins.

X-ray crystallographic data on T| domains indicate a structural basis for K*

channel subunit interaction. The T| domain is a novel protein fold, consisting of mixed
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a-helical and B-sheet subunits arranged symmetrically around a four-fold axis (Kreusch
et al, 1998). The hydrophobic core residues of each subunit are fairly conserved across
K* channel families, suggesting the overall fold is also conserved. Residues at subunit
interfaces vary more between families, presumably allowing T| to recognize appropriate
assembly partners (Kreusch et al, 1998). Notably, the T1 domain subunit interface
consists primarily of polar residues, which form salt bridges and hydrogen bonds
between subunits (Kreusch et al, 1998; Minor et al,, 2000).

The polarity of the T interface is unexpected, since most constitutively bound
proteins interact via nonpolar residues (Janin et al,, 1988) and polar amino acids tend to
destabilize protein-protein interactions (Hendsch and Tidor, 1994). Indeed, the T|
interface is not optimized for stability of binding, as mutating any of several polar
residues on the interaction surface to Ala stabilizes the T| tetramer and shifts the
channel’s activation voltage to a more positive potential (Minor et al, 2000). These
results suggest the T| domain may not only act to nucleate the channel complex, but
may also undergo conformational changes in the course of normal channel function.
The effect of such conformational changes on the channel pore would most likely be
indirect, since T| associates with the transmembrane domains at a distance—about 50

A from the pore, according to the structure of full-length Kv1.2 (Long et al,, 2005).

iv. Coiled coils are alternative assembly motifs that may drive tetramerization in K channels.
T1 domains are not ubiquitous; some K" channels must find alternative solutions
to the problem of efficient, specific assembly. One likely alternative approach is the use

of coiled coils, common protein motifs that occur in as many as 5% of all open reading
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frames (Newman et al, 2000). Coiled coils have been identified in the intracellular
domains of over thirty ion channels (Jenke et al,, 2003), and there is experimental
evidence in several channels that coiled coils play roles in assembly. For example, a
coiled coil in the C-terminus of intermediate conductance Ca**-activated K* channels is
necessary for assembly of the C-terminal domains and for trafficking of channels to the
cell surface (Syme et al, 2003). Cyclic nucleotide-gated channels can form
homotetramers of A subunits, or asymmetric heterotetramers of one B and three A
subunits; a three-stranded coiled coil in the A subunit C-terminus is required to
selectively assemble the heteromeric form (Zhong et al,, 2003). In several transient
receptor potential channels, a C-terminal coiled coil is necessary for channel assembly,
maturation, and trafficking, and is sufficient for tetramer formation (Tsuruda et al., 2006).
Coiled coils from the C-termini of two ether-a-go-go superfamily channels, Eagl and
Ergl, assemble independently as multimers, and disrupting these domains in either
channel leads to loss of function (Jenke et al, 2003). In terms of specificity, neither the
Eagl subunit nor its coiled-coil domain coassembles with Ergl; however, transplanting
the coiled coil from Eagl into Ergl rescues function, and allows the chimeric protein to
form Eagl heteromultimers (Jenke et al, 2003). The Kv7 channel contains a C-terminal
motif, called the A-domain, that is important in channel assembly; this domain contains a
coiled coil that supports multimerization, trafficking, and binding of accessory proteins
(Kanki et al,, 2004, Schwake et al,, 2006). We will consider the Kv7 example in detail in
the second half of this chapter and the investigations in Chapters 2 and 3. In general,
the coiled-coil motif seems to represent a common strategy for directing assembly in a

variety of channels.
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Coiled coils comprise one of the most widespread and versatile classes of
protein-protein interaction domains. They play structural roles in skeletal proteins such
as a-keratin (Crick, 1952), molecular stalks such as influenza hemagglutinin (HA)
(Wilson et al, 1981), and the lever domains of molecular motors such as myosin
(Kavinsky et al., 1983). Coiled coils are also the basis for a variety of interactive
scaffolds, such as the muscle regulatory protein tropomyosin (Sodek et al, 1972), the
bacterial cell wall spacer Ompa (Engel et al,, 1992), and the “fuzzy coat” M proteins of
streptococci (Phillips et al, 1981). In some families of transcription factors, specific
dimerization mediated by coiled coils is required for DNA binding (Baxevanis and
Vinson, 1993). Specific interaction between coiled coils also mediates the fusion of
synaptic vesicles to neuron membranes during neurotransmitter release. Vesicle fusion
requires formation of complexes between soluble NSF attachment receptors (SNAREs)
on the vesicle and target membranes, where NSF is N-ethylmaleimide sensitive fusion
protein, an ATPase that dissociates SNAREs. The fusion and recycling of presynaptic
vesicles involves the dynamic assembly and dissociation of SNARE coiled-coil domains
(Sutton et al, 1998).

Coiled coils are superhelical bundles of 2-5 a-helices. Long before any relevant
structure was solved at high resolution, Crick predicted the detailed geometry of a left-
handed coiled coil as a function solely of superhelical pitch (w,), radius (R,), and “a’-
position orientation (¢) (Figure 2A, 2B) (Crick, 1953a). Other authors have derived
alternative notations, but the same general principles apply (Nishikawa and Scheraga,
1976; Busson and Doucet, 1999). In the Crick parameterization, the radius R is the

average distance between the helix axis and any atom. The subscripts | and 0 are used
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to denote values for a-helices and superhelices, respectively. The value of R, is
generally 2.2 A — 2.3 A; R, can vary between 4 A and 8 A. Typically, steric hindrance
enforces a larger R, for higher order complexes. The “a”-position orientation ¢ is the
angle by which the first residue in each repeating heptad rotates away from the
superhelix axis. In a left-handed coiled coil, ¢ falls between 0° and 40°, usually around
20°. The pitch is the distance required to complete a full turn of the supercoil, generally
on the order of 100 A — 300 A (Seo & Cohen, 1993). While R, and ¢ are relatively
consistent, the local pitch is sensitive to interactions in the coiled coil interface, varying
as much as twofold over the length of a single domain (Offer & Sessions, 1995). Helix
pitch can also be expressed in terms of w, the number of residues required to complete
a turn. For a single a-helix, w, is 3.6 residues/turn; for the supercoil, w, is around 100
residues/turn. A right-handed coiled coil can be described by the same parameters, but
the values of ¢ and w are negative (Harbury et al, 1995).

The parameters of coiled-coil geometry arise from the repeating properties of
component o-helices. If the value w, for a straight a-helix were 3.5 residues/turn, seven
residues “a-b-c-d-e-f-g” would complete 2 full turns: every seventh residue “a” would

3

occupy exactly the same position, displaced along the helical axis. If every “a”-position
residue were a colored knob, the knobs would form a stripe parallel to the helical axis.
However, since peptide backbone geometry constrains m, around 3.6 residues/turn,
every “a” residue in a heptad repeat lags 2 full turns by about 20°. Thus, a series of “a’-
position knobs would form a stripe at a 20° angle to the rising helix. Conversely,

twisting the a-helix uniformly 20° to the left for every 7 residues would allow every

knob to face into the superhelical axis (Harbury et al, 1998). If two such twisted helices
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were paired with their knobs facing one another, the “a”-position side chains would

6

clash. However, if the helices were paired with their “a”-positions rotated away from

the superhelical axis by an angle ¢ of about 20°, each “a” knob would point obliquely

€€

between the “a” and “g” residues of the neighboring helix (Figure 2). Rotating the “a”
residues away would also rotate the “d” residues toward the superhelical axis, such that
each “d”-position points between the “d” and “e” residues of the neighboring coil
(Figure 2C). Crick termed this geometry “knobs-into-holes” packing and demonstrated
that it explains the X-ray diffraction patterns of a-keratin (Crick, 1953b).

The repeating nature of the coiled-coil scaffold is reflected in repeating patterns

[{p]

of residues at key positions of the heptad repeat. Residues at “a”- and “d”-positions

tend to be hydrophobic, since they are buried at the interface between coils. Residues
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at “e”- and “g”-positions are at least partially exposed to solvent, but are also in close

€€

proximity to one another, with each “e”-position of one coil approaching a “g”-position

of its neighbor. Therefore, polar or charged residues capable of forming hydrogen
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bonds or salt bridges often occupy complimentary “e”- and “g”-positions in the heptad
repeat (Marti et al, 2003). Residues at “b™~, “c,”- and “f’-positions are on the surface of
the coiled-coil complex. It is considered favorable for these residues to be polar to

€€

increase solubility, but uncharged to avoid electrostatic interactions with neighboring “e
and “g” residues (O’Shea et al, 1993). The propensity of a novel amino acid sequence
for forming a coiled coil can been calculated from the statistical probability of each
amino acid occurring at a given heptad position in known coiled coils (Lupas et al, 1991).

The accuracy of these prediction algorithms has been improved by incorporating

pairwise residue correlations (Berger et al., 1995), higher-order coiled coils (Wolf et al,
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1997), and hidden Markov models (Delorenzi and Speed, 2002), and by explicitly

searching for favorable “a/d”- and “e/g”-position interactions (Walshaw et al, 2001).

v. Coiled coils can determine specific assembly properties.

Despite the conserved nature of coiled-coil sequences, these domains are
capable of selecting binding partners with remarkable specificity. In most cases, even
relatively similar coiled coils segregate as homomeric complexes. Some coiled-coil
sequences are able or even prefer to assemble as heteromers, but only a limited range
of partners is typically allowed: exhaustive screening of all coiled-coil motifs in the
genome of the prototypic yeast Sacchromyces cerevisiae identifies only one interaction for
every ~100 pairwise combinations (Newman et al,, 2000). Similarly, fewer than 6% of all
human basic leucine zipper (bZip) domains interact strongly in a microscale protein
array (Newman and Keating, 2003). Coiled-coil specificity is partly influenced by long-
range interactions. Polar or charged interface residues have a strong effect on
superhelical pitch, influencing the proximity of interacting residue pairs (Seo and Cohen,
1993). Also, many coiled coils appear to depend on the presence of stable “trigger
sequences” in order to fold. Although a wide variety of trigger sequences has been
identified, each has a high propensity for a-helix formation, forming a nucleation site
from which interacting chains can “zip up” in the intended register (Steinmetz et al,
2007). Trigger sequences have been shown to play a role in specificity: exchanging the
native trigger sequence of GCN4 for that of an unrelated coiled coil abolishes chain

association (Kammerer et al, 1998).

16



In addition to long-range influences such as trigger sequences, extensive research
has identified a consistent set of interfacial residue interactions that tune the specificity
of coiled coils for binding partners. A primary target for understanding assembly
specificity has been the pattern of core “a/d”-position residues. The core positions are
generally occupied by mid-sized hydrophobic residues such as lle, Leu, or Val, whose
side chains are small enough to allow close packing but large enough to fill the
interhelical gap (Woolfson and Alber, 1995). However, many coiled coils in the leucine
zipper family occupy a single “a” layer with polar residues, usually Asn, which can form
buried hydrogen bonds with one another (O’Shea et al, 1991; Junius et al, 1995). By
including an Asn layer, GCN4 sacrifices some stability but gains specificity for binding
partners with complementary “a”-position Asn residues (Acharya et al, 2002; Arndt et
al, 2000). Cavities at the coiled-coil interface can also cause marginal destabilization
while dictating specificity. In general, small residues such as Ala at “a”- and “d”-positions
are considered destabilizing (Hodges et al, 1981; Liu et al, 2002), but in some cases they
can be accommodated by tight coiled-coil packing geometry or offset antiparallel
orientation (Shu et al, 2000; Gernert et al, 1995). The cavity created by an “a”- or “d”-
position Ala can also drive specificity by allowing heterotypic interaction with unusually
bulky residues (Schnarr and Kennan, 2002). In general, variability at the core positions
of a coiled coil plays a major role in specifying binding partners as well as determining
overall stability.

The pattern of electrostatic interactions between “e”-and “g”-position residues
plays a controversial role in specificity. Generally, assembly of heteromers is preferred

if it abolishes “e/g”-position interactions that are unfavorable in homomers of either

protein (Vinson et al, 1993; O’Shea et al, 1993; Pelletier et al, 1999). In one classic
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example, homodimers of the transcription factor Fos assemble weakly due to

€€ €€

unfavorable negative charge interactions between their “e”- and “g”-positions. Several
corresponding “e”- and “g”-positions in the homologous coiled-coil protein Jun are
either neutral or positively charged. Thus, when Fos and Jun are mixed, heterodimers
assemble in preference to either homomeric form (O’Shea et al,, 1989); the same
specificity can be conferred on an unrelated coiled coil by transferring just the “e” and

€€

g” residues (O’Shea et al,, 1992). Nonetheless, stabilization of coiled coils by favorable
charge pairs is inconsistent, perhaps due to complex interactions of “e”- and “g”-position
residues with solvent as well as protein atoms (Matousek et al, 2007). Strucural and
thermodynamic studies indicate “e/g” ion pairs in the transcription factor GCN4 do not
stabilize the complex significantly (O’Shea et al,, 1993; Krylov et al,, 1998). Furthermore,
peptides derived from a genetic screen for stable heteromeric coiled coils include some
with “e/g” pairs predicted to be repulsive, but which mediate dimerization in vivo more
efficiently than rationally designed homologs with fully complementary “e/g” residue
pairs (Arndt et al, 2000; Arndt et al, 2002). Thus, although peripheral charge pairing
does play some role in selecting specific binding partners, its overall impact on coiled-
coil stability and assembly remains unclear.

Coiled coils achieve additional diversity and specificity by occupying a variety of
oligomerization states. Although two-stranded coiled coils are the best characterized,
three-stranded complexes are also widespread, particularly in membrane fusion proteins
(Wolf et al, 1997). Four-stranded coiled coils also occur in nature in both parallel and

antiparallel orientations (Antonin et al, 2002), and at least one naturally occurring five-

stranded coiled coil has been observed, though it may only assemble in hydrophobic
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environments (Cornea et al, 2000). Synthetic coiled coils with as many as seven strands
have been reported (Liu et al,, 2006).

Seemingly minor deviations from interface residue rules can modify the
stoichiometry as well as the subtype specificity of coiled-coil assemblies. For example,
replacing the native “a”-position Asn of GCN4 with Val or Leu stabilizes the complex
but converts it into a trimer or tetramer, respectively (Potekhin et al, 1994; Lumb and
Kim, 1995). This result has been generalized by statistical analysis, which indicates that
Asn or positively charged (Lys or Arg) residues at “a”-positions are accommodated
better by two-stranded than by three-stranded coiled coils (Woolfson and Alber, 1995).
Similarly, exhaustive screening of “d”-position residues in a model coiled coil shows all
charged residues (Lys, Arg, Glu, Asp) at this position induce the two-stranded state
(Tripet et al, 2000). These preferences probably arise from the diminished shielding of
core residues in two-stranded complexes, such that polar core residues can be partially
solvated. This model also predicts that nonpolar residues at peripheral “e”- and “g”-
positions would give rise to higher-order complexes, in which they are more shielded
from solvent. Indeed, replacing an “e”-position residue with Ala in a two-stranded
leucine zipper creates a four-stranded complex (Krylov et al, 1994); more dramatically,
replacing all eight “e”- and “g”-positions of GCN4 with Ala yields a seven-helix coiled
coil (Liu et al, 2006). Our investigations in Chapter 3 of this thesis probe the
consequences of some noncanonical coiled-coil interaction residues in the case of the
Kv7 channel assembly domain.

A structural model for specific oligomerization has also been proposed for coiled
coils with canonical interface residues. A mutant GCN4 construct containing only lle at

€€ 3

four “a”-positions and only Leu at four “d”-positions assembles as a parallel dimer, like
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the native peptide. A mutant containing lle at all eight “a”-and “d”-positions assembles
as a parallel trimer; Leu at all “a”-positions with lle at all “d”-positions yields a parallel
tetramer (Harbury et al, 1993). Comparing the structures of two-, three-, and four-
stranded complexes suggests their oligomerization preferences arise from conserved
knobs-into-holes geometry. Interface packing in a three-stranded coiled coil
accommodates lle in its preferred rotamer at both “a”- and “d”-positions (Harbury et al,
1994). Thus, the three-standed conformation may be a default oligomerization state,
favored by a random distribution of hydrophobic core residues (Woolfson and Alber,
1995). Two- and four-stranded coiled coils have opposite interface geometries: an “a”-
position residue in a two-stranded coiled coil adopts an orientation similar to that of a
“d” residue in a four-stranded coiled coil, and a two-stranded “d” residue is orientated
similarly to a four-stranded “a” residue. Thermodynamic measurements indicate lle is
strongly favored over Leu in the two-stranded “a”/four-stranded “d” orientation, while
Leu is favored in the two-stranded “d”/four-stranded “a” geometry (Zhu et al, 1993;
Harbury et al, 1993). In Chapter 3 of this thesis, we apply some of these preferences to
the coiled coil stoichiometry of the Kv7 channel assembly domain.

More generally, molecular modeling suggests “a”-position lle and “d”-position
Leu residues have strong packing energies in the dimer structure, but that relatively
weak interactions between “a”-position Leu and “d”-position lle residues lead to the
looser tetramer structure (DelLano and Bringer, 1994). Although these generalizations
are based on synthetic peptides with unnaturally conserved “a” and “d” residues, they
reflect the bias of leucine zippers—in which most or all “d”-positions are occupied by

Leu—for forming two-stranded complexes. Statistical analysis of “a” and “d” residue

occurrences in various orders of coiled coils also supports the residue preferences
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above. Based on these findings, two- versus three-stranded stoichiometries can now be
predicted with relative accuracy (Wolf et al, 1997). Finally, it is informative that
discontinuities in coiled coils—especially stutters in the heptad repeat—are found more
often in tetramers than in dimers; the larger gap between helices in a four-stranded
coiled coil can tolerate more variations in core side chain orientation (Lupas, 1996). It
should be noted that switches between oligomerization states can be very sensitive.
Multiple crystal structures have been reported in which identical sequences give rise to
different stoichiometries, depending on the conditions of crystal growth (Gonzalez et al,
1996a; Gonzalez et al, 1996b). Further structural information on multi-stranded coiled
coils will be required for accurate structure prediction and characterization of coiled-
coil assemblies.

A largely unexpected characteristic of coiled coils has been their ability to
mediate dynamic as well as constitutively bound interactions (Burkhard et al, 2001). In
many cases, the dynamic nature of coiled-coil domains presents a challenge to solving
their structures by static techniques such as X-ray crystallography (Schnell et al, 2005).
Biological examples of inherently dynamic complexes include the motor proteins myosin
Il and dynein, in which bending or unwinding of coiled coil domains is critical for
coordinating motion of their active head domains (Hawkins et al, 2006; Lauzon et al.,
2001; Li et al, 2003). Similarly, membrane fusion of synaptic vesicles involves rapid
association and dissociation of coiled-coil domains in SNARE proteins (Yan et al,, 2004;
Sollner et al, 1993). Dynamic changes in coiled-coil assembly can arise from
environmental signals such as pH. For example, exposure to the acidic endosome
interior triggers extension of coiled-coil domains in both viral hemagglutinin (HA) and

the macrophage scavenger receptor, leading to vesicular fusion and ligand dissociation,

21



respectively (Huang et al, 2003; Suzuki et al, 1997). Phosphorylation has also been
shown to influence the stability of coiled coils. Phosphorylation of interface Thr
residues in the dimeric tail of myosin Il promotes formation of a nonfunctional
intramolecular four-stranded coiled coil (Liang et al. 1999). Similarly, stabilization of
coiled-coil domains in vitellogenin binding protein (VBP) and other transciption factors
may account for phosphorylation-enhanced DNA binding in vivo (Szilak et al., 1997b;
Xiao et al,, 2002; Pan et al,, 2002). Conversely, phosphorylation of specific residues in
the coiled-coil domains of VBP and the acid-sensing ion channel (ASICI) can destabilize
assembly (Leonard et al. 2003). The capacity of coiled coils to undergo structural
modification by various intracellular signals suggests this motif, like the T| domain, can
support specific modulation as well as coordinate assembly. If coiled coils are, as we
describe in Chapters 2 and 3 of this thesis, common assembly determinants for ion

channels, it is likely that they could support the dynamic properties of T1 domains.

