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ABSTRACT

Potassium (K ") channels are the largest family of ion channels in eukaryotes with over 70 genes
in humans. They have diverse functional roles including controlling the firing duration and
frequency of actions potentials in neurons and regulating water retention in the kidneys. K*
channels are highly-selective for K™ over other monovalent cations, can conduct K at rates
approaching 10® ions per second and, like other ion channels, switch between conductive (open)

and non-conductive (closed) states through a process called gating.

Two pore domain (K,p) potassium channels, originally called K* background or leak channels,
represent a subclass of K* channels that function to establish and maintain the resting potential in
cukaryotic cells. This process primes cells for diverse responses such as action potentials in
excitatory cells and cell signaling cascades, which can direct growth and motility in non-excitable
cell types. Kyp channels have been shown to be gated by a range of cell stimuli and
pharmacological agents including temperature, pH, polyunsaturated fatty acids, mechanical
stress, and anesthetics. Not surprisingly, it is proposed that they are involved in physiological
processes such as pain perception and anesthetic modulation. Structural studies of K,p channels
would not only provide insight into how K,p channels are gated by these stimuli, but also may

suggest strategies for the generation of K,p specific drugs.

In the present work, I focused on both structural and biochemical studies of human Kypl, a
member of the K,p family. I demonstrated, through biochemical studies of purified human K,pl,
that the channel is dimeric and is glycosylated at residue asparagine 95. This glycosylation
mutant was used for subsequent biochemical and structural studies of K,pl. Several limited
proteolysis experiments and K,pl sequence analyses were performed to identify a core unit of

human Kypl. A human Kypl N95Q truncation mutant, containing residues 22-303, was generated
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from these studies and successfully crystallized. Further truncation to the C-terminus and
refinement strategies produced crystals of human Kypl N95Q 22-288 that diffracted to 3.4 A

resolution.

The Kypl crystal structure reveals a number of features that may have general implications on Kyp
channel selectivity, gating and conductivity. A large extracellular domain is positioned above the
extracellular entryway and creates an ion pathway with two side portals that can accommodate
hydrated K* ions. The coordination of K™ ions within the K,p1 selectivity filter recapitulates the
four-fold symmetry that is present in other K channel structures. However, the non-covalent
interactions surrounding the K,p1 filter deviates from what has been previously observed and is
two-fold symmetric, which may facilitate outer pore gating. An amphipathic C helix runs parallel
to the cytosolic face of the membrane. Its connection and proximity to inner helices, which line
the pore and form the activation gate of other K™ channels, suggests that the C helix may be
involved in inner helical gating. Finally, the K,pl pore is exposed to the lipid bilayer through
openings in the intramembrane molecular surface, accommodating electron density that we
attribute to lipid or detergent alkyl chains. We speculate that this may be an access point for
endogenous lipids as well as lipophilic compounds such as tetrahexylammonium (THexA),

recently shown to be a K,p channel inhibitor.

The human Kypl structure defines the molecular architecture of the K,p channel family, lays a
foundation for further investigation of how Kyp channels are regulated by diverse stimuli, and
provides insight for the development of K,p-specific therapies. Future work to determine a high-
resolution structure of K,pl is ongoing with the hopes of addressing key questions that still

remain unanswered, such as the role of the Kypl selectivity filter in outer pore gating.
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CHAPTER 1

1. INTRODUCTION

1.1.  Transport across the cell membrane

The cell membrane defines the boundaries of the cell. An essential role of the cell membrane is to
provide a barrier against passive diffusion of molecules to and from the extracellular environment
(Alberts, 2008). In particular, polar molecules are restricted to pass due to the hydrophobic
composition of the cell membrane. By providing a barrier, the cell membrane also permits the
asymmetrical distribution of molecules between the intracellular and extracellular compartments.
Since polar molecules cannot diffuse through the membrane, transport proteins embedded in the

membrane facilitate their movement across the lipid bilayer (Alberts, 2008).

Membrane transport proteins facilitate the movement of a specific class of polar molecules and
some are selective for a molecule within this class (Alberts, 2008; Kandel et al., 2012). Polar
molecules in biological systems include ions (small charged polar molecules), sugars, amino
acids (large uncharged polar molecules), and water (small uncharged polar molecules). In
addition, all transport proteins are multipass integral membrane proteins that are comprised both
hydrophobic and hydrophilic residues. Hydrophobic regions of transport proteins typically
interact with the lipid bilayer whereas hydrophilic portions are positioned away from the
membrane environment, forming a hydrophilic core within the bilayer. As a result, the
hydrophilic core typically interacts with the polar molecule of interest, shielding it from the

membrane hydrophobic environment (Alberts, 2008; Kandel et al., 2012).

Transporters and channels comprise the two major classes of membrane transport proteins (Figure
1.1). The majority of transporters bind the polar molecule of interest on one side of the

1



Figure 1.1: Schematic of two major classes of membrane transport proteins. Channels (orange) facilitate
movement of a polar molecule or molecules (green cations) across the bilayer through an aqueous pore.
Transporters (cyan) shuttle polar molecules from one side of the membrane to the other by undergoing a
series of conformational changes. Channels are only capable of performing passive transport, which
requires a chemical gradient of the polar molecule, but no energy consumption. Transporters, on the other
hand, are capable of performing both active and passive transport, and obtain energy for active transport
through ATP hydrolysis or by co-transportation of a second polar molecule down its chemical gradient.



membrane, undergo a number of conformational changes, and release the molecule on the other
side of the membrane (Jardetzky, 1966; Lauger, 1979). Channels, on the other hand, select for the
polar molecule of interest and facilitate its movement through an aqueous pore within the

membrane (Hille, 1971).

The distribution of molecules between the cytosol and the extracellular space is asymmetric and
this creates chemical gradients that provide the driving force for movement of polar molecules
into or out of the cell (Figure 1.2) (Alberts, 2008). Movement of a polar molecule down its
electrochemical gradient (see below) is defined as passive transport, or facilitated diffusion. In
contrast, active transport involves the movement of a polar molecule against its chemical gradient
and requires energy (e.g. from the hydrolysis of ATP or from the co-transportation of a second
polar molecule down its chemical gradient). Transporters are capable of facilitating both active
and passive diffusion whereas channels only perform passive transport (Alberts, 2008). The
majority of channels that have been identified are involved in transporting inorganic, charged ions

across the membrane.

1.2.  lonchannels
Ion channels perform passive transport by mediating the movement of an ion down its
electrochemical gradient. The electrochemical gradient is generated from the electrical potential

of ions across the membrane and the chemical gradient of the ion (Hodgkin and Huxley, 1952).

1.2.1. Membrane potential and ion distribution at rest

For the majority of cells, the electrical potential across the membrane at rest, or the resting
potential, is maintained with negative voltage inside the cell relative to outside (Kandel et al.,
2012; Wright, 2004). The negative resting potential is primarily established by the action of two
membrane transport proteins: sodium/potassium pumps (Na'/K" pumps) and potassium leak
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Figure 1.2: Distribution of Na*, K', Ca*" and CI ions at rest is regulated by a number of important channels
and transporters. The Na'/K' pump (cyan) establishes Na“ and K' cellular gradients, with a higher
concentration of Na" outside of the cell relative to the inside and a higher concentration of K" inside the cell
relative to the outside. The Na'/K" pump performs active transport and requires energy, in the form of ATP
hydrolysis. The stoichiometry of Na“ and K" transport through the Na'/K" pump is 3Na:2K. The initial Na"
and K" gradients established by the Na"/K" pump are required for setting up all subsequent ionic gradients.
K" efflux through K * leak channels (orange) establish the negative resting potential in cells. The Ca*
gradient is established by two transporters (green), PMCA (A) and NCX (B). Both PCMA and NCX
require energy (ATP hydrolysis and Na" influx, respectively) to transport Ca®" up its chemical gradient. In
mature neurons, the Cl” gradient is primarily established by KCC2 (yellow), which couples Cl" and K"
efflux. Extracellular (out) and intracellular (in) are denoted.



channels (K" leak channel) (Seyfarth, 2006; Skou, 1957). A chemical gradient is first generated
by Na'/K' pumps, with high concentrations of sodium (Na") and potassium (K) ions on the
exterior and interior of the cell, respectively. Then, the efflux of K' through K" leak channels
results in a movement of positive change out of the cell, hyperpolarizing the cell. The overall
outcome is the asymmetric chemical distribution of Na” and K" ions as well as a negative
electrical gradient (see also 1.6.1 Theoretical electrophysiological properties of K' leak channels)

(Table 1.1) (Figure 1.2) (Kandel et al., 2012; Wright, 2004).

The distribution of calcium (Ca®") and chloride (CI') ions in the cell is also asymmetric, with a
high concentration of both ions outside the cell with respect to the inside (Table 1.1) (Figure 1.2).
For Ca®", this is achieved through the action of two transporters: the plasma membrane ATPase
(PMCA) and the Na"/Ca*" exchanger (NCX) (Brini and Carafoli, 2011). PMCA transports Ca*"
from the cytosol to the extracellular space through hydrolysis of ATP (Brini and Carafoli, 2011).
The Na" concentration gradient established by the Na'/K" pump is required for Ca®" efflux
through NCX since this movement is coupled to Na™ influx (Table 1.1) (Figure 1.2) (Brini and
Carafoli, 2011). Likewise, the CI” gradient in mature neurons is primarily established by Cl" K"
symporter 5 (KCC2), a transport protein which couples CI efflux with K' efflux by again
utilizing the K" gradient generated by the Na'/K" pump (Table 1.1) (Figure 1.2) (Blaesse et al.,

2009).

1.2.2. Properties of ion channels

Some ion channels are capable of conducting ions at rates up to 10® ions per second, approaching
the diffusion limit of ion arrival at the mouth of the pore (Hille, 2001; Kandel et al., 2012). In
addition, ion channels often select for a specific ion. The region of the channel that is responsible

for ion selection is called the selectivity filter (Hille, 1971). Selection is based on the chemical



lon Extracellular concentration (mM) Intracellular concentration (mM)
Na’ 150 15

K" 3 150
Ca* 1.2 1x10*

Cr 130 8

Table 1.1: Distribution of ions at rest in the cell (Hille, 2001).




properties of the ion, including charge and size of the ion, as well as coordination geometry of the
ion in water. Finally, ion channels have the ability to open and close through a mechanism called
gating (Kandel et al., 2012). Ion channel gating is regulated by a variety of stimuli. For instance,
voltage-gated ion channels open and closed in response to changes in voltage across the plasma
membrane whereas ligand-gated ion channels open upon binding of a neurotransmitter, ion,
nucleotide or lipid moiety. For detailed descriptions of ion channel conductance, selectivity and
gating based on insights from K" channel structures, see 1.3.1 K" channel selectivity and 1.3.2 K

channel gating.

1.2.3. Function of ion channels

Ion channels are highly abundant in the central and peripheral nervous systems (CNS and PNS,
respectively) and are essential for cell communication and sensory and motor responses (Hille,
2001; Kandel et al., 2012). In the CNS, ion channels produce and propagate nerve impulses, or
action potentials, as waves along neuronal axons. They control the release of vesicles into the
synapse and are abundant at the post-synaptic junction for enhancing or inhibiting the initiation of
an action potential. Visual and auditory stimuli from the PNS are transmitted to the CNS through
electrical impulses produced by ion channels. Ion channels also give rise to and regulate muscle
contraction. Numerous diseases have been associated with genetic abnormalities that result in

defects in muscle ion channel function (Jurkat-Rott and Lehmann-Horn, 2005).

TIon channels also play important roles in non-excitable cell types. For instance, Ca®" is an
essential secondary messenger, regulating a variety of cellular functions such as proliferation,
motility, gene expression and apoptosis. Store operated Ca>" channels primarily mediate Ca**
entry in non-excitable cells (Putney, 2011). In phagocytes, voltage-gated proton channels (Hy1

channels) counter the depolarizing and cytosolic acidification effects of reactive oxygen species



production, a process that is necessary for the degradation of ingested pathogens (Demaurex,
2012). Hyl channels perform this role by expelling protons from the cytosol to the extracellular
space (Demaurex, 2012). Ion channels also contribute to the regulation of cell volume
homeostasis, protein degradation in endosomes, as well as to the secretion or reabsorption of ions

in the kidney.

Many ion channels are categorized into four major groups based on their selectivity - Na*, K,
Ca> and CI channels (Hille, 2001). Voltage-gated Na" and K~ channels are essential for the
generation of action potentials in neurons. Depolarization during an action potential is a result of
Na' influx through voltage-gated Na' channels. Subsequently, K" efflux through voltage-gated K"
channels (Ky channels) facilitates repolarization of the neuron back to the resting state (Hodgkin
and Huxley, 1952). Voltage-gated Ca®" channels are important for muscle contraction. For
instance, the L-type Ca>" channel Cay1.2 is responsible for sustaining action potentials in cardiac
myocytes (Catterall et al., 2005; Nilius et al., 1985). Anionic CI" channels are important for cell
hyperpolarization in the CNS and PNS and, therefore, have regulatory roles. For instance,
GABA, and glycine receptors induce hyperpolarization at postsynaptic terminals, preventing
neurons from firing an action potential (Coombs et al., 1955; Krnjevic and Schwartz, 1967,
Werman et al., 1968). Likewise, CIC channels are responsible for setting and maintaining the
resting potential in skeletal muscles (Steinmeyer et al., 1991). Unlike cation channels, anion
channels typically are not selective for one anion; however, they often conduct CI” since this is an
abundant anion in the cell. The remainder of this introduction will be focused on the K channel

superfamily.

1.3. Principles of K* channel selectivity, gating and conductance from structural studies
K" channels represent the largest family of ion channels in eukaryotes with over 70 genes in
humans (Hille, 2001). As expected, these channels have diverse roles depending on cell type and
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context. In the CNS, it is well known that K channels contribute to the resting membrane
potential and modulate the duration and frequency of action potentials, whereas in the PNS, K"
channels are important in skeletal and cardiac muscle contraction (Hille, 2001). In non-excitable
cells, they are implicated in controlling cell volume, regulating water retention in the kidneys, as
well as promoting the activation of lymphocytes (Hibino et al., 2010; Lewis and Cahalan, 1995;
Patel et al., 2000). K' channels can be divided into three subfamilies based on membrane
topology, sequence identity and biophysical characteristics: 1. voltage-gated (Ky) K™ channels
and Ca*"-activated (K¢,) K™ channels, 2. inward-rectifying K channels (Kiz) and 3. two pore
domain K" channels (K,p) (Figure 1.3) (Hille, 2001). A brief description of Ky /K¢, and Kjx
channels, and a more comprehensive description of K,p channels, is provided in the following
sections: 1.4 Voltage-gated K* channels and Ca*"-activated K channels, 1.5 Inward-rectifying K*
channels, and 1.6 Two pore domain K' channels. Although each K’ channel subfamily has
distinct functions, all have conserved structural features that are essential for establishing K"

selectivity, gating and conductance.

1.3.1. K channel selectivity

K selectivity is a highly conserved property among the K* channel superfamily. All K* channels
possess a consensus amino acid sequence referred to as the filter sequence, Thr-x-Gly-Tyr-Gly-
Asp with x representing an aliphatic residue (TxGYGD), which lines the channel pore and
confers K" selectivity (Figure 1.4) (Doyle et al., 1998; Hille, 2001; Zhou et al., 2001b). As
canonical K channels assemble as tetramers and each monomer typically contains one filter
sequence, four filter sequences are required to form the channel selectivity filter (Doyle et al.,
1998; Hille, 2001; Zhou et al., 2001b). Each K' ion within the filter directly coordinates with
eight carbonyl oxygen atoms contributed from the protein backbone or by threonine side-chains
within the selectivity filter (Figure 1.4) (Morais-Cabral et al., 2001; Zhou and MacKinnon,
2004a; Zhou et al., 2001b; Zhou and MacKinnon, 2003). A high-resolution crystal structure of K
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Figure 1.3: Membrane topology of Ky (A), Kr (B) and Kyp (C) protomers with representative current-
voltage (I-V) relationships in physiological (Phys) and symmetrical (Sym) K" conditions. A) Ky channel
protomers consists of 6 transmembrane segments (M1-6) and 1 pore domain (P) and assemble as tetramers.
Ky channel are voltage-dependent channels that are opened at depolarizing (as shown in figure) or
hyperpolarizing membrane potentials and sense voltage changes through an arginine-rich segment within
transmembrane segment 4 (M4). B) Kr channels protomers consists of 2 transmembrane segments (M1-2)
and 1 pore domain (P) and assemble as tetramers. They are non-conductive at depolarizing potentials above
the equilibrium potential for K'. C) Kyp protomers contain 4 transmembrane segments (M1-4) and 2 pore
domains (P1-2) and assemble as dimers. K,p protomers also contain an extended M1-P1 linker or
extracellular ‘loop’. Their I-V relationship best fits the prediction by the GHK current equation for
background K’ channels. Adapted by permission from Macmillan Publishers Ltd: Nature Reviews
Neuroscience 2001 Mar;2(3):175-84, copyright 2001.

10



Figure 1.4: High-resolution crystal structure of S. lividans KcsA furthers our understanding of K* selection
by the conserved K" channel selectivity filter sequence. A) Arrangement of helices and domains within a
KcsA protomer. Outer helix, pore helix (PH), selectivity filter sequence (SF) and inner helix are colored
orange, red, yellow and blue, respectively. Canonical SF signature residues are highlighted. B)
Extracellular view of the crystal structure of tetrameric KcsA with channel pore in the center (PDB ID:
1K4C). KcsA was crystallized in high K* (200 mM), with K" ions colored green, and all other colors are
similar to A. Residues within the filter are shown as sticks, highlighting the 4-fold symmetry. C) Side view
of KcsA with two of the four protomers removed with selectivity filter, crystallized in a conductive
configuration. Extracellular (out) and intracellular (in) regions are labeled with dashed lines denoting the
lipid bilayer. Coloring similar to A and B. D) Close up of the KcsA selectivity filter from (C) with residues
TVGYGD labeled. K" ions (green), labeled 1-4, are coordinated to backbone carbonyls, and threonine side
chains, provided by these residues.
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bound to the selectivity filter of KcsA, a bacterial potassium channel from Streptomyces lividans,
depicts the coordination of these ions in an square-antiprismatic conformation (Figure 1.4, see
also Figure 1.5) (Morais-Cabral et al., 2001; Zhou et al., 2001b; Zhou and MacKinnon, 2003;
2004b). In addition, a hydrated K™ appears within the central cavity of the channel, and the waters
surrounding the K" ion are coordinated in a similar manner (Figure 1.4, Figure 1.5) (Roux and

MacKinnon, 1999; Zhou et al., 2001b; Zhou and MacKinnon, 2004b).

Although electron density for four K" binding sites are observed within the selectivity filter of the
KcsA crystal structure, only two ions occupy the filter on average when KcsA is a conductive
state (Figure 1.4, Figure 1.6) (Morais-Cabral et al., 2001; Zhou et al., 2001b; Zhou and
MacKinnon, 2003). By numbering the ions from the extracellular space to the cytosol 1 to 4, K"
ions are either found in positions 1 and 3 (1, 3 state) or 2 and 4 (2, 4 state) with water molecules
occupying the empty positions in a conductive state (Figure 1.6). K ion coordination in the 1, 3
or 2, 4 states was supported through a mutagenesis study of threonine 75 (T75), a residue within
the KcsA filter that coordinates K through its backbone carbonyl and side-chain hydroxyl group.
Mutation of T75 to cysteine directly disrupted K™ coordination at site 4. The electron density
along the filter of the KcsA T75C crystals structure revealed a reduction of electron density in site
4, but also in site 2 (Zhou and MacKinnon, 2004a). This data suggested that 1. there are two
states of K coordination in the conducting conformation (the 1, 3 and the 2, 4 states), 2. that in
wild-type KcsA, these states are energetically equivalent and 3. that the T75C mutant disrupts the
energetic equilibrium, favoring the 1, 3 over the 2, 4 state (Zhou and MacKinnon, 2004a). In
addition, K" occupancy in sites 1-4 has been estimated from direct measurements of thallium
(TI") occupancy from KcsA crystal structures with T1", an electron-rich K* surrogate. The ~ 0.5
occupancy of K" in sites 1-4 supports the model of two energetically equivalent, 1,3 and 2, 4

conductive states (Zhou and MacKinnon, 2003).
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Figure 1.5: Ordered K ion located in the central cavity of the S. lividans KcsA crystal structure. Side view
of KcsA with two of four protomers removed (PDB ID: 1K4C). Extracellular and intracellular regions are
labeled with lines denoting the lipid bilayer. Outer helix, selectivity filter sequence and inner helix are
colored orange, yellow and blue, respectively. Pore helices (red) stabilize the K" ion (green) coordinated to
8 water molecules (pink) in an square-antiprismatic conformation within the central cavity (arrow).
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Figure 1.6: Physiological distribution of K* ions in both conductive and non-conductive configurations of
the S. lividans KcsA selectivity filter. Selectivity filter from KcsA crystal structures exposed to high (A;
PDB ID: 1K4C) and low (B; PDB ID: 1K4D) K" conditions. K" ions (green) are labeled from the
extracellular to intracellular side, 1-4. A total of 4 and 2 K" ions are observed in the high K" (200 mM) and
low K" (5 mM) KcsA selectivity filter structures, respectively. However, experimental evidence suggests
that the conductive configuration (A) most likely switches from a 1, 3 to a 2, 4 state whereas the non-
conductive configuration or collapsed filter (B) is occupied at either the 1 or 4 position (both represented
above), with empty positions occupied by water molecules (red).
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Interestingly, crystal structures of KcsA in ‘low’ K™ (5 mM) or TI" (25 mM) conditions resulted
in a structural rearrangements, or collapse, of the selectivity filter, a feature referred to as the non-
conductive conformation (Zhou et al., 2001b; Zhou and MacKinnon, 2003). In contrast to what is
observed in ‘high’ K" (200 mM) or TI" (160 mM) conditions, electron density for two K* binding
sites are observed in the low K structure at positions 1 and 4, with only one K" ion occupying the
filter on average in a non-conductive state (Figure 1.6) (Zhou et al., 2001b; Zhou and
MacKinnon, 2003). Evidence to support the distribution and quantity of K™ ion within the KcsA
selectivity filter was based on functional and structural studies using K™ and rubidium (Rb")
(Morais-Cabral et al., 2001; Zhou and MacKinnon, 2004a; Zhou et al., 2001b; Zhou and
MacKinnon, 2003). Rb" is an ion with a larger ionic radius to K, but which can conduct through
K" channels, including KcsA (LeMasurier et al., 2001; Morais-Cabral et al., 2001; Zhou and
MacKinnon, 2004a). K" and Rb" currents measured from KcsA channels reconstituted into planar
lipid bilayers revealed two conduction states (steep and linear) when KcsA K or Rb'
conductance was graphed as a function of ion concentration (Morais-Cabral et al., 2001; Zhou
and MacKinnon, 2004a). The transition between steep and linear conduction state occurred at 30-
50 mM K" and Rb". This correlated with a shift in the number of K or Rb" ions coordinated to
the filter in low (3-5 mM) versus high (= 30 mM) ion conditions, as evaluated by measuring
electron density along the filter from high-resolution KcsA crystal structures. Whereas electron
density was detected in sites 1 and 4 in low K* or Rb" conditions, electron density was measured
in sites 1, 3 and 4 for Rb" or sites 1-4 for K" ions in high ion conditions (Morais-Cabral et al.,

2001).

Conversely, a high-resolution crystal structure of MthK, a bacterial K™ channel isolated from
Methanobacterium autotrophicum, revealed a filter in the conductive conformation in low K"
conditions (Ye et al., 2010). Furthermore, MthK conducts Na" ions in the absence of K', lending
further evidence to support the idea that the filter is in a conductive configuration (Ye et al.,
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2010). This Na" conductance property in the absence of K" has also been reported for a variety of
Ky channels (Callahan and Korn, 1994; Korn and Ikeda, 1995; Ogielska and Aldrich, 1998;
Starkus et al., 1997; 1998). The MthK structural and functional data suggest that the collapsed
KcsA selectivity filter observed in low K conditions is most likely a feature of only a subset of
K" channels, which may be correlated with an inability of these channels to conduct Na" in the

absence of K.