B. Structure and assembly of Kv7 channels

The Kv7 or KCNQ family of voltage-gated K* channels is of particular interest in
terms of both physiology and structure. Each of the five subtypes of Kv7 channels has
one or more correlates in human physiology, including some common genetic diseases.
Several pharmacological targets have been found to be effective and specific for Kv7
channels, opening the door to significant research and treatment possibilities. Different
Kv7 channel subtypes display different electrophysiological profiles, depending on the
specific assembly of pore-forming subunits into homo- or heterotetramers and on
modulation by membrane and intracellular factors. In terms of structure, while the

transmembrane architecture of Kv7 channels is likely to be similar to that of other
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voltage-gated K* channels, the intracellular domains are unique. The specific assembly
properties of Kv7 channels are determined by a conserved C-terminal region, which we

characterize in some detail in Chapters 2 and 3 of this thesis.

i. Unique structural and functional profiles facilitate critical physiological roles of Kv7 channels.

Kv7 channels are qualitatively similar to other Kv channels in function and
structure, but have several unique properties. In general, Kv7 channels pass outwardly
rectifying K* currents at voltages positive to -60 mV (Figure 3A). Although Kv7
channels are now classified with other six-transmembrane/one-pore voltage-gated K*
channels, they occupy an independent phylogenetic lineage (Gutman et al,, 2003), and
upon initial characterization were sufficiently dissimilar to other Kv channels that they
were considered in a separate class (Hille, 2001). In particular, the kinetics of Kv7
activation and deactivation tend to be slower than those of other Kv channels, taking on
the order of a second to reach full activation in heterologous expression systems
(Robbins, 2001). Some subtypes, particularly Kv7.1, Kv7.4, and Kv7.5, display limited
time- and voltage-dependent inactivation, but their inactivation is on the order of
seconds and may be removed entirely by interaction with accessory subunits (Jensen et
al, 2007).

In terms of structure, residues from S5 to S6 in Kv7 channels are thought to
form the pore, including the activation gate, pore helices, and selectivity filter (Figure
3B). Voltage sensitivity depends on the movement of conserved positive charges on the
S4 transmembrane subunit (Robbins, 2001). As in most Kv channels, the N- and C-
termini are intracellular; however, the intracellular N-terminus of Kv7 channels is short

(~100 amino acids) and contains no T| domain or other conserved motifs. Conversely,
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the Kv7 C-terminus is relatively long (~320-580 amino acids) and contains several
conserved regions involved in subunit assembly and channel modulation. As discussed
later in this chapter, Kv7 channels are regulated directly and indirectly by unique
membrane and intracellular factors, particularly via their C-terminal domains (Delmas
and Brown, 2005; Jespersen et al., 2005).

The cloning of the first Kv7 channel highlighted the importance of this channel
family in human physiology. Kv7.1 was cloned by linkage analysis of patients suffering
from long QT syndrome (LQTYS), a cardiac disorder leading to arrhythmia, ventricular
fibrillation, and cardiac arrest (Wang et al, 1996b). This discovery has been identified as
the first direct correlation between a K channel mutation and human disease (Busch,
1999). The Kv7.I channel, in association with the membrane-spanning accessory subunit
KCNEI, was soon found to constitute the slowly activating voltage-gated cardiac Iy
current (Barhanin et al,, 1996; Sanguinetti et al, 1996). The Kv7.I/KCNEI current, like
the experimentally measured I current, activates at potentials positive to -20 mV with
extremely slow activation and deactivation and no appreciable inactivation. The slow
kinetics of this current facilitate the prolonged cardiac action potential; the current is
also upregulated by sympathetic stimulation to mediate variations in heartbeat (Jespersen
et al., 2005). Although other K" currents also contribute to cardiac repolarization, the
process is initiated and regulated by I; Kv7.1/KCNEI is the only channel upregulated in
fast heartbeats. It follows that numerous mutations in Kv7.1 as well as KCNEI are
associated with mild to severe cardiac arrythmias (Schwartz et al, 2001). Chapters 2
and 3 of this thesis investigate one possible mechanism for disease arising from a cluster

of naturally occurring C-terminal Kv7.] mutations.
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Whereas Kv7.| channels are primarily associated with cardiac repolarization,
other members of the Kv7 channel family characterize the neuronal M-current. All Kv7
channels are relatively slow to activate and therefore are unlikely to play a major role in
repolarizing the rapid neuronal action potential. Instead, various combinations of Kv7.2
— Kv7.5 subunits form M channels, molecular correlates of an additional, slow K* current
that functions as a “brake” on repetitive action potential discharges (Cooper and Jan,
2003). When exposed to an excitatory stimulus, this M-current opposes the influx or
efflux of small currents by other channels, effectively clamping the membrane at a sub-
threshold potential (Delmas and Brown, 2005). The M-current “brake” is released
when ligands such as acetylcholine, angiotensin, substance P, and bradykinin stimulate G-
protein coupled receptors (GPCRs) (Marrion, 1997). The native M-current is primarily
associated with heteromers of Kv7.2 and Kv7.3 subunits (Roche et al, 2002), though the
pharmacological, kinetic, and regulatory profiles of all five Kv7 subtypes are consistent
with M channel behavior (Selyanko et al, 2000) (Kv7.l channels are typically not
classified as M channels on account of the absence of Kv7.1 in neurons). Mutations in
Kv7.2 and Kv7.3 cause benign epilepsies (Rogawski, 2000), underlining the significance of
these channels in suppressing neuronal excitability via the M-current. However, the
activation kinetics of Kv7.4 and Kv7.5 channels are even more characteristic of classic
M-currents than those of Kv7.2/Kv7.3 heteromers (Lerche et al, 2000); Kv7.5 in
particular is expressed in areas of the central nervous system where significant M-
currents are observed (Schroeder et al, 2000). The precise contribution of each Kv7
subtype to M channels in vivo remains to be elucidated.

Kv7 channels also play critical roles the auditory system. Kv7.| channels are

essential for secretory function in the inner ear, as well as other epithelial cells including
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the linings of the airways, stomach, colon, and kidneys. In the inner ear, Kv7.1/KCNEI
channels in marginal cells of the stria vascularis control K* secretion into to the
endolymph of the scala media, which is essential for hearing (Wangemann et al, 1995).
Accordingly, homozygous recessive mutations in Kv7.| channels lead to deafness as well
as severe cardiac disorders (Neyroud et al, 1997). Conversely, Kv7.4 channels are
expressed in inner ear hair cells that transduce auditory vibrations into membrane
potential and neurotransmitter release. Tissue distribution and pharmacology suggest
that Kv7.4 channels underlie the I, current, which tunes the input resistance of hair
cells and recycles K* from mechanoelectrical transduction channels back to the stria
vascularis (VWong et al, 2004b). This finding is supported by mutations in Kv7.4, which
cause a nonsyndromic autosomal dominant deafness disorder (Kubisch et al, 1999). It
has also been suggested that Kv7.4 channels account for the large Iy, current, which
tunes the input resistance of Type | vestibular hair cells to detect motion and equilbrium
(Kharkovets et al., 2000). Finally, although no disease has been linked to Kv7.5, recent
work identifies these channels in the dendritic nerve endings of auditory neurons

(Caminos et al, 2007), suggesting this subtype may also play a role in auditory signaling.

ii. Pharmacological tools aid in research and therapy of Kv7 channels.

The development of pharmacological agents has allowed detailed
characterization of Kv7 channel properties. Compared to other ion channel targets,
such as GABA, receptors, K" channels have relatively small extracellular domains,
making the development of potent small molecule inhibitors more challenging (Cooper,
2006). Fortunately, early screens for compounds to treat Alzheimer’s Disease led to

the identification of linopirdine (3,3-bis(4-pyridinylmethyl)- | -phenylindolin-2-one) (Earl et
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al, 1998) and its derivatives (Zaczek et al, 1998), which specifically block Kv7 channels
from the extracellular side (Costa and Brown, 1997). High-affinity inhibition by these
agents is a hallmark of Kv7 channels, used to identify Kv7-mediated currents in novel
tissues and organisms. Other Kv7 blockers display subtype-specific inhibition: some
chromanols (Lerche et al, 2007) and benzodiazepines (Seebohm et al, 2003a) bind at
residues unique to the Kv7.| selectivity filter and inner vestibule, whereas
tetraethylammonium (TEA) binds preferentially to a Tyr residue proximal to the
selectivity filter in Kv7.2. The differential sensitivity of Kv7 channels to TEA allows
pharmacological distinction of subtype expression (Hadley et al, 2000).

The therapeutic potential of Kv7 channel blockers is significant but problematic.
Blocking Kv7.1 channels prolongs the cardiac action potential duration and can suppress
reentrant arrhythmias; however, it may also delay repolarization, inducing LQTS.
Volatile anesthetics such as isoflurane inhibit Kv7.I/KCNEI channels, prolonging QT
intervals, and must therefore be used with caution in patients with cardiac disorders
(Chen et al, 2002). Still, the particular kinetic properties of Kv7.1/KCNEI channels are
thought to ameliorate the arrhythmogenic effects of inhibition compared to other
cardiac K* channels (Varro, 2000). Blocking M channels causes a similar mix of desirable
and undesirable effects. Linopirdine and its derivatives enhance cognition in animal
models (Brioni et al, 1993) and are neuroprotective in the absence of crucial growth
factors (Xia et al, 2002). However, these and other M channel blockers have not
proved effective in Phase Ill clinical trials for Alzheimer’s disease (Borjesson et al,, 1999),
and may induce epilepsy at high doses (Zhu et al, 2000). Cross-reactivity between the
diverse physiological roles of Kv7 channels is another significant concern: for example,

the antiarrhythmic drug clofilium blocks Kv7.1 channels but also Kv7.3 (Yang et al,, 1998)
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and Kv7.5 (Lerche et al,, 2000), and could cause undesired enhancement of neuronal
excitability.

Due in part to these challenges, increasing attention has been focused on
developing selective Kv7 channel activators, particularly for neuronal Kv7 subtypes
(Munro and Dalby-Brown, 2007). The best characterized Kv7 activator is retigabine (N-
(2-amino-4-(fluorobenzylamino)-phenyl) carbamic acid), which shifts the voltage-
dependence of Kv7.2-Kv7.5 channels to more negative voltages (Wickenden et al,
2000). Retigabine binds a hydrophobic pocket formed near the intracellular activation
gate in its open state (Wuttke et al, 2005). The acrylamide compound (S)-1 ((S)-N-(I-
(3-morpholin-4-yl-phenyl)-ethyl)-3-phenyl-acrylamide) blocks Kv7.1 but activates Kv7.2-
Kv7.5 channels, presumably by a mechanism similar to that of retigabine, as both
compounds require a common Trp in the cytoplasmic end of S5 (Bentzen et al,, 2006).
Other neuronal Kv7 channel activators include N-ethylmaleimide, which alkylates a C-
terminal Cys conserved in Kv7.2, Kv7.4, and Kv7.5 channels, increasing their open
probability (Li et al, 2004a). Some selective Kv7.l activators are derived from
inhibitors: for example, the benzodiazepine R-L3 ((3-R)-1,3-dihydro-5-(2-fluorophenyl)-
3-(IH-indol-3-ylmethyl)- I -methyl-2H- | ,4-benzodiazepin-2-one) activates Kv7.l channels
at low concentrations by stabilizing the S6 inner helix in an open state (Seebohm et al,
2003b). Fenamates activate either cardiac or neuronal Kv7 channels, depending on the
derivative: mefenamic acid (2-(2,3-dimethylphenyl)aminobenzoic acid) and diclofenac (2-
(2-(2,6-dichlorophenyl)aminophenyl)ethanoic acid) activate Kv7.I/KCNEI and
Kv7.2/Kv7.3 channels, respectively, probably by a conserved mechanism (Abitbol et al,

1999; Peretz et al, 2005).
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In therapeutic terms, whereas K* channel blockers increase cellular excitability,
K" channel activators dampen excitability. Kv7 enhancement could counteract
prolonged QT intervals in the heart or convulsive activity in the brain. Indeed, some
fenamate derivatives rescue the function of mutant Kv7.1 channels associated with
LQTS (Abitbol et al,, 1999); related compounds specific for Kv7.2/Kv7.3 channels have
been proposed as antiepileptic drugs (Peretz et al, 2005). Retigabine originated from
the NIH Antiepileptic Drug Development Program (Rostock et al, 1996) and is
currently in stage lll clinical trials for adult partial epilepsy (Plosker et al., 2006).
Neuronal Kv7 channel openers are also effective treatments for neuropathic pain, as
they reduce the excitability of nociceptors (Passmore et al, 2003). Significant interest
from the pharmaceutical industry has yielded a growing family of neuronal Kv7 openers,
including acrylamides (Bentzen et al., 2006), benzanilides (Wickenden et al,, 2005), and
the compound MaxiPost ((5-chloro-2-methoxyphenyl)-1,3-dihydro-3-fluoro-6-
(trifluoromethyl)-2H-indol-2-one), which has an even higher efficacy for Kv7.5 than that
of retigabine (Dupuis et al, 2002). The wide range of pharmacological applications for

Kv7 modulators underscores the importance of these channels in human physiology.

iii. A variety of factors regulates trafficking and modulation of Kv7 channels.

The Kv7 channel complex is not limited to the pore-forming subunits. For most
subtypes, physiological channel function is only recapitulated in the presence of
accessory proteins and signaling molecules. Signals that dynamically regulate Kv7
channels include pH (Freeman et al,, 2000), oxidation (Gamper et al., 2006),
ubiquitination (Jespersen et al., 2007), membrane swelling (Hougaard et al, 2004), and

binding of scaffolding (Wong and Scott, 2004a) and ankyrin proteins (Chung et al,, 2006).
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The roles of four critical regulatory elements—accessory KCNE subunits,
phosphoinositide (Pl) abundance, intracellular Ca**/CaM, and phosphorylation—are
described below (Figure 3B).

Perhaps the most significant regulatory element of cardiac Kv7 channels is the
KCNE family of membrane proteins. The five KCNE subtypes are single-pass helical
transmembrane proteins with extracellular N-termini (Tian et al,, 2007). Functional
studies indicate that two KCNE subunits assemble intimately with four Kv7.1 subunits
(Chen et al, 2003), close enough that some KCNE residues are exposed to the outer
pore vestibule (Figure 3B) (Wang et al, 1996a; Melman et al, 2004). However, recent
evidence suggests KCNEI expression may be transient, exerting reversible modulation
on Kv7.1 channels (Poulsen et al, 2007). Coassembly with KCNEI increases Kv7.1
currents, shifts activation voltage to more positive potentials, slows activation and
deactivation, and removes inactivation (Splawski et al, 1997), giving rise to currents very
similar to the recorded cardiac I,.. Conversely, Kv7.|/KCNE2 channels are
constitutively open (Dedek et al, 2001) and may be prominent in stomach and intestinal
epithelia (Jespersen et al, 2004). KCNE3 accelerates activation and deactivation of
Kv7.1 (Mazhari et al,, 2002), while KCNE4 and KCNES inhibit Kv7.1 altogether at
physiological potentials (Bendahhou et al, 2005). Although KCNEI is the predominant
subtype expressed in human heart, most KCNFE’s are expressed to some extent, such
that cardiac function probably arises from a mixed population of channels with different
properties (Lundquist et al, 2005). Notably, KCNES is located on the X chromosome,
and may be linked to gender differences in atrial fibrillation due to overactivation of

Kv7.1 channels (Ravn et al, 2007). KCNE subunits have been shown to modulate Kv7
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subtypes other than Kv7.I, but the physiological relevance of these interactions is
unclear (Tinel et al, 2000; Strutz-Seebohm et al., 2006).

Recent studies have revealed numerous ion channels, including all Kv7 subtypes,
to be directly modulated by membrane phosphoinositides. Kv7 channels are
upregulated by phosphatidylinositol bisphosphates (PIP,), a general term for
phospholipids derived from the double phosphorylation of membrane Pl stores. PIP, is
recycled between the membrane and the intracellular environments as a signaling
molecule in the course of cell metabolism and lipase cascades; it also is a convenient
effector of ion channel modulation, as it can be rapidly cycled in response to other cell
signals, and is concentrated near membrane-bound proteins (Gamper and Shapiro,
2007). PIP, increases amplitude, slows deactivation, and shifts activation voltages of |,
currents by binding to the Kv7.1 C-terminus (Loussouarn et al,, 2003; Park et al,, 2005).
The physiological role of PIP, in dynamic regulation of Kv7.1 channels is currently
unclear, although at least one study suggests activation of phospholipase C (PLC), which
cleaves PIP,, inhibits | in vestibular dark cells of the inner ear (Marcus et al,, 1997). PIP,
sensitivity has been more thoroughly characterized in M channels, where it underlies
inhibition by muscarinic acetylcholine (MI) and angiotensin Il (AT ) receptors. M
channels take their name from their characteristic inhibition by M| receptors, and were
among the first ion channels known to be modulated by GPCRs (Brown and Adams,
1980). In the absence of GPCR stimulation, PIP, interacts with the C-termini of Kv7.2-
Kv7.5 channels to increase their open probability (Li et al, 2005). GPCR stimulation
activates PLC to cleave PIP,, removing it from Kv7 channels and inhibiting channel
function (Horowitz et al, 2005; Zaika et al., 2006). Differential sensitivity of Kv7

subtypes to PIP, depletion allows fine-tuning of M channel inhibition by expression of
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specific homo- or heteromeric Kv7 complexes (Li et al, 2005). PIP, is thought to
interact with the proximal end of the Kv7 C-terminus, near or overlapping binding sites
for calmodulin (CaM) and A-kinase anchoring proteins (AKAPs) (Figure 3B) (Zhang et
al, 2003; Robbins et al,, 2006).

Although its concentration is far lower than that of other ionic species in the
cell, Ca%" is a critical modulator of ion channel function, generally mediated by Ca%-
binding proteins such as calmodulin (CaM). However, the specific effects of
intracellular Ca** on Kv7 channels are controversial. Most evidence indicates that Ca**
relieves inactivation of Kv7.1 channels and further enhances non-inactivating
Kv7.1/KCNEI channels (Nitta et al, 1994; Ghosh et al, 2006). However, this effect may
be tissue-dependent (Shen and Marcus, 1998; Boucherot et al, 2001), and some studies
in heterologous systems show little or no Ca’* effect (Gamper et al., 2005). M currents
are enhanced by small increases in intracellular Ca%, but at higher concentrations, the
effect is generally inhibitory (Marrion et al, 1991; Selyanko and Brown, 1996). Ca**-
dependent interaction between the N-terminal lobe of CaM and a C-terminal site on
Kv7.2, Kv7.4, and Kv7.5 dramatically inhibits those channels (Gamper et al.bd, 2005).
Ca’*/CaM may provide an additional mechanism for M current inhibition by GPCRs:
whereas M| - and AT | -mediated inhibition relies primarily on depletion of PIP,, other
GPCRs including bradykinin and purinergic receptors colocalize with inositol
trisphosphate (IP;) receptors, which release Ca** from intracellular stores to further
inhibit M channels (Delmas et al, 2002; Bofill-Cardona et al,, 2000). Ca**/CaM may also
activate protein kinases to phosphorylate Kv7 channels (Higashida et al, 2005). The

modulatory role of intracellular Ca** is clearly complex and requires further study.
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In addition to mediating complex interactions with Ca**, the Ca**-binding protein
CaM plays a structural role in Kv7 channels. In both cardiac (Shamgar et al., 2006;
Schmitt et al,, 2007) and neuronal Kv7 subtypes (Wen and Levitan, 2002; Etxeberria et
al, 2007), disruption of CaM binding not only suppresses channel modulation but also
traps channels in the ER. CaM is a ubiquitous intracellular signaling protein that
mediates a wide range of interactions, including phosphorylation, generation of second
messengers, and regulation of the cytoskeleton. The two EF hand domains on each
CaM molecule can each coordinate two Ca** ions, and may each bind a target protein in
a Ca’*-dependent or constitutive fashion (Crivici and Ikura, 1995). Biochemical
experiments indicate CaM binds Kv7 channels constitutively via both an IQ domain past
the end of S6 and a 1-5-10 motif in a more distal portion of the C-terminus (Figure 3B);
Ca”*/CaM can bind to either motif, suggesting that Ca** binding elicits significant
conformational changes in the channel as well as CaM (Wen and Levitan, 2002; Yus-
Najera et al, 2002). The distal CaM binding site overlaps a putative site for interactions
with PIP, and AKAPs; thus, these molecules may play complementary roles in regulation
(Figure 3B) (Zhang et al,, 2003). The complex roles of CaM in regulation and assembly
of Kv7 channels is likely to be elucidated by future structural research.

Most Kv7 channels are modulated by phosphorylation, which in turn is regulated
by a variety of kinases, phosphatases, and scaffolding proteins. The AKAP yotiao
(AKAP450) directly modulates Kv7.l (Kurokawa et al, 2004) and mediates its
phosphorylation by protein kinase A (PKA) and protein phosphatase | (PPl) in response
to cyclic AMP (cAMP) (Marx et al, 2002). Phosphorylation of an N-terminal Ser residue
in Kv7.1 (Figure 3B) enhances channel open probability and shifts the voltage response

to more negative voltages (Kurokawa et al, 2003). Thus, under conditions of stress or
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high exertion, -adrenergic receptors stimulate adenylylcyclase to produce cAMP,
leading to phosphorylative upregulation of Kv7.l and increased heartbeat (Terrenoire et
al, 2005). Chapter 2 of this thesis identifies a putative binding region for yotiao in the
Kv7.1 C-terminus, on the basis of mutations that cause heart arrhythmias. Kv7.4 is
similarly enhanced by PKA phosphorylation, which removes the channel’s inactivation
properties (Chambard et al, 2005). Conversely, phosphorylation by Src kinase or
protein kinase C (PKC) inhibits M channels consisting of Kv7.2, Kv7.3, and/or Kv7.5
subunits (Hoshi et al, 2003; Li et al, 2004b). PKC phosphorylation may provide yet
another mechanism for muscarinic inhibition: receptor stimulation activates PLC,
producing diacylglycerol (DAG); DAG activates PKC to phosphorylate the M channel,
causing it to close (Figure 3B) (Higashida et al,, 2005). In addition, it has recently been
suggested that selective PKC-dependent inhibition of Kv7.5 channels by endogenous
Arg(8)-vasopressin increases action potential firing and is responsible for
vasoconstriction in aortic smooth muscle cells (Brueggemann et al, 2007). PKC docks
to human AKAP79 (rat AKAPI50), which—like PIP,, CaM and yotiao—binds to the Kv7
C-terminus (Figure 3B) (Higashida et al,, 2005). A complex picture of Kv7 channel
modulation is emerging in which multiple signaling elements are integrated on

neighboring or overlapping sites of the channel C-terminus.

iv. Kv7 channels exhibit specific assembly properties mediated by C-terminal modular domains.
Kv7 channel function depends on specific assembly among pore-forming subunits
as well as membrane ligands and intracellular proteins. Macroscopic currents recorded

from homomeric Kv7 channels expressed in Xenopus oocytes show significant variability
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between subtypes: Kv7.4 currents are several times larger than those of Kv7.l or Kv7.2
(Kubisch et al, 1999), which are similar to Kv7.5 (Schroeder et al, 2000). Kv7.3
currents are very small, often indistinguishable from background noise (Schroeder et al,
1998; Wang et al, 1998); low current levels of Kv7.3 have been attributed to poor
surface expression (Schwake et al, 2000), absence of an N-glycosylation site (Schwake et
al, 2006), and inhibition by a Thr-Ala substitution at the end of the pore helix
(Etxeberria et al, 2004). As with other tetrameric K* channels, Kv7 channels achieve
further functional diversity by forming heteromers of different subtypes; however,
interation between subtypes is specific. Kv7.l channels are highly selective and do not
assemble with any other Kv7 subtypes (Schroeder et al, 1998; Kubisch et al., 1999;
Lerche et al, 2000). In contrast, Kv7.3 coassembles with and dramatically augments
currents of Kv7.2 (Schroeder et al, 1998; Wang et al,, 1998), Kv7.4 (Kubisch et al,
1999), or Kv7.5 (Lerche et al, 2000; Schroeder et al, 2000)—any other subtype except
Kv7.1. The capacity of Kv7.3 to form heteromers is physiologically relevant, as the
classic M-current arises from apparent 2:2 heteromers of Kv7.3 with Kv7.2 or Kv7.5
(Hadley et al, 2003). Although the significant current enhancement conferred by Kv7.3
has been exploited extensively as an assay for heteromeric assembly, its mechanism is
unclear. The effect has been attributed to masking of an N-terminal inhibitory signal,
partial compensation for a nonconductive Ala in the Kv7.3 pore loop, and increased
surface expression (Schwake et al, 2000; Etxeberria et al., 2004).

The structural basis for tetrameric assembly in Kv7 channels is attributed to a
novel C-terminal modular domain. None of the Kv7 subtypes contain domains
homologous to the T1 assembly motif found in the N-termini of other Kv channels (Li et

al, 1992); in fact, Kv7 N-termini are relatively short and poorly conserved. Instead, a
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[00-amino-acid region of the Kv7 C-terminus, the A-domain, is responsible for channel
assembly (Figure 3B). The significance of the A-domain was initially supported by a
naturally occurring Kv7.1 mutation that deletes part of the C-terminus, causing severe
cardiac disorder and deafness (Neyroud et al, 1997). This disease mutant has
diminished currents, but does not suppress wild-type channel currents, suggesting its
assembly properties are disrupted (Wollnik et al, 1997). A subset of the deleted region,
corresponding to the A-domain, was later found to be required for assembly and
functional expression of Kv7.l; this domain exerts a dominant negative effect,
suppressing surface expression of full-length Kv7.1 channels (Schmitt et al., 2000).
Deletion of Kv7.| from the A-domain to the end of the C-terminus traps channels in the
ER (Kanki et al, 2004). A similar deletion of the A-domain from Kv7.2 causes an
autosomal dominant form of idiopathic epilepsy (Biervert et al,, 1998). This deletion
inhibits currents by reducing surface expression (Schwake et al, 2000). Kv7 A-domains
are often ill-behaved in isolation (Schmitt et al, 2000); however, the A-domain from
Kv7.2 has been successfully extracted from inclusion bodies as a mixture of aggregated
and oligomeric species consistent with tetramers (Webhling et al, 2007). Thus, the A-
domain has some features of a self-contained interaction domain, but may require
additional factors for efficient folding.

In addition to substantiating the A-domain's role in channel tetramerization,
studies of chimeric Kv7 channels indicate the motif carries determinants necessary for
subtype-specific assembly (Maljevic et al, 2003; Schwake et al., 2003; Etxeberria et al,
2004). As described above, while Kv7.1 channels do not assemble with other subtypes,
Kv7.2/Kv7.3 heteromers have even higher surface expression and macroscopic currents

compared to homomeric channels (Schroeder et al, 1998; Wang et al,, 1998). However,
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a chimera of Kv7.2 containing the C-terminus of Kv7.1 (Kv7.2,.) gives very small
currents that are not substantially enhanced by Kv7.3, indicating the construct cannot
form Kv7.3 heteromers. The opposite chimera, Kv7.3 with the C-terminus of Kv7.|
(Kv7.3,¢), also gives small currents that are not enhanced by Kv7.2 (Maljevic et al,, 2003).
Even a restricted chimera of Kv7.3 with just the A-domain of Kv7.l (Kv7.3,,) lacks
current enhancement by Kv7.2; however, this construct exerts a dominant negative
effect on wild-type Kv7.1, indicating the Kv7.l A-domain is sufficient to drive assembly
with Kv7.] over Kv7.2 (Schwake et al,, 2003). Thus, the Kv7.l A-domain confers
selectivity for homotetrameric assembly.

Similarly, A-domains from Kv7.2 and Kv7.3 are involved in both subtype
selection and current enhancement, particularly by modifying surface expression.
Chimeras of Kv7.l with the C-termini of Kv7.2 (Kv7.1,c) or Kv7.3 (Kv7.1;c) assemble
with wild-type Kv7.3 and Kv7.2 channels, respectively, as shown by current
enhancement; this effect requires intact A-domains (Maljevic et al, 2003). A chimera of
Kv7.1 with just the A-domain of Kv7.3 (Kv7.1,,) also enhances Kv7.2 currents, at least
partly by increasing Kv7.2 surface expression. Notably, Kv7.1,, does not increase
surface expression of Kv7.3, though it moderately enhances Kv7.3 currents (Schwake et
al, 2003). A chimera of Kv7.3 with the C-terminus of Kv7.2 (Kv7.3,¢) enhances surface
expression of Kv7.3, although the Kv7.3,./Kv7.3 heteromer does not show augmented
currents (Etxeberria et al, 2004). Instead, Kv7.3,c behaves like Kv7.3, giving small
currents that are enhanced by Kv7.2. The opposite chimera, Kv7.2 with the C-terminus
of Kv7.3 (Kv7.2,¢), functions like Kv7.2, giving large macroscopic currents that are
enhanced by Kv7.3 (Maljevic et al,, 2003). Finally, a splice variant of Kv7.2 lacking most

of the C-terminus suppresses Kv7.3 wild-type currents, suggesting the channels can
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interact but without increasing surface expression or currents (Smith et al, 2001). Thus,
interactions between Kv7.2 and Kv.7.3 A-domains are important in selecting binding
partners and increasing surface expression, but additional mechanisms contribute to

augmenting heteromeric Kv7.2/Kv7.3 currents.

v. The Kv7 A-domain consists of distinct subdomains with different structural and functional
properties.

Several studies characterize the Kv7 A-domain as a series of distinct subdomains.
The terminology, however, is inconsistent: various groups signify the N- and C-terminal
portions of the A-domain as “helix C” and “helix D” (Yus-Najera et al, 2002), “A-part”
and “H-part” (Schwake et al, 2003), “helix A” and “helix B” (Maljevic et al,, 2003), “coil
I and “coil 2” (Kanki et al, 2004), “TCCI” and “TCC2” (Schwake et al,, 2006), and
variations thereof. To avoid confusing letter/number conventions, and to account for an
additional variable region in the middle of the A-domain, the symbolic terms Head, Linker
and Tail will be used here to identify the N-terminal, middle, and C-terminal subdomains
of the A-domain (Figure 3B).

The A-domain Head is the most conserved subdomain, and is predicted to be
primarily helical, possibly a coiled coil (Jenke et al, 2003). The high conservation of this
subdomain (63% — 90% pairwise identity) suggests it could form a consistent, well-folded
assembly platform, but makes it an unlikely candidate for determining specificity. Indeed,
mutations that delete or disrupt the helicity of the Head suppress surface expression
and macroscopic currents of Kv7.2 and Kv7.3 channels (Schwake et al, 2006), but still
permit tetramerization of isolated A-domains (Wehling et al, 2007). Notably,

truncation of the Kv7.2 C-terminus past the end of the A-domain Head also suppresses
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currents and prevents enhancement of Kv7.3 (Schwake et al,, 2006); hence, the Head is
not sufficient for functional expression or interaction with other subtypes. In an in vitro
translation system, the Kv7.1 C-terminus does not coimmunoprecipitate with the
isolated Head subdomain (Schmitt et al, 2000). Furthermore, disease-linked mutations
in the Kv7.1 A-domain Head show no assembly or trafficking defects (Kanki et al,, 2004).
A chimera of Kv7.1 with the C-terminus of Kv7.3 (Kv7.1¢) gives large macroscopic
currents, which are dramatically reduced by deletion of the Kv7.3 Head subdomain;
however, this altered Kv7.1,. chimera is still capable of assembling with Kv7.2 channels
(Maljevic et al,, 2003). A more limited Kv7.1 chimera (Kv7.15,) containing only the Head
from Kv7.3, the remainder of the A-domain being from Kv7.1, fails to enhance Kv7.2
currents or surface expression (Maljevic et al, 2003; Schwake et al,, 2003; Schwake et dl,
2006). These results indicate that the A-domain Head confers some tetramerization
properties, but is not the primary determinant of subtype specificity.

The Linker subdomain is highly variable in sequence and length (20% — 52%
pairwise identity, 16 — 4| amino acids). It is shortest in Kv7.l, the most selective
subtype, and longest in Kv7.3, the most “promiscuous” subtype. It is tempting to
envision this region as a loop that could allow, in its longer forms, the conformational
flexibility to overcome geometric differences and bind diverse partners. Nonetheless,
there is little evidence for a major role of the A-domain Linker. An isolated peptide
containing the Head and Linker of Kv7.I is insufficient to pull down Kv7.I C-termini in
coprecipitation experiments (Schmitt et al, 2000). Furthermore, the Kv7.1;. chimera
augments Kv7.2 currents even if the Linker subdomain is from Kv7.1 (Schwake et al,
2006) or is deleted altogether (Maljevic et al, 2003). The significance, if any, of the A-

domain Linker remains unclear.

39



The A-domain Tail is the most likely candidate for encoding the specific assembly
properties of Kv7 channels. Truncation of the Kv7.| C-terminus before the A-domain
Tail is sufficient to disrupt functional expression (Schmitt et al, 2000) by trapping
channels in the ER (Kanki et al, 2004). In an isolated Kv7.| A-domain, truncation before
the Tail disrupts coimmunoprecipitation with the Kv7.l C-terminus (Schmitt et al,
2000). Similarly, disrupting the Tail of an isolated Kv7.2 A-domain inhibits
tetramerization, reducing the peptide to a dimeric form with low helical content
(Wehling et al, 2007). However, A-domain Tail assembly may be of limited relevance to
tetramerization of full-length Kv7.2, as disrupting or deleting the Kv7.2 Tail subdomain
gives currents similar to wild-type (Schwake et al, 2006). Instead, A-domain Tail
assembly may play a critical role in specificity. A chimera of Kv7.| with the Tail
subdomain of Kv7.3 (Kv7.1;;) augments currents, increases surface expression, and
coimmunoprecipitates with Kv7.2 channels (Schwake et al, 2006). Thus, the Kv7.3 A-
domain Tail is sufficient to confer interaction with Kv7.2 onto Kv7.1. Kv7 Tail assembly
may be particularly important in enhancing surface expression of heteromers.
Disrupting or deleting the Kv7.2 A-domain Tail renders channels incapable of
augmenting Kv7.3 currents. Conversely, an isolated peptide containing the A-domain
Tail of Kv7.2 enhances Kv7.3 currents and surface expression (Schwake et al, 2006).
Thus, interaction between Kv7.2 and Kv7.3 Tail subdomains is sufficient for increased
surface expression—even in the absence of Kv7.2 pore-forming domains.

The A-domain Tail is better conserved (31% — 61% pairwise identity) than the
Linker, but less conserved than the Head. In terms of structure, the Tail is highly
predicted to be a coiled-coil motif in all subtypes (Jenke et al, 2003; Schwake et dl,

2006). Because the Kv7 channel is a tetramer, the Tail subdomain is expected to form a

40



symmetric four-stranded coiled coil. Indeed, in at least some subtypes, the pattern of
coiled-coil interface residues is characteristic of a four-stranded complex, having a
preponderance of lle residues at “d”-positions and Leu residues at “a”-positions in the
heptad repeat (Harbury et al, 1998). The presence of some hydrophobic residues (Leu,
Met, Val) at “e”-positions in the Kv7 A-domain Tail may also promote a four-stranded
configuration (Liu et al, 2006), while the remainder of predicted “e”- and “g”-position
residues are poised to stabilize electrostatic interactions between subunits. Mutations
that disrupt the coiled coil interfere with surface expression, while conservative
mutations that only shift the register of the coils preserve expression and function
(Kanki et al, 2004). Recent evidence from our group as well as others indicates that A-
domain Tails from most channel subtypes assemble independently as four-stranded
coiled coils (Howard et al, 2007; Wehling et al,. 2007). However, the coiled-coil
structure of the Kv7 Tail subdomain may not be universal. The Kv7.3 Tail has a much
lower coiled-coil propensity than other subtypes. Furthermore, a mutant Kv7.3 channel
designed with a disrupted coiled coil is still able to enhance Kv7.2 currents, whereas
disrupting the Kv7.2 coiled coil removes its interaction with Kv7.3 (Schwake et al,
2006). Thus, specific assembly of heteromers may rely on a combination of intact and
disrupted coiled coils. The structure of the A-domain Tail, in some cases as a four-
stranded coiled coil, appears to be a crucial platform for specific assembly of pore-
forming and accessory subunits. Our investigations in Chapters 2 and 3 of this thesis
further the structural characterization of this subdomain and its implications for Kv7
channel assembly and specificity.

Several LQTS-linked mutations are located in the A-domain Tail. Because this

region is important in channel assembly, a simple explanation would be that Tail
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mutations might cause disease by disrupting tetramerization. However, none of the
Kv7.1 Tail mutations linked to LQTS involve interface “a” or “d” residues; it may be that
alterations at these positions are fatal. Three disease mutations—Ggg,D, a founder
mutation in Finnish lineages (Piippo et al,, 2001); Ry H, which disrupts functional channel
expression by trapping channels in the ER (Grunnet et al, 2005); and L, ;M (Tester et al,
2005)—are found at “e”- and “g”-positions, and could disrupt important contacts in a
four-stranded coiled coil. The other four identified mutations—Tg,M, which abolishes
currents and surface expression (Yamashita et al, 2001); Ay, T (Lupoglazoff et al., 2004);
Rs04Q, which inhibits currents and trafficking from the ER, but is somewhat capable of
assembling with wild-type channels (Huang et al, 2001; Wilson et al, 2005); and Dy, Y,
which mildly suppresses currents (Yamaguchi et al, 2005)—are predicted to lie on the
coiled-coil surface. This preponderance of disease mutations on the Tail subdomain
surface suggests the mechanism for disorder in this region may be more complex.

At least two alternative models for channelopathies arising from Kv7.l A-domain
Tail mutations have been proposed. Pull-down experiments show that Gg,D disrupts
binding of the scaffolding protein yotiao (Figure 3B) (Marx et al, 2002). Removing this
scaffolding protein also destroys interaction with yotiao’s other binding partners,
including PKA and PPI, which regulate channel phosphorylation due to 3-adrenergic
receptor stimulation. Arrhythmia would result from disruption of this regulatory
pathway (Saucerman et al, 2004). On the other hand, four LQTS mutations in the Tail
region disrupt surface expression of Kv7.1 channels (Kanki et al, 2004). This result
suggests an accessory protein binds Kv7.| to promote trafficking from the ER to the

plasma membrane (Figure 3B), perhaps by promoting proper folding, blocking a
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retention signal, or acting as a forward trafficking motif. The trafficking protein is
unlikely to be yotiao, as a designed mutation (L¢,A/l,sA) shown previously to disrupt
yotiao binding (Marx et al, 2002) does not diminish surface expression (Kanki et al,
2004). The mechanism for disease arising from A-domain Tail mutations should be
clarified by structural information about this subdomain, as we describe in Chapters 2
and 3 of this thesis.

Kv7 channels are promising targets for physiological and structural study. The
Kv7 A-domain in particular may provide an alternative paradigm for ion channel
tetramerization and subtype specificity. Our investigations below seek to amend the
current lack of structural information about these channels, enhance our ability to treat
channel-related disorders, and improve our understanding of membrane protein

assembly and function.
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D. Figures

Figure |. Architecture of a voltage-gated K* channel

out

A Transmembrane domains of a Kv channel viewed as a cross section of the lipid
bilayer. For clarity, only the pore domains of subunits A and C (darker gray with white
labels) and voltage-sensing domains of subunits B and D (lighter gray with black labels)
are shown. Cylinders represent a-helices; black circles represent K* ions; dotted circles
represent K hydration shells. N, N-terminus; S1-Sé, transmembrane helices 1-6; P,
pore helix; T, turret domain; SF, selectivity filter; IV, inner vestibule; C, C-terminus.