1.3.2. K channel gating

Most of our overall knowledge of K™ channel gating stems from electrophysiological studies of
K, and Kz channels, as well as from features observed in several prokaryotic K channel crystal
structures (Cuello et al., 2010a; 2010b; Doyle et al., 1998; Hibino et al., 2010; Jiang et al., 2002;
Yellen, 1998; Zhou et al., 2001b). Although additional mechanisms of gating have been identified
in Ky (N-type inactivation) and Kz channels (G loop gate), all K channels contain two
conserved structural regions of gating which are named the activation gate and the C-type

inactivation gate, or outer pore gate (Hibino et al., 2010; Yellen, 1998).

The activation gate is formed by conformational movements of the inner transmembrane helices
lining the ion conduction pore, which physically permits or obstruct K™ conductance (M2 in
KcsA) (Figure 1.7). Comparison of bacterial K™ channel KcsA (closed) and MthK (open) crystal
structures reveal a conserved glycine residue (Gly 99 in KcsA; Gly 83 in MthK) that acts as a
hinge to facilitate bending of the inner helices (Figure 1.7) (Doyle et al., 1998; Jiang et al., 2002;
Zhou et al., 2001b). This residue is conserved in most K* channels and in ‘P-loop’-containing
channels, including cyclic nucleotide-gated and voltage-gated Na" channels (Na,) (Flynn et al.,
2001; Jiang et al., 2002; Zhao et al., 2004). Gating hinge glycine mutagenesis studies with the

Drosophila melanogaster Shaker channel, a K, homolog, demonstrate that an alanine substitution
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Figure 1.7: Comparison of S. lividans KcsA (closed; PDB ID: 1K4C) and M. autotrophicum MthK (open;
PDB ID: 1LNQ) crystal structures, highlighting the inner helices (blue) that form the activation gate. Side
(A) and intracellular (B) views of KcsA with closed inner helices, based on the diameter of the pore at the
narrowest region (threonine 107, colored green). Side (C) and intracellular (D) views of MthK with open
inner helices. Side views have two subunits removed for clarity. Outer helices are colored orange and
gating glycine hinge (G99 in KcsA, G83 in MthK) is colored red.
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stabilizes the closed, non-conductive conformation of the channel (Ding et al., 2005; Magidovich
and Yifrach, 2004). In contrast, a proline substitution to the Shaker channel and to a bacterial Na,
channel appeared to stabilize the open conformation, as manifested by both channel opening at a
more negative membrane potential and a slower rate of closure (Magidovich and Yifrach, 2004;
Zhao et al., 2004). These functional and structural data demonstrate that the K™ channel activation
gate involves a large hinge movement of the inner helices that is facilitated by a conserved

glycine residue.

In addition to the activation gate, a second gate is located within the extracellular region of the
pore called the C-type inactivation gate or outer pore gate. Like the activation gate, the outer pore
gate physically opens or closes the K channel pore. However, the conformation changes to this
gate are small and involve perturbations to the selectivity filter, as has been suggested through
numerous functional studies and through recent crystal structures of a constitutively open KcsA
mutant (Cuello et al., 2010a; Cuello et al., 2010b; Yellen, 1998). Interestingly, C-type
inactivation, as interpreted from the KcsA mutant crystal structures, appears to involve
constriction to the center the selectivity filter around valine 76 and glycine 77 (75 TVGYGD 80)
and little perturbation to the outer mouth of the pore (Cuello et al., 2010b). This was a surprising
observation since numerous functional studies of C-type inactivation with the Shaker channel
have demonstrated that the largest movements to this gating apparatus occur on the extracellular

side of the filter (Liu et al., 1996; Yellen et al., 1994).

One of these studies involved the generation of a cadmium (Cd*") binding site to the outer mouth
of the Shaker channel pore. Cd*" binding to the Shaker channel T449C mutant appeared to be
state-dependent, with binding to the channel in the C-type inactivated state, and little to no
binding the open state (Yellen et al., 1994). Furthermore, Yellen and colleagues demonstrated
that Cd*" promotes the transition to the C-type inactivated state with very low affinity (Kp
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~9 mM), yet Cd*" stabilized this state with high affinity (Kp = 0.2 uM) (Yellen et al., 1994). It
was proposed from these findings that introduction of the cysteine mutant created a single binding
site for Cd**, with all four cysteines coordinating to the ion, contributed from each protomer.
Recently, a similar study was published with a KesA mutant (Y82C) (Raghuraman et al., 2012).
Unlike the Shaker channel, Cd*" enhanced the rate of C-type inactivation in the micromolar range
(Kp ~ 20 uM). In addition, the generation of a concatenated KcsA tetramer with two adjacent
cysteines mutated demonstrated that the addition of 100 uM Cd** led to faster inactivation of the
channel (t; = 250 ms) compared to the channel without Cd*" (t; = 1100 ms). These channel
inactivation values appear similar to those recorded for the KcsA Y82C mutant. This suggested
that Cd*" coordination, in the case of KcsA, involved only two cysteine residues and may

highlight an inherent difference between KcsA the Shaker channels (Raghuraman et al., 2012).

In fact, it is possible that structural rearrangements observed as a result of C-type inactivated may
vary slightly among K' channels. For instance, it has also been shown that a subset of K"
channels that undergo C-type inactivation are able to conduct Na’ ions in the absence of K"
(Callahan and Korn, 1994; Korn and Ikeda, 1995; Starkus et al., 1997; 1998). Further structural
information (e.g. crystal structures of other K' channels in a C-type inactivated state) will

advance our understanding of this gating mechanism.

1.3.3.  K"channel conductance

Some K channels can conduct K" ions at rates up to 10® ions per second, or measured single
channel conductance values of 200-300 pS (physiological K" concentration), as in the case of the
big conductance K¢, channels (BK channels; K¢,1 channels) (Hille, 2001; Latorre et al., 1989).
On average though, measurements of single channel conductance through eukaryotic K* channel
can be estimated to be approximately 5-50 pS (Hille, 2001). The KcsA and MthK crystal
structures provide us with an idea of how K’ channels may accommodate fast rates of K"
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transport. As earlier discussed, K" selectivity is accomplished by residues within the selectivity
filter sequence, which contribute backbone carbonyls and threonine side chain hydroxyl groups to

coordination with dehydrated K" ions (Doyle et al., 1998; Zhou et al., 2001a).

Since dehydration is a necessary step for K™ conduction, the significant free-energy cost of K ion
dehydration, 85 kcal/mol, must be minimized in order for K* channels to accommodate fast rates
of conduction (Hille, 2001). K" coordination to the selectivity filter achieves this minimization
since the selectivity filter carbonyls and threonine side chain hydroxyl groups are positioned such
that the filter mimics K* coordination with water (Doyle et al., 1998; Zhou et al., 2001a). K* ion
coordination within the KcsA selectivity filter is found in the 1,3 state or 2,4 state in the
conductive configuration, with each ion coordinated to 8 carbonyls, and these two coordinated
states are energetically equivalent (Figure 1.4, Figure 1.6) (Morais-Cabral et al., 2001; Zhou and
MacKinnon, 2004a; Zhou et al., 2001b; Zhou and MacKinnon, 2003). Transition of ions between
the 1,3 and 2, 4 states requires a rearrangement in K" ion coordination within the filter. This
rearrangement most likely results in an octahydryl coordination of the K ion, contributed by four
carbonyls from the filter and two water molecule that are either occupying the empty positions

within the filter or surrounding the vestibules (Morais-Cabral et al., 2001).

KcsA selectivity filter coordination to ions with larger ionic radii, such as Rb", is different to
what is observed for K', since only 3 of the 4 sites are occupied (positions 1, 3 and 4) (Morais-
Cabral et al., 2001; Zhou and MacKinnon, 2003). In other words, Rb" does not share the
energetically equivalent 1, 3 and 2, 4 states of K filter coordination. Single channel recordings of
KcsA further support this idea since the single channel conductance of KcsA in symmetrical Rb"
conditions is lower compared to symmetrical K conditions (LeMasurier et al., 2001).
Coordination of smaller monovalent cations such as Na" to the filter is also not energetic
favorable and, therefore, does not occur in physiological K* conditions. The process of K* ion
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dehydration, coordination to the selectivity filter, transition between the 1, 3 and 2, 4 states, and
hydration of filter-exiting ions in physiological K* conditions results in a maximum energy
barrier of 2-4 kcal/mol, as determined from molecular dynamics free energy simulations

(Berneche and Roux, 2001).

In addition to the selectivity filter, the opening of the activation gate also plays a role in
supporting fast rate of K channel conductance, as interpreted from the MthK crystal structure.
Activation gate opening reduces the distance in which K" ions have to travel through the low
dielectric membrane environment (Jiang et al., 2002). Comparison of the calculated electrostatic
potentials for MthK and KcsA, as evaluated from the crystal structures, demonstrates that
opening of the activation gate exposes the MthK intracellular region to the cytosol, raising the
dielectric constant to ~80. As a result, this narrows the membrane diameter to ~12 A, or the

length of the selectivity filter, and contributes to fast channel conductance.

Although the selectivity filter and activation gate are conserved architectural features of K"
channels, the measured single channel conductance between channels varies significantly. The
MthK crystal structure spearheaded several mutagenesis studies to identify residues that influence
K" channel conductance. Sequence analysis identified acidic residues located within the inner
helix of K,, such as MthK and BK channels, but not other K channels, which enhance channel
conductance for outward currents (Brelidze et al., 2003; Nimigean et al., 2003). Charge
neutralization of these residues in mouse Slol (BK channel) diminished conductance whereas
substitution of the analogous KcsA residue to glutamate enhanced channel conductance. The
mechanism by which these acidic residues enhance channel conductance is through electrostatic
attraction of K ions to this region, as demonstrated by measuring single channel conductance in

varying K* concentrations (Brelidze et al., 2003; Nimigean et al., 2003). These mutagenesis
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studies suggest that residues within the inner helix are important for diversifying the conductance

properties of K™ channels.

1.4.  Voltage-gated K* channels and Ca?*-activated K* channels

K" channels can be classified into three subfamilies based on their membrane topology and
functional characteristics (Hille, 2001). The largest subfamily of K™ channels is comprised of Ky
and K¢, channels, which are voltage-dependent channels comprised of 6 transmembrane helices
(M1-6), or 7 in the case of BK channels (M0-6), and 1 selectivity filter signature sequence (Figure
1.3) (Coetzee et al., 1999; Hille, 2001). Since one selectivity filter sequence is found in each
monomer, Ky and K¢, channels are tetrameric (Coetzee et al., 1999; Doyle et al., 1998).
Furthermore, Ky and K¢, channels have been shown to assemble as homotetramer and
heterotetramers, which is presumably important for diversifying their functional properties
(Coetzee et al., 1999; Doyle et al., 1998). In addition to the hallmark selectivity filter sequence,
these channels also harbor an arginine-enriched segment (every 3™ residue) within M4, which is
the channel voltage sensor (Figure 1.3) (Yellen, 1998). Another important structural feature that
plays a role in fast inactivation of Ky channels is the N-terminus, which has been proposed to
inactivate Ky channels by plugging the intracellular side of the pore through a ball-and-chain

model (Yellen, 1998).

Ky and K¢, channels make up over half of the total number of human K channels currently
identified and can be further divided into twelve (Ky1-12) and five (Kc,1-5) classes, respectively,
based on sequence homology (Coetzee et al., 1999). Ky channels have distinct
electrophysiological properties that work collectively to fine-tune the number, duration and firing
frequency of action potentials in neurons (Johnston et al., 2010). For instance, Ky1 and Ky4
channels, homologs of D. melanogaster Shaker and Shal channels, respectively, are sensitive to
small depolarizations near to the resting potential (around -40 mV to -30 mV), proposed to be
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important for regulating the number of action potentials fired during depolarization (Johnston et
al., 2010). In contrast, Ky2 and Ky3 channels (D. melanogaster Shab and Shaw channels,
respectively) require greater membrane depolarization (around 0 mV), and thus are important for
repolarizing neurons after an action potential. Ky3 channels are activated quickly, typically
before reaching the action potential plateau, and therefore are also important for modulating
action potential firing and fast frequency by promoting repolarization. Ky2 channels have slower
activation kinetics than Ky3 channels and consequently contribute additional K" currents (with

Ky3) during the repolarization (Johnston et al., 2010).

K, channel gating is modulated by changes in intracellular Ca®" and, as a result, these channels
are often co-expressed with voltage-gated Ca®" channels. In the case of K¢,1 channels (BK
channels), gating is also voltage-dependent (Vergara et al., 1998). BK channels are expressed in a
wide variety of tissues, with the highest abundance in the brain and smooth muscle-containing
organs (Wu and Marx, 2010). Consequently, K¢,1 channels have been shown to have essential
functions in the cerebellum, vasculature, kidneys (adrenal glands) and bladder, as evaluated with
Kcal-targeted knockout mice (Wu and Marx, 2010). K¢,1 channels associate with tissue-specific
auxiliary subunits (B1-4), which contribute to their functional diversity within different organs.
Efflux of K* ions through Ca**-modulated K¢,1 channels results in cell hyperpolarization, which
reduces Ca”" influx through voltage-gated Ca®" channels. K¢,1 are, therefore, often described as
feedback regulators of voltage-gated Ca®" channels (Vergara et al., 1998). Unlike BK channels,
K¢.2 channels, or small conductance K¢, channels (SK channels), exhibit voltage-independent
gating properties and play an essential role in excitable cells. SK channels are modulated by
intracellular Ca*" ions, but do not directly bind Ca*". Instead, SK channels are regulated by
calmodulin binding through interaction with the SK channel C-terminus (Adelman et al., 2012).
Interestingly, SK channel have also been localized in the dendritic spines of hippocampal CAl
neurons and have been reported to dampen AMPA receptor- and NMDA receptor-induced
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excitatory post-synaptic potentials in these neurons, suggesting a role in learning and memory

(Adelman et al., 2012).

1.5. Inward-rectifying K* channels

K channels comprise a second subfamily of K™ channels, which are structurally distinct from Ky
and K¢, channels since they harbor only 2 transmembrane segments (M1-2) and 1 selectivity
filter signature sequence (Figure 1.3) (Hibino et al., 2010; Hille, 2001). As anticipated based on
the Kir molecular architecture, Kiz channels are not voltage-gated since they do not contain the
voltage-sensing domain that is found in Ky and K¢, channels. However, like Ky and Kc,
channels, Kz channels are tetrameric complexes, which can assemble as functional homomers
and heteromers (Hibino et al., 2010). All Kjzx channels display inward rectification, with large
measurable conductance below the equilibrium potential for K ions (Ex) and very little
conductance above the Ex (see 1.6.1 Theoretical electrophysiological properties of K' leak
channels for explanation of Ey) (Figure 1.3). Interestingly, Kz inward rectification is not
associated with modulation to the channel gate. Instead, Kz channels are able to minimize K"
conductance at higher membrane potentials through a physical block of the ion pore by
intracellular magnesium ions (Mg”") and/or polyamines (Lopatin et al., 1994; Matsuda et al.,

1987).

A total of 15 Kjr channels have been identified in mammals that can be first grouped into 7
subfamilies based on their sequence similarity, and the 7 subfamilies can be categorized into 4
groups based on their functional characteristics. These groups are classical Kz channels (Kr2),
G protein-gated Kz channels (Kz3), ATP-sensitive Kz channels (Kz6), and other Kz channels
(K1, Kir4, KRS, and Kr7) (Hibino et al., 2010). Although all K;z channels exhibit inward
rectification, they do so to varying degrees. For instance, Kiz2 and Kiz3 channels are classified as
strong inward rectifiers, whereas Kir4 channels are intermediated inward rectifiers and K1,
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K35, Kir6 and Kz7 channels are considered weak inward rectifiers. One molecular distinction,
which dictates strong or weak inward rectification of Kz channels by Mg2+ block, is a conserved
residue within the inner helix (M2) of Kz channels (Lu and MacKinnon, 1994; Stanfield et al.,
1994; Wible et al., 1994). Strong inward rectifiers contain an aspartate at this position (e.g.
aspartate 172 in human Kjr2.1), whereas weak inward rectifiers contain an asparagine. Mutation
of this residue alters the affinity for Mg®" and the magnitude of inward rectification through an

electrostatic mechanism (Lu and MacKinnon, 1994; Stanfield et al., 1994; Wible et al., 1994).

Among their various physiological roles, Kjz2 channels are abundant in cardiac myocytes and are
essential for dictating the kinetics of a cardiac action potential. Kjz2.1-2.3 channels control the
resting membrane potential, they are responsible for sustaining the characteristic prolonged
cardiac action potential, and also significantly contribute K" efflux during repolarization (Hibino
et al., 2010). Andersen’s syndrome, an autosomal dominant disorder associated with a cardiac
arrhythmia phenotype in patients, is linked to mutations in Kjz2.1 (Plaster et al., 2001). In the
nephron, Kir1.1 channels are primarily localized to the thick ascending limb of the loop of Henle
(TAL), the distal convoluted tubule, and the cortical collecting duct (Hibino et al., 2010). TAL
cells are essential for reabsorbing 25% of Na" ions from the urine and this process is primarily
regulated by the Na'-K'-2CI" cotransporter (NKCC). Kiz1.1 and NKCC appear to be functionally
coupled since Kigl.1 channels are hypothesized to be necessary for balancing the K' influx
introduced through the action of NKCC. Kz1.1-mediated K efflux results in an increase of
extracellular K ions, which, in turn, facilitates additional Na’ reabsorption through NKCC
(Hibino et al., 2010). In support of the role of Kjz1.1 in the nephron, Kiz1.1 knockout mice
exhibit a Na’, K and CI” wasting phenotype similar to type II Bartter’s syndrome (Lorenz et al.,

2002).
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1.6.  Two pore domain K* channels

The third subfamily of K" channels are named two pore domain K" channels (K,p), and these
channels were originally classified as background or leak K" channels. K,p channels have a
unique molecular architecture, which contains four transmembrane segments (M1-4) and 2
selectivity filter sequences (P1-2) (Figure 1.3) (Enyedi and Czirjak, 2010; Hille, 2001). Their
topology suggests that the biological assembly of K,p channels is a dimer rather than a tetramer
(Kollewe et al., 2009; Lesage et al., 1996b; Maingret et al., 2000a; Patel et al., 2000). A total of
15 human homologs have been identified and are grouped into a total of 6 subfamilies based on
their sequence identity and functional properties (Table 1.2) (Enyedi and Czirjak, 2010; Goldstein
et al., 2005). Overall, the individual physiological roles of Kyp channels have not been fully
elucidated due to a lack of Kyp-specific inhibitors and/or to the potential for compensatory or
tantamount function of other Kyp channels paralogs within a cell. However, the most studied of
these channels are the TREK (K2, Kyp4 and K,p10) and TASK (Kyp3, Kyp9) subfamilies.
Members of the TREK subfamily are gated by a diverse range of cell stimuli and
pharmacological agents such as membrane stretch, temperature, pH, anesthetics and lipids
(Enyedi and Czirjak, 2010; Honore, 2007). Electrophysiological and K,p2 knockout mice studies
suggest roles for these channels in neuroprotection, pain perception, depression and anesthetic
modulation through a common mechanism of hyperpolarization and decreased cell excitability
(Honore, 2007; Sabbadini and Yost, 2009b). TASK subfamily members are acid-sensitive
channels, gated by changes to extracellular pH and anesthetics (Enyedi and Czirjak, 2010). They
have a number of important physiological roles, including aldosterone production and secretion,
which is important for K* secretion and Na' reabsorption in the kidney (Bayliss and Barrett,
2008; Sabbadini and Yost, 2009b). TASK channels best fit the model of a K' leak channel, as
predicted for free ion flux through an open ion-selective pore by the Goldman-Hodgkin-Katz

(GHK) constant field current equation (Figure 1.3) (Goldman, 1943; Hodgkin and Katz, 1949).
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Subfamilies Channel

TWIK Kopl (TWIK-1)

Kap6 (TWIK-2)

Kop?

TREK Kar2 (TREK-1)

Kap4 (TRAAK)

K2p10 (TREK-2)
TASK Kap3 (TASK-1)

K2p9 (TASK-3)

Kap15 (TASK-5)

THIK Kopl2 (THIK-2)
Kopl3 (THIK-1)
TALK KopS (TASK-2)

Kap16 (TALK-1)
Kap17 (TALK-2)
TRESK Kap18 (TRESK)

Table 1.2: List of 15 human K,p channels that are grouped into 6 subfamilies based on sequence identity
and functional characteristics. Channels that are italicized have not been demonstrated to be functional in
the literature. With the exception of K,p18, all Kyp channels were cloned and screened by FSEC (see 2.3.1
Pre-crystallization screening of K,p channels).
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1.6.1. Theoretical electrophysiological properties of K leak channels

As mentioned earlier, Na'/K" pumps and K leak channels are essential for establishing the
electrical potential across the membrane at rest. Na'/K' pumps are important for generating
concentration gradients of both Na" and K" ions. The resulting asymmetrical distribution of K"
ions, with a high concentration inside the cell, promotes K" efflux through K" leak channels. This
K" efflux generates a negative electrical gradient, due to the positive charge moving out of the
cell and the counter negative charge remaining inside. Therefore, K" efflux is dictated by the K"
concentration gradient, established by Na'/K' pumps, and the electrical gradient generated by

both K" efflux and the total distribution of ions.

K" equilibrium is reached at the membrane potential, or the Nernst potential, where there is no net
ion flux. In a hypothetical system in which the membrane is only permeable to K ions, the Nernst

potential can be simplified to the equilibrium potential for K" ions (Ex):

_RT__[K*],
K= 2F VK

where R is the gas constant, 7 is the absolute temperature constant in kelvin, z is the charge of the
ion (1, in the case of K") , F is Faraday constant and [K '], and [K']; are the K™ ion concentrations
outside and inside the cell, respectively. At physiological K concentrations and temperature
(37°C), Ex is —98 mV and the resting potential for mammalian cells is between —60 to —90 mV.
Not surprisingly, K conductance has a significant contribution at rest since Ex is close to resting
potential, a phenomenon documented > 100 years ago (Seyfarth, 2006). Yet, the variability of
resting potential in mammalian cells suggests that contribution is not limited to K', but may also
include other ions such as Na" and Cl (equilibrium potentials of +67 and —90 mV, respectively)

(Hille, 2001).
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Initial studies to elucidate the properties of ion permeation and selectivity through biological
membranes were performed by Goldman, Hodgkin and Katz in the 1940’s (Goldman, 1943;
Hodgkin and Katz, 1949). One of the equations derived from these studies, called the GHK
constant field current equation, is now viewed as an expression that can predict the non-linear
current-voltage (I-V) relationship that is observed for leak channels (Hille, 2001). The non-linear
I-V relationship, called rectification, is assumed to be a result of asymmetrical concentration of
ions inside and outside of the cell exclusively. The other major assumptions that were made when
deriving this equation were that 1. the membrane is a homogenous layer, 2. there is a constant
electric field across the membrane, 3. ions crossing the membrane do so independently of one
another (no interaction), and 4. current amplitude adjusts instantaneously to changes in membrane
potential. The GHK current equation can be used to calculate the hypothetical current amplitude
measured from an ion-selective leak channel as long as the permeability of ion S (Pg), the
cytosolic and extracellular concentrations of ion S ([S]; and [S],, respectively), and the membrane

potential are known (V,):

ZsVmF
VinF2 [S]i = [Slo exp(— SRT )

RT ZsVmF
1 —exp(— RT )

Is = Pszs?

Assuming that ions cross the membrane independently of one another, the equation above can be

separated into two expressions of current efflux and influx of ion S:

VimF2 [S];
RT

_ 2
Is efflux = Pszs VT

1 —exp(— RT )

VmF2 [S]o

RT ZsVF
1—exp( RT )

Is influx = Pszs?
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Figure 1.8: TASK channels best fit the GHK current equation prediction for a K' leak channel. (A)
Theoretical I-V representation of K (black curve) with an ~ 5-10 fold K* gradient, as predicted from the
GHK current equations (Ix efflux, red dashed curve; Ix influx, green dashed curve). At larger negative and
positive membrane potentials, the inward and outward current amplitudes become asymptotic to straight
lines from the origin (gray lines). In symmetrical conditions, Ix efflux and influx become one line that
passes through the origin. (B) I-V relationship of human TASK-1 (K,p3) channels expressed in Xenopus
oocytes. Whole-cell recordings of K,p3 in various external concentrations of K" ions. Symmetrical
conditions (98K) appear as a straight line, as predicted by the GHK current equation. Adapted by
permission from Macmillan Publishers Ltd: EMBO 16(17): 5464-71 copyright 1997.
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At large positive and negative membrane potentials (Vy), both Ig efflux and influx become
asymptotic to straight lines from the origin in an I-V curve (Figure 1.8). In this case, the equations

can be simplified to:

Is efflux = P ALl [S]i for Vm > 0

s elfluX = [sZs RT i Oor Vm
VinF2

Is influx = Pszs? RT [S]o forVy, « 0O

Interestingly, the asymptotic lines converge to a straight line through the origin in the I-V curve
when the internal and external concentrations of S are equal. In this case, the channel
conductance (slope) is the same at all membrane potentials, corresponding to Ohm’s law. From
the GHK current equation, the I-V relationship of a leak channel measured in symmetrical ionic
conditions should be linear, graphing as a straight line through the origin (Figure 1.3, Figure 1.8).
For a K'-specific leak channel recorded in physiological K conditions (non-symmetrical), one
would expect to measure an outward rectifying channel with an Ex at around -100 mV (Figure

1.8).