B Transmembrane domains of a Kv channel, viewed from the extracellular side of the
lipid bilayer. All of subunits A and C (dark gray, white labels) and B and D (light gray,
black labels) are shown; however, only subunits shown in Figure | A are labeled.
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Figure 2. Geometric properties of coiled coils

“d” layer

A Side view of a two heptads of a helix participating in a coiled coil. Gray solid and
dotted lines represent the a-helical axis (0tA) and superhelical axis (SA), respectively.
The dotted black line represents the helical peptide backbone; labeled circles represent
C,, positions of each residue in the helix. The roles of the superhelical pitch (w,) and
superhelical radius (R,) are shown.

B Helical projections of helices participating in a two-stranded coiled coil, looking down
the superhelical axis. The three free backbone variables—superhelical pitch (w,),
superhelical radius (R,), and “a”-position orientation angle (¢)—are shown.

C Knobs-into-holes packing of “a” (left) and “d” (right) layers of a two-stranded coiled
coil. Open circles represent C, atoms of indicated positions; black circles represent C,
atoms of “a”- and “d”-positions, respectively.
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Figure 3. Architecture of Kv7 channels
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A Example two-electrode voltage clamp recording from Kv7.2 channels expressed in
oocytes. Cells pulsed for 2.5 s from a holding potential of -80 mV to voltages between
-80 mV and +40 mV in steps of |5 mV, followed by a 2 s test pulse to -40 mV. For
DNA construction, oocyte injection, and recording conditions, see Chapter 3.

B Model of the pore-forming subunits of a Kv7 channel complex. Putative binding sites
for KCNE accessory subunits, PIP,, CaM, AKAP79, yotiao, and an unidentified trafficking
partner (traff.) are indicated. Sites for phosphorylation by PKA and PKC are labeled.
Head, Linker, and Tail subdomains of the C-terminal A-domain are shown. Asterisks (*)
represent pore domains of subunits B, D (light gray).
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A. Summary

Kv7.x (KCNQ) voltage-gated potassium channels form the cardiac and auditory
IKs current and the neuronal M-current. The five Kv7 subtypes have distinct assembly
preferences encoded by a C-terminal cytoplasmic assembly domain, the A-domain Tail.
Here, we present the high-resolution structure of the Kv7.4 A-domain Tail together
with biochemical experiments that show that the domain is a self-assembling, parallel,
four-stranded coiled coil. Structural analysis and biochemical studies indicate
conservation of the coiled coil in all Kv7 subtypes and that a limited set of interactions
encode assembly specificity determinants. Kv7 mutations have prominent roles in
arrhythmias, deafness, and epilepsy. The structure together with biochemical data
indicate that A-domain Tail arrhythmia mutations cluster on the solvent-accessible
surface of the subunit interface at a likely site of action for modulatory proteins.
Together, the data provide a framework for understanding Kv7 assembly specificity and

the molecular basis of a distinct set of Kv7 channelopathies.

B. Introduction

Members of the Kv7 (KCNQ) potassium channel family play important roles in
the function of the heart, brain, auditory and vestibular organs, and epithelia (Jentsch,
2000; Jespersen et al., 2005). These proteins belong to the voltage-gated ion channel
superfamily (Hille, 2001) and constitute the pore-forming subunits of the IKs current
that is present in cardiac myocytes, vestibular dark cells, and marginal cells of the stria
vascularis (Barhanin et al,, 1996; Jentsch, 2000; Sanguinetti et al., 1996; Wang et al.,

1996), and the classically studied neuronal M-current (Delmas and Brown, 2005; Wang
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et al, 1998). Kv7 channels have a prominent role in human disease and harbor mutations
that are linked to cardiac arrhythmias, deafness, and epilepsy (Jentsch, 2000). While
there has been great effort in the functional characterization of Kv7 channels, little is
known about their underlying structure. This is a particularly important problem
because many disease mutations cause amino acid substitutions in the cytoplasmic
regions of the protein where their direct functional consequences are not immediately
obvious.

There are five mammalian Kv7 subtypes (Kv7.1-Kv7.5) (Gutman et al., 2003).
Functional studies indicate that each has distinct assembly preferences (Friedrich et al.,
2002; Kubisch et al., 1999; Lerche et al., 2000; Schroeder et al., 2000). The subunit
responsible for the IKs current, Kv7.l (KCNQI), does not coassemble with other Kv7
subunits. In contrast, Kv7.3 (KCNQ3) can form heterotetramers with all subunits
except for Kv7.] and is poorly expressed at the plasma membrane as a homotetramer
(Schwake et al., 2000). The other family members, Kv7.2 (KCNQ?2), Kv7.4 (KCNQ4),
and Kv7.5 (KCNQS5), can form functional homotetramers and functional
heterotetramers with Kv7.3. Different combinations of Kv7 subunits display different
biophysical properties that produce functional diversity (Hadley et al.,, 2000; Kubisch et
al., 1999; Schwake et al., 2000; Selyanko et al., 2000; Wang et al., 1998).

The molecular mechanisms that direct Kv7 subunit assembly selectivity are
incompletely understood. Kv7 subunits contain a C-terminal region of 100 amino acids,
called the A-domain, that appears to function as an assembly domain (Figure |A)
(Maljevic et al., 2003; Schmitt et al., 2000; Schwake et al., 2003; Schwake et al., 2000) and
that carries all information for directing subtype-specific assembly properties (Friedrich

et al, 2002). Sequence alignment of the five Kv7 subtype A-domains indicates that the A-
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domain has three subdomains (Figure IB). Two of these, the Head (Jenke et al., 2003)
and the Tail (Jenke et al., 2003 and Schwake et al., 2006), have a high probability for
forming coiled coils. The Head domain on its own appears incapable of supporting
multimerization (Schmitt et al., 2000). Surface expression seems to be closely tied to the
integrity of the A-domain Tail (Kanki et al,, 2004). The A-domain Tail shows significant
sequence variation among the subtypes. There is a clear role for this subdomain as the
primary determinant of assembly specificity (Maljevic et al., 2003; Schwake et al., 2006;
Schwake et al., 2003), but how exactly this domain encodes specificity determinants
remains unknown.

Understanding the nature of Kv7 A-domains has important consequences for
elucidating the relationship between Kv7 channels and disease, as one class of disease
mutations falls within the A-domain (Cooper and Jan, 2003; Jentsch, 2000). Some of
these mutations prevent channel assembly and impair channel function by a simple
truncation of the A-domain (Schmitt et al., 2000; Schwake et al., 2000). However, a
number of A-domain Kv7.l Long-QT (LQT) mutations in Romano Ward syndrome
(RWS) and Jervell and Lange-Nielsen syndrome (JNLS) are missense mutations that
reside in the A-domain Tail. One of the LQT mutants, Ggg,D, has been shown to disrupt
B-adrenergic receptor modulation of Kv7.I by interfering with the interaction of the
channel with the scaffold protein yotiao. This interaction is necessary for anchoring
protein kinase A and protein phosphatase | to the channel complex (Marx et al., 2002).
The exact mechanisms by which the other mutations, T:;;,M (Itoh et al., 1998; Neyroud
et al, 1999), A, T (Novotny et al., 2006; Tester et al., 2005), Rgs,H (Neyroud et al.,

1999), and R,,,Q (Splawski et al., 2000), act remain unclear. Elucidation of Kv7 A-domain
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architecture should provide an important framework for understanding how such

disease mutations act.

C. Results
i. Structure of the Kv7 Assembly Specificity Domain

The A-domain Tail carries the major determinants of channel assembly specificity
(Maljevic et al., 2003; Schwake et al., 2006; Schwake et al., 2003) and exhibits periodic
heptad repeats, denoted (a-b-c-d-e-f-g)n, (Figure IB) in which the “a” and “d” positions
are hydrophobic residues. This sequence motif is characteristic of coiled coils (Jenke et
al,, 2003; Schwake et al., 2006), common protein-protein interaction motifs (Lupas and
Gruber, 2005; Woolfson, 2005). While it is relatively straightforward to discern likely
coiled coils based on the presence of multiple heptad repeats, it is difficult to determine
from the sequence alone which oligomeric state might be encoded, whether the
sequence makes homomers or heteromers, what the heteromeric partners might be,
and where the specificity determinants lie (Lupas and Gruber, 2005). Thus, we were
interested in defining the structure of the Kv7 A-domain Tail to begin to understand the
structural basis for Kv7 assembly specificity.

Sequence analysis suggests that the Kv7 Tail contains as many as four complete
heptad repeats (Figure |B). We expressed, purified, and crystallized a Kv7.4 A-domain
Tail construct, residues 610-645, that was slightly longer than the identified heptads and
that formed tetramers in solution (see below). The crystals grew in space group P4212
and diffracted synchrotron X-rays to 2.10 A. Despite extensive effort, we were unable
to determine phases by selenomethionine anomalous experiments, heavy metal

derivatives, or by molecular replacement using parallel left-handed four-stranded

67



structures from SNARE complexes (Antonin et al., 2002; Sutton et al., 1998), Sendai
virus (Tarbouriech et al., 2000), and designed coiled coils (Harbury et al., 1993).
Therefore, we decided to exploit the fact that coiled-coil backbone structure can be
described by a simple parameterization (Crick, 1953; Harbury et al,, 1998; Harbury et dl,
1995) to build a library of de novo search models that could be used for molecular
replacement.

We generated a library of 300 polyalanine search models in which the superhelix
radius of the coiled-coil bundle, R, the supercoil pitch (residues/superhelical turn), and
the total number of residues were varied near their expected values for parallel left-
handed four-stranded coiled coils (see Experimental Procedures). Each model was used
as a molecular replacement search model in EPMR (Kissinger et al., 2001). The best
solution had two 28 residue peptides in the asymmetric unit, R, = 5.0 A, and a pitch =
100 residues/superhelical turn. We were able to use this solution to build residues 612—

642; however, we could not refine the structure to acceptable R/R,

ree

values (Table 1).
Because the electron density clearly showed the appropriate side chains within the
coiled-coil core but had poor density for the C-terminal part of the bundle, we
suspected that some degree of crystallographic disorder might be the source of the
refinement difficulties. Therefore, we tested a series of truncation constructs to try to
find one that would crystallize and yield data that were more amenable to structure
solution and refinement.

Crystals of a C-terminal truncation, Kv7.4 residues 610-640, grew in space
group 14 and diffracted X-rays to 2.07 A. We were able to solve the structure by
molecular replacement using the program CNS (Brunger et al.,, 1998) and the model

from the P4212 crystals truncated to residue 638. Clear electron density was visible in
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the initial maps for portions of the coil that were absent from the search model (Figure
I C). We were able to build all the atoms in the sequence except those of the three N-

terminal residues and refine the structure to an acceptable level (R/R;

ree

= 19.6/22.4%)
(Table 1).

The overall structure of the A-domain Tail assembly domain is that of a tightly
twisted left-handed four-stranded coiled coil that is 24 A wide and 40 A long (Figures
ID and IE). The last three C-terminal residues (Gly 638, Phe 639, and Tyr 640) splay
outward to form a broad base (31 A from C, to C, of opposite subunits) and participate
in crystal contacts with neighboring molecules in the crystal lattice.

The Kv7.4 coiled-coil heptad repeat “a”- and “d”-positions interact by classical
“knobs-into-holes” packing (Crick, 1953; Lupas and Gruber, 2005) to form alternating
layers of the hydrophobic core of the coiled coil (Figures 2A and 2B). Two-, three-, and
four-stranded coiled coils each have different characteristic “knobs-into-holes” packing
geometries (Harbury et al,, 1993). In four-stranded coiled coils, the C,-Cg vector of each

€€ 3

a”-position knob makes a perpendicular angle with the C,-C, vector of the “hole”
formed by the “g” and “a” residues of the helix to the left (looking down the
superhelical axis from the N terminus), whereas the C,-Cg vector of each “d”-position

€€

knob runs parallel to the C,-C, vector of its “hole” formed by the “d”- and “e”-position
residues of the helix to the right. The Kv7.4 A-domain Tail core packing uniformly
corresponds to the canonical four-stranded coiled-coil geometry, having perpendicular
“a” layers and parallel “d” layers (Figure 2B). Comparison of the superhelical parameters

of the Kv7.4 A-domain Tail with previously determined four-stranded coiled-coil

structures shows that the particular combination of supercoil radius, pitch, and radius of
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curvature found in the A-domain Tail is unique and highlights the structural diversity
that can be obtained from such a seemingly simple protein fold (Table 2).

The surface of the Kv7.4 A-domain Tail complex is predominantly polar and has
two distinct networks of side chain salt bridges and hydrogen bonds, which we term
“network |” and “network 2,” that make interhelical contacts across helix interfaces
(Figure 2C). In network |, Gluy,;, an “e” position in the heptad repeat, makes salt
bridges to Arg,,s, a “g” position from the neighboring helix, and Lys,,, from the “c”
position of its own chain. Network 2 involves five side chains. The two central players
are residues from neighboring helices: Glu,,, an “e” position, and Lys,,, a “g” position.
Glug;, makes hydrogen bonds to Glng,; and Ser,, and a salt bridge to Lys,;,, three side
chains from the adjacent helix. Lys,;, further participates in cross-subunit interactions by
making a salt bridge to Asp,,, from the neighboring chain. The Gln,,; side chain is
positioned between network | and network 2 and could form a bridge between the
networks by making hydrogen bonds to Glug,; and Gin,,;. However, our structural data
suggest that neither the geometry nor distances are optimal for this interaction, despite
the proximity of Gln,,; to Glu,,; and Gln,,;. Notably, this potential link between the
networks is absent from Kv7.1 and Kv7.2 (Figure IB). It is striking that the amino acids
that form interactions in both network | and network 2 of the Kv7.4 A-domain Tail are

changed in the Kv7 subtypes with specific assembly preferences, Kv7.l and Kv7.3 (see

Discussion).

ii. Kv7.4 is a Stable Tetramer in Solution
We used a number of biochemical and biophysical measures to probe the

structure and assembly properties of the Kv7.4 A-domain Tail in aqueous solution. The
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circular dichroism (CD) spectrum of Kv7.4 residues 6 10-645 shows minima at 208 and
222 nm that are characteristic of a protein with high helix content (Figure 3A).
Estimation of helical content fraction (Chen et al, 1974) indicates that the peptide is
66.0% helical. This value is in good agreement with the structure where each helix
contains 26 residues (Glu,,,—Leu,;;) that comprise 68.4% of the 38 residue peptide. The
CD spectra of the complex at pH 3.0, 7.5, and 9.0 were superimposable and indicate
that the Kv7.4 A-domain Tail retains its secondary structure over a wide range of pH
conditions.

Both size exclusion chromatography and analytical ultracentrifugation
corroborate the crystallographic observation that the Kv7.4 A-domain Tail is tetrameric.
Size exclusion chromatography shows that the Kv7.4 A-domain Tail migrates as a single
peak with an apparent molecular mass that is consistent with a tetramer (Figure 3B).
Because size exclusion chromatography relies on the hydrodynamic radius, comparison
of an elongated protein such as a coiled coil with globular protein standards could be
misleading. Thus, we also used sedimentation equilibrium, a method that unlike gel
filtration provides shape-independent mass information (Laue, 1995), to obtain a precise
measurement of the oligomeric state. The equilibrium sedimentation data were well fit
by a single-species model that corresponded to the molecular mass of a tetramer and
had random residuals (Figure 3C). Together, these data establish unambiguously that the
Kv7.4 A-domain Tail is a helical tetramer in solution that mirrors the crystal structure

and the expected stoichiometry of Kv7 channels.
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iii. Biochemical and Structural Comparisons of Kv7 A-Domain Tails

Sequence comparisons of Kv7 A-domain Tails show that the coiled-coil motif is
conserved in all Kv7s (Figure IB). To investigate self-assembly properties of the other
Kv7 members, we expressed and purified fusion proteins of A-domain Tails from each
subtype. Each fusion protein contained from N to C terminus: a hexahistidine tag,
maltose binding protein, and a specific protease site (termed “HMT,” see Experimental
Procedures) followed by the Kv7 coiled coil. The first two elements serve as orthogonal
affinity purification tags. Gel filtration chromatography experiments show that purified
Kv7.1, Kv7.2, Kv7.4, and Kv7.5 fusion proteins elute with apparent molecular weights
corresponding to tetramers, and all behave similarly (Figure 4A). In contrast, the Kv7.3
A-domain Tail fusion protein elutes as a broad peak that suggests a mixture of
monomers and dimers (Figure 4A). Thus, the A-domain Tails from the four subtypes
(Kv7.1, Kv7.2, Kv7.4, and Kv7.5) in which the channels are known to form
homotetramers retain the ability to oligomerize as independent domains while the A-
domain Tail from the channel isoform that does not form robust homotetramers, Kv7.3
(Wang et al,, 1998), is impaired in its self-association ability.

Structure-based sequence comparisons indicate two sets of Kv7.3 amino acids
that could impair assembly: there is a large aromatic residue, Phe,,,, substituted at an “a”
position and there are two amino acid substitutions, D;, and Gg;;, that disrupt the
interhelical salt bridge and hydrogen bond interactions of network 2 (Figure 4C). The
recent structure determination of a tetrameric coiled coil bearing Phe at most “a” and
“d” positions (Liu et al., 2006) indicates that accommodation of Phe side chains in a
coiled-coil hydrophobic core requires a superhelix radius that is significantly larger than

that of the Kv7.4 A-domain Tail (Table 2). Thus, incorporation of four Phe residues into
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the core of a homomeric Kv7.3 tetrameric coiled coil should incur a substantial steric
and energetic penalty in the context of the coiled-coil core formed by the smaller alkyl
side chains at the other “a”- and “d”-positions. To test whether the presence of Phey,,
was a major factor preventing tetramer formation by the Kv7.3 A-domain Tail, we
mutated this position to a residue that was smaller, commonly found at four-stranded
coiled-coil “a”-positions, and also found at the equivalent position of Kv7.2 (F,,L). Gel
filtration experiments demonstrate that this single mutation was sufficient to convert
the Kv7.3 A-domain Tail into a form that was predominantly tetrameric (Figure 4B).
This result highlights the critical importance of the hydrophobic core in controlling Kv7
A-domain Tail assembly.

We also investigated the effects of restoring the network 2 interactions into the
Kv.7.3 coiled coil. Similar to the F,,,L mutation, the double mutant D;,S/G;;E was
sufficient to endow the Kv7.3 A-domain Tail with robust tetramerization properties
(Figure 4B). Taken together, the biochemical and mutational analysis suggest that two
factors prevent Kv7.3 A-domain Tail self-assembly: the incompatibility of making a stable
tetramer bearing four Phe residues in the coiled-coil core and the lack of interstrand
stabilizing interactions provided by network 2. These factors are likely to be important
for determining the Kv7.3 preference for heteromer versus homomer formation.
Experiments in Xenopus oocytes failed to show a functional enhancement of Kv7.3
channels bearing mutations that impart homotetramerization to the Kv7.3 Tail (data not
shown). This observation is consistent with the poor expression of Kv7.3 homomeric

chimeras bearing A-domains or A-domain portions from other Kv7 channels (Maljevic et

al., 2003; Schwake et al., 2003) and suggests that other yet to be defined factors besides
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the assembly defects in the A-domain Tail play a role in impairing Kv7.3 homotetramer

surface expression.

iv. Structural Insight into Cardiac Arrhythmia Mutations

The Kv7.1 A-domain Tail bears five mutations that are associated with cardiac
Long QT syndromes (LQT) known as Romano Ward syndrome (RWS) and Jervell and
Lange-Nielsen syndrome (JLNS): Ts5;M (Chen et al,, 2003; Itoh et al., 1998; Neyroud et
al., 1999), Gg,D (Piippo et al,, 2001), AT (Novotny et al., 2006; Tester et al., 2005),
Rso/H (Neyroud et al., 1999), and R,,,Q (Splawski et al., 2000). The exact mechanisms by
which these mutations cause arrhythmia remain unclear. Prior work has shown that
G;gyD is able to abolish sympathetic regulation of cardiac I, currents by disrupting the
assembly of a macromolecular complex of Kv7.1 and the scaffolding protein yotiao
(Marx et al.,, 2002). Three of the mutants, T,M (Yamashita et al.,, 2001), RyyH (Grunnet
et al, 2005), and R;,,Q (Huang et al, 2001), appear to be incapable of making functional
homomeric channels. T¢g;M (Yamashita et al., 2001) and Rg,,H (Grunnet et al., 2005)
cannot coassemble with wild-type Kv7.1 subunits. Four mutations, T;g;M (Kanki et al.,
2004; Yamashita et al., 2001), G;gD (Kanki et al., 2004), Rgs,H (Grunnet et al., 2005;
Kanki et al., 2004), and R,,Q (Kanki et al., 2004), compromise the ability of the channel
to reach the plasma membrane. R;,,Q appears to coassemble with wild-type and has a
weak dominant-negative effect (Huang et al,, 2001). No functional characterization of
Ass T has yet been reported.