We now know that many of the assumptions made are not observed physiologically. The lipid
bilayer is made up of many components, including different types of phospholipids, cholesterol,
membrane-anchored proteins and transmembrane proteins including ion channels. The crystal
structures of KesA demonstrated that channel pores have dipoles and charges that contribute to
local changes in the electric field (Doyle et al., 1998; Roux and MacKinnon, 1999). In addition,
the structure highlights the importance of K* charge repulsion within the selectivity filter as a
means to promote ion movement within this region (Doyle et al., 1998; Zhou et al., 2001Db).
Despite the inaccurate assumptions, the GHK current equation is still able to predict the I-V
relationship of leak channels quite well. K,p channels exhibit I-V relationships that are most

similar to the GHK current equation prediction compared with other K* channel families (Figure
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similar to the GHK current equation prediction compared with other K* channel families (Figure
1.3). In particular, instantaneous currents measured from TASK channel subfamily members
exhibit almost identical properties (Figure 1.8) (Duprat et al., 1997; Enyedi and Czirjak, 2010). I
will now discuss the biophysical characteristics and physiological roles the two most extensively
studied K,p subfamilies, the TASK and TREK channels, and end the section with a description of

Kypl (TWIK-1) channels, which is the focus of this thesis.

1.6.2. TASK channels: biophysical characteristics and physiological roles

TASK-1 (K5p3), TASK-3 (K2p9) and TASK-5 (Kyp15) are members of the TASK subfamily of
K,p channels, or TWIK-related Acid Sensitive K' channels. The first channels which were
identified and characterized within this family were K,p3 and K,p9 channels, both of which
exhibited electrophysiological properties that resemble leak K™ channels as predicted by the GHK
current equation (Duprat et al., 1997; Enyedi and Czirjak, 2010; Kim et al., 1999; 2000; Lopes et
al., 2000; Rajan et al., 2000). In addition, both K»p3 and K,p9 channels are gated by extracellular
acidosis and substitution of a histidine residue within the P1 selectivity filter sequence in both
channels (TIGYGH; H98 for both K,p3 and K,p9) inhibits this regulation (Kim et al., 2000; Lopes
et al., 2000; Lopes et al., 2001; Morton et al., 2003; Rajan et al., 2000). Interestingly, background
K" channels had been proposed to be targets of anesthetic action for ~ 30 years ago (Franks and
Lieb, 1988; Nicoll and Madison, 1982). After the molecular identification of the K,p channel
family in the mid-90’s, it was demonstrated that K,p3 and K,p9 channels are modulated by
inhalation anesthetics including halothane and isoflurane (K,p9-specific), but not chloroform or

diethyl either (Berg et al., 2004; Patel et al., 1999; Sirois et al., 2000; Talley and Bayliss, 2002).

Currently, K»p3 and K;p9 channels are the only K,p family members that have been reported to
assemble as both homomeric and heteromeric channels (Berg et al., 2004; Czirjak and Enyedi,
2002; Kang et al., 2004). Not surprisingly, K;p3 and K,p9 channel homomers and K;p3-K»p9
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channel heteromers have distinct electrophysiological and pharmacological properties, as has
been demonstrated through co-expression of both subunits, as well as with expression of a K,p3-
K79 tandem heterodimer (Berg et al., 2004; Czirjak and Enyedi, 2002; Kang et al., 2004).
Functional K,p3-K5p9 heteromers, as well as K,p3 and K,p9 homomers, have also been identified
in somatic motor neurons and cerebellar granule cells (Berg et al., 2004; Kang et al., 2004). The
existence of both homomers and heteromers of K,p3 and K9 is most likely important for
providing functional diversity within this K,p channel family and could play a role in fine tuning

cellular responses to changes in extracellular pH.

More recent work with a K,p3/K,p9 double knockout mouse model has illuminated the
physiological role of these channels. For example, both K,p3 and K,p9 are highly expressed in the
outer layer of the adrenal glands (zona glomerulosa; ZG). One role of ZG cells is to facilitate the
production and secretion of aldosterone, a hormone that is important for regulating K" secretion
and Na' reabsorption in the kidney and, in turn, controlling blood pressure. Aldosterone secretion
is enhanced by both extracellular acitification and activation of AT; (a Gg4-coupled receptor) by
angiotensin II, and both AT1 activation and acidosis have been shown to gate K,p3 and K;p9
channels (Czirjak et al., 2000). Furthermore, aldosterone production and secretion are regulated
by Ca®" entry through T-type Ca®" channels (most likely candidate is Cay3.2 based on
electrophysiological characteristics) (Hu et al., 2012). Since membrane depolarization is required
for Ca* entry, maintenance of the resting potential by both K,p3 and Kyp9 is also essential for this
process (Czirjak et al., 2000). Although K,p3/K29 double knockout mice appear to have normal
histological features, they have enhanced production and secretion of aldosterone (Davies et al.,
2008). ZG cells are depolarized in the K;p3/K;p9 knockout mice. In addition, aldosterone
production and secretion is enhanced in both high and low sodium diets in these mice, whereas
aldosterone levels in the urine are elevated with low (angiotensin II production), but not high (no
angiotensin II), sodium diets in wild-type mice (Davies et al., 2008). The mice exhibit a
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phenotype similar to primary hyperaldosteronism, a condition which results in enhanced Na"

reabsorption, K excretion and, ultimately, hypertension.

Studies of anesthetic response by wild-type, K,p3 knockout, and K,p9 knockout mice have also
been investigated. The overall response to the hypnotic and analgesic effects of halothane and
isoflurane, as evaluated by the loss of righting reflex response (LORR) and loss of tail-pinch
withdrawal response (LTWR) behavioral tests, appeared to be present, but minimal, for the K,p3
and K,p9 knockout mice (Linden et al., 2006; Linden et al., 2007). These results suggest that there
may be other channels that contribute to the overall effects induced by halothane and isoflurane.
However, these results do not exclude the possibility of compensatory effects of other Kp
channel family members. For example, K,p3 knockout mice exhibit enhanced expression of other

K,p channels in the mouse forebrain, at least at the transcript level (Linden et al., 2006).

1.6.3. TREK channels: biophysical characteristics and physiological roles

The TREK channel family, which consists of TREK-1 (K;p2), TREK-2 (K,p10) and TRAAK
(Kyp4) were the second family of Kyp channels identified (Bayliss and Barrett, 2008; Dedman et
al., 2009; Enyedi and Czirjak, 2010; Honore, 2007). TREK channels exhibit mild outward (K,p2)
or inward (K,p4, K,p10) rectification in symmetrical K* conditions when recorded as single
channels (Bang et al., 2000; Kim et al., 2001a; Patel et al., 1998). This mild rectification suggests
a weak voltage dependency and, therefore, TREK channels do not fit the GHK current equation

model.

TREK channels have been of considerable interest since they are highly responsive to thermo,
mechanical and chemical stimuli (Bayliss and Barrett, 2008; Dedman et al., 2009; Enyedi and
Czirjak, 2010; Honore, 2007). For instance, patch clamp studies of overexpressed K,p2, Kypd or
K,p10 in Xenopus oocytes and mammalian cell lines demonstrated that current amplitudes are
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enhanced when channels are recorded at elevated temperatures (37°C - 42°C versus 25°C) (Kang
et al., 2005; Maingret et al., 2000a). Mechanical stress also modulates K,p2, Kyp4 or K,p10
activity, as demonstrated by studies utilizing 1. mechanical force (positive or negative pressure),
2. introduction of amphipaths that selectively integrate into the outer (trinitrophenol, lysolecithin)
or inner (chlorpromazine) leaflets of the lipid bilayer, or 3. cell swelling (Bang et al., 2000;
Lesage et al., 2000a; Lesage et al., 2000b; Maingret et al., 1999a; Patel et al., 1998). Furthermore,
mechanical stimulation of TREK channels appears to be a direct effect since Kyp2, K,p4 and
K,p10 mechanosensitivity was maintained in excised patches. In addition to membrane tension,
TREK channels are also gated by lipids moieties embedded in the bilayer, including
polyunsaturated fatty acids (PUFAs; e.g. arachadonic acid), phospholipids (PL), and
lysophospholipids (lysoPLs) (Bang et al., 2000; Chemin et al., 2005a; Chemin et al., 2005b; Fink
et al., 1998; Lesage et al., 2000b; Maingret et al., 2000b; Patel et al., 1998). Intracellular
acidification (K5p2, K,p10) or alkalinization (K,p4) has also been demonstrated to directly activate
these channels since these effects are observed in inside-out patch configuration (Bang et al.,
2000; Kim et al., 2001a; Lesage et al., 2000b; Maingret et al., 1999b). Finally, as has been
demonstrated for TASK channels, K2 and K,p10 channels, but not K,p4 channels, are also

modulated by inhalation anesthetics (Lesage et al., 2000b; Patel et al., 1999).

Site-directed mutagenesis studies have been conducted on TREK channels to identify a region(s)
of the channel that is important for sensing these modalities. Many of the studies suggest that the
cytosolic C-terminus is an important region for modulation by these stimuli in both K,p2 and
K,p10 channels, whereas modifications to the C-terminus of K,p4 have no effect (Chemin et al.,
2005b; Chemin et al., 2007; Honore et al., 2002; Kim et al., 2001a; Kim et al., 2001b; Maingret et
al., 1999b; 2000b; Patel et al., 1998; Patel et al., 1999). Since response to heat, pH, and
mechanical stress appear to converge on C-terminus, one hypothesis is that these modalities may
modulate the TREK channel gate in a similar manner. However, it has been shown that combined
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intracellular acidosis (K,p2 and K,p10) or alkalinization (K,p4) and membrane stretch (negative
pressure) results in synergistic activation of TREK channels, suggesting different mechanisms of
action (Honore et al., 2002; Kim et al., 2001a; Kim et al., 2001b). Substitution of glutamate 306
(E3006), located within the proximal C-terminus (residues 297-311) of K,p2, results in a channel
that is insensitive to intracellular acidification, but activated by membrane stretch (Figure 1.9).
Likewise, a Kyp2 C-terminal truncation mutant that eliminates residues 312-411 (Kyp2 A100;
distal C-terminus) is insensitive to pressure, but is activated by protons (Figure 1.9) (Honore et
al., 2002). Lipid modification and stretch also appear to have separate modes of action. PIP,
stimulation of K,p2 requires the presence of positively charged C-terminal residues within the
proximal C-terminus, whereas deletion of the distal C-terminus has no effect (Figure 1.9)
(Chemin et al., 2005b). Furthermore, K,p2 modulation by lysophosphatidic acid does not require

the C-terminus (Chemin et al., 2005a).

Evaluating the location of TREK channel expression can help to elucidate their physiological
function. For instance, expression of TREK channels is abundant in the brain, with high
expression of K;p2 and K,plO in the dorsal striatum (caudate nucleus and putamen) and
expression of K,p2 and Kyp4 in the amygdala, regions of the brain that are essential for memory
and emotional response (Heurteaux et al., 2006; Lesage et al., 2000b; Meadows et al., 2000;
Medhurst et al., 2001; Reyes et al., 2000). Interestingly, K,p2 knockout mice exhibit a depression-
resistant phenotype, with increased serotonin (5-HT) neurotransmission and a decreased response
to behavioral tests examining depression and stress (Heurteaux et al., 2006). K,p2 knockout mice
are also resistant to a variety of antidepressants, such as fluoxetine, paroxetine and amitriptyline.
This phenotype was not matched in the K,p4 knockout mice, which was surprising because 5-HT
receptors (predominantly G protein-coupled receptors) are expressed within a region of the
amygdala called the hippocampus. However, the lack of a depression-resistant phenotype in the
K,p4 knockout mice may be a result of K,p2, but not K,p4, regulation by G proteins

36






Figure 1.9: Modifications to the C-terminus of K,p2 which alter gating. K,p2 sequence with transmembrane
segment 4 (M4), proximal C-terminus (orange) and distal C-terminus (blue) highlighted above. Asterisks
denote residues located within the proximal C-terminus that are important for sensing intracellular
acidification (E306, blue) and for interacting with PIP, (basic residues, red) (Chemin et al., 2005b; Honore
et al., 2002).
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(Heurteaux et al., 2006). The depression-resistant phenotype of the K,p2 knockout mice suggests

an important physiological role of K,p2 in hyperpolarizing serotonergic neurons.

In addition to the brain, TREK channels are also found in dorsal root ganglion (DRG), a region
comprised of afferent neurons located in the spine that are capable of sensing noxious stimuli and
relaying this information to the brain (Alloui et al., 2006; Kang et al., 2005; Kang and Kim, 2006;
Maingret et al., 2000a; Medhurst et al., 2001; Noel et al., 2009; Reyes et al., 2000; Talley et al.,
2001). Nociceptive neurons in the DRG are able to respond to noxious stimuli, which include
extreme cold and hot temperatures, mechanical stress, and tissue acidity (Chudler and Dong,
1995). These insults are activators of TREK channels, suggesting a direct role for these channels
in regulating DRG neuronal firing (Honore, 2007). This hypothesis is supported by work with
K,p2 single knockout and K,p2-K,p10 double knockout mice, which demonstrate a role for cold
and heat, mechanical (osmolarity), and chemical perception in the DRG through mouse
behavioral studies and electrophysiological recordings from wild-type, Kenk2 -/- and Kenk2-

Kcenk10 -/- DRG neurons and C-fibers (Alloui et al., 2006; Noel et al., 2009).

PUFAs and lysoPLs have been reported to be important for neuroprotection against cerebral
insults such as ischemia and kainite- (glutamate receptor agonist) induced seizures in mice
(Blondeau et al., 2002a; Blondeau et al., 2002b; Lauritzen et al., 2000). The proposed mechanism
for neuroprotection is activation of PUFA-sensitive background K' channels within the TREK
subfamily, which result in a reduction of the resting potential and reduced excitatory postsynaptic
potentials (Lauritzen et al., 2000). Riluzole is a potent neuroprotectant that is a first-line drug for
the treatment of amyotrophic lateral sclerosis. Like PUFAs, it is suggested that riluzole prevents
neuronal hyperexcitability and has been shown to directly activate K,p2, K;p4 and K,p10 channels
(Duprat et al., 2000; Fink et al., 1998; Lesage et al., 2000b). Physiological evidence for a

neuroprotective role of Kyp2 was demonstrated in K,p2 knockout mice, which displayed increased
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susceptibility to brain and spinal cord ischemia as well as to kainite- and pentylenetetrazol-
(GABA, receptor antagonist) induced epileptic seizures (Heurteaux et al., 2004). Furthermore,
whereas wild-type mice benefited by injection of linolenic acid (a PUFA) or
lysophosphatidylcholine (a lysoPL) prior to kainite administration, with decreased seizure activity
and mortality rates, K,p2 knockout mice performed poorly with or without the lipid pre-treatment
(Heurteaux et al., 2004). These results suggested a loss of neuroprotection by PUFAs and lysoPLs

in the K,p2 knockout mice.

Inhalation anesthetics, such as chloroform, halothane and isoflurane, have been demonstrated to
activate K,p2 and K,p10 channels, but not K,p4 channels, at clinically relevant concentrations
(Patel et al., 1999). K,p2 knockout mice were less sensitive to the hypnotic effects of chloroform,
halothane, seroflurane and desflurane, with an increase in latency to LORR compared to wild-
type animals (Heurteaux et al., 2004). These effects were restricted to inhalation anesthetics since
Kyp2 knockout mice responded similarly to application of pentobarbital compared to wild-type
mice (Heurteaux et al., 2004). These results suggest that K,p2, and possibly K,p10, channels are

likely targets of inhalation anesthetics.

1.6.4. Kyl channel: biophysical characteristics and physiological roles

The Kypl (TWIK-1) channel was the first mammalian Kyp channel identified, with widespread
expression in both human and mouse tissue samples (Lesage et al., 1996a; Lesage and Lazdunski,
2000). K;pl is most abundant in the CNS, with high expression in the cerebellum, thalamus and
cortex (Medhurst et al., 2000; Talley et al., 2001). K,p1 nephron distribution has also been
extensively examined in human, rat and rabbit, with high levels of expression in the TAL and
distal tube (Cluzeaud et al., 1998; Levy et al., 2004; Orias et al., 1997). Although K,p1 expression
is widespread in multiple organisms, K,p1 knockout mice exhibit minor abnormalities with the
exception a renal phosphate and water retention reduction phenotype (Millar et al., 2006; Nie et
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al., 2005; Sabbadini and Yost, 2009a). The modest phenotypes observed these mice may be the

result of compensatory responses to the loss of K,pl from other K,p family members.

Biochemical studies of K,p1 have supported the idea that K,p channels assemble as dimers rather
than tetramers. Under non-reducing conditions by SDS-PAGE, K,p1 migrates as both a monomer
and a dimer (Lesage et al., 1996b). A cysteine residue within the extracellular ‘loop’ (C69) was
thought to contribute to Kypl dimerization since a Kypl C69S mutant migrates as a monomer
(Figure 1.3). This residue is conserved throughout the majority of the K,p paralogs and it is not
known whether the cysteine is necessary for dimerization and, ultimately, for channel function. In
addition, initial biochemical work demonstrated that K,p1 is N-glycosylated at asparagine 95
(N95) within the extracellular ‘loop’. Wild-type Kypl separated as two monomeric bands in
reducing conditions whereas an N-glycosylation mutant (N95A) or PNGase F-treated wild-type

K,pl sample separated as one, lower molecular weight band (Lesage et al., 1996b).

Functional characterization by electrophysiological studies initially classified K,pl as a weak
inward-rectifying channel. This conclusion was based on the I-V curve from K,p1 macroscopic
measurements in Xenopus oocytes recorded in symmetrical K conditions (Lesage et al., 1996a).
However, further biophysical characterization of K,pl was not performed until ~10 years later
since others were unable to obtain K currents attributable to K,p1 upon heterologous expression

in a variety of cell lines (Goldstein et al., 1998; Goldstein et al., 2001).

Although localized to the plasma membrane, one hypothesis was that K,p1 channels may require
an additional factor or subunit, or may be rapidly internalized. One proposed mechanism of Kypl
‘silencing’ came from experimental data suggesting that a lysine residue within the K,p1 carboxy-
terminus (K274) is SUMO conjugated (Plant et al., 2010; Rajan et al., 2005). Addition of the
SUMO-specific protease, SENP-1, and mutagenesis of K274 to glutamate (K274E) enhanced
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K,pl macroscopic current density (Plant et al., 2010; Rajan et al., 2005). These findings were
initially questioned by Lesage and colleagues since the introduction of the conservative K274 to
arginine (K274R) mutation, which should also abolish SUMO conjugation, did not significantly
enhance K,pl current amplitude in their hands (Feliciangeli et al., 2007; Feliciangeli et al., 2010).
However, Goldstein and colleagues were later able to demonstrate that K,pl current amplitude
was enhanced with the K274R mutation (Plant et al., 2010). The discrepancies between these
groups have yet to be resolved but most likely can be attributed to differences in experimental

systems and conditions used.

A second proposed mechanism of K,pl ‘silencing’ was developed from initial observations of
Kypl localization to the pericentriolar recycling compartment in mammalian kidney cell lines
(Decressac et al., 2004). It was shown that mutation of a non-canonical clatherin-mediated
endocytosis motif located on the K,p1 C-terminus (1293/294) resulted in both Kyp1 localization to
the plasma membrane and enhanced K,p1 current amplitude (Chatelain et al., 2012; Feliciangeli
et al., 2010). Interestingly, K,p1 K274E does not affect K,pl trafficking in vitro, lending support
to the idea that the K274E mutation alters K,pl gating through a charge effect or SUMO

conjugation (Feliciangeli et al., 2010).

The K,pl K274E mutant exhibits different biophysical properties to what had been previously
characterized. Single channel recordings of a Kyl K274E mutant channel in COS-7 cells
resembled a K leak channel as defined by the GHK constant field equation, with a linear I-V
relationship in symmetrical K* conditions and outward rectification in physiological K"
conditions (Rajan et al., 2005). In addition, K,pl K274E channel gating is regulated by
extracellular pH through protonation of histidine 122 (H122). Mutagenesis of H122 to aspartic
acid (H122D) results in a K,p1 channel that is insensitive to acidification (Chatelain et al., 2012;
Rajan et al., 2005).
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A study of the K,p1 K274E mutant demonstrated that K" selectivity is altered when exposed to
low extracellular concentrations of K™ (< 3mM), a condition that resembles hypokalemia, or low
K" in the blood (Ma et al., 2011; Ma et al., 2012a; Ma et al., 2012b). Moderate (< 3 mM K") to
severe (< 2.5 mM K") hypokalemia can result in heart rate abnormalities and potentially cardiac
arrest (Ma et al., 2011; Rastegar and Soleimani, 2001). Interestingly, human cardiomyocytes that
are exposed to hypokalemic conditions exhibit significant depolarized resting potentials (~ -
50 mV), compared with what is typically measured (~ -80 mV) (Christe, 1983; Gurney and
Manoury, 2009). Furthermore, Na’ influx is proposed to contribute to this observed
depolarization (Gadsby and Cranefield, 1977). The observation of K,p1 altered selectivity in the
presence of low extracellular K', and its abundance in human heart tissue, suggests a role for this
channel in the heart. Threonine 118 (T118), located within the K,p1 highly-conserved selectivity
filter sequence, is a conserved isoleucine in all other K,p channel family members. Substitution of
T118 to isoleucine resulted in a channel that was K" selective in low extracellular concentrations
of K" (Chatelain et al., 2012; Ma et al., 2011). Likewise, substitution of the analogous K,p9
residue, isoleucine 94, to threonine results in a shift of the I-V curve to a more depolarized
reversal potential in low extracellular K* conditions, as is observed for K,p1 (Ma et al., 2011).
These data suggest that K,pl selectivity filter residue T118 is responsible for ‘sensing’ changes to

extracellular K.

Altered K selectivity has also been documented for K,p1 K274E channels exposed to low
extracellular pH and H122 mutagenesis presented a similar phenotype to the T118 substitution
(Chatelain et al., 2012; Ma et al., 2012b). The physiological role of K,pl altered selectivity in the
presence of low extracellular pH is not fully understood, but may exhibit similar functional
consequences to what has been observed for the TASK channel family (see 1.6.2 TASK channels:

biophysical characteristics and physiological roles).
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1.7.  Aims and objectives of this thesis

K,p channel gating is modulated by a diverse range of cell stimuli and pharmacological agents
including temperature, pH, polyunsaturated fatty acids, mechanical stress, and anesthetics.
Electrophysiological and K,r knockout mice studies suggest roles for these channels in
neuroprotection, pain perception and anesthetic modulation through a common mechanism of
hyperpolarization and decreased cell excitability. In humans, missense mutations within a Kjp
channel family member have been associated with typical familial migraine with aura (Andres-
Enguix et al., 2012; Lafreniere et al., 2010). Although the therapeutic potential of K,p channels is
evident, our limited understanding of how K,p channels gate and why this subfamily and not
other K" channels respond to these stimuli has attenuated progress towards K,p channel drug
discovery. Structural studies of K,p channels would provide insight into K,p channel gating and

suggest strategies for drug design.