To examine the impact of LQTS mutations on assembly of the Kv7.] A-domain
Tail, we made and tested the effects of each of them in the background of Kv7.| HMT-

fusion protein. Gel filtration experiments show that none of the LQT mutations disrupt
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Kv7.1 A-domain Tail assembly (Figure 5A). While it is possible that there are subtle
effects on tetramerization affinity caused by the mutations, the observation that there
are no substantial changes in assembly properties suggests that some other mechanism
must underlie their arrhythmogenic effects.

Comeparison of the positions of the Kv7.] mutations with their equivalent
positions on the Kv7.4 A-domain Tail structure reveals a striking pattern. The sites
cluster around a common surface pocket at the interhelix cleft that defines a three-
dimensional mutational “hotspot” (Figure 5B). Notably, we observe that this pocket is
the site of protein-protein contacts within the Kv7.4 A-domain Tail crystal lattice
(Figure 5C). The observation that none of the A-domain Tail disease mutants disrupt
the self-assembly of this part of the channel and that a mutation in the center of the
cluster, Ggg,D, disrupts the binding of a necessary regulatory complex (Kanki et al., 2004;
Marx et al., 2002) suggests that all members of this family of LQTS mutations may act by

a similar mechanism.

D. Discussion

The minimal functional unit of any voltage-gated potassium channel is a
homotetramer or heterotetramer of pore-forming subunits. Because different
combinations of pore-forming subunits can have profound effects on functional
properties, it is critical for all members of this channel class to encode assembly
determinants and assembly specificity preferences to direct association with the
appropriate partners (Deutsch, 2002; Deutsch, 2003; Hille, 2001; Papazian, 1999).
Despite the fundamental nature of this problem, the mechanisms that drive channel

assembly and assembly specificity remain imperfectly understood.
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Voltage-gated ion channel family members are most similar within the membrane
domain but exhibit considerable diversity within their extramembranous domains (Hille,
2001). While contacts between membrane-spanning regions may provide some stability,
the more diverse cytoplasmic domains appear to play a major role in driving assembly
and assembly specificity. The best understood case involves the Shaker-type KV family
(KvI-Kv4 subunits), where an independently folded, N-terminal intracellular module,
called the “T| domain,” drives tetramerization and assembly specificity (Bixby et al.,
1999; Li et al., 1992; Shen and Pfaffinger, 1995). T|1 domains are unique to Shaker-type
Kv channels (Hille, 2001) and pose an important question: do other voltage-gated
potassium channels use modular intracellular domains to drive assembly and assembly
specificity?

A number of Kv7 A-domain functional properties mirror those of T| and suggest
that the A-domain is another example of an independent channel intracellular assembly
module: the isolated A-domain forms stable multimeric complexes (Schmitt et al., 2000);
Kv7 channels bearing A-domain deletions, including those that are a consequence of
certain disease mutations, fail to assemble into functional channels (Schmitt et al., 2000;
Schwake et al., 2000); and coexpression of Kv7.l A-domain sequences act as dominant-
negatives on Kv7.] channel assembly (Schmitt et al., 2000). The A-domain and T|
domain amino acid sequences are unrelated and have different locations relative to the
pore-forming transmembrane domain (C-terminal versus N-terminal, respectively).
These differences suggest that voltage-gated channel superfamily members have
exploited diverse types of protein-protein interaction domains to direct channel

assembly.
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i. Kv7 A-Domain Tails and Assembly Specificity

Our structural data demonstrate that the A-domain Tail is a self-assembling,
four-stranded, parallel coiled coil (Figures 1D and |E) that is conserved among Kv7
subtypes (Figures |B and 4) and establish a framework for understanding Kv7 assembly.
Sequence variations among the Kv7 subtypes at both the hydrophobic core of the coil
and the polar network at the subunit interfaces appear as candidates for sites of
specificity. Kv7.2, Kv7.4, and Kv7.5 can form functional channels as either homomers or
as heteromers with Kv7.3 (Schwake et al., 2003). Comparison of the core and
electrostatic contacts that make protein-protein contacts shows that Kv7.4 and Kv7.5
are identical (Figure 4C). Kv7.4 and Kv7.2 differ by only two conservative variations,
V5L and I,xM, that are at “a”- and “d”-positions, respectively (for simplicity, all
comparisons use Kv7.4 amino acid numbers). In contrast, Kv7.l, the channel that does
not coassemble with any of the other subtypes (Schwake et al., 2003), has changes at
both the core positions (M sl, V¢ oL, leaol, and L¢l) and in network | (K,,D) and
network 2 (E;,,D and K,3,A) relative to Kv7.4. The K,,D Kv7.] change in network |
alters the network surrounding Glug,;. The Kv7.l network 2 would be completely
rearranged as one of the central players in the ionic and hydrogen bond network is
shortened by a methylene group, E.;D, and the other is eliminated, K;,A. It is striking
that the remaining positions of the Kv7.| network 2 are changed in a way that could still
form a hydrogen bond and ionic network of side chain interactions around E;,D. These
observations suggest the hypothesis that the differences in network 2 play a role in
preventing Kv7.l A-domain Tails from associating with other Kv7 subtypes.

Kv7.3 does not express robustly as a homomeric channel (Schwake et al., 2000)

but does show robust channel activity when coassembled with Kv7.2 (Schroeder et dl,
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1998; Wang et al., 1998), Kv.7.4 (Kubisch et al., 1999), and Kv7.5 (Schroeder et dl,
2000). Our work indicates that the Kv7.3 Tails are divergent at a number of critical
positions (Figure 4C). There are changes at two coiled-coil core positions: V oF, an “a”-
position, and l,,M, a “d”-position. The changes in the interhelical interface networks
include a reversal in the relative positions of the basic residues that surround Glug,; in
network |, R gK and K,,,R, and a relocation of the carboxylate of one of the central
side chains in network 2, E,;,G, to a position at a similar altitude on the adjacent subunit
by the S,,sD change (Figure 2C). These alterations in the core and the interface
networks appear to be critical for the unique assembly properties of the Kv7.3 Tail.

Our biochemical experiments suggest a rationale for the poor self-assembly and
promiscuous heteromer formation properties of Kv7.3. The Kv7.3 A-domain Tail is
prevented from making stable tetramers by both the incompatability of placing four Phe
residues within the core of the tetramer at the “a”-position of the coiled coil and by the
disruption of the interhelical hydrogen bond and salt bridge interactions made by
network 2. Although the combination of both factors is important for impairing
homotetramerization, neither factor alone is incompatible with homotetramer
formation (i.e., Kv7.3 Tails bearing the core Phe can make tetramers provided network
2 is intact, and tetramers lacking network 2 interactions can form provided the steric
problems in the core caused by the “a”-position Phe are relieved). Thus, it appears that
the Kv7.3 A-domain Tails are poised to form tetramers provided that the destabilizing
factors can be overcome.

This property of being poised for assembly is particularly interesting when

considered in the context of the promiscuous assembly behavior of Kv7.3 with Kv7.2,

Kv7.4, and Kv7.5. Each non-Kv7.3 subunit would bring smaller hydrophobic residues at
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the Kv7.3 F,,, “a” level of the coiled-coil core (Figure 4C) that would relieve some of
the steric penalty for including the F,,, from each Kv7.3 subunit and promote heteromer
formation. Network | and network 2 residues are identical in Kv7.2, Kv7.4, and Kv7.5
(Figure 4C). Consideration of the amino acid combinations that would be present in
both networks in the context of a heterotetramers suggests that these interfaces should
remain compatible across the Kv7.2/Kv7.3, Kv7.4/Kv7.3, and Kv7.5/Kv7.3 A-domain Tail
interface and could contribute to the stability of a heteromeric complex. The precise
arrangements of interactions at such interfaces are not evident from the current

structure and will require further study.

ii. Structural Consequences for Kv7.| Arrhythmia Mutations and Implications for Coiled Coils as
Sites of lon Channel Regulatory Complex Assembly

In addition to providing insight into the likely sources of assembly specificity, the
Kv7.4 coiled-coil structure suggests a new hypothesis as to how certain Kv7.l LQTS
mutants act. One of the LQTS mutations, G,D, is known to interfere with the
recruitment of a macromolecular complex that responds to -adrenergic receptor
stimulation and includes the scaffolding protein yotiao, protein kinase A, and protein
phosphatase | (Marx et al, 2002). Both GggD and simultaneous mutation of two “d”-
positions to Ala (L, AllgeA) in the A-domain Tail prevent yotiao binding. Based on
these mutations, Marx et al. suggested that that the A-domain heptad repeats interact
directly with similar repeats in yotiao through a leucine-zipper-like mechanism (Marx et
al., 2002). Our structural and biochemical data show that the position of Gg,D is on the
coiled-coil surface and that the Gy, D mutation does not affect tetramerization.

Together, these data suggest a different scenario for how Ggg,D and other LQTS

79



mutations within the A-domain Tail act (Figure 6). We propose that yotiao interacts
with the exterior surface of the helical bundle and that disease mutations such as Ggg,D
interfere with yotiao binding to the intact A-domain Tail coiled-coil. In support of this
idea, it is striking that all of the known A-domain Tail disease mutations map to a single
hotspot on the coiled-coil surface. This clustering of mutations to a single area on the
surface of the assembled domain suggests that this site may be the binding site for yotiao
and that all four Long-QT syndrome mutations cause disease by a similar mechanism to
G;goD. It is notable that this hotspot is composed of residues from adjacent subunits and
is only present when the domain is intact and assembled as a coiled coil. Because the
integrity of the A-domain Tail appears to be critical for proper channel trafficking (Kanki
et al., 2004) and T.g,M (Kanki et al., 2004; Yamashita et al., 2001), Gg,D (Kanki et al.,
2004), Rys,H (Grunnet et al.,, 2005; Kanki et al., 2004), and R;,,Q (Kanki et al., 2004)
compromise the ability of the channel to reach the plasma membrane, binding of
accessory proteins in this region may be a mechanism of quality control for correctly
assembled subunits.

Recent work indicates that a variety of voltage-gated ion channel superfamily
members employ C-terminal cytoplasmic coiled-coil domains as a modular means for
directing subunit assembly (Jenke et al., 2003). Coiled coils are one of the most
widespread and versatile protein-protein interaction domains and are found in diverse
types of proteins (Lupas and Gruber, 2005; Woolfson, 2005). The characteristic coiled-
coil heptad repeat (“a-b-c-d-e-f-g”), in which “a” and “d” are usually hydrophobic side
chains makes coiled-coil identification from protein sequences straightforward; however,
the oligomeric state, homomeric versus heteromeric preferences, and parallel or

antiparallel orientation specified by a particular sequence remain difficult to discern from

80



sequence information alone (Lupas and Gruber, 2005). To date, there is experimental
evidence for coiled-coil assembly domains in varied types of voltage-gated ion channel
superfamily members, including Kv7 channels (Schwake et al.,, 2006) (and this work), eag
channels (Jenke et al., 2003), cyclic nucleotide gated channels (Zhong et al., 2003; Zhong
et al,, 2002), intermediate conductance channels (Syme et al., 2003), and TRPM channels
(Tsuruda et al,, 2006). Thus, the coiled-coil motif appears to represent a general strategy
for directing channel assembly in this diverse superfamily of channels.

Interactions between coiled-coil sequences and regulatory proteins are an
emerging theme in channel regulation and disease (Kass et al., 2003; Marx et al., 2002).
The presence of coiled-coil assembly domains in a wide variety of voltage-gated ion
channels and the insights provided from the structural analysis presented here suggest
that beyond channel assembly these domains may be important sites of nucleation for
protein complexes that regulate channel activity (Figure 6). Furthermore, disruption of
protein-protein interaction regulatory networks that are assembled on such intracellular
channel domains is likely to be an important mechanism of disregulation and

channelopathies such as Long QT syndrome.

E. Experimental Procedures
i. Protein Cloning, Expression, and Purification

DNA fragments of Kv7.1 (residues 583—623), Kv7.2 (residues 614-654), Kv7.3
(residues 613-653), Kv7.4 (residues 610-645), Kv7.4 (residues 610-640), and Kv7.5
(residues 597-633) were amplified by PCR and ligated into the Narl/Hindlll or
Narl/Xhol sites of a pET27 (Novagen) derived vector (pSV272) denoted “HMT” (Van

Petegem et al., 2004) that contains, in sequence, a hexahistidine tag, maltose binding
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protein, and a cleavage site for the Tobacco Etch Mosaic Virus (TEV) protease. Point
mutations were made using mutated oligonucleotide extension (Pfu Turbo Polymerase,
Strategene) from plasmid templates harboring the HMT fusion of interest, digested with
Dpnl (New England Biolabs), and transformed into DH5a cells. All constructs were
verfied by complete DNA sequencing of the HMT fusion.

HMT fusion proteins were expressed in Escherichia coli (BL2|(DE3)pLysS)
grown in 2YT media at 37°C and induced at OD,,,,, = 0.4-0.8 with 0.4 mM IPTG for 4
hr. Cells were harvested by centrifugation at 5000 x g for 20 min at 4°C, and cell pellets
were frozen at —20°C. Thawed cell pellets were lysed by sonication in lysis buffer (100
mM Tris pH 7.6, 200 mM KCI, 10% sucrose, 25 mM B-octylglucoside, 20 pg/ml
lysozyme, 25 pg/ml DNasel, 5 mM MgCl,, | mM PMSF). Insoluble material was
precipitated by centrifugation for 20 min at 12,000 x g at 4°C. The resulting soluble
fraction, which contained the HMT fusion protein, was applied to a 45 ml Poros20MC
(Perseptive Biosystems) nickel-charged column, washed in wash buffer (10 mM PO,
pH 7.3, 250 mM KCI, | mM PMSF), and eluted on a linear gradient to 300 mM imidazole
in the same buffer on an AKTA-FPLC system (Pharmacia). Imidazole was removed using
a Centriprep YM-10 concentrator (Millipore). Fusion proteins were then applied to a 60
ml Amylose (New England Biolabs) column, washed in wash buffer, and eluted in
maltose buffer (10 mM PO,*, pH 7.3, 250 mM KClI, 10 mM maltose). To prepare
purified Kv7.4 A-domain Tails, the HMT-fusion protein was cleaved with TEV protease
(Kapust et al., 2001). Coiled-coil peptides were collected in the flow-through from
another Poros20MC nickel column and concentrated in a Centriprep YM-4. Protein

concentration was determined by absorbance (Edelhoch, 1967).
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ii. Crystallization and Data Collection

Crystals of two Kv7.4 coiled-coil constructs, one comprising residues 6 10—-645
and the other 610-640, were obtained at 16°C by sitting-drop vapor-diffusion. For the
longer construct, | ul peptide (4 mg/mlin 10 mM PO,*, pH 7.3, 250 mM KClI) was
mixed with | pl of a reservoir solution containing 0.1 M citric acid pH 3.0, 23% (w/v)
PEG 1000 and 10% (v/v) n-propanol. For the shorter construct, | pl peptide (0.1 mg/ml
in 10 mM PO,”, pH 7.3, 250 mM KCI) was mixed with | pl 0.1 M Bis-Tris, pH 5.5, 0.2 M
NH, acetate and 45% (v/v) MPD. For data collection, crystals of the longer construct
were transferred to a solution containing 0.1 M citric acid, pH 3.0, 23% PEG 1000 and
I5% n-propanol and flash-cooled in liquid nitrogen. Crystals of the shorter construct
were frozen directly out of the drop in liquid nitrogen. Data were collected at <100 K
at Advanced Lightsource Beamline 8.3.1 (Lawrence Berkeley National Laboratory,
Berkeley, CA) equipped with a Quantum 210 CCD detector (Area Detector Systems).
All data were processed using HKL2000 (HKL Research) (Otwinowski and Minor,

1997).

iii. Structure Determination

A library of 300 polyalanine parallel four-stranded left-handed coiled-coil models
was generated based on the coiled-coil geometric parameterization (Crick, 1953) and
the helix generator code (Harbury et al,, 1998) (helix generator code is available at
http://bl83 1 .als.Ibl.gov/jamesh/scripts/supertwist.awk). Models varied by number of
residues per monomer (28—40), superhelical radius R, (4.0-8.0 A), and residues per

superhelical turn (90—190). Each model in the library was used for molecular
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replacement with EPMR (Kissinger et al., 2001) in a dataset collected from crystals of
Kv7.4 (residues 610-645). The de novo model giving the best correlation coefficient
(0.641; second best = 0.635) and R factor (77.6%; second best = 76.2%) was used for a
second round of molecular replacement with PHASER (Storoni et al., 2004). This initial
refinement led to a model with a superhelical radius of 7 A for each molecule in the
asymmetric unit. Refinement and iterative model building were performed using
ARP/WARP (Perrakis et al., 1999) and CNS (Brunger et al.,, 1998). The structure could
not be refined fully. The best model was used as a molecular replacement model in data
collected from crystals of Kv7.4 (residues 610—640) using CNS (Brunger et al., 1998).
The resulting solution was built manually and refined using CNS (Brunger et al., 1998)
and the CCP4 program suite (Collaborative Computational Project, Number 4, 1994).
Structure quality was monitored with PROCHECK. Structure and cavity volumes were
calculated in SwissPDB (Schwede et al., 2003). Coiled-coil parameters were calculated
using the FITCC script (M. Sales and T. Alber, personal communication:
http://ucxray.berkeley.edu/mark/fitcc.html). Table | summarizes the data collection,

refinement, and model quality. Figures were prepared with PyMOL (DeLano, 2002).

iv. CD Spectroscopy

Twenty-five uM purified Kv7.4 coiled-coil peptide in a buffer of 250 mM NaCl
and 2 mM each Na acetate, borate, citrate, and phosphate, pH as indicated in Figure 3A
was analyzed with an Aviv Model 215 spectropolarimeter (Aviv Biomedical) equipped
with a peltier device. Wavelength scans from 315 nm to 190 nm were taken at 2°Ciin a

cuvette of | mm path length. Molar ellipticity per residue of the buffer-subtracted CD
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spectrum was calculated as a function of concentration, path length, and number of
residues per monomer:
[0]mro = 6°M / (c*1°Ny)

where [0]yzo is the molar ellipticity per residue in degecm’(dmolsres) ', 0 is the
experimental ellipticity in millidegrees, M is the molecular mass of the peptide, c is the
protein concentration in UM, | is the cuvette path length in cm, and Ny is the number of
residues in the peptide. The percent helicity was estimated by:

% helicity = [0],, / [0] (1 — i*k/Ng) « 100
where [0],,, is the experimental molar ellipticity per residue at 222 nm, [0]7,,, is the
molar ellipticity for a helix of infinite length at 222 nm (i.e. —39,500
degecm?(dmoleres) '), i is the number of helices, and « is a wavelength-specific constant

with a value of 2.57 at 222 nm (Chen et dl,, 1974).

v. Size Exclusion Chromatography

For the isolated Kv7.4 coiled coil, 100 pl peptide (500 uM peptide in 250 mM
KCI, 10 mM PO,*, pH 7.3) was passed through a Superdex75 HR 10/30 column
(Amersham Biosciences) in HEPES buffer (250 mM KCI, | mM EDTA, 10 mM maltose,
20 mM HEPES, pH 7.3) on an AKTA-FPLC system (Pharmacia) at 4°C. For HMT fusion
proteins, 100 pl at 2 ug/ml was loaded on a Superdex200 column (Amersham
Biosciences) equilibrated with high-salt buffer (400 mM KCI, | mM EDTA, 10 mM PO,%,
pH 7.3). On both columns, eluates were monitored at 280 nm over a flow rate of 0.3 ml
min—I. Each column was calibrated using at least four standard protein molecular mass

markers. Elution volumes from at least three runs were averaged.
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vi. Equilibrium Sedimentation

Sedimentation equilibrium experiments were performed at 4°C in a Beckman
Optima XL-A analytical ultracentrifuge (Beckman Coulter). Kv7.4 coiled-coil peptide
(700 uM in 10 mM PO,*, pH 7.3, 250 mM KCI) was loaded in a six-chamber analytical
ultracentrifuge cuvette, using buffer in the adjacent chamber as a blank. The molecular
mass was calculated from a single-species exponential fit (Excel) to the distribution of
concentration over the radius of the chamber:

M = (2RT / ((1-vp)*®?) * (d(In(c)) / d(r?))

where M is the molecular weight in g/mol, R is the gas constant (8.314 J(mol*K) ™), T is
the temperature in K, v is the partial specific volume of the protein in ml/g, p is the
density of the solvent in g/mL, ® is the angular velocity of centrifugation in rad/s, and r is
the distance in cm from the center of the rotor to a given position in the cell (Laue,
[995). Partial specific volume was calculated from the sum of the volumes of individual
residues in the protein. Solvent density was calculated from the components of the
buffer. Residuals were calculated as the difference between the measured absorbance

value and the predicted value extrapolated from the calculated molecular mass.
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H. FIGURES

Figure |. Structure of the Kv7 Coiled-Coil Assembly Domain
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A Topology cartoon for one Kv7 subunit. The S1-S6 transmembrane segments and
pore-forming “P region” are labeled. The voltage-sensor helix, S4, is indicated by the
plus symbols. The A-domain is shown as an oval.

B Sequence alignment of A-domains from all five Kv7 family members, indicating the
positions of the Head, Linker, and Tail regions. Dark highlighting and symbols below
alignments indicate sequence conservation (asterisk, identical residues; colon,
conservative substitution; period, weakly conservative substitution). In the Tail region,
the positions of the coiled-coil heptad repeat (“a-b-c-d-e-f-g”) are indicated below the
alignment. Coiled-coil residues occupying hydrophobic “a” and “d” positions are
denoted by light highlighting.

C (Left) Kv7.4 A-domain Tail coiled-coil model used for molecular replacement and
calculated 2F,-F. map after initial rigid body refinement. F;,, for which there is clear
electron density, was absent from the model. (Right) Final refined structure and
composite-omit 2F5-F. map built by random omission of 5% of model. Both maps are
contoured at |.2 6. The positions of F;, and Y, from one subunit are indicated.
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D Ribbon diagram of the Kv7.4 A-domain Tail coiled coil with side chains shown in ball-
and-stick representation. The N- and C-terminal ends of the front subunits are
indicated. The positions of F;, and Y, of the front right subunit are also labeled.

E Ribbon diagram looking down the helical axis from the N terminus.
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Figure 2. Hydrophobic and Electrostatic Contacts in the Kv7.4 Coiled-Coil Domain
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A Hydrophobic layers of the coiled-coil core. Van der Waals spheres depicting the side
chains of the “a” and “d” layers on a ribbon backbone are shown. The N- and C-
terminal ends of the coiled coil are indicated.

B Geometry of individual coiled-coil “a” and “d” layers. Top pictograms represent “a”
(right) and “d” layers (left). Arrows show the direction from the N to C terminus, open
circles represent the C, atoms, and black circles the Cg atoms. Ball-and-stick
representations show each layer of the core. Van der Waals spheres indicate core
residues.

C Intra- and intermolecular electrostatic interactions. Ribbon diagram of tetramer
shows network | and network 2 interactions between the side chains (shown as sticks)

of the front subunits. Salt bridges (black lines) and hydrogen bonds (dotted lines) are
indicated.
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Figure 3. Solution Properties of the Kv7.4 A-Domain Tail
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A Circular dichroism (CD) spectrum of the Kv7.4 A-domain Tail is insensitive to pH
over a wide range. Overlaid CD spectra of 25 M Kv7.4 A-domain Tail residues 6 10—
645 at pH 3.0 (diamonds), 7.5 (triangles), and 9.0 (squares).

B Superdex75 (Amersham Biosciences) size exclusion chromatography of 500 uM
Kv7.4 residues 610-642 monitored at 280 nm. Horizontal axis shows elution volume VE
corrected for void elution volume by subtracting that of blue dextran (V0). Vertical
dotted lines indicate predicted elutions of tetrameric (4) and monomeric (1) peptides.
(Inset) Standard curve used to calculate molecular weight of eluted peptides on the
Superdex75 column. Molecular weights are 7.1 kD, observed; 3.98 kD, expected
monomer; and 15.9 kD, expected tetramer.

C Sedimentation equilibrium of Kv7.4 residues 610-645. Equilibrium distribution of
peptide (circles) measured by its absorbance at 275 nm is plotted as a function of radial
distance at 33,800 rpm at 4°C. Initial protein concentration was 600 uM. Raw data
shown relative to predicted curves for tetrameric (4), trimeric (3), dimeric (2), and
monomeric (1) species. (Inset) Random distribution of residuals as a function of radial
distance.
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Figure 4. Comparing Interactions in Alternative Kv7 Subtypes
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A Stoichiometry of coiled-coil assembly domains in all five Kv7 subtypes shown by
Superdex200 (Amersham Biosciences) size exclusion chromatography. Normalized
absorbance is plotted against elution volume VE corrected for void elution volume VO as
in Figure 3B. All samples were loaded at a concentration of 50 uM. Vertically displaced
chromatograms show traces for, from top to bottom, Kv7.1, Kv7.2, Kv7.3, Kv7.4, Kv7.5,
and MBP. Vertical dotted lines indicate the predicted elution volumes of tetrameric (4)
and monomeric (1) fusion proteins. (Inset) Standard curve used to calculate molecular
weight of eluted proteins on the Superdex200 column. Molecular weights for each are
as follows (observed * SD, expected monomer, expected tetramer); Kv7.1 (180 + 2 kD,
49.4 kD, 198 kD); Kv7.2 (203 £ 6 kD, 49.3 kD, 197 kD); Kv7.3 (90.3 + 2 kD, 49.9 kD,
200 kD); Kv7.4 (207 + 6 kD, 48.8 kD, 195 kD); Kv7.5 (191 + 6 kD, 48.9 kD, 196 kD).

B Stoichiometry of mutant coiled-coil assembly domains as determined by size
exclusion. Kv7.3 A-domain Tail mutants F,,L and D; S/G;;E restore tetramerization.
Molecular weights for each are as follows (observed, expected monomer, expected
tetramer); Kv7.3 (90.3 kD, 49.9 kD, 200 kD); Kv7.3 F,,,L (212 kD, 49.9 kD, 200 kD);
Kv7.3 Dg;,S/Gg3;:E (208 kD, 49.9 kD, 200 kD). All samples were loaded onto the column
at a concentration of 50 uM.
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Core Contacts Electrostatic Contacts
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C Comparative interaction mapping in all subtypes. Column labels identify residue types
involved in hydrophobic “a” and “d” layer contacts (medium gray) and electrostatic
interactions (dark gray) observed in the Kv7.4 coiled-coil structure. Light gray boxes
indicate nonconserved residues that are still capable of interacting as predicted; white
boxes indicate unfavorable contacts. Electrostatic interactions involved in networks |
and 2 are indicated below the alignment.
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Figure 5. Mapping of Long-QT Syndrome Mutations

A 4

1
1
1
I
1
|
I
1
1
|

WT
I587M
G589D
A590T
R591H
R594Q

-5 0 5 10 15 20 25
Elution Volume (mL)

A Stoichiometry of Kv7.l disease mutants. Normalized size exclusion chromatograms
for Kv7.1 MBP-fusions: from top to bottom, wild-type, Tsg;M, GggD, Agy T, Rso H, and
R594Q'

B Surface representation of Kv7.4 coiled-coil domain with helices colored separately.
LQTS mutation sites have been mapped onto equivalent positions (black) in Kv7.4.

C Cirystal lattice contacts between Kv7.4 tetramers. One complete Kv7.4 Tail is shown
with subunits from neighboring molecules in light gray. Positions of the corresponding
Kv7.1 LQT mutations are shown.
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Figure 6. Model of a Kv7 Channel Regulatory Complex

D"(

Out

Cartoon of a Kv7 channel regulatory complex. Two complete Kv7 pore-forming
subunits are shown. SI-S6 transmembrane segments and the pore helix (P) are indicated
for the green subunit. “+”’s indicate the $4 voltage sensor segment. All four subunits of
the Kv7 A-domain are shown. The Head domain is shown as an oval. The Tail domain
helices are shown. The Linker domain connects the Head and Tail. An interaction
between a portion of the scaffolding protein yotiao and the channel is shown bringing
protein kinase A (PKA) near the channel. The stoichiometry of the yotiao/channel
complex is not known.
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Table I. Data Collection and Refinement Statistics

Data Collection Kv7.4 (610-645) Kv7.4 (610-640)
Space group P 422 | 4

Cell dimensions

a b, c(A) 30.53, 30.53, 139.94 33.18, 33.18, 55.28
a, B,y (°) 90, 90, 90 90, 90, 90
Resolution (A) 50-2.10 (2.18-2.10) 50-2.07 (2.14-2.07)
Rym 1.3 (52.7) 5.3 (9.6)

I/ol 18.7 (2.5) 284 (12.6)
Comepleteness (%) 96.7 (89.5) 99.6 (100.0)
Redundancy 12.5 (7.2) 7.3 (6.1)
Resolution (A) 2.10 2.07

No. of reflections 53,620 13,350

Ryord Riree 32.1/36.1 19.6 /224

Total protein atoms 249

Water molecules 18

Average B factors: protein (A?) 21.1

Average B factors: water (A?) 36.5

RMSD in bond lengths (A) 0.014

RMSD in bond angles (°) 1.59

Values in parentheses are for the highest-resolution shell.
Rym = 2 2 (| I(hkl) — <I(hkl)> | / I(hkI))
hkl i

obs(hkl) | - | I:cadc obs(hkl) |

RworkzzllF (hkl)”/ZlF
hkl hkl

Riee = R0 calculated using 5% of the reflection data chosen randomly and omitted
from the start of refinement.
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Table 2. Coiled-Coil Parameters®
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*Helical and superhelical parameters obtained by fitting the C, backbone to the supercoil
parameterization suggested by Crick (Crick, 1953a).

*Designed parallel four-stranded coiled coil based on the GCN4 dimeric leucine zipper
peptide (Harbury et al,, 1993).

‘Sendai virus phosphoprotein oligomerization domain (Tarbouriech et al., 2000).
‘Neuronal SNARE core complex; numbering as synaptobrevin 2 (Sutton et al,, 1998).
*Endosomal SNARE core complex; numbering as endobrevin (Antonin et al., 2002).
‘Designed parallel four-stranded “Phe-zipper” coiled coil based on the Major Outer
Membrane Lipoprotein (Liu et al, 2006).
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CHAPTER 3
CRITICAL AMINO ACID INTERACTIONS IN Kv7 COILED-COIL

ASSEMBLY

A. Results
i. A-domain Tails from different subtypes have varying propensities to form coiled-coil oligomers

In order to explore the coiled-coil properties of all subtypes of Kv7 A-domain
Tails, we calculated the coiled-coil propensity of every residue in each subtype over 21-
residue windows by the COILS algorithm (Lupas et al,, 1991) (Figure |A). The Tail
subdomain in every subtype has at least a 50% probability of forming a coiled-coil; in
some subtypes, the probability is nearly 90%. The A-domain Head also shows a
likelihood of forming a coiled coil, especially in Kv7.1, but its coiled-coil propensity is
dramatically lower than that of the Tail subdomain in all other subtypes. The Kv7.3 Tail
is least likely to assemble as a coiled coil, with a probability less than 60%.

We were interested in exploring the oligomerization properties of the Kv7.3 A-
domain Tail in particular, as its coiled-coil propensity is lower than that of other
subtypes. Previous measurements show that oligomerization correlates with the coiled-
coil propensities in Figure |A: the Kv7.3 A-domain Tail populates a primarily monomeric
state, while other subtypes are oligomeric (Howard et al,, 2007). We measured the
molecular weight of the Kv7.3 A-domain Tail in the context of an HMT fusion protein,
in which the Tail subdomain is fused to maltose binding protein (MBP) and a

hexahistidine tag for efficient expression and purification. His-tagged MBP was
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previously shown not to oligomerize nor abolish oligomerization of fusion partners
(Howard et al,, 2007).

Surprisingly, we found that the Kv7.3 A-domain Tail HMT fusion protein behaves
as an oligomer when injected onto a size exclusion column immediately after dilution
from a highly concentrated stock. Under these conditions, the fusion protein runs
between the predicted molecular weight of trimeric and tetrameric species even at a
low (1 uM) injected concentration (Figure 1B, top trace). We allowed this diluted
protein to incubate at room temperature for |, 2, or 3 days before injection onto the
same size exclusion column. The results demonstrate a slow equilibrium between
oligomerization states (Figure |1B). After | day, a discrete peak appears slightly before
the predicted elution volume of a monomer. After 3 days, the protein predominantly
populates this smaller state, with only a minor peak at the oligomer elution volume.
Further equilibration does not significantly change the relative peak sizes (data not
shown). Therefore, we performed all subsequent experiments on the Kv7.3 A-domain
Tail fusion protein following at least 3 days incubation at room temperature.

In order to estimate the affinity of Kv7.3 A-domain Tail oligomerization, we
subjected various concentrations of Kv7.3 A-domain Tail HMT fusion proteins to size
exclusion chromatography. The initial stock after purification (444 uM) runs at the
elution volume of an oligomer, between the predicted volumes of trimeric and
tetrameric species (Figure |C, top trace). We observe negligible contribution from low-
molecular-weight species at this concentration. At 125 uM, the Kv7.3 Tail fusion
protein elutes as a broad peak spanning the predicted volumes of tetramers to

monomers (Figure 1C, second trace from the top). Left- and right-hand shoulders in
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the ranges of tetramers and monomers, respectively, indicate discrete populations of
both these states, with the remainder of the protein in a rapid equilibrium between
species. At 50 uM and 5 uM, the protein elutes primarily slightly before the elution
volume of a monomer; this low-molecular weight peak is narrowest at the lowest
concentration (Figure 1C, bottom traces). Denaturing gel electrophoresis shows the
Kv7.3 A-domain Tail fusion protein is not substantially degraded after equilibration at
diluted concentrations (Figure |C, Inset). Therefore, equilibration, not degradation, is
responsible for the slow appearance of the stable, primarily monomeric state of the

Kv7.3 A-domain Tail fusion protein at concentrations < 50 uM.

ii. Mutations at predicted interfaces modify oligomerization of Kv7 coiled coils.

In order to explore the specific amino acid interactions important for
oligomerization in various Kv7 subtypes, we engineered mutations in Kv7.| and Kv7.3
A-domain Tail subdomains. These mutations occur at positions that, in the high-
resolution structure of Kv7.4 (Howard et al,, 2007), bridge hydrophobic or electrostatic
interactions. We initially generated these mutations in the context of A-domain Tail
HMT fusion proteins.

By size exclusion chromatography, the wild-type Kv7.I A-domain HMT fusion
protein at 50 uM runs as an oligomer (Figure 2A, top trace). Oligomerization is almost
completely disrupted in a mutant of Kv7.1 in which two hydrophobic residues (Leu,
and Leuy,) predicted to occupy the coiled-coil interface are mutated to Lys: the
resulting size exclusion peak is close to the predicted elution volume of a monomer

(Figure 2A, bottom trace). Mutating the same two residues to Ala partially disrupts
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oligomerization, giving rise to both high- and low-molecular weight species (Figure 2A,
middle trace). Because the Ala mutant has an intermediate phenotype, we investigated
the concentration dependence of its oligomerization. At |10-fold higher concentration
(500 uM) the Kv7.1 Ly, A/Li A mutant is predominantly oligomeric, with an additional
population of higher-order oligomer apparent in the left-hand shoulder of the peak
(Figure 2B, top trace). At ~10-fold lower concentration (6 uM), the mutant is
predominantly monomeric (Figure 2B, bottom trace). Thus, oligomerization of the
Kv7.1 double-Ala mutant is concentration-dependent in the 6 — 500 uM range:
oligomerization is disrupted relative to wild-type Kv7.1, but favorable relative to the
double-Lys mutant.

To obtain more accurate measurements of oligomerization in the Kv7.1 wild-
type and double-Ala mutant A-domain Tail fusion proteins, we measured their apparent
molecular weights by sedimentation equilibrium at multiple concentrations. The radial
distribution of absorbance of the wild-type Kv7.| Tail subdomain fusion protein at 2 uM
fits the predicted profile of a single trimeric species (Figure 3A). The distribution of
apparent molecular weights of the wild-type Kv7.I Tail fits the predicted distribution for
a moderate monomer-trimer equilibrium (K, = 50 nM) (Figure 3B). The apparent
molecular weight of this construct at 2 uM also fits a weak monomer-tetramer
equilibrium, but the higher-concentration measurements do not fit this model.
Alternative models involving additional intermediate configurations, such as monomer-
dimer-tetramer or monomer-dimer-trimer-tetramer equilibria, are also possible, and
could be fit with additional data. Furthermore, apparent molecular weights decrease

slightly at higher concentrations, indicating partial nonideality of the protein in solution
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(Laue, 1995); inclusion of additional data may allow explicit incorporation of nonideality
in assembly modeling. Thus, the association strength of the Kv7.| A-domain Tail fusion
protein complex remains uncertain, but it is likely to be a high-order (trimer or
tetramer) species at concentrations of 2 uM and higher.

The radial distribution of absorbance of the Kv7.I A-domain Tail fusion protein
with double Ala mutations (L, A/L¢A) at 2 uM fits the predicted profile of a single
monomeric species (Figure 3C). However, the apparent molecular weight of this
mutant construct increases at higher concentrations, indicating self-association (Laue,
1995). The distribution of apparent molecular weights fits a weak monomer-tetramer
equilibrium (Ky = 40 mM) (Figure 3D). The apparent molecular weights of the mutant
construct at 2 uM and 10 uM also fit a monomer-trimer equilibrium (K, = 2 mM), but
the measurements at 40 uM do not fit this model. Thus, double Ala mutations at the
predicted coiled-coil interface of the Kv7.l A-domain Tail destabilize assembly
dramatically, weakening the dissociation constant of oligomeric species and reducing the
complex primarily to a monomeric state at concentrations of |10 uM and below.

We also investigated the ability of Kv7.l wild-type and mutant A-domain Tails to
bind the Tails of various Kv7 subtypes. To this end, we constructed expression vectors
with Kv7 A-domain Tails fused to the Bl domain of protein G (GBI) (Gronenborn et al,
1991), which is a useful tag for promoting solubility and allowing affinity purification on
|gG-labeled beads (Huth et al, 1997). Constructs of A-domain Tails from all Kv7
subtypes were prepared; however, the Kv7.3 A-domain Tail GBI fusion did not express
well, and is not shown. We coexpressed GBI fusion proteins with Kv7.l A-domain Tail

HMT fusion proteins, which can be purified by metal- or maltose-affinity
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chromatography (van Petegem et al, 2004). We purified the resulting cell lysates by
Co*"-affinity. The appearance of the GBI fusion protein in the imidazole elution step
represents binding between HMT and GBI tagged proteins. As expected, the wild-type
Kv7.1 A-domain Tail HMT fusion protein pulls down the GBI fusion protein from Kv7.1,
but not Kv7.2. Kv7.4, or Kv7.5 (Figure 4A). The Kv7.] Tail fusion containing double Ala
mutations (L, A/L¢A) is similar to wild-type, pulling down the Tail of wild-type Kv7.1
but not Kv7.2. Kv7.4, or Kv7.5 (Figure 4B). Conversely, the Kv7.1 Tail fusion with
double Lys mutations (L¢,,K/L¢K) appears to be disrupted, as it does not pull down the
Tails of any subtype (Figure 4C). Thus, while double Ala mutations have little or no
effect on binding, double Lys mutations abolish binding of Kv7.l A-domain Tails.