My thesis work aims to further our understanding of K,p channel function through both structural
and biochemical characterization of human Kypl. Chapter 2 reports a series of biochemical
studies that were performed with purified human K,pl in order to identify a structured core of
Kypl that was suitable for protein crystallization. Chapter 3 describes human K,pl crystal
refinement, derivatization, structural determination and a full description and interpretation of the
human Kypl crystal structure. Chapter 4 describes preliminary experimental attempts to improve
human K,pl crystal diffraction through manipulation of crystal growth conditions, crystal
contacts, addition of an inhibitor, monovalent cation (Na') substitution, and the generation of

K,p1 monoclonal antibodies. Chapter 5 provides a summary of the work and future directions.
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CHAPTER 2

2. BIOCHEMICAL STUDIES OF HUMAN Kz1

2.1. Summary

An initial pre-crystallization strategy identified human K,pl as a potential candidate for
purification and crystallization. Biochemical studies of human K,p1 demonstrated that cysteine 69
forms a disulfide bridge, which most likely stabilizes the detergent-extracted channel. In addition,
human Kypl is glycosylated at asparagine 95, as evaluated by generation of a mutant (N95Q) and
by chemical removal of the glycan by N-Glycosidase F. The human K,p1 N95Q mutant was used
for a subtilisin limited proteolysis/mass spectroscopy experiment to identify a disordered
region(s) of the channel. A C-terminal deletion of human K;p1 N95Q (A303) was generated based
on these results. Purification of human K1 N95Q A303 in DDM unexpectedly resulted in the
accumulation of a higher-order oligomer through non-specific disulfide bond formation with
cysteine residues on the N-terminus. Mutation of the N-terminal cysteines or deletion of the N-
terminus eliminated the formation of the higher-ordered oligomer. In addition, truncation to the
N-terminus (N-terminus A22; human K,p1 N95Q 22-303 construct) was demonstrated to be

essential for protein crystallization.

2.2. Materials and Methods

2.2.1. Cloning of human K paralogs and K1 orthologs

Genes of the human Kyp paralogs and Kypl orthologs were amplified by PCR from human,
mouse, rat, guinea pig, cow, chicken or pig cDNA libraries (BioChain) or from fully sequenced
zebrafish or frog Kypl ¢cDNA clones (Open Biosystems). PCR products (2 pg) were EcoRI/Sall or
Xhol/Pstl digested (1 ul, New England Biolabs) for 2 hours at 37°C. For HEK293-GT cell
expression, digested product was ligated (Roche) into the pNGFP-EU and pCGFP-EU vectors for
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generation of N- and C-terminal GFP-fusion proteins (Kawate and Gouaux, 2006) or into the
pcDNA3.1" vector with a C-terminal YL1/2 antibody recognition sequence (Glu-Gly-Glu-Glu-
Phe; EGEEF tag. For expression in Pichia pastoris, human K,p1 was ligated into the EcoRI/AvrIl
cloning sites of a pICZ-C vector (Invitrogen Life Technologies) with an EGEEF tag or ligated
into the EcoRI/Sall cloning sites of a modified pICZ-C vector for generation of N-terminal and
C-terminal GFP-fusions (pZNAAV and pZCAAV vectors, respectively) (Figure 2.1). Kyp point
mutations were introduced by site-directed mutagenesis, adapted from the QuikChange site-
directed mutagenesis protocol (Stratagene). Briefly, complementary primers introducing a human
K,pl point mutation were generated (Integrated DNA Technologies). Mutants were amplified by
PCR from 12.5 ng of human Kyp1 plasmid template. PCR product was digested with Dpnl (0.5 pl,
New England Biolabs) for 2 hours at 37°C and transformed into competent E. coli for plasmid
amplification. A P. pastoris codon optimized construct of human K,;1 C10A N95Q A303 was

chemically synthesized with EcoRI/Avrll restriction sites (GeneWiz).

2.2.2. Fluorescence-detection size exclusion chromatography (FSEC) screening

HEK?293-GT cells were seeded at 1x10° (6 well plate) or 1x107 (10 cm dish) cells at least 2 hours
prior to transfection. Cells were transiently transfected with each construct (3 pg/well or
10 ug/dish) using Lipofectamine 2000 (6 ul/well, 20 ul/dish; Invitrogen Life Technologies). After
48 hours, cells were rinsed with chilled PBS and harvested by suspension in chilled PBS
(2 ml/well, 7-10 ml/dish). Cells were divided into individual samples (500 ul/sample), pelleted by
centrifugation at 1,000 x g for 5 min at 4°C, and resuspended in 150 ul of buffer containing:
150 mM KCI; 50 mM Tris, pH 7.5; 1:500 dilution of Protease Inhibitor Cocktail Set 111, EDTA-
free (PI Mix III; Calbiochem) and detergent (Table 2.1, Anatrace). Samples were solubilized by
rotation at 4°C for 1 hour and the detergent-insoluble cell debris was pelleted by centrifugation at

20,000 x g for 1 hour at 4°C. The soluble fraction (supernatent) was collected (100 pl) and
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Figure 2.1: pZNAAYV (A) and pZCAAV (B) plasmid maps and multiple cloning sites. Within the circular
plasmid maps, multiple cloning site (orange), GFP (green) and zeocin resistance gene (red) are highlighted.
Within the multiple cloning site (MCS), restriction endonuclease cleavage sites are denoted. Vector maps
and multiple cloning site images were generated in the Lasergene SeqBuilder program by DNASTAR.
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Name Chemical Name Concentration
DDM n-Dodecyl-B-D-maltopyranoside 40 mM
DM n-Decyl-B-D-maltopyranoside 40 mM
OM n-Octyl-B-D-maltopyranoside 250 mM
oG n-Octyl-B-D-glucopyranoside 250 mM
CYMAL-6 6-Cyclohexyl-1-hexyl-p-D-maltoside 40 mM
C,Es Octaethylene glycol monododecyl ether 40 mM
LDAO n-Dodecyl-N,N-dimethylamine-N-oxide 40 mM
FOS-12 n-Dodecylphosphocholine 40 mM
CioEg Polyoxyethylene(9)decyl Ether 40 mM
CioEs Polyoxyethylene(6)decyl Ether 40 mM
DHPC 1,2-Diheptanoyl-sn-glycero-4-phosphocholine 40 mM
Triton-X100 g;[lé}ll—((o 1)2311131zgz"ggzizlgf}ljlglbutyl)phenyl] -w-hydroxy- 20 mM
CHAPS 3-[(3-Cholamidopropyl)dimethylammonio]-1- 40 mM

propanesulfonate

Table 2.1: List of detergents that were incorporated into pre-crystallization screening by FSEC.
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separated by FSEC (Superose 6, 10/300 GL; GE Healthcare) in buffer containing 150 mM KCI,;

20 mM Tris, pH 7.5, 1 mM DDM (Kawate and Gouaux, 20006).

For extraction of Kyp channels in ‘low KCI’ conditions, cells were resuspended in 150 pl of
190 mM NaCl; 10 mM KCIl; 50 mM Tris, pH 7.5; 1:500 dilution of PI Mix III and detergent
(Table 2.1). After protein extraction, samples were separated by FSEC in buffer containing

190 mM NaCl; 10 mM KCI; 20 mM Tris, pH 7.5; 1 mM DDM.

2.2.3. Transformation of expression vectors into P. pastoris

DNA (20 pg) was linearized by Pmel digestion (5 pl, New England Biolabs) for 2 hours at 37°C.
Afterwards, a sample of digested DNA was separated on a 1% agarose gel to verify linearization.
If not fully linearized, additional Pmel (1 pl) was added and the sample was incubated for an
additional hour at 37°C. Linearized DNA was purified and concentrated by ethanol precipitation.
Sodium acetate, pH 5.5 (1/10 volume) and ethanol (2.5 x volume) were combined with linearized
DNA and flash-cooled. DNA was pelleted by centrifugation at 20,000 x g for 1 hour at 4°C and
rinsed 4x with cold 70% ethanol. Once dry, the pellet was vigorously resuspended in sterile water

(10 ul) for 10 min.

P. pastoris (SMD1163H, a pep4 prbl protease deficient, His" strain; Invitrogen Life
Technologies) was inoculated into YPD medium and grown overnight at 30°C with shaking. The
next day, the ODgo was measured and an amount of cells equivalent to 10 ml of culture at an
ODggo of 10 was pelleted at 2000 x g for 7 min. The pellet was resuspended in 30 ml of YPD
medium, 6 ml of 1 M HEPES, pH 8.0 and 1 ml of 1 M dithiothreitol (DTT) and left to incubate at
30°C without shaking. Cells were pelleted at 2000 x g for 7 min at 4°C and resuspended in 1 M

ice-cold sorbitol twice. After this process, the pellet was resuspended in ice-cold sorbitol (0.3 ml).
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Competent P. pastoris (40 ul) and linearized DNA (20 ug) were combined in a chilled 0.2 cm
electroporation cuvette (Bio-Rad) and placed on ice for 5 min. Cells were then pulsed once at
2 kV. Ice-cold sorbitol (1 M, 0.6 ml) was immediately added to the sample and was left to
incubate at 30°C for 1 hour without shaking. YPD (0.5 ml) was then added to the sample and the
cells were allowed to recover at 30°C for 1 hour with shaking. The cell suspension (0.25 ml) was
spread onto YPDS plates containing 1-2 mg/ml of Zeocin (InvivoGen). Colonies grew after 4-

6 days at 30°C.

2.2.4. Small- and large-scale growth and expression in P. pastoris
Colonies were selected and grown in a 96 well plate in YPD medium with 0.4 mg/ml Zeocin at
30°C for 24-48 hours. Clones were transferred to BMG medium (5 ml) with 0.1 mg/ml Zeocin at

30°C for 24 hours, shaking. Glycerol stocks for each clone were prepared.

For test expression: From a 5 ml BMG culture, cells were pelleted at 2000 x g for 5 min. Pellet
was resuspended in 5 ml of BMM medium and expression was induced at 24°C for 24 hours.
Cells were pelleted in microcentrifuge tubes at 5000 x g for 8 min, flash-cooled, and a metal ball
cooled in liquid N, was added to each tube for cell lysis. Samples were stored at -80°C. The
original media recipes contained 200 mM K", provided by potassium phosphate buffer. For tests
of K,p1 expression by elevating K concentrations above 200 mM, varying concentrations of KCI
(0-1M) were added to the growth (BMG) and induction (BMM) media. For tests of Kypl
expression with K* concentration below 200 mM, varying concentrations of potassium phosphate
(0-200 mM), pH 6.0 were combined with sodium phosphate buffer (0-200 mM), pH 6.0 so that
the total concentration of buffer added to the growth and induction media was not altered. For
tests of Kypl expression in the presence of BaCl,, cells were initially grown in YPG (variation of
YPD without dextrose and with glycerol) media and transferred to YPM (variation of YPD
without dextrose and with methanol) in the presence of BaCl, (1 mM).
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For expression in 1 L culture: P. pastoris was inoculated (~ 100 pl; glycerol stock) into 40 ml of
YPD with 0.1 mg/ml Zeocin and grown for 24 hours at 30°C with shaking. P. pastoris cultures
(~20 ml; ODggo between 10-20) were subsequently inoculated into 1 L of BMG and grown for
24 hours at 30°C with shaking. Cells were pelleted at 2000 x g for 10 min, resuspended in 1 L of
BMM and expression was induced at 24°C for 24 hours. Cells were pelleted at 5000 x g for

15 min, flash-cooled and stored at -80°C.

For expression via fermentor: The fermenter vessel with first prepared with sterilized 5 mM
CaSO4, 100 mM K,SO4, 60 mM MgSO, and 0.05 g/ml of glycerol, which was followed by the
addition of 10 mM (NH,4),SO,, 6 mM sodium hexametaphosphate and trace metal salt solution
(PTM,, ~4 ml/L). Vessel was inoculated with 4 x 50 ml of cells at an ODgy, measurement of 20.
Cells were grown at 30°C with agitation between 500-800 rpm at pH 5 until the dissolved oxygen
spiked, approximately 24 hours later. A 50% glycerol feed (600 ml, 18-22% feed rate),
supplemented with PTM; (12 ml/L), was started the next day. Culture was incubated at 30°C with
agitation between 700-800 rpm at pH 5 until the dissolved oxygen spiked, approximately 24
hours later. The next day, a 100% methanol feed (350 ml, 3 % feel rate for first hour, 7 % feed
rate afterwards), supplemented with PTM; (12 ml/L) was started. Protein expression was induced
at 24°C with agitation between 700-800 rpm at pH 5 for approximately 24 hours. Cells were

pelleted at 5000 x g for 15 min, flash-cooled and stored at -80°C.

2.2.5. Mechanical cell lysis of P. pastoris

For test expression: Frozen cells (~0.25 g) in microcentrifuge tubes with steel balls were placed in
an adaptor rack (Retsch) cooled in liquid N,. The adaptor rack was placed in a mixer mill
(Retsch) and cells were lysed for 1 min at 30 Hz. The adaptor rack was then cooled in liquid N,
and the grinding step was repeated 3-4x. Lysed cells were stored at -80°C.
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For 1 L and fermentor-grown P. pastoris: Frozen cells (6-150 g, small to large scale) were added
to grinding jars (Retsch) cooled in liquid N,. Grinding balls (Retsch) were added to the chamber
and the jars were cooled for 5-10 min in liquid N,. Grinding jars were placed in a mixer mill
(MM) or planetary ball mill (PM; Retsch) and cells were lysed for 3 min at either 30 Hz (MM) or
400 rpm with 1 min intervals (PM). The grinding jar was then cooled in liquid N, for 5-7 min and

the grinding step was repeated 4x (MM) or 6-8x (PM). Lysed cells were stored at -80°C.

2.2.6. Human Kyl protein purifications

Purification of EGEEF-tagged protein: Lysed cells were resuspended in buffer (6.3 ml buffer/g
cells) containing 150 mM KCI; 10 mM sodium phosphate, pH 7.0; 0.1 mg/ml deoxyribonuclease
I (DNAse I); 1:1000 dilution of PI mix III[; 1 mM benzamidine (Sigma-Aldrich); and 0.5 mM 4-
(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF; Gold Biotechnology). Cell
lysate was adjusted to pH 7.0 with 1 N KOH, 0.06 g DDM (Anatrace, solgrade) per 1 g of cells
was added to the cell lysate, and the mixture was stirred at room temperature for 45 minutes to
extract Kopl from the membranes. The sample was then centrifuged at 30,000 x g for 45 min at
12°C. CNBr-activated Sepharose resin (GE Healthcare) coupled to purified YL1/2 antibody,
which recognizes a C-terminal alpha-tubulin epitope, was pre-equilibrated in 150 mM KCI and
10 mM sodium phosphate, pH 7.0 and directly added to filtered supernatant (Kilmartin et al.,
1982). The sample was rotated for 1 hour at room temperature. Beads were collected on a column
and washed with 5 column volumes of purification buffer: 150 mM KCI; 10 mM sodium
phosphate, pH 7.0; and 3 mM DDM. Protein was eluted with buffer containing 150 mM KCI;
100 mM Tris, pH 7.5; 3 mM DDM; and 5 mM Asp-Phe peptide (Sigma-Aldrich) (Wehland et al.,
1984). Protein was concentrated to ~8 mg/ml using a 50 kDa Amicon Ultra concentrator
(Millipore) and further purified on a Superdex 200 gel filtration column (10/300 GL; GE
Healthcare) in 150 mM KCl; 20 mM Tris-HCI, pH 7.5; and 5 mM DM (Anatrace, anagrade). A
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fraction corresponding to K,p1 was collected, protein concentration was measured and if required,
the fraction was concentrated to the desired protein concentration using a 50 kDa Vivaspin-2

concentrator (Sartorius Stedim Biotech).

Purification of GFP-fusion protein: Lysed cells were resuspended in buffer (3.3 ml buffer/g cells)
containing 150 mM KCI; 30 mM Tris-HCI, pH 8.5; 5 mM imidazole; 0.1 mg/ml DNAse I; 1:1000
dilution of PI mix II; 1 mM benzamidine; and 0.5 mM AEBSF. Cell lysate was adjusted to
pH 8.5 with 1 N KOH, 0.05 g DDM (sol grade) per 1 g of cells was added to the cell lysate, and
the mixture was stirred at room temperature for 45 minutes to extract Kypl from the membranes.
The sample was then centrifuged at 30,000 x g for 45 min at 12°C. Cobalt affinity beads (Talon,
BD Science) pre-equilibrated in 150 mM KCI and 30 mM Tris-HCI, pH 8.5 were added directly
to filtered supernatent and rotated for 2 hours at room temperature. Beads were collected on a
column, washed with 8 column volumes of buffer (150 mM KCI; 30 mM Tris-HCI, pH 8.5;
3mM DDM, 5-10 mM imidazole) and protein was eluted with buffer containing 150 mM
imidazole. PreScission protease (1:50 wt:wt), DTT (1 mM), and EDTA (1 mM) were added to the
elution from the cobalt column and the protein was digested overnight at 4°C. The protein was
concentrated to ~ 10 mg/ml using a 50 kDa Amicon Ultra concentrator and further purified on a
Superdex 200 gel filtration column in 150 mM KCI; 20 mM Tris-HCI, pH 7.5; and detergent
(anagrade) (see Table 2.2 for detergent concentrations used for large-scale purification) in the
absence or presence of 0.1 mg/ml brain total lipid extract (Avanti Polar Lipids). The fraction
corresponding to K,pl was concentrated to 5-13 mg/ml using a 50 kDa Vivaspin-2 concentrator
(Sartorius Stedim Biotech), mixed 1:1 with crystallization solution and set up as hanging drops

over reservoirs containing 0.1-0.5 ml of well solution in a 96 well or 24 well plate.
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Detergent

Purification
concentration

Screening
concentration

DDM

DM

NM

oM

oG
CYMAL-6
Ci2Es
LDAO
FOS-12
CioE9
CioEs
DHPC
Triton-X100
CHAPS

3 mM
5 mM
10 mM
30 mM

5 mM

5 mM
5 mM
40 mM
40 mM
5 mM
5 mM
5 mM
5 mM
5 mM
5 mM
5 mM
5 mM
20 mM

Table 2.2: List of detergent concentrations used for Kypl purification and subsequent detergent screening

concentrations with purified Kypl.
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2.2.7. Detergent stability experiments with purified protein

DDM-purified K;pl wild-type and C69S proteins were diluted 1:15 into buffer containing
150 mM KCI; 20 mM sodium phosphate, pH 7.5; 20 mM DTT and 1 of 13 detergents (Table 2.2).
Samples were rotated for 4 hours at 4°C and separated by gel filtration (Superdex 200 column)
equilibrated in buffer containing 150 mM KCI; 20 mM sodium phosphate, pH 7.5; 20 mM DTT

and 1 mM DDM. Protein was detected by Trp fluorescence using FSEC.

2.2.8. Crosslinking experiments of K,»1 from membranes and with purified protein

Preparation of samples: For detergent-extracted cell lysate, HEK293-GT cells (10 cm dish) were
transiently transfected with human Kyp1 pNGFP-EU (10 pg/dish) using Lipofectamine 2000
(20 pl/dish). After 48 hours, cell were rinsed with chilled PBS and harvested by suspension in
1 ml of chilled PBS. Cells were divided into 2 individual samples (+/- DTT), pelleted by
centrifugation at 1,000 x g for 5 min at 4°C and resuspended in 150 pL of buffer containing
190 mM NaCl; 10 mM KCl; 50 mM sodium phosphate, pH 7.5; 1:500 dilution of PI Mix III and
40 mM DDM with or without 20 mM DTT. Samples were solubilized by rotating at 4°C for
1 hour and detergent-insoluble cell debris was pelleted by centrifugation at 20,000 x g for 1 hour
at 4°C. The soluble fraction (supernatent) was collected (100 pL) and separated by FSEC
(Superose 6) in buffer containing 150 mM KCI; 20 mM sodium phosphate, pH 7.5; 1 mM DDM
with or without 20 mM DTT (Kawate and Gouaux, 2006). The peak fraction for each sample was

collected and diluted 1:10 in FSEC buffer for the crosslinking experiment.

For preparation of membrane fractions, HEK293-GT cells (10 cm dish) were transiently
transfected with human K,pl wild-type, C69S mutant, or C. elegans K,;1 pcDNA3.1"
(10 pg/well), all with an EGEEF tag using Lipofectamine 2000 (20 pl/dish). After 48 hours, cell
were rinsed with chilled PBS and harvested by suspension in 8 ml of membrane prep buffer:
150 mM KCI; 50 mM sodium phosphate, pH 7.5; and 1:500 dilution of PI Mix III. Sample was
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split in half (4 ml x 2) and cells were sheared with a Dounce homogenizer (4x), followed by a
brief sonication for 30 seconds. Cell debris was pelleted from sample by centrifugation at
2,500 x g for 10 min at 4°C and the supernatant was collected. This step was performed 3x. Cell
membranes were then pelleted by ultracentrifugation at 100,000 x g for 1 hour at 4°C. Membrane
prep buffer (500 ul) was added to the cell membrane pellet and the pellet was resuspended with a
Dounce homogenizer (4x). Sample was diluted 1:2 in membrane prep buffer prior to crosslinking

experiment.

Crosslinking with disuccinimidyl suberate (DSS): DSS (25 mM) was prepared in DMSO and four
concentrations of DSS ranging from 25 pl-2.5 mM were added to samples of interest. For
purified protein (15-20 pg), only one concentration of DSS (2.5 mM) was tested due to the
limited amount of sample. Samples were incubated with DSS for 30 minutes at room temperature.
Tris, pH 7.5 (~30 mM) was then added to quench the reaction and the sample was incubated for
an additional 15 minutes at room temperature. Samples were then diluted into NuPAGE LDS

sample buffer (2x final concentration, Invitrogen) containing 250 mM DTT.

2.2.9. Test for glycosylation of human K,p1

DDM-purified human Kypl (~ 1 mg/ml, 10 ul) was diluted into buffer containing 150 mM KCI;
20 mM sodium phosphate, pH 7.5; 3 mM DDM and incubated in the presence or absence of
PNGase F (1 pl, 500 units/ul; New England Biolabs) and 50 mM sodium phosphate, pH 7.5 for
1 hour at 37°C. A sample of RNAse B (10 pg) in the presence or absence of PNGase F was also
included as controls. Samples were quenched with dilution into NuPAGE LDS sample buffer (2x

final concentration) containing 250 mM DTT.

2.2.10. Limited proteolysis experiments
Subtilisin limited proteolysis: Eight serial dilutions of subtilisin (Sigma-Aldrich) ranging from 4-
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500 ng/ul were prepared in buffer containing: 150 mM KCI; 20 mM sodium phosphate, pH 7.5;
3 mM DDM; and 5 mM DTT. Dilutions of subtilicin (1 pl) were incubated with purified human
Kypl N95Q (~ 1.25 mg/ml, 50 ul) for 40 min at room temperature. Reactions were quenched with
8.4 mM AEBSF for 10 min at room temperature and diluted into NuPAGE LDS sample buffer

(2x final concentration) containing 250 mM DTT.

Limited proteolysis experiment with panel of proteases: A panel of eight proteases were
evaluated (Table 2.3; Sigma-Aldrich). Proteases were diluted into buffer containing: 150 mM
KCIL; 20 mM Tris, pH 7.5; 5 mM DM; and 0.05 mg/ml synthetic phospholipid blend (60:20:20
wt% POPC:POPE:POPG; Avanti Polar Lipids). For subtilisin protease treatment, purified
subtilisin was coupled to CNBr-activated Sepharose resin prior to use. Dilutions of each protease
were incubated with purified human K;p N95Q (60 pg) for 90 min at room temperature (Table
2.3). All reactions, except for Arg-C and subtilisin resin, were quenched with 14 mM AEBSF for
10 min at room temperature. PI mix III (1 ul) was added to quench each Arg-C protease sample.
For subtilisin cleavage, resin was first removed and then the reaction was quenched with 14 mM
AEBSF. Samples were then diluted into NuPAGE LDS sample buffer (2x final concentration)

containing 250 mM DTT.

2.2.11. SDS-PAGE and Western blot

Samples were separated by SDS-PAGE using either 12% NuPAGE precast gels (Invitrogen) or
12% Tris-tricine gels (Schagger, 2006). For NuPAGE gels, SDS-PAGE samples were separated
at 120-150 V, for 60-80 min. For Tris-tricine gels, SDS-PAGE samples were separated at 50 V
for 30 min (stacking gel), then at 120 V for 60-75 min (separating gel). Gels were stained with
Coomassie brilliant blue (1%; Sigma-Aldrich), prepared in solution containing 40% methanol and

7% acetic acid, and subsequently destained in the same solution without dye.
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Protease Concentration range (ng/ul) Number of dilutions
Asp-N 0.4-3.6 3
Lys-C 05-17.5 3
Glu-C 05-17.5 3
Arg-C 0.5-7.5 3
Thrombin 10-90 3
Trypsin 0.2-20 5
Chymotrypsin 0.2-20 5
Subtilisin resin 0.2-4 5

Table 2.3: List of proteases and concentrations used for limited proteolysis experiment.
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For western blots, samples were transferred to a PVDF membrane using a semi-dry transfer
apparatus (BioRad). Transfer buffer contained: 192 mM glycine; 25 mM tris base; 25% methanol
and 0.3% sodium dodecyl sulfate (SDS). PVDF membranes were soaked in 100% methanol for
30 seconds and subsequently rinsed with transfer buffer prior to setting up the transfer. Samples
were transferred at 20 V for 40 min. The PVDF membrane was blocked for 1 hour at room
temperature in TBS-T buffer (tris-buffered saline with 0.1% Tween 20) supplemented with 5%
milk powder (TBS-T/block). The blot was incubated with rat YL1/2 primary antibody at a
1:10,000 dilution in TBS-T/block for 1 hour at room temperature. The membrane was rinsed 5x
with TBS-T/block and incubated with HRP-goat anti-rat secondary antibody (Invitrogen) at
1:20,000 dilution in TBS-T/block for 1 hour at room temperature. The blot was rinsed 1x with
TBS-T/block, 1x with TBS-T and 5x with TBS (no Tween 20). The membrane was developed

with Immobilon Western Chemiluminescent HRP substrate (Millipore).

2.3.  Results

2.3.1. Pre-crystallization screening of K,» channels

My initial strategy was to identify stable, well-expressed human K,p channel paralogs that were
ideal candidates for purification and crystallization. Protein behavior was assessed by
fluorescence-detection size-exclusion chromatography (FSEC), a pre-crystallization screening
technique that utilizes GFP-fusion proteins to detect nanogram quantities of protein from cell
lysate (Kawate and Gouaux, 2006). I generated N- and C-terminal GFP-fusion constructs for 14
of the 15 known human Kyp paralogs (Table 1.2). These constructs were expressed in HEK293-
GT cells, and extracted in buffer containing 40 mM DDM. The soluble fraction was separated by
FSEC to determine appropriate protein size (elution time), relative expression levels
(fluorescence intensity) and monodispersity or stability (peak shape). From my initial screening,
four candidates stood out as well-expressing and monodisperse: human K,pl, Kyp6, Kypl3 and
K,p17 (Figure 2.2). I further evaluated stability by solubilizing the four candidates in a panel of
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Figure 2.2: FSEC elution profiles for DDM-solubilized human Kypl, Kyp 6, Kop 13 and K,p17 N-terminal
(pPNGFP-EU) or C-terminal (pCGFP-EU) GFP-fusion constructs expressed for 48 hours in HEK293-GT
cells (Superose 6).
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Figure 2.3: FSEC elution profiles for OM-solubilized human Kjpl, Kyp6, Kypl3 and K,pl17 N-terminal
(pPNGFP-EU) or C-terminal (pCGFP-EU) GFP-fusion constructs expressed for 48 hours in HEK293-GT
cells (Superose 6).
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13 detergents with varying hydrophilic head group moieties and alkyl chain length (Table 2.1).
Human K,pl stood out from the detergent screening as the best candidate for purification and

crystallization (Figure 2.3).

In an effort to identify other potential candidates, I screened 12 Kyp1 orthologs (Table 2.4). Similar
to the human Kyp paralogs, the Kypl orthologs were cloned as N- and C-terminal GFP fusion
proteins. Many of these clones, after extraction in DDM, appeared to have similar or less
symmetrical elution profiles to human K,p1. One of the orthologs screened was Caenorhabditis
elegans K,p1, which separates as a monodisperse, Gaussian peak by gel filtration, but unlike the
other K,p1 constructs tested, eluted at later volume (Figure 2.4). These results led us the question

the oligomeric state of the detergent-extracted Kopl.

2.3.2. Oligomeric state of human Kjp1

In order to evaluate the oligomeric state of Kypl, I performed crosslinking experiments with both
EGEEF-tagged human and C. elegans K,pl from detergent-extracted cell lysate and from
membrane preparations of overexpressed Kopl in HEK293-GT cells. Crosslinking experiments
were evaluated by YL1/2 western blot. Efforts to evaluate the K,p1 oligomeric state from these
sample preparations by western blot proved challenging since the YL1/2 antibody displayed

cross-reactivity with other HEK293-expressed proteins.

Since both human and C. elegans K,p1 were good candidates for purification and crystallization, I
chose to express and purify these orthologs from P. pastoris in order to determine their
expression level and monodispersity as well as to evaluate their oligomeric state(s) without the
need for detection using an antibody. Large-scale purification of these two proteins was

performed using a two-step protocol. After DDM extraction of K,p1 from the membrane, the
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Kzp1 Orthologs Cloned

Bos taurus Cow

Caenorhabditis elegans Roundworm

Cavia porcellus Guinea Pig

Danio rerio Zebrafish (x2)

Gallus gallus Chicken

Mus musculus Mouse

Oryctolagus cuniculus Rabbit

Rattus norvegicus Rat

Sus scrofa Pig

Xeonpus laevis African Clawed Frog (x2)

Table 2.4: List of Kypl orthologs cloned and screened by FSEC. Both D. rerio and X. laevis had 2 variants
of Kypl annontated (x2), which were both cloned and tested.
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Figure 2.4: FSEC elution profiles for DDM-solubilzed human and C. elegans K,p1 N-terminal (pNGFP-
EU) GFP-fusion constructs expressed for 48 hours in HEK293-GT cells (Superose 6).
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channel was initially purified using YL1/2 antibody affinity chromatography, followed by gel
filtration chromatography (Figure 2.4). Reflecting what was observed by FSEC, human Kpl
eluted at an earlier volume than C. elegans K,pl, suggesting that the purified proteins had
different oligomeric states. To evaluate the oligomeric state of the samples, crosslinking
experiments were performed with the K,pl peak fraction from gel filtration. Disuccinimidyl
suberate (DSS) was chosen as a suitable crosslinker since it is membrane permeable and may be
able to access lysines located near the detergent interface. Human Kypl crosslinked as a dimer in
the presence of DSS (10 mg/ml), whereas the DSS-treated C. elegans ortholog migrated as a
monomer, as evaluated by SDS-PAGE (Figure 2.5). From these results, we chose to pursue the
human Kypl ortholog since Kyp channels most likely assemble as dimers, as suggested by Kyp
channel sequences containing two P domains and by published K,p experimental data (Lesage et

al., 1996b; Maingret et al., 2000a; Patel et al., 2000).

2.3.3.  Anintermolecular disulfide bridge stabilize human Ky1

Cysteine 69 (C69), located within the extracellular domain of human K,p1, has been reported to
form an intermolecular disulfide bridge between two K,p1 monomers (Lesage et al., 1996b). To
assess whether C69 is important for assembly or stability, a human Kyl C69S mutant was
generated for screening by FSEC (N-terminal GFP fusion construct), as well as for large-scale
expression in P. pastoris (construct with an EGEEF epitope). For FSEC screening, both wild-type
and C69S K,pl channels were expressed in HEK293-GT cells and extracted in DDM. Both the
wild-type and C69S mutant elute at the same volume by FSEC, suggesting that the mutation did
not alter the oligomeric state of the channel (Figure 2.6). Likewise, large-scale purification of the
Kypl C69S mutant in DDM (3 mM) yielded protein that eluted at a similar volume to the wild-
type channel by gel filtration. When subjected to DSS treatment, K,pl C69S crosslinked as a
dimer as evaluated by SDS-PAGE (Figure 2.5). These results demonstrate that that Kypl C69 is
not essential for channel assembly.
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Figure 2.5: Oligomeric state of purified human K,p1 (A, B), C. elegans K,p1 (C, D), and human K,p1 C69S
mutant (E, F). Purified protein collected from gel filtration (A, C, E) was subjected to DSS treatment (+
DSS) and separated by SDS-PAGE (B, D, F) to evaluate the oligomeric state of the channel.
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Figure 2.6: FSEC elution profiles for DDM-solubilzed human K,p1 wild-type (wt) and C69S mutant N-
terminal (pNGFP-EU) GFP-fusion constructs expressed for 48 hours in HEK293-GT cells (Superose 6).
Samples were solubilized in buffer containing 10 mM KCl (‘low KCI’ condition) in the absence or

presence of DTT (20 mM).
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Inspection of the FSEC elution profiles of the K,pl wild-type and C69S mutant, however,
suggested that the C69S mutant may be slightly less stable, with a broader shoulder to the right of
the Kypl peak. This small discrepancy was exacerbated with extraction of Kspl in ‘low KCI’
conditions (10 mM KCl) since K coordination to the selectivity filter stabilizes K channels.
Whereas wild-type Kypl eluted at 14.6 ml, the K,p1 C69S mutant eluted at 15.8 ml, suggesting
that the DDM-solubilized C69S mutant was in a different oligomeric state to the wild-type
channel (Figure 2.6). Similar results were also observed with extraction of wild-type Kypl in the
presence of 20 mM DTT in low KCI conditions. Furthermore, the elution volume of DTT-treated
K,pl was similar to monomeric C. elegans K,p1 in the absence or presence of DTT (Figure 2.4).
Although K,p1 C69 is not necessary for channel dimerization, this residue appears to be important

for Kopl channel stability in detergent micelles.

2.3.4. N-linked glycosylation of human K1

Both purified EGEEF-tagged wild-type human and C. elegans K,pl separate as two distinct
molecular weight bands by SDS-PAGE, indicating that the channel is either proteolytically
cleaved or post-translationally modified (Figure 2.5, Figure 2.7). K;pl proteolytic cleavage was
evaluated by both YL1/2 western blot, which recognizes the C-terminal EGEEF tag, and Edman
degradation. The two bands were detectable by western blot for both orthologs, and N-terminal
peptide sequencing of the two bands indicated that both protein populations contained the same

N-termini. It was evident from these results that K,p1 must be post-translationally modified.

A search of the human K,p1 sequence for known post-translational consensus motifs revealed one
putative glycosylation and three phosphorylation sites (Lesage et al., 1996a; Lesage et al., 1996b).
Since there was experimental evidence in the literature to support Kypl glycosylation at residue
asparagine 95 (N95), Kypl glycosylation was evaluated by two methods: by addition of N-
glycosidase F (PNGase F) to purified protein and by generation of a glutamine mutant (N95Q).
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Figure 2.7: Human Kypl is glycosylated. (A) Separation of DDM-purified human K,p1-EGEEF in the
absence (-) or presence (+) of PNGaseF by SDS-PAGE, detected by coomassie staining and Y/L 1/2
western blot. (B) Gel filtration profile of DDM-purified human Kypl N95Q. (C) Separation of DDM-
purified human K,p1 (wt) and human K,p1 N95Q (N95Q).
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PNGase F is an amidase isolated from Flavobacterium meningosepticum that cleaves between N-
acetylglucosamine and the asparagine side chain. Purified human K,pl was incubated with
PNGase F, separated by SDS-PAGE and evaluated by both Coomassie staining and western blot
with YL1/2 antibody since PNGase F separates at the same molecular weight as the K,p1 higher
molecular weight band (Figure 2.7). The K,p1 higher molecular weight band is not present in the
PNGase F-treated sample. In addition, the lower molecular weight band is much more
predominant in the PNGase F-treated sample compared to the control sample, suggesting that the

K,p1 channel population corresponding to the upper molecular weight band is glycosylated.

These results were corroborated with a Kypl N95Q glycosylation mutant. Purified K,pl N95Q
separate as one band by SDS-PAGE that corresponds with the K;pl wild-type lower molecular
weight band (Figure 2.7). In addition, the SEC elution volume of K,pl N95Q shifted 0.2 ml to the
right compared to both Kypl wild-type and C69S mutant, suggesting that the N95Q mutant has a
smaller hydrodynamic radius due to the absence of the N-glycan. These data collectively
demonstrate that K,pl N95 is glycosylated. Since heterogeneous glycosylation of K,pl is likely to
be unfavorable for protein crystal growth, all subsequent constructs that were cloned and purified

contained the N95Q mutation.

2.3.5. Identifying a structured ‘core’ of human K,p1 by limited proteolysis

One strategy to promote protein crystallization is to identify a ‘core,’ or structured, unit of human
Kypl. I performed limited proteolysis of purified human K;pl N95Q with subtilisin (0-500 ng/ul),
a non-specific protease, in order to survey the channel for a region(s) that is more susceptible to
proteolytic cleavage, and thus less-structured. Protease-cleaved fragments were separated by
SDS-PAGE and the gel was stained with Coomassie dye. Protein bands were excised from the gel
(see Figure 2.8), digested with trypsin and analyzed by mass spectrometry by the MSKCC
Proteomics Core Facility to map the site(s) of subtilisin cleavage (Figure 2.8). The peptides that
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Figure 2.8: Subtilisin limited proteolysis (4-500 ng/ul) of DDM-purified human K,pl N95Q. (A)
Coomassie-stained gel of human Kj;p1 N95Q cleavage products from subtilisin limited proteolysis
experiment. Four bands (blue, yellow, red and green arrows) were isolated for mass spectroscopy analysis.
(B) Mapping of subtilisin cleavage sites identified by mass spectroscopy on the primary structure of human
Kypl N95Q with transmembrane helices (M1-4), pore helices (Pore helix 1 and 2) and selectivity filter
sequences (Filter 1 and 2) highlighted. Arrow colors denote the cleavage products identified for each band
isolated in (A). The C-terminal deletion construct generated from these results is highlighted in orange
(A303).
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were identified by mass spectrometry were mapped onto the K,pl sequence (~ 35% coverage
overall). Peptides that contained trypsin cleavage sites on both the N and C termini (tryptic
peptides) were discarded, whereas peptides containing a non-specific cleavage site (subtilisin)
were identified. Mass spectrometry results indicate that there are approximately three
predominant peptides, or protease ‘hot-spots’ within human K,p1: two are located within the K,pl
extracellular ‘loop’ and the other at the C-terminus (Figure 2.8). An alignment of K,p channels
demonstrates that the C-terminus is not conserved, and no secondary structure is predicted in this
region (Figure 2.9). From these results, a deletion construct that lacks a portion of the C-terminus,
A303, was cloned and screened by FSEC. DDM-extracted human K;pl A303 has a Gaussian-like
distribution similar to what was observed with wild-type K,pl. From these results, a human Kpl
A303 construct was generated in the N95Q mutant background for purification and

crystallization.

2.3.6. Human K,p1 N95Q A303 forms a higher-ordered oligomer via a non-specific
disulfide linkage

Large-scale purification of DDM-purified K;pl N95Q A303 initially yielded protein that
exhibited a monodisperse peak by SEC (Figure 2.10). However, the purified protein aggregated
as a second population of higher molecular weight over time (Figure 2.10). This effect was
exacerbated during purification of K,pl N95Q A303 in the shorter-chain detergent, DM, where
the earlier protein population was observed during the purification by gel filtration. Interestingly,
DM purification of K;pl N95Q A303 in the presence of 5 mM DTT appeared to reduce the size of
gel filtration peak associated with the higher molecule weight population. These results were not
observed during detergent screening of DDM-purified Kypl N95Q A303 by FSEC (Trp
fluorescence) most likely because the purified channel had to be diluted (15-fold) for this
experiment. This dilution was necessary to reduce the DDM concentration in the protein sample
to below the critical micelle concentration (CMC) for detergent screening. From these results, it
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Figure 2.9: Alignment of human K,p channels with rat Ky1.2, S. lividans KcsA and chicken Kz2.2. Two
copies of Ky1.2 are present in the alignment, one copy aligned to K,p channel P domain 1 and a second
aligned to P domain 2. Secondary structure of Kypl colored according to Figure 3.3. Red asterisks denote
residues, which line the side portals of Kypl, as referred to in the text. An orange box denotes the proximal
C-terminus, which has been shown to be important for K,p2 gating.
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Figure 2.10: A higher-order oligomer of human K,p1 N95Q A303 EGEEF is formed by a non-specific
disulfide bond. (A) Gel filtration profile of DDM-purified human K,;1 N95Q A303 after incubation for
6 hours at room temperature. (B) Gel filtration profile of DDM-purified human K,p1 C10/22/288A N95Q
A303 after incubation for 6 hours at room temperature. (C) Gel filtration profile of DDM-purified Kjpl
C10A N95Q A303, no incubation.
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appeared that Kypl N95Q A303 was forming a higher-ordered oligomer through a non-specific

disulfide bridge that is dependent on protein concentration as well as detergent alkyl chain length.

We turned our attention to identifying K,pl cytosolic cysteines. These residues are susceptible to
forming non-specific disulfide bonds since they are within a reducing environment prior to
detergent extraction. Three cytosolic cysteines, two located on the N-terminus (C10 and C22) and
one located on the C-terminus (C268), were identified and individually mutated. Mutants were
expressed in HEK293-GT cells, solubilized in DDM and evaluated by FSEC. A summary of the
cysteine substitutions that were generated can be found in Table 2.5. All of the K,pl cysteine
mutants appeared stable, eluting as a single peak by gel filtration. As a result, the cysteine
mutations were combined as double and triple mutants, expressed in HEK293-GT cells and

evaluated by FSEC. These combined mutants appeared as stable as wild-type human Kypl.

The double and triple mutants (Table 2.5) were cloned into the N95Q A303 background for
P. pastoris expression and large-scale purification. Both DDM-purified Kyp1 double (C10/22A)
and triple (C10/22/268A) cysteine mutants eluted as a single population by gel filtration that did
not form a higher-order oligomer over time (Figure 2.10). However, the gel filtration profile of
the DDM-purified K,pl C10A single cysteine mutant appeared to have a small population of the
higher molecular weight K,p1 (Figure 2.10). These results suggest that, with concentrated purified
protein, the cytosolic cysteines of human K,pl participate in disulfide bridge formation. In
addition, elimination of C22 appears to be important for preventing formation of the higher-

ordered oligomer, whereas C268 does not participate.

2.3.7. Expression of an N-terminal GFP-fusion construct improved Kyp1 protein yield

With purification of a stable human K,p1 construct, we began crystallization trials with the
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Single cysteine mutant

Residue Mutant Residue(s)
C10 A, S
C22 AS Y
C268 AS, Y

Double and triple cysteine mutants

Residue Mutant Residue(s)
C10, C22 A
C10, C22, C268 A

Table 2.5: K,p1 single and multiple cysteine mutants cloned and screened by FSEC. Residues are labeled
in single letter amino acid code (A, Ala; C, Cys; S, Ser; Y, Tyr).
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purified Kopl cysteine mutants. However, the overall yield from these purifications (< 0.5 mg)
limited our ability to screen enough conditions to fully evaluate whether this construct was able to
crystallize. Efforts were made to improve K,pl expression by modifying the P. pastoris induction
conditions. K™ channel overexpression can cause toxicity in E. coli, resulting in reduce cell
viability, as has been documented for overexpression of the Aeropyrum pernix voltage-dependent
K" channel (KyAP) (Ruta et al., 2003). We reasoned that a similar phenomenon may also be
occurring with overexpression of K,pl in P. pastoris. Modifying the induction conditions by
altering the K* concentration in the media or by introducing a K" channel pore blocker could

improve cell viability and, therefore, protein yield.

The total K™ concentration in the original media recipes for P. pastoris growth and induction is
0.2 M, which is provided by potassium phosphate buffer. P. pastoris small-scale induction
experiments with varying K concentrations in the media, by either supplementing the media with
KCI (0-1 M) or by removing K" (0-200 mM potassium phosphate) demonstrated that the ideal K"
concentration for human K,pl expression was ~200 mM, consistent with the original media
recipe, as evaluated by YL1/2 western blot (see 2.2.4 Small- and large-scale growth and
expression in P. pastoris) (Figure 2.11). Likewise, small-scale induction experiments were also
performed in the presence of BaCl,, a K channel pore blocker. BaCl, (1 mM) addition to the
P. pastoris induction media did not improve expression of human K,p1, as evaluated by a FLAG

western blot (Figure 2.11).

The location and the type of epitope tag used for affinity purification could affect protein stability
and yield. Human K,pl constructs containing different affinity tags were generated, which
included an N-terminal 8-His tag and a C-terminal FLAG (DYKDDDDK) tag. Purification of the
His-tagged human Kypl construct was unsuccessful since I was not able to isolate a protein
population by gel filtration. The FLAG affinity purification yielded approximately half the
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Figure 2.11: Modifications to the P. pastoris induction conditions do not improve K,pl expression. (A)
YL1/2 western blot detecting Kypl C10/22A N95Q A303 (K1 DC N95Q A303) expression in P. pastoris,
supplemented with KCI in the growth and induction media (0-1 M). A total lysate (T) and a DDM-
solubilized fraction (S) were collected for each sample (B) YL1/2 western blot detecting K,pl C10/22A
N95Q A303 (K,pl DC N95Q A303) expression in P. pastoris, with varying concentrations of potassium
phosphate (KPhos) in the growth and induction media (0-200 mM). A total lysate (T) and a DDM-
solubilized fraction (S) were collected for each sample. (C) FLAG western blot detecting Kjpl
C10/22/288A N95Q A303 (Kypl TC N95Q A303) grown and induced in the absence (-) or presence (+) of
BaClz.
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amount of protein that I was able to purify from the original, EGEEF-tagged construct.

Generation of a fusion protein, which involves engineering the target protein with a stable, well-
expressing soluble protein, is another strategy that has been used to improve recombinant protein
expression. Human K;p1 constructs were fused with either an 8-His tagged N-terminal GFP or an
EGEEF tagged C-terminal GFP for expression in P. pastoris. Small-scale induction experiments
were performed for N- and C-terminal GFP Kypl C10/22A N95Q A303 fusion constructs and
were evaluated by FSEC. The expression level of the N-terminal GFP Kyp1 C10/22A N95Q A303
fusion construct was 5-fold greater than what was measured for the equivalent C-terminal GFP-

fusion construct (Figure 2.12).

Large-scale purification of the N-terminal GFP K1 C10/22A N95Q A303 construct was
performed in DM using a similar two-step purification protocol as described for EGEEF-tagged
K,pl with one additional step. After DDM extraction of the K,pl fusion from the membrane, the
channel was purified using an immobilized metal affinity column (IMAC, cobalt resin). The
IMAC-purified sample was proteolytically cleaved with PreScission protease to separate GFP
from K,pl, and this sample was further purified by gel filtration chromatography in buffer
containing DM. The yield of this purification was 3- to 4-fold greater (> 1.5 mg) than the
equivalent non-GFP tagged construct and was a sufficient amount of protein for comprehensive
screening of crystallization conditions. Crystallization trials (~ 800 conditions) were initially set
up with Kopl C10/22A N95Q A303 (>12 mg/ml) in hanging drop format, protein mixed 1:1 with
well solution. Similarly, Kypl C10/22A N95Q A303 was purified by gel filtration in the presence
of NM, a shorter-chain detergent, and brain total lipid extract. Unfortunately, under the
purification and crystallization conditions tested, no crystals of K,p1 C10/22A N95Q A303 were

observed (Figure 2.13).
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Figure 2.12: FSEC elution profiles for DDM-solubilzed human Kyl C10/22A N95Q A303 N-terminal
(PZNAAYV) and C-terminal (pZCAAV) GFP-fusion constructs expressed for 48 hours in HEK293-GT cells
(Superose 6).
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Figure 2.13: K;p1 C10/22A N95Q A303 purifications in DM and NM. (A) Gel filtration profile of DM-
purified Kypl C10/22A N95Q A303. (B) Gel filtration profile of Kypl C10/22A N95Q A303 purified in NM
with brain total lipid extract.

84



2.3.8. Determining a structured ‘core’ of human K1 - Part 11

Since the Kypl C10/22A N95Q A303 construct did not appear to crystallize, we hypothesized that
there may be a smaller structured unit of human Kjpl that had yet to be identified. As a first
attempt to identify the smaller structured unit, sequences of the pore forming regions of KcsA and
Kvy1.2 were aligned to a K,p1 multiple alignment. N-terminal deletion constructs (A10, A16, A19
and A22) were generated in the N95Q A303 background based on 1) the human K,pl alignment
to the outer helices of KcsA and Ky 1.2 crystal sequences and 2) on the location of human Kypl N-
terminal cysteines mutations. Both human K;p1 10-303 N95Q and 22-303 N95Q were purified in
DM and crystallization trials were set up (Figure 2.14). Although no crystals of K;p1 10-303
N95Q were observed, the K,pl 22-303 N95Q construct yielded crystals in 20-30% PEG 400 in no
salt, 150 mM NaCl or 150 mM KCI and 100 mM buffer ranging from pH 6.5-9.5 (see 3.4.2

Human K,p1 crystal refinement and derivatization).