The Kv7.3 A-domain Tail contains three residues that are predicted to disrupt
hydrophobic or electrostatic interactions based on the Kv7.4 A-domain Tail structure
(Howard et al, 2007). Phe,,, occupies an interface “a”-position that, in other subtypes,
is either Val or Leu; it is unlikely that the bulky Phe side chain would be tolerated at this
position without structural rearrangement (Liu et al, 2006). Kv7.3 Asp,;, is a “c’-
position residue that aligns with Kv7.4 Ser,,s, which forms an intermolecular hydrogen
bond with the Kv7.4 “e” residue Glug;,,; substitution of Asp for Ser would remove this
interaction. Kv7.3 Gly,; aligns with Kv7.4 Glug,, which is involved in two additional
intermolecular electrostatic interactions besides Ser,; substitution of Gly for Glu
would abolish all three of these contacts. Therefore, we mutated Kv7.3 Phe,,,, Aspg;),
and Gly,,; to their equivalent amino acids from Kv7.2, generating the mutations F,,L,
D¢;:S, and G3;E; all three of these mutations are predicted to stabilize the oligomeric

state of Kv7.3. We also generated a putative destabilizing mutation in Kv7.| by mutating

Kv7.1 Leus,,, which is equivalent to Kv7.3 Phe,,,, to Phe (Ls,,F).
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Oligomerization of the Kv7.1 A-domain HMT fusion protein is not abolished by
the Lg,,F mutation at 50 uM, though a small additional peak appears at the elution
volume of a monomer (Figure 2C, top two traces). Conversely, mutating the equivalent
position in Kv7.3 from Phe to Leu (F,,,L), or changing the electrostatic interaction sites
Asp;, and Gly,;; to their equivalent amino acids from Kv7.2, restores tetramerization
almost entirely (Figure 2C, third and fourth traces). A triple mutant (F,,L/D;,S/G,3;E)
with all three interaction sites changed to their equivalent residues in Kv7.2 shows
almost no remaining population of monomer (Figure 2C, fifth trace). Thus, although
disrupting a single hydrophobic interaction is not sufficient to abolish oligomerization of
the Kv7.1 Tail subdomain, augmentation of one or more hydrophobic or electrostatic

interactions can contribute substantially to oligomerization of Kv7.3.

iii. Long QT syndrome mutations do not abolish oligomerization of Kv7.| A-domain Tails.
Several missense mutations linked to LQTS occur in the Kv7.1 A-domain Tail.
Because this subdomain was previously shown to affect channel assembly, it was
suggested that A-domain Tail mutations might cause disease by interfering with
tetramerization (Piippo et al, 2001). However, other groups have suggested alternative
phenotypes for these mutations including interference with trafficking (Kanki et al,
2004) and binding of scaffolding proteins (Marx et al, 2002). Furthermore, we
previously showed by size exclusion chromatography that the Tgg,M (Itoh et al, 1998),
G;goD (Piippo et al, 2001), Ao, T (Lupoglazoff et al, 2004), R;5,H (Neyroud et al, 1999),
and R;,,Q (Splawski et al, 2000) mutations do not dramatically disrupt oligomerization

of Kv7.1 A-domain Tails (Howard et al, 2007).
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In light of the concentration dependence of oligomerization in wild-type Kv7.3
and the Kv7.1 double-Ala interface mutant, we proposed that Kv7.l A-domain Tail
LQTS mutations might also disrupt assembly weakly, such that their effect would only
be seen at concentrations lower than 50 uM. In order to test this hypothesis, we
measured the elution volumes of wild-type and LQTS mutant Kv7.I A-domain Tail HMT
fusion proteins by size exclusion chromatography at 10- and 100-fold lower
concentrations than previously tested. We were also interested in testing an
additional Kv7.1 interface mutant in which two consecutive “d”-position residues,
Leug,, and lle,y,, are mutated to Ala. This mutant was initially shown to disrupt coiled-
coil formation on the basis of diminished binding of the scaffolding protein yotiao (Marx
et al, 2002). However, another group found this mutant to have little effect on coiled-
coil probability or surface trafficking (Kanki et al, 2004). To explain these results, we
proposed the Leu,/lle ., mutation could modify the coiled-coil structure just enough
to alter the Tail subdomain surface, without abolishing its assembly and trafficking
properties.

The Kv7.l wild-type Tail subdomain fusion protein elutes between the
predicted elution volumes of trimeric and tetrameric species at 50 uM, 5 uM, and 500
nM (Figure 5A). The LQTS mutants G;goD, Agy T, and Ry,,Q have little or no effect on
oligomerization, giving very similar elution profiles (Figure 5B, 5C, 5E). The Ryq,H
mutation does not disrupt oligomerization; in fact, at all concentrations tested, it elutes
earlier than the predicted volume of tetrameric species, substantially earlier than wild-
type Kv7.1 and other LQTS mutants (Figure 5D). The L,,,A/l¢o,A mutant is the only

mutant with a concentration-dependent phenotype. At 50 uM, the oligomeric state of
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this mutant (Figure 5F, top trace) is more favored than in the previously tested
L¢oA/LgosA mutant (Figure 2B). However, at 5 uM a peak near the elution volume of a
monomer begins to predominate (Figure 5F, top trace), and at 500 nM this low-
molecular weight peak is almost exclusively represented (Figure 5F, bottom trace).
We used sedimentation equilibrium to obtain a more precise measurement of
molecular mass of the Kv7.1 LQTS and L,y,A/l¢,oA mutants. The equilibrium
distributions of absorbance of Kv7.I A-domain Tail HMT fusion proteins with G;4,D,
Aso T, and R;,,Q mutations are similar at 5 uM to that of the wild-type protein, and
close to the predicted distribution of a trimeric species (Figure 6A, 6B, 6C, 6E). The
distribution of the Ry5,H construct fits a higher-order complex, close to a single
tetrameric species (Figure 6D). The L,,,All¢0,A construct fits the predicted distribution
of a monomer (Figure 6F). Thus, sedimentation equilibrium indicates that size
exclusion chromatography overestimates the molecular weight of Kv7 A-domain Tail
fusion proteins, but that the relative sizes measured by both methods are consistent:
the Ryo,H mutant is largest, wild-type Kv7.l and remaining LQTS mutants are lower-

order oligomers, and the L, A/l;,A mutant is effectively a monomer at 5 uM.

iv. Mutations that promote oligomerization also increase currents of chimeric channels
containing Kv7.3 coiled coils.

The ability of interface mutations to restore tetramerization to the Kv7.3 A-
domain Tail suggests these mutations should have a significant impact on full-length
channel function. Kv7.3 channels produce small currents in heterologous expression

systems; in some cases, they are indistinguishable from background (Schroeder et al,
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1998; Wang et al,, 1998). Reduced surface expression, possibly due to assembly defects,
plays a role in reducing Kv7.3 currents (Schwake et al, 2000). Therefore, we
hypothesized that restoring oligomerization to the Kv7.3 A-domain Tail might also
promote surface expression and currents of full-length Kv7.3 channels.

Full-length Kv7.2 channels expressed in oocytes give moderate currents as
measured by two-electrode voltage clamp at +40 mV (Figure 7A). Currents recorded
from Kv7.3 are much smaller, close to background levels (Figure 7B). Mutating Phe,,,,
Aspg;,, and Gly,;; to their equivalent residues from Kv7.2 (F,,L/D;,S/G;;E) does not
enhance Kv7.3 currents (Figure 7C). However, it is possible that there is a change in
current levels, but that currents are too small for the change to be detectable above
variations due to noise. The small size of Kv7.3 wild-type and mutant currents is not
due to faulty protein synthesis, as coinjection with Kv7.2 leads to large enhancement of
currents (Figure 7D, 7E). In the context of coinjection, the F,,,L/D,; S/Gg;;E mutations
again do not enhance currents (Figure 7E). This result could indicate that the mutations
do not promote oligomerization; however, it could also arise from saturation of
currents in the vicinity of 10 uA, or from compensation by coassembly with Kv7.2
subunits. The latter hypothesis could partially explain the enhanced currents observed
in heteromeric Kv7.2/Kv7.3 channels.

To measure the effect of Kv7.3 mutations more definitively, we constructed a
chimeric channel in which the N-terminal, transmembrane, proximal C-terminal and
distal C-terminal domains are from Kv7.2, while the A-domain Tail is from Kv7.3. This
chimera (Kv7.2,, Figure 7F) gives much larger currents than Kv7.3 but smaller currents

than Kv7.2, indicating the Kv7.3 A-domain Tail disrupts channel function. Introduction
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of the F,,L/D;,S/Gg;;E mutations into this channel increases currents about 2-fold
(Figure 7G), approximately to the level of wild-type Kv7.2. Thus, in the chimeric
channel, increased currents correlate with enhanced assembly properties of the isolated
Tail subdomain.

We measured currents in Kv7.3 and Kv7.2,;; channels containing mutations at
predicted hydrophobic (F;,,L) and electrostatic (Dq; S/G¢;;E) interactions separately and
together (Figure 7H). Kv7.3 currents are low, about one-fourth the level of Kv7.2, with
no significant increase in single-, double-, or triple-mutants. Kv7.2;; currents are about
60% of Kv7.2 currents, a statistically significant difference (p < 0.05); the single F,,L or
triple Fg,,L/D; S/G;;E mutations significantly increase Kv7.2,; currents (p < 0.05),
approximately to the level of Kv7.2. The double mutant Kv7.2;; D,S/G;E, in which
three putative electrostatic contacts are abolished, gives larger average currents than

Kv7.2,;, but the difference has not been shown to be statistically significant.

B. Discussion

The high-resolution structure of the Kv7.4 A-domain Tail (Howard et al, 2007)
leaves several questions unanswered, particularly with regard to subtypes other than
Kv7.4. First, we wished to corroborate the oligomeric coiled-coil structures of A-
domain Tails in all Kv7 subtypes, particularly Kv7.3, which we showed does not
oligomerize with the same affinity as other subtypes (Howard et al, 2007). Second,
specific amino acid interactions stabilizing native Kv7 A-domain Tail structures have yet
to be identified. Characterizing these critical contacts could inform our understanding

of specificity determination in Kv7 channels, establish a paradigm for coiled-coil assembly
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in a wide range of ion channels (Jenke et al, 2003), and elucidate the mechanisms by
which some Kv7 mutations cause disease.

To better understand the structural properties of Kv7 A-domain Tails, we have
probed specific amino acid positions in predicted Kv7 coiled coils, primarily by size
exclusion chromatography of HMT fusion proteins. Although size exclusion is a
widespread and informative technique for estimating a protein’s molecular weight, it can
be influenced by a number of other factors, including a protein’s shape (Le Maire et al,
1989) and interaction with column beads (Potschka, 1987). Kv7 A-domain Tails that we
previously identified as “oligomeric” elute between the predicted volumes of trimeric
and tetrameric species (Howard et al, 2007). This finding could indicate a mixture of
three- and four-stranded species, or could arise from inaccurate estimation of
molecular weight. We also note that “disrupted” Kv7 Tail subdomains, which are most
likely to be monomeric, elute somewhat earlier than the predicted volumes of
monomers (Figure IB, IC, 2, 5F), suggesting a systematic overestimation of molecular
weight by this method. We have corroborated this trend by sedimentation
equilibrium, a technique based on the physical properties of the protein, solvent, and
centrifugal system; in ideal solutions, values obtained by this method are independent of
protein shape (Laue, 1995). Inall cases, we calculate a lower oligomerization state by
sedimentation equilibrium than by size exclusion, further indicating that size exclusion
overestimates molecular weight of Kv7 Tail HMT fusion proteins (Figure 3, 6). To
account for this effect, we describe proteins below as “monomeric” if they elute
slightly before the predicted volume of monomers, and as “tetrameric” only if they

elute earlier than the predicted volume of tetramers; we describe proteins of
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intermediate elution volumes as “oligomeric.” However, it should be noted
throughout the discussion that these terms are approximations.

Our calculations indicate that A-domain Tails in all Kv7 subtypes are likely to
form coiled coils (Figure 1A). The conservation of this structural motif is supported by
size exclusion chromatography, which shows that HMT fusion A-domain Tails from
Kv7.1, Kv7.2, and Kv7.5 are oligomeric; notably, they all elute at a similar volume to
Kv7.4, which is known to be a four-stranded coiled coil (Howard et al, 2007). Recently,
Wehling et al. further demonstrated that disrupting the coiled-coil propensity of the
Kv7.2 A-domain Tail interferes with its tetramerization, indicating that the Kv7.2 Tail is
also a four-stranded coiled coil (Wehling et al, 2007). However, the Kv7.3 Tail
subdomain has a low coiled-coil propensity relative to other subtypes (Figure I A, third
trace). This finding correlates with the oligomerization properties of the Kv7.3 A-
domain Tail, which assembles at high concentrations but exists as a lower-order species
at low concentrations (Figure 1C). Notably, we found that the oligomeric form of Kv7.3
is tightly associated, such that 23 days equilibration at room temperature is required to
dissociate it fully at low concentrations (Figure IB). It is unclear whether the Kv7.3 A-
domain Tail forms a coiled coil in the context of the full-length protein; even if it does,
its properties may be substantially different from those of other subtypes.

A likely target for disrupting coiled-coil assembly is the hydrophobic interface.
These contacts comprise “a”- and “d”-positions in the characteristic heptad repeat (“a-b-
c-d-e-f-g”) of coiled coils, and pack like “knobs-into-holes” to form the buried interface
between participating helices (Crick, 1953). In some cases, a relatively conservative

point mutation—for example, substitution of Ala for a larger, more hydrophobic
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residue—at an “a”- or “d”-position is tolerated (Shu et al, 2000), but in other cases it is
significantly destabilizing (Liu et al, 2002). Some studies have suggested that multiple Ala
substitutions disrupt Kv7 coiled-coil formation (Marx et al,, 2002), while others find
them to be functionally conservative (Kanki et al, 2004). In our hands, double-Ala
interface mutations in the Kv7.1 A-domain Tail disfavor oligomerization in a
concentration-dependent manner (Figure 2B, 3, 5F, 6F). However, coexpressed

Leo, A/L¢oeA and wild-type Kv7.1 Tail subdomains retain strong inter-subunit binding
(Figure 4B). Thus, Ala mutations at hydrophobic interface residues in Kv7.| do not
abolish assembly of Tail subdomains, but may alter their affinity and structural
properties.

Mutations other than Ala at hydrophobic coiled-coil interfaces can have more
dramatic effects on Kv7 assembly. Substitution of Phe can increase coiled-coil
stoichiometry (Liu et al,, 2006); a polar or charged residue can reduce coiled-coil
stoichiometry (Woolfson and Alber, 1995); and Pro tends to disrupt assembly
altogether (Conway and Parry, 1988). We previously demonstrated that the presence
of a single Phe residue at the predicted hydrophobic interface of Kv7.3 is sufficient to
disrupt assembly compared to other subtypes (Howard et al, 2007), although assembly
of Kv7.1 is more tolerant of an interface Phe (Figure 2C). More dramatically, mutation
of hydrophobic interface residues to Asp or Pro suppresses trafficking of Kv7.l (Kanki
et al, 2004) and tetramerization and current augmentation of Kv7.2 (Wehling et al,
2007; Schwake et al, 2006). Accordingly, in our hands, mutating interface Leu residues
in Kv7.l to Lys reduces oligomerization to a greater degree than mutating the same
positions to Ala (Figure 2A). The double-Lys mutation also disrupts binding of wild-type

A-domain Tails (Figure 4C). The dramatic effect of charged residue substitutions on
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oligomerization substantiates the coiled-coil structure of this domain and the
importance of interface hydrophobic interactions in stabilizing assembly.

Peripheral (“b, ¢, e, f, g”) positions in coiled coils are usually polar, but the
importance of specific polar interactions in coiled-coil stability is controversial (Mason
and Arndt, 2004). We showed previously that mutating Kv7.3 to restore three
electrostatic contacts between coiled-coil surface residues promotes oligomerization of
the Tail subdomain, indicating these interactions are important to coiled-coil formation
(Howard et al, 2007). The importance of other electrostatic interactions in Kv7.1 is
suggested by a disease mutation, Ry, H, in which a “g”-position Arg residue is changed to
His; in Kv7.4, the equivalent Arg is involved in an intermolecular salt bridge with an “e”-
position Glu residue (Howard et al, 2007). This mutation disrupts functional channel
expression by trapping channels in the ER, leading to LQTS (Grunnet et al, 2005).
However, this and three other LQTS-linked mutations in the A-domain Tail still permit
normal synthesis and tetramerization of Kv7.l channels, suggesting their defects arise
from trafficking, not assembly (Kanki et al, 2004). Indeed, these mutations do not
substantially disrupt oligomerization of Kv7.1 A-domain Tails (Figure 5, 6); in fact, the
RseH mutation promotes tetramerization relative to wild-type (Figure 5D, 6D). Thus,
electrostatic “e/g”’-position interactions may be involved in Kv7 coiled-coil stabilization,
but the nature of their role is unclear.

Multiple interactions contribute to the oligomerization of A-domain Tails. Thus,
equivalent mutations may have different effects in different subtypes depending on their
baseline oligomerization propensities. For example, the presence of a Phe (Wild-type)
instead of a Leu (F,,L) at the first coiled-coil “a”-position of Kv7.3 is sufficient to disrupt

A-domain Tail oligomerization, whereas the same substitution in Kv7.l (Ls,F) has little
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effect (Figure 2C). We propose that, in Kv7.l, the disruptive effect of an interface Phe
is compensated by other stabilizing interactions not present in Kv7.3. This model is
supported by size exclusion chromatography: at 50 uM, the Kv7.l A-domain Tail is a
single oligomeric peak, whereas Kv7.3 F,,,L includes both an oligomer peak and a small
monomer peak. Thus, removing the disruptive effect of Phe,,, increases oligomerization
of the Kv7.3 A-domain Tail almost, but not completely, to the level of Kv7.l. We have
noted previously that three specific electrostatic interactions in the Kv7.4 coiled-coil
structure are possible in Kv7.1, but not in Kv7.3. Mutating Kv7.3 to restore these
electrostatic contacts (D;,S/G,;;E) compensates for the disruptive effect of Phe,,y,
(Howard et al,, 2007). A triple mutant in which the electrostatic contacts are restored
and the interface Phe is replaced with Leu (F,,L/D,;,S/Gg;;E) has almost no trace of
monomer at 50 uM (Figure 2C). Thus, in the case of Kv7.3, hydrophobic and
electrostatic interactions can compensate for each other in promoting assembly, with
maximal oligomerization observed where both hydrophobic and electrostatic
contributions are favorable.

Disrupted oligomerization of the Kv7.3 A-domain Tail correlates with diminished
function of homotetrameric Kv7.3 channels relative to other subtypes (Schroeder et al,
1998; Wang et al,, 1998). As described above, mutations at predicted hydrophobic and
electrostatic contacts enhance oligomerization of Kv7.3 A-domain Tails; therefore, we
investigated the ability of these alterations to increase homomeric assembly of full-length
Kv7.3 channels. Wild-type and mutant Kv7.3 channels are correctly synthesized in
oocytes, as shown by augmentation of Kv7.2 currents (Figure 7D, 7E, 7H), but their

currents are close to background levels (Figure 7B, 7C). We are unable to demonstrate
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a significant enhancement of homomeric Kv7.3 channel function by single or multiple
coiled-coil stabilizing mutations (Figure 7C, 7H). However, this result does not rule out
an effect of Kv7.3 mutations on full-length channels. Measuring Kv7.3 function in
oocytes is compromised by a combination of inhibitory mechanisms, including pore
block and disrupted surface expression, which result in low currents (Etxeberria et al,
2004). Because Kv7.3 currents are often barely above background levels, modulation
could be masked by low signal-to-noise ratio. Furthermore, enhancing channel
oligomerization may compensate for only one of several inhibitory factors, limiting the
net functional effect of assembly mutations.