In addition to refining these crystals, a limited proteolysis experiment with human K,pl 22-303
N95Q DM-purified protein was performed with eight different proteases to address the question
of whether the C-terminus could be further shortened while still retaining a structured unit of
Kypl (Table 2.3). Overall, human K,pl 22-303 N95Q was resistant to most proteases tested with
the exception of Asp-N and Glu-C (Figure 2.15). Asp-N selectivity cleaves peptide bonds N-
terminal to Asp and Glu-C selectivity cleaves peptide bonds C-terminal to Glu. The human Kypl
C-terminal sequence includes a cluster of Asp and Glu (residues 284-288), which is the region
most likely being proteolytically cleaved (Figure 2.15). In addition to these results, other C-
terminal deletion constructs were designed based on a human Kypl alignment to the inner helix of

the Ky 1.2 crystal sequence (A275, A279).

C-terminal deletion constructs were cloned into the A22 N95Q N-terminal GFP-fusion
background, transformed and expressed in P. pastoris and solubilized in DDM. The stability of
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Figure 2.14: Kypl N-terminal deletion construct purifications in DM (A) Gel filtration profile of DM-
purified K;p1 10-303 N95Q. (B) Gel filtration profile of DM-purified K,pl 22-303 N95Q.
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Figure 2.15: Limited proteolysis experiment with DM-purified K,p1 22-303 N95Q. (A) Coomassie-stained

gel of Kypl 22-303 N95Q samples subjected to three concentrations of Asp-N, Lys-C, Glu-C and Arg-C, or
no protease (C). Mapping of targeted residues by Asp-N and Glu-C (aspartates and glutamates, red) or Lys-
C and Arg-C (lysine and arginines, blue) on the C-terminus. C-terminal deletion constructs generated from

these results are highlighted in orange.
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these constructs was evaluated by FSEC. Overall, the C-terminal deletion construct A288
appeared stable, whereas the A275 FSEC profile contained two oligomeric populations (monomer
and dimer) (Figure 2.16). Large-scale purification of human Kypl 22-288 N95Q in DM yielded
crystals in conditions similar to what was found for human K,p1 22-303 N95Q (see 3.4.2 Human
Kypl crystal refinement and derivatization). Surprisingly, crystals were also observed for the K,p1
22-275 N95Q construct purified in DM. Although the human K,pl 22-279 N95Q construct did
not crystallize, the protein yield after purification was low and, as a result, only a few
crystallization conditions were tested. The human K,pl 22-279 N95Q construct would need to be

further tested in order to fully evaluate its ability to crystallize.

2.4.  Discussion

K,p channels are classified as background K* channels, essential for establishing and maintaining
the resting potential in excitable cells. The first identified mammalian K,p channel was named
tandem of P domains in a weak inward rectifying K channel (TWIK-1; Ky1) based on its
molecular architecture and electrophysiological properties (Lesage et al., 1996a). Since this initial
work, a total of 15 human K,p homologs have been identified in the K,p channel subfamily (Table
1.2). In order to identify a stable, well-expressed K,p channel that would be suitable for large-
scale purification and crystallization, I cloned and screen 14 of the 15 human K, homologs and
chose K,pl as the leading candidate based on its FSEC profile after extraction in a panel of

detergents (Table 1.2) (Figure 2.3).

A published biochemical study of K,pl characterized several post-translational modifications
which are located in a region between M1 and the first pore helix (Lesage et al., 1996b). It was
shown, for instance, that wild-type K,pl separates at the approximate size of a dimer in non-
denaturing conditions whereas a C69S mutant migrates as a monomer in the same conditions,
suggesting that C69S forms an intermolecular disulfide bridge. My work addressed the question
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Figure 2.16: Comparison of FSEC elution profiles of DDM-solubilized K,p1 C-terminal deletion constructs
22-288 and 22-275, cloned in the N95Q background (Superose 6).
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of whether the C69 disulfide bridge is necessary for K,pl stability in detergent micelles. In low
K" conditions (10 mM), wild-type K,pl elutes as a dimer by FSEC, whereas the K,p1 C69S
mutant, as well as DTT-exposed wild-type Kypl, elute as a monomer (Figure 2.6). These results
suggested that C69 is important for maintaining Kypl stability in DDM. Interestingly, 10 of the 15
human K,p channel homologs contain the analogous C69 residue of Kypl (Figure 2.9). If the
conserved cysteine was important for stabilization of Kyp channels in detergent, one would expect
that the initial candidates selected based on FSEC screening in DDM (Kypl, Kyp6, Kypl3 and
K,p17) would all contain the conserved cysteine. K,p13 does not contain the cysteine. However,
of the four candidates, K,p13 is the least stable candidate, as evaluated by comparison of FSEC

elution profiles in a panel of 13 detergents.

In addition to demonstrating that C69 forms a disulfide bridge, migration of K,pl at the
approximate size of a dimer in non-denaturing conditions also suggested that K,pl assembles a
dimer rather than a tetramer (Lesage et al., 1996b). Similar results have also been demonstrated
for K,p2 and K,p6, two K,p channels that also contain the conserved cysteine residue (Figure 2.9)
(Maingret et al., 2000a; Patel et al., 2000). These results are not surprising since K,p monomers
contain 2 selectivity filter sequences and pore helices, whereas a functional tetrameric K"
channels contains a total of 4 of these features, 1 per monomer. In support of this hypothesis, gel
filtration purified human K,p1 subjected to the crosslinking reagent DSS also separates as a dimer
in denaturing conditions whereas the DMSO control migrates as a monomer (Figure 2.5). This
experimental data, in addition to sequence analysis that identifies two selectivity filter sequences

in one K,p monomer, lends support to the hypothesis that K,p channels assemble as dimers.

NO95 was also identified as a post-translationally modified residue that harbors an N-linked glycan
(Lesage et al., 1996a; Lesage et al., 1996b). Whereas separation of wild-type Kopl in denaturing
conditions yielded two monomeric bands that differed by a few kilodaltons, the N95Q mutant

90



migrated as a single band, as evaluated by western blot. Furthermore, wild-type Kypl pre-exposed
to PNGase F, an amidase that specifically cleaves N-linked glycans, also migrates as a single
band, suggesting that wild-type K,pl is N-linked glycosylated and that N95 is the residue that is
modified (Lesage et al., 1996b). DDM-purified K,p1 also migrates as two bands that are separated
by a few kilodaltons. Similar to the published biochemical experiments, addition of PNGase F to
purified wild-type K,p1, or purification of an N95Q mutant, results in a channel that separates as a
single monomeric band by SDS-PAGE, further supporting the conclusion that N95 is typically N-

linked to a glycan (Figure 2.7).

Protein glycosylation is known to play important roles in protein folding, stabilization and
trafficking, as well as in cell-cell interactions and cell surface protection (Alberts, 2008).
Although a direct study of glycosylation mediating K,pl trafficking or stability has not been
performed, currents measured from wild-type and the N95 to alanine (N95A) mutant
overexpressed in Xenopus oocytes are almost identical, suggesting that folding and trafficking are
not affected by the substitution (Lesage et al., 1996b). It would be interesting to further
characterize the N95Q mutant through electrophysiological studies to determine its functional

role in K,pl channel function (e.g. role in extracellular acidification in Kyp1 gating).

Successful protein crystallization typically requires a high concentration (~ 5-15 mg/ml) of pure,
stable and highly-ordered protein of interest. Human Kyp1 purifications in DDM typically yielded
< 0.5 mg of protein from 24 g of P. pastoris (~1/3 of a L), which limited the number of
crystallization conditions that could be evaluated. A number of modifications were made to the P.
pastoris induction protocol that did not improve K,pl expression, as evaluated by YL1/2 and
FLAG western blots. Several modifications were made to the construct itself, with the swapping
of various affinity tags (EGEEF, His, FLAG), as well as the generation of a GFP fusion protein.
GFP fused to the N-terminus of K,p1 significantly improved expression (> 1.5 mg from 24 g of P.
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pastoris) and, for each individual purification of the GFP-fused K,p1 constructs, I was able to test

~ 800 crystallization conditions.

Conformationally homogeneous protein is also essential for protein crystal growth. Sequence
analysis of Kyp channels suggests that the C-terminus is unstructured and an initial limited
proteolysis experiment with purified Kopl N95Q suggests that this region is readily cleaved
(Figure 2.8). A C-terminal deletion construct removing residues 304-331 was designed based on
these results (Figure 2.8). Functional data supports a role for K,p channel gating by the C-
terminus since truncations and deletions to this region alter the electrophysiological properties of
this channel family (Enyedi and Czirjak, 2010). In addition, the C-terminus appears to be an
important region for interaction with a number of proteins such as kinases and trafficking proteins
(Enyedi and Czirjak, 2010). Although truncation of the Kypl C-terminus is important for crystal
growth, it also results in a loss of structural information that would be helpful for understanding
how the C-terminus of K,p channels is involved in gating. One potential avenue that could be
explored using X-ray crystallography would be to identify a protein that binds to and stabilizes
the C-terminus of Kyl (e.g. SUMO conjugation or proteins involved dynamin-mediated

endocytosis), which could be used for co-crystallization trials (Rajan et al., 2005).

It was evident from subsequent purifications of K,p1l N95Q A303 that the C-terminus prevented,
or retarded the formation of a non-specific disulfide bridge between two channels. Removing the
C-terminus accelerated this process, and the cysteine(s) that is participating in this covalent
linkage is located on the N-terminus. Cysteine substitutions, or deletions of the N-terminus
abolished the formation of the higher ordered oligomer (Figure 2.10). An experiment that could
have been done to evaluate the accumulation of the higher-ordered oligomer prior to generating
cysteine substitutions would have been to add a reducing agent (DTT, for instance) to the purified
sample prior to or after the higher-ordered oligomer formed. Adding DTT immediately after K,pl
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N95Q A303 purification should prevent accumulation of higher-ordered oligomer, whereas
adding the reducing agent after higher-ordered oligomer accumulation should shift the sample

back to a dimer.

It is also clear that truncation to the N-terminus of Kypl was necessary for crystallization. This
finding was not apparent from the limited proteolysis experiments that were performed, but was
instead identified by protein alignment to the pore-forming regions of KcsA and Kv1.2 that had
successfully crystallized. Removing the N-terminus had a two-fold effect of removing a region of
Kypl that inhibited crystallization, and also of eliminating the cysteine residues, which were

participating in non-specific disulfide bridge formation.

K,p channels appear to assemble as dimers, as deduced from both sequence analysis (2 selectivity
filter sequences in 1 protomer) and biochemical experiments (non-denaturing gels, crosslinking of
purified Kypl). A crystal structure of K,p1 will give us insight into how the dimeric assembly of
the Kyp channel family may accommodate structural features that distinguishes these channels
from other types of K™ channels. In addition, an alignment of K,p channels reveals a conserved
extracellular ‘loop’ of ~ 50-60 amino acids in length (Figure 1.3, Figure 2.9). It will be interesting
to determine whether this extracellular loop forms a structured domain, especially since none of
the previous tetrameric K" channel structures contain an extracellular domain. The Kypl residues
(272-286), which align to the proximal C-terminus of Kyp2, are present in the K,pl C-terminal
truncation constructs that crystallize (Figure 1.9, Figure 2.9). Since the proximal C-terminus has
been shown to be important for Kyp2 gating, the K,pl crystal structure may provide additional

evidence to support the role of this region in gating.
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CHAPTER 3

3. CRYSTAL STRUCTURE OF HUMAN K1

3.1. Summary

The human K,p 22-288 N95Q construct crystallized and diffracted to 3.4A resolution. Unlike
other K channel structures, K,p1 is dimeric and the crystal structure reveals a number of features
that have not been previously observed. A 56 amino acid extracellular cap is positioned above the
extracellular side of the selectivity filter and restricts K ion access to the pore to two side portals.
The extracellular cap may serve as a molecular shield against K* channel protein toxins and could
be important for interaction with extracellular ligands or peptides. The coordination of K™ ions
within the K,pl selectivity filter recapitulates the four-fold symmetry that is present in other K"
channel structures. However, the non-covalent interactions surrounding the K,pl filter deviate
from what has been previously observed and is two-fold symmetric, which may facilitate outer
pore gating. The K,pl ion pore is exposed to the lipid bilayer through openings in the
intramembrane molecular surface, accommodating electron density that we attribute to lipid or
detergent alkyl chains. The direct connection between the K,p1 ion pore and the lipid bilayer may
be important for accessibility of K,p channels to lipid compounds, inhibitors and possibly play a
role in sensing mechanical tension. An amphipathic ‘C-helix’ runs parallel to the cytosolic side of
the membrane and may be involved in inner helical gating. In support of this idea, substitution of
residues within this region in other K,p channel paralogs results in alterations to gating. The
human K,p1 structure highlights the molecular architecture likely characteristic of the K,p channel
family and also lays a foundation to further investigate how K,p channels are regulated by diverse

stimuli. The results presented in this chapter have been published (Miller and Long, 2012).
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3.2. Introduction

K,p channels are regulated by a large variety of chemical and physical stimuli. How these inputs
are translated to the conformational changes necessary for gate opening and closure is a topic of
ongoing investigation (Cohen et al., 2009; Mathie et al., 2010). Initial studies of K,p channel
gating were performed with a D. melanogaster K,p channel homolog, KCNKJ (Zilberberg et al.,
2000; 2001). From these studies, several lines of evidence suggest that KCNK(J exhibits outer
pore-like gating properties. Single channel recordings of KCNK revealed an increase in the
open probability (Py) to external K™ concentration (comparing Na™ versus K, 140 mM) as well as
to extracellular application of tetracthylammonium (TEA). It has been previously shown that both
K" ions and external TEA delay closure of the outer pore gate in Ky channels by preventing the
collapse of the selectivity filter (Baukrowitz and Yellen, 1995; Choi et al., 1991; 1989a; Grissmer
and Cahalan, 1989b; Lopez-Barneo et al., 1993; Marom and Levitan, 1994). In addition, a
number of known analogous point mutations that alter C-type inactivation in the Shaker channel
similarly modulate KCNK( gating (Larsson and Elinder, 2000; Lopez-Barneo et al., 1993;

MacKinnon and Yellen, 1990; Ortega-Saenz et al., 2000; Zilberberg et al., 2001).

Studies of a subset of mammalian K,p channels that are modulated by changes in extracellular pH
suggest that outer pore gating is most likely a general gating mechanism of K,p channels (Cohen
et al., 2008; Kang and Kim, 2004; Lopes et al., 2001; Morton et al., 2003; Niemeyer et al., 2007,
Reyes et al., 1998; Sandoz et al., 2009; Yuill et al., 2007). At the whole cell level, Kyp2 and Kyp3
current amplitudes decrease with reduction in extracellular pH, with half maximal current at pH
7.5 in physiological conditions (extracellular K™ concentration ~ 4-5 mM) (Cohen et al., 2009;
Lopes et al., 2001; Morton et al., 2003). A higher extracellular K" concentration (100 mM)
reduces the pH inhibition, shifting the half maximal current to ~6.5. Further study of K,p5 at the

single channel level revealed that extracellular pH affects channel Py and not conductance (Kang
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and Kim, 2004; Reyes et al., 1998). Finally, mutagenesis studies of Kypl, Kyp2, K;p3, Kyp5 and
K7p9 have identified residues surrounding the outer pore that are critical for sensing changes to
extracellular pH (Cohen et al., 2008; Kim et al., 2000; Lopes et al., 2001; Ma et al., 2012b;
Morton et al., 2003; Niemeyer et al., 2007; Sandoz et al., 2009; Yuill et al., 2007). These data
suggest that extracellular pH can regulate outer pore gating in a mechanism similar to what has

been described in K, channels and that this may be a general gating property of K,p channels.

Although there is initial evidence to support outer pore gating of K,p channels, more recent
studies have explored whether K,p channels also possess a functional activation gate. Kp
channels contain the conserved gating hinge glycine in both the M2 and M4 segments (Figure
1.7). Substitution of either the M2 or M4 glycine to alanine in K9 (G117, M2; G231, M4)
reduces the Po, stabilizing the closed state (Ashmole et al., 2009). Similarly, other point
mutations within the inner helices of K,p9, as well as within KCNKJ, alter the open and closed
states of the channel (Ashmole et al., 2009; Ben-Abu et al., 2009). Interestingly, individual
substitution of 3 glycine residues (G134, G139 or G141) to larger hydrophobic residues within
M2 of KCNK induces closure of both activation and inactivation gates, suggesting that these
gates are positively coupled, in contrast to K, channels where these two gates are negatively
coupled (Baukrowitz and Yellen, 1995; 1996; Ben-Abu et al., 2009). Finally, to demonstrate
function of the Kyp inner helical gate, a Shaker channel/ KCNK@ (K,-K,p) chimera was generated
by replacing the Shaker channel pore domain with KCNKJ pore domain 1. The K,-K,p chimera
displayed voltage-dependent opening of the activation gate (Ben-Abu et al., 2009). However, it is
worth noting that the K,-K,p chimera assembles as a homotetramer with its pore comprised of
KCNKY pore domain 1 and, therefore, it is still unclear whether the presence of both KCNK&
pore domains can form a functional activation gate. These results support the idea that K,p

channels possess a functional activation gate and suggest that this gate may be positively coupled
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to the inactivation gate.

Additional studies of the Kyp channel activation gate had been hindered by the absence of a high-
affinity pore blocker such as the quaternary ammonium (QA) cation TEA, which has proven to be
a useful tool for probing Ky channel gating (Armstrong, 1969; Baukrowitz and Yellen, 1996;
Choi et al., 1991; Holmgren et al., 1997). In Ky channels, internal application of TEA blocks K"
conductance by binding within the Ky central cavity upon activation gate opening (Armstrong,
1966; 1971; Choi et al., 1993; Yohannan et al., 2007; Zhou et al., 2001a). Unlike Ky channels,
Kyp channels are known to be fairly insensitive to intracellular TEA blockage (Enyedi and
Czirjak, 2010; Lotshaw, 2007). However, a recent study demonstrated that extension of the QA
alkyl chains improved the efficacy of the compound, with sub-micromolar range ICs, values of
QA’s with 5-7 carbon alkyl tails (TPenA, THexA and THepA), measured for 3 K,p channels
(Piechotta et al., 2011). Cysteine-scanning mutagenesis of the K,p2 inner pore revealed key
residues that reduce the TPenA blocking affinity and supports a model of QA binding within the
K,p central cavity, consistent to what has been observed for K, channels (Choi et al., 1993; Zhou
et al.,, 2001a). Surprisingly, K,p2 activation gate studies using THexA revealed that the QA
binding site is accessible regardless of whether K,p2 is in an open- or closed-state. From these
results, the authors conclude that the bundle-crossing gate for K,p channel is constitutively open
and that the inactivation gate is the functional K,p channel gating apparatus (Piechotta et al.,

2011).

If the Kyp channel activation gate is constitutively open, then gating by chemical or physical
modulation to the intracellular C-terminus must be communicated to the external inactivation
gate. Studies of K,p2 outer pore gating by extracellular pH were performed in conjunction with C-
terminal mutations to address the question of whether the C-terminus is capable of gating the
outer pore (Bagriantsev et al., 2012). A glutamate (E306), located within the proximal C-terminus
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(Kop2 297-311, see Figure 1.9, Figure 2.9), has been shown to be critical for K,p2 channel
activation by intracellular pH (Figure 2.9) (Chemin et al., 2005b; Honore et al., 2002).
Bagriantsev and colleagues report that outer pore gating of mouse K,p2 by intracellular pH is
inhibited with E306A substitution (Bagriantsev et al., 2012). However, it should be noted that this
data opposes what has been reported for the human ortholog and may reflect either sequence
divergence between species or different levels of K,p2 expression in Xenopus oocytes (see
Sandoz et al., 2009). K,p2 channel gating modulation via the proximal C-terminus is believed to
be associated with its interaction with the lipid bilayer (Honore, 2007). As a result, a K,p2 mutant
was generated to decouple the C-terminus from the membrane to further probe into C-terminal
regulation of the outer pore gate (Bagriantsev et al., 2012). The predicted M4 and C-terminal
linker (IGD) was mutated to three glycines (3G) or alanines (3A) to introduce or remove
flexibility within this region. Both of these mutants appeared more sensitive to intracellular pH
than the wild-type channel. Likewise, K,p2 slow time-dependent channel inactivation, believed to
reflect closure of the outer pore gate, was abolished by both of these mutants. From these results,
the authors suggest that the C-terminus regulates gating at the extracellular mouth of the pore

(Bagriantsev et al., 2012).

To further address the question of communication between the proximal C-terminus
communication and the outer pore gate, a mouse K,p2 gain of function M4 mutant (W275S),
located on the extracellular side of the membrane, was identified and characterized (Bagriantsev
et al., 2011). This mutation increased the Py as measured from single channel studies and, as a
result, decreases response to extracellular pH modulation. The K,p2 W275S mutant is also less
responsive to temperature changes and mechanical stretch, stimuli that act on the K;p2 cytosolic
C-terminus (Maingret et al., 1999b; Maingret et al., 2000a; Patel et al., 1998). However, an
experimental pitfall is that temperature modulation and mechanical stretch perturb both sides of
the membrane. In other words, it is difficult to conclude whether these stimuli are modulating the
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activation gate via the C-terminus or if they are capable of doing so directly. Regardless, the
authors conclude that gating modulation by extracellular pH, temperature, and mechanosensation

converge at the inactivation gate (Bagriantsev et al., 2011).

3.3. Materials and Methods

3.3.1. Crystallization conditions, refinement, and heavy atom derivatization

Kopl 22-275, 22-279, 22-288 and 22-303 N95Q constructs were purified in buffer conditions
containing 150 mM KCI, 20 mM Tris-HCI, pH 7.5 and detergent (anagrade) (see Table 2.2 for
detergent concentrations used for large-scale purification) in the absence or presence of a
0.1 mg/ml of brain total lipid extract (Avanti Polar Lipids) and concentrated to ~ 5-13 mg/ml
using a 50kDa Vivaspin-2 concentrator (Sartorius Stedim Biotech). Purified protein was
subsequently mixed 1:1 with well solution with volumes ranging from 100-300 nl (96 well) or 1-
3 ul (24 well) and set up in hanging drop format over a reservoir containing 0.1 ml (96 well) or

0.5 ml (24 well) of well solution.

Initial conditions in which Kypl 22-303 N95Q crystallized contained: 26-30% PEG400 (v/v); no
salt, 150 mM NaCl or 150 mM KCI; in a pH range between 6.6-9.0; at 17°C. K,pl 22-303 N95Q
crystals also grew at 4°C in similar conditions in a PEG400 concentration range of 20-24% (v/v).
Constructs of Kypl containing shorter C-termini, Kypl 22-275 N95Q and 22-288 N95Q also
crystallized in similar conditions. The best diffracting crystals were of K,pl 22-288 N95Q
purified in DM without brain total lipid extract, which grew in 18-20% PEG400 (v/v); 150 mM
KCI; HEPES, pH 8.0 at 4°C and reached approximately 300 microns in size within 1-2 weeks.
Crystals were cryo-protected and dehydrated in reservoir solution supplemented with 50%
PEG400 (v/v), 5 mM DM and 20 mM HEPES, pH 8.0 in a step-wise manner (3.75% PEG400

increase each step, 2-5 minute intervals) and vitrified by flash-cooling in liquid nitrogen.
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Crystallization trials with additives such as reducing agents (15-20 mM DTT, 10 mM tris(2-
carboxyethyl)phosphine (TCEP)), ethylene glycol (EG; 5%), glycerol (5%), 2-methyl-2,4-
pentanediol (MPD; 5%), xylitol (5%), sucrose (5%) and trehelose (5%) were manually pipetted
into the reservoir prior to setting up crystallization trials. Detergent additives (NM, 8 mM; OM,

30 mM) were mixed with the protein prior to setting up crystal trays.

To obtain crystals containing the heavy atom thallium (TI"), cryo-protected native crystals were
soaked by an initial transfer into a solution containing 42% PEG400, 150 mM KNO;, 100 mM
HEPES, pH 8.0, and 5 mM DM. The crystals were then transferred into a similar solution
containing 75 mM KNO; and 75 mM TINO; and left to soak for 24 hours. For co-crystallization
experiments, the heavy atom compounds thimerosal, KAu(CN),, GdCls, ethyl mercury phosphate
(EMP), and K,Pt(CN), (Hampton Research; 2 mM of each) were combined with the protein prior

to crystallization and the derivatized crystals grew under the same condition as native protein.

3.3.2. X-ray crystallography data collection and analysis

Diffraction data were collected at beamline X25 (Brookhaven NSLS) and processed with the
HKL2000 suite (Otwinowski and Minor, 1997). Initial thimerosal sites for experimental phase
determination were located using two approaches. One approach, by Dr. Stephen Long, used
molecular replacement (MR) and single wavelength anomalous dispersion Fourier methods
(SAD) to find the two initial thimerosal sites with the program Phaser-EP (PHENIX suite)
(Adams et al., 2010). The second approach, by myself, utilized the Patterson seeding of dual-
space direct methods approach to find the two initial thimerosal sites with the program SHELXD,
which were subsequently refined using multiple isomorphous replacement and anomalous
dispersion (MIRAS) methods of phasing with the program SHARP (autoSHARP) (Vonrhein et

al., 2007). Further heavy atom sites were obtained utilizing MIRAS methods with the programs
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MLPHARE (CCP4 suite) and SHARP (Bricogne et al., 2003; Otwinowski, 1991; Winn et al.,

2011).

The experimental phases were improved and extended to 3.4 A resolution using solvent
flattening, histogram matching, and four-fold non-crystallographic symmetry (NCS) averaging
with the program DM (CCP4 suite) (Cowtan, 1994; Winn et al., 2011). A model was built into
the density-modified map using the programs O and Coot and refined with CNS using tight NCS
restraints throughout refinement (Emsley and Cowtan, 2004; Jones et al., 1990). The “mlhl”
refinement target was used after “blurring” of the Hendrickson-Lattman coefficients (Brunger et
al., 1998; Pannu et al., 1998). In addition, dihedral angle restraints on the peptide backbone
within the assigned alpha helices, as well as harmonic restraints on the selectivity filter, were
applied during refinement. The MolProbity webserver was used to assess the quality of the

atomic model during both model building and refinement (Chen et al., 2010).

Figures were prepared with the program PyMOL (www.pymol.org). Angle between helices at the
gating glycine hinge for MthK, KcsA and K,p1 channels was calculated using the Angle Between
Helices Python Module in PyMOL. The diameter of the pore was calculated using the program
HOLE (Smart et al., 1996). Buried surface interface calculation of the hydrophobic core within
the extracellular cap was calculated with PISA (CCP4 suite of programs) (Krissinel and Henrick,

2007).

3.3.3. Kyl reconstitution into vesicles

Kypl was purified as described above with slight modification. Following gel filtration, the
protein was incubated with cobalt affinity resin to remove a small fraction of uncut protein. The
supernatant from this rebinding step was collected and concentrated to 1.5 mg/ml. Rat Ky1.2 with
the B2.1 subunit was purified (Long et al., 2007) and concentrated to 1.5 mg/ml. The purified
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channels were reconstituted from DM into lipid vesicles following a published procedure
(Heginbotham et al., 1998) with modifications. In brief, a POPE (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine) and POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-
glycerol)) lipid mixture (7.5 mg/ml: 2.5 mg/ml) was prepared and solubilized with 8% OM. The
protein was then mixed with the solubilized lipids to give a final protein concentration of
0.1 mg/ml (1:100 protein:lipid ratio). Detergent was removed by dialyzing against a solution
containing 10 mM HEPES (pH 7.0) and 150 mM KCl at 4°C for 4 days. DTT (2 mM) was added
to the dialysis solution for the Ky 1.2 sample. The resulting protein/lipid reconstitution was flash-
cooled in liquid N, and stored at -80°C as small aliquots. Control vesicles (“empty vesicles”)

were prepared in the same manner without the addition of protein prior to dialysis.

3.3.4. K" flux assay

The flux assay was adapted from other such assays (Feng et al., 2010; Lee et al., 2009; Zhang et
al., 1994). Briefly, vesicles were thawed, sonicated for 5 seconds and diluted 40-fold into flux
assay buffer, which contained 150 mM NaCl, 10 mM HEPES, pH 7.0, 0.5 mg/ml bovine serum
albumin, and 2 uM 9-amino-6-chloro-2-methoxyacridine (ACMA, Sigma-Aldrich, from a 2 mM
stock in DMSO). This yielded a final K" concentration of ~ 3.75 mM outside the vesicles. Data
were collected on a SpectraMax M5 fluorometer (Molecular Devices) using the Softmax Pro 5
software package. Fluorescence intensity was measured every 30 sec for a total of 630 sec with
excitation and emission settings at 410 nm and 490 nm, respectively. The H" ionophore carbonyl
cyanide m-chlorophenyl hydrazone (CCCP, Sigma-Aldrich; 1 uM final concentration from a
0.1 mM stock in DMSO) was added after 150 sec and the sample was gently mixed with a
pipette. Valinomycin (Sigma-Aldrich; 20 nM final concentration from a 2 pM stock in DMSO)
was added at 450 sec to release K from all vesicles. For experiments using Ba>", 1-10 mM BaCl,
was added to the vesicles before sonication and to the flux assay buffer. The flux assay for these
experiments was then performed as described above.
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3.4, Results

3.4.1. Human K1 channel crystal construct forms a functional channel

To assess the function of the purified protein, human K,p1 was reconstituted into lipid vesicles
and studied with a fluorescence-based flux assay (Figure 3.1) (Feng et al., 2010; Lee et al., 2009;
Zhang et al., 1994). Vesicles loaded with 150 mM KCI (pH 7.0) were diluted 40-fold into an
assay buffer containing 150 mM NaCl (pH 7.0). Under these conditions, K" efflux through K,p1
would produce an electric potential across the vesicle membrane that is negative on the inside of
the vesicle relative to the outside. Upon addition of the H" ionophore CCCP to the vesicles, the
electric potential drives the uptake of H', which is used to quench the fluorophore ACMA.
Valinomycin, a K* ionophore, was added at the end of each experiment to establish a minimum
fluorescence baseline by releasing K from all the vesicles. We validated this assay using the
voltage-gated K™ channel Ky1.2, which has been shown to be functional after purification and
reconstitution into vesicles (Long et al., 2007). A robust decrease in fluorescence was observed
upon addition of CCCP to vesicles reconstituted with Ky1.2 or K;pl, but not to empty (control)
vesicles, indicating the presence of K -selective pores (Figure 3.1). To confirm that the observed
fluorescence decrease was due to K flux through K,p1, we performed the assay with the addition
of barium ions (Ba>"), which block K~ channels including K,pl (Jiang and MacKinnon, 2000;
Lesage et al., 1996a; Zhou et al., 2009). In the presence of BaCl, (1-10 mM), the fluorescence
decrease measured for both Ky1.2- and K,pl-reconstituted vesicles was reduced in a dose-
dependent manner (Figure 3.1). However, Ba®" had no effect on the minimum fluorescence
baseline observed after the addition of valinomycin or on the fluorescence measured from control

vesicles.
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Figure 3.1: Reconstitution of K,pl activity. (A) Schematic of the fluorescent-based flux assay. Vesicles
(blue) containing K,pl or Ky 1.2 channels (yellow) were loaded with 150 mM KCI and diluted 40-fold into
flux buffer containing the ACMA indicator and 150 mM NaCl to establish a K gradient. After stabilization
of the fluorescence signal (150 sec), CCCP, a proton ionophore was added to the sample, and an electrical
potential arising from K" efflux was used to drive the uptake of protons into the vesicles through CCCP,
which quenches the fluorescence of ACMA. The “X” indicates that ACMA is no longer membrane
permeable and does not exit the vesicles in the protonated form. Valinomycin, a K" ionophore, was added
at 450 seconds to render all vesicles permeable to K" and establish a minimum fluorescence baseline.
Fluorescence was normalized by dividing by the initial value. (B) Fluorescence changes observed for K,pl
(orange trace) and Ky1.2 (blue trace) compared with an empty vesicle control (black trace). Error bars
indicate the standard error of three measurements from the mean. (C) Fluorescence changes in the presence
of BaCl, (0, 1, 5 and 10 mM; black, red, blue and green traces, respectively) for Kypl, Ky1.2, and empty
vesicles.
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3.4.2. Human Kyl crystal refinement and derivatization

Kyp1 22-303 N95Q purified in DM initially crystallized in conditions containing 26-30% PEG400
(v/v); no salt, 150 mM NaCl or 150 mM KClI, in a pH range between 7.0-9.0 at 17°C. Refinement
screens were made, which varied the percentage of PEG400 and pH and the best crystals, based
on size and diffraction, grew in 26% PEG400, and 100 mM HEPES or Tris-HCI, pH 7.5-8.5. In
addition, a number of purification and crystallization parameters were tested in order to improve
crystal growth and diffraction. These parameters included purifying Kypl 22-303 N95Q in
different detergents/lipids (OM with lipids, CYMAL-6, DM with lipids), addition of reducing
agents (20 mM DTT, 10 mM TCEP), and varying protein concentration, well to drop ratios, and
crystallization temperatures. From these tests, it appeared that larger crystals of Kypl grew at 4°C,

most likely as a result of slower nucleation.

In addition, other constructs with shorter C-termini, such as K,p1 22-275 N95Q and K,p1 22-288
N95Q, were also capable of crystallizing in conditions similar to the K,p1 22-303 N95Q when
purified in DM. In fact, K,pl 22-288 N95Q crystallized more readily than the other two constructs
that were tested since a lower concentration of protein (5 mg/ml) was required for large crystal
growth and because the construct crystallized in a greater variety conditions than the other two
constructs. At 4°C, Kypl 22-288 N95Q purified in DM crystallized in 20-30% PEG400 with
various salt additives: 200 mM calcium chloride, 200 mM ammonium sulfate, 50 mM magnesium
acetate, 1 M ammonium formate, 2.3 M potassium phosphate, 100/50 mM sodium/lithium
sulfate, 100 mM potassium sodium tartrate and 50 mM zinc acetate. The majority of these
crystals were tested at the synchrotron and appeared to perform similarly to crystals grown in
150 mM KCI, with the exception of zinc acetate crystals (< 30 A diffraction). All of the crystals
tested, except for the zinc acetate crystals, indexed to the P2, space group, suggesting that the

crystal packing was the same regardless of the salt conditions the crystal grew in. As a result, we
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continued to pursue crystals that were grown in 150 mM KCI since these conditions had already

been refined.

In addition to the crystallization parameters that were tested for purified Kypl 22-303 N95Q,
detergent additives (NM, OM) and other additives (EG, glycerol, MPD, xylitol, sucrose, and
trehelose) were tested for Kypl 22-288 N95Q. None of these additives or other modifications
improved crystal diffraction, with the exception of temperature. The best-diffracting K,p1 22-288
NI5Q crystals grew in 24 well trays (3 ul protein and 3 ul well solution) conditions containing
18-20% PEG400, 150 mM KCl, 100 mM HEPES, pH 8.0 at 4°C. During crystal harvesting,
dehydration was tested as a method for improving crystal diffraction (Kuo et al., 2003). Crystals
were simultaneously dehydrated and cryo-protected with reservoir solution supplemented with
50% PEG400, 5mM DM and 20 mM Tris-HCIl, pH 7.5 in a step-wise manner (see 3.3.1
Crystallization conditions, refinement, and heavy atom derivatization). Crystal dehydration

dramatically improved crystal diffraction from ~ 6 A to 4 A resolution.

For heavy atom derivatization, both co-crystallization and soaking methods were performed. TI'-
derivatized crystals were soaked by an initial transfer to a solution containing potassium nitrate,
since thallium precipitates in the presence of chloride. These crystals were then transferred into a
solution containing a mixture of 75 mM KNO; and 75 mM TINO; (1 mM). For the other heavy
atom tested, including thimerosal, KAu(CN),, GdCl;, EMP, and K,Pt(CN),, the heavy atom
(2 mM) was combined with the purified protein prior to setting up the crystallization trials. GdCl;
and EMP both inhibited crystal growth, while crystals were able to grow in the presence of

thimerosal, KAu(CN), and K,Pt(CN),.

3.4.3. Human K1 structural determination
Data collected from six K,pl 22-288 N95Q crystals were combined to generate a highly
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Native Derivative 1 Derivative 2 Derivative 3
thimerosal KAU(CN), TI(NO,)
Data collection NSLS X25 NSLS X25 NSLS X25 NSLS X25
Wavelength (A) 1.100 0.980 1.000 0.950
Space group P2, P2, P2, P2,
Cell dimensions:
a,b, ¢ (A) 82.1,123.2, 83.4, 124.4, 82.9, 123.2, 83.8, 124.6,
7 119.3 120.6 120.2 121.3
a, B,y () 90, 94.9, 90 90, 94.3, 90 90, 94.5, 90 90, 94.0, 90
. 50-3.4 (3.46- 50-4.1 (4.17- 50-4.3 (4.37-
Resolution (A) 3.4) 50-4.4 (4.48-4.4) 41) 4.3)
No. of crystals 6 1 1 1
Reym (%) 5.7 (>100) 8.8 (79.5) 5.7 (90.0) 5.4 (74.7)
I/ol 38.5(2.1) 16.6 (1.4) 23.7 (1.2) 26.7 (1.7)
Completeness (%) 99.9 (100.0) 99.7 (99.9) 99.7 (99.9) 99.8 (100.0)
Redundancy 12.8 (12.0) 3.4 (3.5) 3.4 (3.3) 3.5(3.7)
MIRAS Phasing
No. of sites 14 12 19
Phasing power 1.23/0.70 0.94/0.55 0.89/0.54
(acentric/centric)
Rcuiis (iso/ano) 0.81/0.90 0.86/0.98 0.89/0.90

Figure of Merit

0.519 [50-6.0A]

(MLPHARE)
Figure of Merit
(DgM) 0.779 [50-3.4A]
Refinement
Resolution (A) 20-3.4 A
Reflections
IF| > 0 oF 29,136
RWork (%) 27.3
Rfree (%) 27.9
No. atoms/ B
factor (A?)
protein 7544 /184.9
K+ 10/139.2
acyl 44 /137.8
water 8/134.3
Ramachandr?n (%) 91/0°
favored / outliers
MolProbity score ogth”
(percentile)
r.m.s.d:

bond lengths (A) 0.009

bond angles (°) 1.40
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Table 3.1: Data collection statistics are from HKL2000. Rsym =X |Ii -<Ii >|/Z i, where <Ii > is the
average intensity of symmetry equivalent reflections. Phasing power = RMS (|F|/e), where |F| is the heavy-
atom structure factor amplitude and ¢ is the residual lack of closure error. Reullis is the mean residual lack
of closure error divided by the dispersive or anomalous difference. Rfactor =X | Fobs — Fcalc | / X | Fobs |,
where Fobs and Fcalc are the observed and calculated structure factor amplitudes, respectively. Rfree =
Rfactor calculated using a subset (~5%) of reflection data chosen randomly and omitted throughout
refinement. Figure of merit is indicated from MIRAS analysis in MLPHARE and after density modification
and phase extension starting from 6.0 A in DM. R.m.s.d: root mean square deviations from ideal geometry.
Numbers in parentheses indicate the highest resolution shells and their statistics. * The MolProbity and
Ramachandran scores were also generated, for validation purposes, after refinement of the final coordinates
without using secondary structure restraints. This yielded 92.0% of residues in Ramachandran favored
regions and no outliers, and a MolProbity score of 95th percentile.
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redundant native dataset in order to improve the final resolution of K,p1 by the addition of weak
reflections (Table 3.1) (Otwinowski and Minor, 1997). The crystals indexed to the space group
P2;, with systematic absences present at the expected Miller indices for this space group ((0k0), k
= 2n + 1). The crystals contain four K,p1 subunits, or two complete channels, in the asymmetric
unit, with a solvent content of 74% and Matthew’s coefficient (Vy) calculated to ~ 5 A*/Dalton,
which is within the range expected for a crystallized, detergent-solubilized membrane protein
(Schulz, 2011). In addition, datasets were collected for Kyopl 22-288 N95Q crystals that were
derivatized by either co-crystallization or soaking with thimerosal (2 mM, mercury derivative),
KAu(CN); (2 mM), K,Pt(CN), (2 mM), and TINO; (75 mM) for obtaining experimental phases.
An anomalous signal, based on ‘anomalous measurability,” could be detected from the
thimerosal, KAu(CN),, and TINO; derivatized crystals, but not the K,Pt(CN), derivatized
crystals, as evaluated using the program Xtriage (PHENIX suite) (Adams et al., 2010). The three
datasets with anomalous measurability were also isomorphous to the native crystals with Rmerge
values of 8.8% for thimerosal, 5.7% for KAu(CN), and 5.4% for TINO; (Table 3.1). These data
sets were utilized for phase determination with a combination of isomorphous replacement and

anomalous dispersion methods (MIRAS).

The initial phases could be obtained with two independent approaches. One approach involved
the molecular replacement (MR) phasing method, using the Kv1.2 pore as a search model from
the high-resolution Kv1.2-Kv-2.1 paddle chimera structure (PDB ID: 2R9R). With assistance
from the MR phases, several thimerosal sites were located using single wavelength anomalous
dispersion Fourier methods (SAD) with the program Phaser-EP (PHENIX suite) (Adams et al.,
2010). The second approach utilized the Patterson seeding of dual-space direct methods approach
with the program SHELXD, and two initial thimerosal sites were located and subsequently
refined using MIRAS phasing with the program SHARP (autoSHARP) (Vonrhein et al., 2007).
The phases calculated from the thimersol sites were used to identify sites in the KAu(CN), and
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TINO; derivatives using MIRAS with the programs MLPHARE (CCP4 suite) and SHARP
(Bricogne et al., 2003; Otwinowski, 1991; Winn et al., 2011). A total of 14 mercury, 12 gold, and

19 thallium were used in the MIRAS phase calculation (50-6.0 A resolution) (Table 3.1).

The experimental phases were improved and extended to 3.4 A resolution using solvent
flattening, histogram matching, and four-fold non-crystallographic symmetry (NCS) averaging
with the program DM (CCP4 suite) (Cowtan, 1994; Winn et al., 2011). With these improved
phases, a model was built into the density-modified map using the programs O and Coot.
Mercury and gold coordinated with cysteine residues in M2, M3 and M4 helices and assisted with
model building. In addition, thallium sites were identified within the Kypl selectivity filter, as was
expected since K channels are typically permeant to thallium ions and because thallium has been
previously utilized for crystallography studies of the KcsA selectivity filter (Zhou and

MacKinnon, 2003).

The initial model was refined with CNS using tight NCS restraints throughout refinement
(Emsley and Cowtan, 2004; Jones et al., 1990). The “mlhl” refinement target, which uses both
structure factor amplitudes and experimental phases, was used after “blurring” of the
Hendrickson-Lattman coefficients to minimize the overestimation of phase probability
distribution that is introduced during density modification (Brunger et al., 1998; Pannu et al.,
1998). This resulted in an inproved Rfree value and reduced the separation between the Rfree and
Rwork values. This is in comparison to refinement strategies that used only the structure factor
amplitudes (“mlf” or “mli”’) during refinement, which are more often used with MR solutions
since they contain no experimental phase information. During refinement, the secondary structure
of alpha helices was restrained by applying dihedral angle restraints on the peptide backbone
within the helices. The regions in which the secondary structure restraints were applied were
selected by inspection of the electron density, and test refinements without the restraints were
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used to guide this selection. In addition, harmonic restraints were applied to the selectivity filter
and initial modeling of this region was guided by the Ky1.2-Ky-2.1 chimera structure (Long et al.,
2007). The use of these additional restraints yielded a model with a lower Rfree value. The
quality of the atomic model was monitored throughout model building and refinement using the
MolProbity webserver (Chen et al., 2010). The final structure yielded a model with good

stereochemistry and an Rfree value of 27.9% (Table 3.1) (Figure 3.2).

The final model contains residues 22-281 of human K,p1, excluding residues 94-99 and 169-174,
which did not have well enough defined electron density to confidently direct model building.
Likewise, residues following the C helix (282-288) were disordered. The atomic model includes 5
additional residues at the N-terminus from the vector, three of which are identical to Kypl
sequence (residues 19-21). A number of side chains on solvent exposed surfaces of the channel
were truncated in the atomic model because the electron density was not sufficient for placement,

whereas all of the residues within the transmembrane region have fully modeled side chains.

3.4.4. One Ky channel protomer contains two pore domains in tandem

Tetrameric K channels, which include Ky and Kz channels, are assembled from four protomers,
each of which contains a structural region that form the ion conduction pore, called the pore (P)
domain. The P domain is comprised of the outer transmembrane helix, pore helix, K selectivity
filter, and inner transmembrane helix (Figure 1.3, Figure 1.4). In the case of Kypl channels, one
protomer consists of two P domains connected in tandem (P domains 1 and 2) and each Kyp
channel protomer contain four transmembrane helices (Figure 1.3, Figure 3.3). Transmembrane
helices 1 and 2 (M1, M2) comprise the outer and inner helices of P domain 1 and transmembrane

helices 3 and 4 (M3, M4) comprise the P domain 2 outer and inner helices.
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Figure 3.2: Kypl experimental electron density map. Stereo representations of the experimental electron
density map (blue mesh) contoured at 1.5 ¢ for one protomer of the final model (stick representation). The
map was calculated from 50 — 3.4 A resolution using native, B-factor sharpened amplitudes and MIRAS
solvent flattened, NCS averaged phases. Spheres represent the location of heavy atom binding sites (gold
and mercury) adjacent to cysteine residues (cysteine 194, cysteine 251, and cysteine 268) that assisted with
model building. (A) Side view of a complete subunit from the side, with the extracellular side above. The
extracellular cap, selectivity filter and C-terminal helix are in the foreground. (B) View of the subunit
rotated 180° relative to (A) with the extracellular solution above. The transmembrane helices are in the
foreground. (C) Close up view of a portion of the electron density.

112



Figure 3.3: Tertiary and secondary structures of K,pl. (A) Tertiary structure of K,pl, showing a ribbon
representation from the side. One protomer is colored blue-to-red from the N- to the C- terminus, and the
other protomer is gray. K ions are depicted as green spheres. Approximate boundaries of the lipid
membrane are shown as horizontal lines with extracellular (out) and intracellular (in) sides denoted. The
intersubunit disulfide bond (involving Cys69) at the apex of the extracellular cap is colored green. Loop
regions not included in the final model are drawn as dashed lines. (B) An orthogonal view of the channel
from the side. (C) Secondary structure of K,pl colored according to (A). Dashed lines indicate disordered
regions. Residues discussed in the text are labeled.
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3.4.5. Human K1 recapitulates the structural hallmarks of K*channels

The fundamental features observed in tetrameric K~ channel structures are conserved in the
human K,pl structure and include a K selectivity filter, central cavity, and inner helices lining
the channel pore (Figure 3.3). The selectivity filter in tetrameric K channels is comprised of four
filter signature sequences (‘canonical’ sequence: Thr-x-Gly-Tyr-Gly-Asp with x representing an
aliphatic residue; TxGYGD) with backbone carbonyls or side-chain hydroxyl groups participating
in K* coordination (see 1.3.1 K" channel selectivity) (Figure 1.4). The central cavity is an aqueous
vestibule that is located directly below the selectivity filter in the center of the ion conduction
pore. In the KcsA crystal structure, the central cavity contains a hydrated K that is stabilized by
electrostatic interactions with water and by the four pore helices with the negative ends of their
helix dipole moments positioned toward the cavity (Figure 1.5) (Doyle et al., 1998; Roux and
MacKinnon, 1999; Zhou and MacKinnon, 2004b). The inner helices of K™ channels line the pore
and form the activation gate (see 1.3.2 K" channel gating) (Figure 1.7). Although the structural
hallmarks of tetrameric K* channels are preserved in the human Kopl structure, the dimeric
architecture of K,p1 accommodates a number of features that may be critical for function of this

subfamily of K channels.

3.4.6. Network of non-covalent interactions surrounding the Kyp1 selectivity filter
Although human K,p1 is dimeric, the ion coordination within the selectivity filter maintains four-
fold symmetry and the residues within the filter sequence adopt a conductive conformation, at the
limit at which the atomic coordinates could be determined (Figure 3.4). Conservation of the fold-
fold symmetry is not surprising since the selectivity filter is the most conserved region of K"
channels. Within each K,pl protomer however, residues that comprise the filter sequence of P
domain 1 (Thr-Thr-Gly-Tyr-Gly-His; TTGYGH) and P domain 2 (Thr-Ile-Gly-Leu-Gly-Asp;
TIGLGD) differ from one another and do not conform to the ‘canonical’ filter sequence. As a
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Figure 3.4: Kjpl selectivity filter and residue packing surrounding the filter. Conformation of residues
comprising the Kypl selectivity filter from P domain 1 (A) and P domain 2 (B) compared with the
conformation of residues within the Ky1.2 selectivity filter (C) (PDB ID 2R9R). Two subunits are shown
from the side, with the extracellular solution located above. The filter sequence is labeled in single letter
amino acid code (D, Asp; G, Gly; H, His; I, Ile; L, Leu; T, Thr; V, Val; Y, Tyr). Residues are drawn
as colored sticks (yellow, carbon; blue, nitrogen; red, oxygen; and green, sulfur), and K" ions are shown as
green spheres. (D) Depiction of a ~10 A-thick cross section of Kypl, viewed from the extracellular side,
showing the packing of residues (orange carbons) surrounding the selectivity filter (yellow carbons).
Circles highlight differences in packing surrounding the selectivity filter residues of P domains 1 and 2.
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result, the network of non-covalent interactions surrounding the selectivity filter which stabilize

its configuration are two-fold symmetric (Figure 3.4).