To assess the functional impact of Kv7.3 A-domain Tail assembly independent of
other factors, we created a chimera of Kv7.2 containing the A-domain Tail of Kv7.3
(Kv7.2;;). This channel should be functionally identical to Kv7.2 except for differences
in Tail subdomain assembly. Currents recorded from the Kv7.2;; chimera are
significantly smaller than wild-type Kv7.2, indicating that the Kv7.3 A-domain Tail inhibits
channel function (Figure 7F, 7H). Enhancing Tail assembly via mutations at the
hydrophobic interface (F,,L) restores Kv7.2;; currents approximately to the level of
wild-type Kv7.2 (Figure 7H). Additional restoration of surface electrostatic contacts
(Fee2L/D¢3,S/Ge33E) causes an even more significant increase in chimera currents (Figure
7G, 7H). Thus, disruption of A-domain Tail assembly by noncanonical hydrophobic or
electrostatic interactions can inhibit function of full-length channels independent of
other channel properties.

Disruption of the Kv7.3 Tail coiled-coil could be a necessary feature of its
phenotype. It was recently demonstrated that substitution of Pro at an interface “a”-

position, which should further disrupt Kv7.3 coiled-coil formation, does not significantly
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affect macroscopic currents or augmentation of heteromer currents (Schwake et al,
2006). This finding supports the hypothesis that the functional Kv7.3 A-domain Tail has
a different structure from that of other subtypes: the coiled-coil is disfavored relative to
an alternative, probably monomeric conformation, such that further disruption of
coiled-coil propensity has no functional impact. Poor oligomerization of this alternate
conformation compared to the coiled-coils in other subtypes may cause poor
expression of Kv7.3 homotetramers; however, interaction of this motif with other Kv7
subtypes may expose a forward trafficking motif (or mask a retention signal) that
promotes function of heterotetramers. Further investigation of Kv7 A-domain Tail
structural properties and of the role of specific amino acid interactions in full-length
channel function will help elucidate the complex role of this domain in channel

oligomerization and binding specificity.

C. Experimental Procedures
i. Sequence Analysis

Prediction of coiled-coil regions in Kv7 channels was carried out with the COILS
program (Lupas et al, 1991) (http://www.ch.embnet.org/software/COILS_form.html)
version 2.1 using the MTIDK matrix with a window size of 21 residues and no additional

weighting of “a”- and “d”-positions.

ii. DNA Constructs
For bacterial expression and purification, DNA fragments of Kv7.I (residues
583—-623) and Kv7.3 (residues 613-653) were amplified by PCR and ligated into the

Narl/Xhol sites of a pET27 (Novagen) derived bacterial expression vector (pSV272)
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denoted “HMT” (Van Petegem et al., 2004) that contains, in sequence, a hexahistidine
tag, maltose binding protein, and a cleavage site for the Tobacco Etch Mosaic Virus
(TEV) protease. The Kv7.1 fragment was also ligated into the Nhel/Hindlll sites of a
PET23b (Novagen) derived vector denoted “GB1” that contains, in sequence, the Bl
domain of protein G and a modified cleavage site for TEV protease.

For oocyte expression, complete Kv7.2 and Kv7.3 cDNAs were ligated in the
EcoRI/Hindlll or BamHI/Xhol sites, respectively, of a pGEMHE derived oocyte
expression vector (Minor et al, 1999). The Kv7.2;; chimera was constructed by
engineering a Bsu36l site at the 5’ end of the Kv7.2 A-domain Tail sequence and
subcloning the Kv7.3 A-domain Tail sequence in the Bsu36l/Acll sites of the altered
Kv7.2 construct.

Point mutations were made using mutated oligonucleotide extension (Pfu Turbo
Polymerase, Strategene) from plasmid templates harboring the protein of interest,
digested with Dpnl (New England Biolabs), and transformed into DH5a cells. Al

constructs were verified by complete DNA sequencing of the subcloned insert.

iii. Protein Expression and Lysis

HMT or GBI fusion proteins were expressed in Escherichia coli
(BL21(DE3)pLysS) grown in 2YT media at 37°C and induced at ODy,,, = 0.4-0.8 with
0.4 mM IPTG for 4 hr. Cells were harvested by centrifugation at 5000 x g for 20 min at
4°C, and cell pellets were frozen at —20°C. Thawed cell pellets were lysed by

sonication in lysis buffer (100 mM Tris pH 7.6, 200 mM KClI, 10% sucrose, 25 mM (-
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octylglucoside, 20 pg/ml lysozyme, 25 pg/ml DNasel, 5 mM MgCI2, | mM PMSF).

Insoluble material was precipitated by centrifugation for 20 min at 12,000 x g at 4°C.

iv. HMT Fusion Protein Purification

For size exclusion and sedimentation equilibrium, the soluble fraction of lysed
cells expressing HMT fusion proteins was applied to a 45 ml Poros20MC (Perseptive
Biosystems) nickel-charged column, washed in wash buffer (10 mM PO,>, pH 7.3, 250
mM KCI, I mM PMSF), and eluted on a linear gradient to 300 mM imidazole in the same
buffer on an AKTA-FPLC system (Pharmacia). Imidazole was removed using a
Centriprep YM-10 concentrator (Millipore). Fusion proteins were then applied to a 60
ml Amylose (New England Biolabs) column, washed in wash buffer, and eluted in
maltose buffer (10 mM PO,”, pH 7.3, 250 mM KCI, 10 mM maltose). Purified fusion
proteins were concentrated in a Centriprep YM-10 and their concentration was

determined by absorbance (Edelhoch, 1967).

v. Size Exclusion Chromatography

Samples of 100 uL HMT fusion proteins were loaded on a Superdex200 HR
10/30 column (Amersham Biosciences) equilibrated with high-salt buffer (400 mM KClI, |
mM EDTA, 10 mM PO42, pH 7.3) on an AKTA-FPLC system (Pharmacia) at 4°C.
Eluates were monitored at 280 nm over a flow rate of 0.3 ml/min. The column was

calibrated using six standard protein molecular mass markers (Howard et al,, 2007).
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vi. Equilibrium Sedimentation

Sedimentation equilibrium experiments were performed at 4°C in a Beckman
Optima XL-A analytical ultracentrifuge (Beckman Coulter). Kv7.1 HMT fusion proteins
(2-5 uMin 10 mM PO/, pH 7.3, 250 mM KCI) were loaded in six-chamber analytical
ultracentrifuge cuvettes, using buffer in the adjacent chamber as a blank. The molecular
mass was calculated from a single-species exponential fit (Excel) to the distribution of
concentration over the radius of the chamber:

M = @RT / ((1-vp)+e?)) * (d(in(c)) / d(r?)

where M is the molecular weight in g/mol, R is the gas constant (8.314 J(mol*K) ™), T is
the temperature in K, v is the partial specific volume of the protein in ml/g, p is the
density of the solvent in g/mL, ® is the angular velocity of centrifugation in rad/s, and r is
the distance in cm from the center of the rotor to a given position in the cell (Laue,
1995). Partial specific volume was calculated from the sum of the volumes of individual
residues in the protein. Solvent density was calculated from the components of the
buffer. Residuals were calculated as the difference between the measured absorbance

value and the predicted value extrapolated from the calculated molecular mass.

vii. Affinity Copurification

For pull-down experiments, the soluble fraction of lysed cells coexpressing HMT
and GBI fusion proteins was applied to a TALONspin (Clontech) column containing 500
ul of cobalt-charged resin, washed at least 6 times in wash buffer (50 mM PO,”, pH 7.0,

300 mM NaCl), and eluted with 150 mM imidazole in the same buffer. Samples were
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separated by gel electrophoresis in 15% polyacrylamide with 0.1% SDS and visualized

with Coomassie staining (Bio-Rad).

viii. Electrophysiology

Individual stage V-VI oocytes were obtained from anaesthetized frogs and
isolated by treatment with collagenase. Synthesis of cRNA was performed with the T7
mMessage mMachine kit (Ambion). Wild-type or mutant Kv7.2, Kv7.3, or Kv7.2;;
cRNA (15 ng) was injected into Xenopus oocytes; co-injection experiments contained
I5 ng total of a I:1 cRNA mixture. After injection, oocytes were kept at 16° C in
ND96 solution (96 mM NaCl, | mM MgCl,, 0.2 mM CaCl,, 5 mM HEPES, pH 7.4,
adjusted with KOH) supplemented with penicillin and streptomycin.

Two or three days after injection, currents were measured at room temperature
(21 °C) in two-electrode voltage clamp recordings with a GeneClamp 500B (Axon
Instruments) amplifier and pClamp software (Axon Instruments) and digitized at | kHz
with a Digidata 1332A (Axon Instruments). During recordings, oocytes were perfused
with ND96 buffer using a Valvelink 16 (AutoMate Scientific) controller. Voltage
protocol for current recordings: from a holding potential of -80 mV, cells were pulsed
for 2.5 s to voltages between -80 mV and +40 mV in steps of 15 mV, followed by a 2 s

test pulse to -40 mV.
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E. Figures

Figure |. Assembly Properties of Kv7 A-Domain Tails
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A Coiled-coil propensities of Kv7 channels based on the MultiCoil algorithm (Wolf et
al, 1997). A-domain Tails are aligned under the horizontal bar (==). (Inset: axis scales).
B Oligomerization of Kv7.3 A-domain Tails depends on equilibration time.
Superdex200 size exclusion chromatography (Amersham Biosciences) of a | uL sample
of a fusion protein containing the Kv7.3 A-domain Tail subdomain fused to an HMT tag
(van Petegem et al, 2004). From top to bottom, traces represent measurements taken
after 0, |, 2, and 3 days incubating at room temperature following dilution of stock
protein. Vertical gray lines indicate predicted elution volumes of tetrameric (4) and
monomeric (1) fusion proteins.

C Oligomerization of Kv7.3 A-domain Tails is concentration-dependent. Size exclusion
chromatography was performed as described above. From top to bottom, traces
represent 444 uM, 125 uM, 50 uM, and 5 uM samples. All measurements taken after
2 3 days equilibration at room temperature. Markers as in B. (Inset: SDS-PAGE of
fractions from 125 mM sample. Elution volume of each sample indicated in mL).
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Figure 2. Effect of Predicted Interface Mutations on Kv7 A-Domain Tail Oligomerization
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A Stoichiometry of A-domain Tail assembly in 50 uM wild-type and mutant Kv7.1 HMT-
fusion proteins shown by Superdex200 (Amersham Biosciences) size exclusion
chromatography. From top to bottom, traces represent Kv7.l wild-type, L, A/L¢ A,
and L, K/L¢sK mutant fusion proteins.

B Assembly of Kv7.1 A-domain Tail L, A/LA mutant is concentration-dependent as
shown by size exclusion chromatography, described above. From top to bottom, traces
represent 500 uM, 50 uM, and 6 uM samples.

C Stoichiometry of 50 uM wild-type and mutant Kv7.3 A-domain Tail HMT-fusion
proteins shown by size exclusion chromatography as described above. From top to
bottom, traces represent wild-type Kv7.1, Kv7.| Lg,F, Kv7.3 F,,L, Kv7.3 Dg,S/G;;E,
Kv7.3 F,,,L/Dq; S/Ggs;E, and Kv7.3 wild-type constructs.
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Figure 3. Sedimentation Equilibrium of Kv7.1 Wild-Type and Interface Mutant Proteins
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A Equilibrium distribution of 2 uM wild-type Kv7.| residues 583—623 fused to an HMT
affinity tag (van Petegem et al, 2004) (circles) measured by its absorbance at 241 nm is
plotted as a function of radial distance at | 1,000 rpm at 4°C. Raw data shown relative
to predicted curves for tetrameric (4), trimeric (3), dimeric (2), and monomeric (1)
species. (Inset: distribution of residuals as a function of radial distance).

B Apparent molecular weight of Kv7.] at 2 uM, 10 uM, and 50 uM initial concentrations
measured by sedimentation equilibrium plotted relative to predicted apparent molecular
weights of a monomer-tetramer equilibrium, K;= 2 uM (1-4), and a monomer-trimer
equilibrium, K= 50 nM (1-3), each adjusted for partial nonideality to fit the measured
values. Measurements recorded at 6,000 (4A), 8,000 (®), and | 1,000 rpm (M) at 3
wavelengths each.

C Equilibrium distribution of 2 uM Kv7.1 L,,A/L A mutant measured at 234 nm at
11,300 rpm. (Inset: distribution of residuals versus radial distance).

D Apparent molecular weight of Kv7.1 L,,A/L A at 2 uM, 10 uM, and 40 uM plotted
relative to predicted monomer-tetramer equilibrium, K,= 40 mM (1-4), and monomer-
trimer equilibrium, K= 2 mM (1-3). Measurements recorded at 8,000 (&), 11,300 (@),
and 13,800 rpm (M) at 3 wavelengths each.
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Figure 4. Effect of Interface Mutations on Pull-Down of Isolated Kv7.] A-Domain Tails
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Copurification by Co®*" affinity of Kv7.| wild-type HMT-fusion proteins. Wild-type or
mutant Kv7.l A-domain Tail peptide fused to the HMT tag (black arrows) was
coexpressed in E. coli with the Kv7.1, Kv7.2, Kv7.4, or Kv7.5 Tail fused to a GBI tag
(gray arrows). S, soluble fraction of crude cell lysate; F, flow-through from Co*" affinity
column; W, final column wash; E, imidazole elution. Positive copurifications, in which
GBI -fusion proteins appear clearly in elution but not in final wash, are circled.
Molecular weight standards indicated by kD at left.

A Copurification with wild-type Kv7.] HMT-fusion protein.

B Copurification with Kv7.1 Ly, A/L, A mutant HMT-fusion protein.

C Copurification with Kv7.I L,K/LsK mutant HMT-fusion protein.
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Figure 5. Effect of Kv7.1 LQTS Mutations on A-domain Tail Oligomerization
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Superdex200 (Amersham Biosciences) size exclusion chromatography of Kv7.| HMT-
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middle trace at 5 uM; bottom trace at 500 nM. Vertical gray lines indicate predicted

elution volumes of hexamer (6), tetramer (4), trimer (3), and monomer (1) complexes.
A Wild-type Kv7.1 A-domain Tail HMT-fusion protein; B Gg,D; € A, T; D Rgg H;
E Rs0.Q; F LenAllgooA.
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Figure 6. Sedimentation Equilibrium of Kv7.1 A-Domain Tails with LQTS Mutations
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Equilibrium distributions of 5 uM wild-type and mutant Kv7.| residues 587—623 fused to
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tetrameric (4), trimeric (3), dimeric (2), and monomeric (1) species. (Inset):
Distributions of residuals as functions of radial distance.
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131




Figure 7. Effect of Interface Mutations on Kv7.2, Kv7.3, and Kv7.2;; Chimera Currents
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A-G Example current recordings from oocytes injected with cRNAs of:

A Kv7.2 (Inset: axes scales), B Kv7.3, € Kv7.3 F,,,L/Dg; S/Gg;E, D Kv7.2 + Kv7.3,

E Kv7.2 + Kv7.3 F,L/Dy;,S/G;5E, F Kv7.24, G Kv7.2;; F,L/D ;3 S/G,33E

H Mean current amplitudes at the end of a 2.5 s test pulse to +40 mV from oocytes
injected with cRNAs as indicated (n 2 5 oocytes for each column). Currents normalized
to average Kv7.2 current level, indicated by dashed line. Error bars represent standard
error. Gray brackets indicate a subset of statistically significant differences (p-value <
0.05). WT, wild-type; HA, wild-type with extracellular HA tag; FL, F,,,L mutant channels;
DSIGE, D;,S/G¢3;E mutant channels; FL/DS/GE, F,,,L/D;,S/G¢;;E mutant channels.
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS

A. The Kv7 A-Domain Tail in Context

This thesis outlines the biochemical and structural properties of a classic coiled-
coil motif found in the C-terminus of voltage-gated Kv7 K* channels. We have solved
the structure of this motif, the Tail subdomain of the Kv7 A-domain, from Kv7 subtype
4. Biochemical and structural data indicate the Tail subdomain is a self-assembling
oligomer in all Kv7 subtypes, though its assembly affinity varies. By structure-based
prediction and mutational analysis, we have demonstrated the role of several critical
interface residues in A-domain Tail assembly. We have also begun to characterize the
impact of certain interaction sites in the function of full-length Kv7 channels.

Continued investigation of the Kv7 A-domain Tail may prove particularly fruitful
with respect to modulation by accessory proteins. The A-domain Tail is located in an
extended region of the Kv7 C-terminus that is implicated in regulation by several
factors, including PIP,, CaM, and AKAPs (Zhang et al,, 2003; Higashida et al., 2005;
Robbins et al, 2006). In some cases, the A-domain Tail may be proximal to a site of
interaction, such that proper A-domain assembly could support a correctly folded
binding site. In other cases, it may interact directly with modulatory proteins (Marx et
al, 2002; Kanki et al, 2004). We have proposed that a cluster of disease-linked
mutations in Tail subdomain of Kv7.| causes arrhythmia by interfering with normal
binding of the scaffolding protein yotiao (Howard et al,, 2007). Yotiao is a large,

multifunctional protein whose structure is poorly characterized (Lin et al., 1998).
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Dissecting the Kv7.l-binding domain of yotiao would provide a critical model for AKAP
interaction with an ion channel, and could be highly informative as to the impact of
phosphorylative regulation on Kv7 channel function and disease. Our group is
continuing to pursue the identification and structural characterization of the interaction
between yotiao and the Kv7.] A-domain.

As described in Chapter 3 of this thesis, we have also begun to probe the
structural basis for specificity among Kv7 channels, as determined by the A-domain Tail.
The precise mechanism by which Kv7.1 selects against coassembly with other subtypes
remains to be demonstrated (Maljevich et al,, 2003; Schwake et al,, 2003). We also hope
to resolve the paradoxical low function of Kv7.3 channels with their striking
enhancement of function in Kv7.2, Kv7.4, and Kv7.5 channels (Schroeder et al, 1998;
Woang et al,, 1998; Kubisch et al, 1999; Lerche et al,, 2000; Schroeder et al, 2000). We
have suggested that disrupted assembly of the Kv7.3 A-domain Tail is involved in one or
both of these phenomena. A likely hypothesis is that the Kv7.3 A-domain Tail folds into
an alternative conformation that is not favorable to self-assembly, but which interacts
with another part of Kv7.2, Kv7.4, or Kv7.5 to promote expression and function.
Structural information on the homomeric and heteromeric states of the Kv7.3 A-
domain Tail would be extremely informative in exploring this hypothesis.

Our investigations open several avenues to understanding the role of A-domain
Tails in Kv7 channel structure and function. Our data provide the first high-resolution
image of any part of a Kv7 channel. Our structure is also useful in understanding the
Kv7 channel as a whole, as the A-domain is required for efficient channel assembly
(Schmitt et al,, 2000; Schwake et al, 2000). The Kv7 A-domain Tail may prove, like

other coiled coils (Burkhard et al, 2001) and Kv channel assembly domains (Kreusch et

134



al, 1998; Minor et al, 2000), to capable of dynamical regulation; conversely, the
relatively tight twisting and canonical interface interactions found in the Kv7.4 Tail
superhelix may be a useful model of constitutive coiled-coil assembly. Further
elucidation of the structural and functional properties of Kv7 A-domain Tails will
provide a basis for understanding Kv7 structure, new options for treatment of channel-

related disorders, and a general paradigm for coiled-coil assembly in ion channels.
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