The filter sequence of P domain 1 harbors two residues that deviate from the canonical pore
sequence, threonine 118 (T118) and histidine 122 (H122) which replace the hydrophobic amino
acid and aspartic acid, respectively. T118 is a residue that is unique to K,pl since it is not
conserved in Kyp channels (Figure 2.9). T118 is typically an aliphatic residue (often valine or
isoleucine) that makes a hydrophobic contact with the conserved tyrosine in the TxGYGD motif
(Figure 3.5). Previous studies support the role of T118 in altering K selectivity of human K,pl
channels in a hypokalemic environment (low extracellular K, < 3 mM) (Ma et al., 2011; Ma et
al., 2012a). In the human Kypl crystal structure, T118 y oxygen forms a hydrogen bond with a
main chain carbonyl of serine 222 (S222), located on the pore helix of P domain 2, and this

interaction most likely introduces additional stability to this region of the filter (Figure 3.5).

In the crystal structures of KcsA, MthK and Ky1.2, the aspartic acid within the selectivity filter
sequence (D375 62 oxygen in Ky1.2) forms a hydrogen bond with a tryptophan or tyrosine
located in the pore helix of the same protomer (W362 ¢ nitrogen in Ky1.2) (Figure 3.6) (Long et
al., 2007; Ye et al., 2010; Zhou et al., 2001b). Although the selectivity filter asparatic acid is not
conserved within the Kjr family, it is typically substituted for a large hydrophobic residue such as
phenylalanine or tyrosine. This residue is positioned toward the extracellular space and does not
form a hydrogen bond with any other residues, as observed in the crystal structures of Kiz2.2
(F148) and Kr3.2 (Y159) (Figure 3.6) (Tao et al.,, 2009; Whorton and MacKinnon, 2011).
However, the subsequent arginine (R149 and R160 m nitrogens in Ki2.2 and Kp3.2,
respectively) forms a salt bridge with a highly-conserved glutamic acid located within the pore

helix (E139 and E150 €2 nitrogen in Kz2.2 and Kiz3.2, respectively) and mutations in this region
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Figure 3.5: Comparison of residue packing (threonine 118, leucine 228) surrounding the selectivity filter of
Kypl. Cutaway side views of Kypl (A-B) and Ky1.2 (C) (PDB ID: 2R9R) selectivity filters with
extracellular solution above. (A) Packing of Kypl filter residues from P domain 1 (orange carbons) drawn
in colored stick representation (blue, nitrogen; red, oxygen). P domain 2 residues (purple carbons) that
participate in interactions with filter residues are drawn as sticks with similar coloring to P domain 1.
Residue interactions are drawn with yellow lines. The remaining structure is depicted in ribbon
representation with K™ ions shown as green spheres. The filter sequence is labeled in single letter amino
acid code (G, Gly; I, Ile; L, Leu; T, Thr; V, Val; Y, Tyr). (B) Packing of Kypl filter residues from P domain
2 with similar structural representation, coloring and labeling as in (A). (C) Packing of Ky 1.2 filter residues
(cyan carbons) drawn as sticks with coloring similar to (A). Residues from an adjacent pore helix that
participate in interactions with filter residues are drawn are sticks.
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Figure 3.6: Comparison of residue packing (H122) surrounding the selectivity filter of K,pl. Cutaway
views of human Kypl (A), rat Ky1.2 (B) and chicken Kz2.2 (C) selectivity filters viewed from the
extracellular side. (A) Packing of Kjpl filter residue H122 from P domain 1 (orange carbons) drawn in
colored stick representation (blue, nitrogen; red, oxygen). P domain 2 residues (purple carbons) that
participate in interactions with filter residues are drawn as sticks with similar coloring to P domain 1.
Residue interactions are drawn with yellow lines. The remaining structure is depicted in ribbon
representation with K ions shown as green spheres. The filter residues, and residues involved in
interactions, are labeled in single letter amino acid code (D, Asp; E, Glu; G, Gly; H, His; T, Thr; R, Arg;
W, Trp; Y, Tyr). (B) Packing of Ky1.2 filter residue D375 (cyan carbons) drawn as sticks with coloring
similar to (A). Packing of Kig2.2 filter residue F148, and subsequent residue R149 (cyan carbons), drawn as
sticks with coloring similar to (A).
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are known to alter channel function (Figure 3.6) (Tao et al., 2009; Whorton and MacKinnon,
2011). Like Kz channels, the selectivity filter aspartic acid in P domain 1 of K,p channels is
commonly replaced with histidine or asparagine (Figure 2.9, Figure 3.6). H122 of human Kjpl
forms a hydrogen bond with an adjacent residue, threonine 123 (T123) and, as a result, is not
stabilized with contacts to the pore helix in P domain 1 (Figure 3.6). However, the analogous
residue in P domain 2 of human Kl is an aspartic acid (D230) which hydrogen bonds with the
pore helix tyrosine (Y217) and both of these residues are fully conserved within the Kyp family

(Figure 2.9).

The tyrosine residue within the P domain 2 selectivity filter sequences of K,p channels is replaced
with either a phenylalanine or leucine (Figure 2.9, Figure 3.5). This residue (Y373 n oxygen,
Ky1.2) forms a hydrogen bond in tetrameric K' channels with a highly-conserved serine or
threonine residue (S367 vy oxygen, Ky1.2) located in the pore helix of an adjacent protomer, in
addition to contributing to a hydrophobic network of interactions (Figure 3.5) (Long et al., 2007;
Tao et al., 2009; Zhou et al., 2001b). In contrast, the analogous residues to Y373 and S367 in the
human Kypl structure are leucine 228 (L228) and valine 114 (V114), respectively, both of which
are hydrophobic residues. This region of the channel, as a result, extends a hydrophobic network
with isoleucine 221 (1221, pore helix residue) and isoleucine 226 (1226, filter residue) located
within P domain 2, and phenylalanine 110 (F110, pore helix residue) and valine 124 (V124), both
contributed from the adjacent protomer P domain 1 (Figure 3.5). A protein sequence alignment of
K,p channels confirms that V114, like 1228, is a conserved non-polar residue in P domain 1,
suggesting that [.288 and V114 are residues that co-evolved, as has been previously observed for
positions surrounding the K selectivity filter (Lockless et al., 2007). Interestingly, the atomic
distance between the 1.228 62 carbon atom and the V114 Cy2 carbon atom in the K,p1 structure is
4.4 A, which is greater than the length of the hydrogen bond that is typically observed in this
position (Figure 3.5). However, unlike the P domain 2 selectivity filter sequence, P domain 1
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retains the consensus tyrosine residue (Y120 n oxygen) and forms a hydrogen bond with serine

222 (S222 y oxygen), located within the pore helix of P domain 2 (Figure 3.5).

Overall, the asymmetry of hydrophobic and hydrogen bond interactions between K,p1 channel P
domains 1 and 2 are a consequence of filter sequence difference between the P domains. The
deviation of the Kypl channel filter sequences from the canonical selectivity filter sequence also

introduces an altered packing arrangement that may have K,p-specific functional implications.

3.4.7. Direct link between the lipid bilayer and the K,p1 pore via the central cavity

The central cavity is another conserved feature of K channels that is important for stabilizing the
electrostatic charge of K™ within the channel pore (Doyle et al., 1998; Roux and MacKinnon,
1999; Zhou and MacKinnon, 2004b). The central cavity of human K,p1 has similarities with what
has been observed in tetrameric K channel structures. However, the two-fold symmetry of Kjp
channels also introduces a feature that has not been reported previously. Two openings within
Kypl transmembrane molecular surface directly expose the central cavity to the lipid bilayer.
(Figure 3.7). These openings are formed at the interface between two subunits, whereas the
molecular surface is sealed within a protomer (Figure 3.7). Proline 143 (P143), conserved in most
Kyp channel family members, introduces a 20° helical bend within M2, the inner helix of P
domain 1, which accommodates the intramembrane openings (Figure 3.7, Figure 3.8).
Furthermore, electron density maps revealed tubes of density spanning across the intramembrane
openings, parallel to the plane of the lipid bilayer (Figure 3.7). Although we were unable to
unequivocally identify the molecule within the density, the size and shape of the density is
consistent with two alkyl chains that are each approximately 11 carbons in length (Figure 3.7).
We attribute this density to either lipid molecules that co-purified with human Kypl or with
detergent molecules introduced throughout the purification (DDM or DM). The direct connection
of the ion conduction pore to the lipid bilayer via these openings suggests a potential region for
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Figure 3.7: Molecular surface of Kjpl introduces intramembrane openings within the interface between
protomers. (A) View of the molecular surface with ribbon representation of the channel, from the side. One
protomer is colored blue and the other red. K™ ions in the selectivity filter are depicted as green spheres. (B)
Orthogonal view from the side. Electron density (orange mesh, Fo-Fc simulated annealing omit map
calculated from 20 to 3.4 A resolution and contoured at 3 6) is observed within an opening between the
protomers. (C) Cutaway view of the molecular surface viewed from the intracellular side. Electron density
(orange mesh), calculated as in (B), is shown with two 11 carbon alkyl chains modeled into the density
(yellow sticks).
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Figure 3.8: Bending observed in K,pl inner helices. (A) P domain 1 inner helix. Cutaway ribbon
representation of K,pl viewed from the side, with approximate boundaries of the lipid membrane depicted
as horizontal lines with extracellular (out) and intracellular (in) sides denoted. P domain 1 and 2 are colored
orange and purple, respectively, in each protomer. Transmembrane helices (M1-4) from one protomer are
labeled. Residues which accommodate inner helical bend are highlighted in blue. (B) P domain 2 inner
helix. Orthogonal view of the channel from the side with coloring similar to (A). Transmebrane helix 4
(M4) from one protomer and transmembrane helices 1-2 (M1-2) from the adjacent protomer are labeled.
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interaction with lipids and other hydrophobic molecules and also for sensing mechanical stress, as

has been documented for the Kyp family member TREK-1 (K,p2) (Patel et al., 2001).

3.4.8. Inner helix gating and an interfacial C helix

The inner helices (M2 and M4) of human Kyp1 are separated by >11 A at the narrowest point, a
distance which is greater than the diameter of a hydrated K™ ion (~ 6 A), suggesting that the
channel is crystallized in an open conformation (Figure 3.9, Figure 3.10). Furthermore, the human
Kypl inner helices are positioned closer to open (MthK and Ky1.2) versus closed (KcsA) inner
helices when superimposed with other published K" channel structures (Figure 1.6, Figure 3.10).
Conformational movements of inner helices in tetrameric K channel are facilitated by a
conserved gating hinge glycine within M2 (see 1.3.2 K' channel gating). This glycine is also
observed in human K,p1 (Gly 141 and Gly 256 located in M2 and M4, respectively; G141, G256)
and is conserved within the K,p family, as evaluated by an alignment of K,p family members and
Kyl1.2 (Figure 2.9). In the human Kypl crystal structure, the degree of bending at the gating
glycine hinges is different between P domains 1 and 2, with a ~20° helices kink at G141 and a
shallower, < 10° bend at G256 (Figure 3.8). In addition to the 20° bend contributed by G141, an
additional kink of ~20° is introduced by P143 of M2 and, as a result, creates a significant
asymmetry between the inner helices within a Kyp protomer (total M2 bend of 40°, total M4 bend

of 10°) that could have functional implications on the activation gate of K,p channels.

Continuing from M4 of Kyp1 from a ~ 90° bend at histidine 271 (H271) is an amphipathic helix
(C helix) that runs parallel to the cytosolic side of the membrane (Figure 3.9). Although
interfacial cytosolic helices have been previously observed in crystal structures of prokaryotic
NaK and eukaryotic Ky and K channels, they have been connected to the outer helices of these

channels (Jiang et al., 2003; Long et al., 2005; Nishida et al., 2007; Tao et al., 2009). The C helix
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Figure 3.9: Kypl interfacial C helix. Ribbon representation of the transmembrane and intracellular regions
of K,pl viewed from the membrane (A) and intracellular side (B). The inner helices are colored blue and
labeled (M2, M4), the C helices are red, and the remaining portions are gray. K" ions are shown as green
spheres. In (A), residues on the C helix in the foreground are drawn as sticks (yellow, carbon; blue,
nitrogen; red, oxygen; green, sulfur). Two residues located within the C helix, lysine 274 (K274) and
tyrosine 281 (Y281), are labeled.
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Figure 3.10: Comparison of K,p1 inner helical gate with other tetrameric K channel crystal structures. (A
and B) Ca superpositions of Kypl (black and blue) with Ky 1.2 (red, PDB ID 2R9R), in stereo. P domain 1
(black) is shown in (A); P domain 2 (blue) is shown in (B). The view is from the side with approximate
boundaries of the bilayer depicted as horizontal lines with extracellular (out) and intracellular (in) sides
denoted. K" ions are from the structure of K,p1 and drawn as green spheres. The superposition was made
by aligning the selectivity filters and pore helices. The position of Gly 89 of K,p1 is indicated. (C and D)
Ca superpositions comparing K,p1 P domains 1 (black) and 2 (blue) to one another, in stereo. In (C) two
subunits are shown and in (D) one subunit is shown. (E and F) The inner helices of K' channels with open
(E) and closed (F) inner gates are shown in comparison to the inner helices of K,pl. The view is from the
intracellular side and the transmembrane portions of the inner helices are shown with the selectivity filters.
In (E), Kypl (blue) is compared with the open inner gates of Kv1.2 (orange, PDB ID 2R9R), and MthK
(green, PDB ID 3LDC). The M2 and M4 helices of Kypl are labeled. In (F), K;pl (blue) is compared with
the closed inner gate of KcsA (red, PDB ID 1K4C) and shown in the same orientation as (E). Asterisks
indicate the location of glycines 141 and 256 of Kypl.

128



extends across the K,pl dimer interface and is positioned between M1 and M2 of the adjacent
protomer (Figure 3.9). Mutation of a putative SUMOylation site within this region, lysine 274 to
glutamate (K274E), increases the open probability of human Kyp1 (Figure 3.9) (Feliciangeli et al.,

2007; Ma et al., 2011; Rajan et al., 2005).

In addition, a plethora of functional data supports the role of the proximal C-terminus in K,p
channel gating (Enyedi and Czirjak, 2010). For instance, TREK-1 and TREK-2 channels (Kp2
and K,p10, respectively) are gated by a variety of cell stimuli and pharmacological agents and the
proximal C-terminus plays an important role (Figure 1.9, Figure 2.9). Residues within the
proximal C-terminus appear to be involved since K;p2 and Kyp10 C-terminal truncations and
fusion constructs result in decreased response to mechanosensation, lipid stimulation, anesthetic
modulation and intracellular acidosis (Chemin et al., 2005b; Honore et al., 2002; Kang et al.,
2005; Kim et al., 2001b; Maingret et al., 1999b; Maingret et al., 2000a; Maingret et al., 2000b;
Patel et al., 1999). In the case of Kyp10, a cluster of charged residues within the proximal C-
terminus (residues 323-338) were implicated in channel gating by arachadonic acid (AA).
Although mutagenesis of the 7 residues within this region did not alter the K,p10 gating
characteristics, deletion of these residues resulted in a significant reduction of channel activity in
the presence of AA (Kim et al., 2001b). This suggested that the integrity of the predicted a-helix
within this region is essential for AA stimulation. In the Kypl crystal structure, this region of

K,p10 aligns with residues within the C helix (Figure 2.9).

For the K,p2 channel, mutation of 5 basic residues within the proximal C-terminus have been
demonstrated to be to be essential for PIP, stimulation of K,p2, as well as important for
interaction with AKAP150 (AKAP79 in humans), a scaffolding protein expressed in the CNS
(Figure 1.9, Figure 2.9) (Chemin et al., 2005b; Sandoz et al., 2006). Again, this region of K,p2
aligns with the C helix of Kypl (Figure 2.9). Finally, a glutamate residue (E306) also located

129



within this region, has also been shown to play a role in intracellular pH ‘sensing’ (Honore et al.,
2002). The analogous residue in the K,p1 sequence is tyrosine 281 (Y281), which is positioned at
the end of the C helix (Figure 2.9, Figure 3.9). This collection of functional data supports a role
for the proximal C-terminus in K,p channel gating. Furthermore, the proximity of the C helix to
the inner helices (M2 of the adjacent subunit and its connection to M4) in the Kypl structure

suggests that the C helix may be involved in inner helical gating.

3.4.9. The extracellular cap creates a restricted exit for hydrated K*

Another unique feature observed in the K,pl crystal structure is a large 56 amino acid
extracellular domain (extracellular cap), which extends 35 A from the lipid bilayer and is
positioned directly above the extracellular side of the selectivity filter (Figure 3.11). The
extracellular cap connects M1 and pore helix 1 of P domain 1 in human Kjp1 (Figure 3.3). In
tetrameric K* channels, residues within this region form what is called the ‘turret’, which is a
short structured loop that has been observed in both Ky (6-8 residues) and K (~20 residues)
channel crystal structures. Therefore, the Kypl extracellular cap is a unique structural feature that
appears to be conserved among Kyp channels based on a K,p sequence alignment, and sequence

analysis predicts that the majority of this region is helical and structured (Figure 2.9).

The extracellular cap resembles an A-frame formed by two helices (E1 and E2) from each
protomer, bridged by a disulfide bond (cysteine 69; C69) at the apex (Figure 3.11). This disulfide
bridge formed by C68 had been previously identified through biochemical studies of human Kypl
(Lesage et al., 1996b). The E1 helix is an extension from M1, separated by a ~30° kink at a
proline residue (P47) that is conserved among Kyp channels (Figure 3.11), and continues to the
apex of the extracellular cap. The E2 helix is amphipathic, runs antiparallel to E1 and contributes
non-polar residues that form a hydrophobic core (buried surface interface of ~750 A?) within the
center of the extracellular cap (Figure 3.11). This hydrophobic core is also assembled from non-
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Figure 3.11: Kjpl extracellular cap. Ribbon representation of the K,pl extracellular cap with protomers
colored in gold and grey. Extracellular cap helices (E1 and E2) are highlighted. Residues referred to in the
text are labeled in single letter amino acid code (C, Cys; G, Gly; P, Pro). Residues that form the
hydrophobic core are shown in stick representation and are colored cyan. A disulfide bridge at the apex of
the cap is highlighted in red and the K" ion above the extracellular side of the selectivity filter is depicted as
a green sphere.
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polar residues provided by E1 from the same protomer and E2 from an adjacent protomer. The E2
helices are positioned with the negative ends of their helix dipole moments directly above the
extracellular side of the selectivity filter. Following the E2 helix, a conserved glycine residue
(GR9) facilitates a sharp bend with four subsequent residues (residues 90 - 93) forming a short,
extended loop that packs against the E2 helix (Figure 3.11). The remaining residues of the
extracellular cap are positioned away from the selectivity filter and form an unstructured loop.
Residues 94 - 99 are disordered and are, therefore, not modeled into the structure. It i1s worth
noting that wild-type human K,p1 contains a glycosylation site that has been removed from the
crystallized Kypl construct (N95Q mutation). This residue is located at position 95 and it is

possible that the addition of a glycan may stabilize this loop.

Since the extracellular cap is located directly above the channel pore, it restricts the movement of
K" ions through two, funnel-shaped, side portals that meet above the selectivity filter (Figure
3.12). Measurement of the side portal diameter (between van der Waals surfaces) confirmed that
it is wide enough to accommodate hydrated K" ions (Figure 3.12). Residues that line each side
portal are polar, contributed from the E2 helix and short, extended loop of the cap (glutamate 84,
serine 86, asparagine 87, tyrosine 88, serine 91) and from the extracellular connection between
the filter sequence 2 and M4 (glutamate 235) (Figure 3.13). Surface residues positioned near the
side portal are also polar, such as aspartate 208 and aspartate 209 from the extracellular
connection between M3 and pore helix 2 and tyrosine 237, asparagine 238 and glutamine 239
from an unstructured loop at the connection between filter sequence 2 and M4. Although the
crystallized Kypl construct does not contain a native glycosylation site, the N-linked
oligosaccharide should also be located near the side portals. It is unclear how this sugar may
interact with K,pl; however, N-Acetylneuraminic acid (sialic acid) is commonly found at the end

of N-linked oligosaccharide chains. Sialic acid is negatively charged in a physiological
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Figure 3.12: Extracellular ion pathway. (A) Cutaway view of the molecular surface of K,pl (gray) from the
side with the approximate boundaries of the bilayer shown as horizontal lines with extracellular (out) and
intracellular (in) sides denoted. K" ions (four sites in the selectivity filter and one external site) are shown
as green spheres. Side portals (arrows) located beneath the extracellular cap connect the selectivity filter
with the extracellular solution. Orange mesh depicts electron density assigned to alkyl chains. (B) Diameter
of the pore (measured as the separation between van der Waals surfaces) as a function of distance along the
ion conduction pathway. A dashed line indicates the diameter of a K'-H20 complex. The 0 coordinate on
the y-axis corresponds to the location of the external K' ion. (C) Ion binding in the extracellular pathway.
Residues of the selectivity filter (yellow carbons, P domain 2) and E2 helices (cyan carbons) are shown as
sticks. View is from the side, with a 90° rotation about the vertical axis with respect to (A). Electron
density corresponding to K' ions is shown from a Fo-Fc simulated-annealing omit map (blue mesh,
calculated from 20 to 3.4 A resolution and contoured at 4 6). A Tl isomorphous difference Fourier map is
also shown (red mesh, calculated from 20 to 6.2 A resolution and contoured at 4 ).
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Figure 3.13: Molecular surface of K,pl colored according to the electrostatic potential, which was
calculated with the APBS program using default parameters. Coloring is: blue (positive) and red (negative).
The view is from the extracellular side, looking into a side portal. Green coloring represents the external K
ion. The extracellular cap (cap) and transmembrane domain (TMD) are labeled.
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environment (pK, 2.6) and could be positioned near the side portal as well, which raises the

possibility that the identity of the sugar could have an effect on ion permeation.

The narrowest point of each funnel is directly above the selectivity filter and the diameter at this
region is ~ 6 A wide, as measured between van der Waals surfaces (or ~9 A measured between
atom positions) (Figure 3.12). A difference Fourier electron density map reveals a 66 peak in the
narrow region above the filter, calculated using diffraction data from a K,p1 crystal soaked in T1"
(Figure 3.12). T1" is a heavy atom surrogate for K", suggesting that an external K site is located
within this region (Figure 3.12, Figure 3.14) Furthermore, 2Fy-F¢ electron density maps revealed
density within this region that is consistent with a K* ion coordinated with two water molecules
(Figure 3.14). This K" ion may be stabilized by the positioning of E2 helices with negative ends of
their helix dipole moments directly above the external K' site. This phenomenon has been
documented for electrostatic stabilization of K* within the central cavity by pore helices (Doyle et
al., 1998; Roux and MacKinnon, 1999; Zhou and MacKinnon, 2004b). In the case of central
cavity, the pore helices have a significant contribution to stabilization since the electric field of
their helix dipoles are less shielded due low dielectric environment of the membrane (Roux and
MacKinnon, 1999). Likewise, the hydrophobic core of the extracellular cap may enhance the

electrostatic effect of the E2 helices within the external K site.

3.5. Discussion

Our structure of human Kypl was published concurrently with a structure of human TRAAK
(Ksp4), a Kop channel within the TREK subfamily (Brohawn et al., 2012). As one would expect,
many of the features that we observed in the K,pl crystal structure are also conserved within

K,p4. A comparison of the two structures will be discussed, as well as the potential functional
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Figure 3.14: Ton hydration in the extracellular pathway. A stereo view of a portion of the channel (stick
representation) depicts the region surrounding the selectivity filter and extracellular pathway. K™ ions are
shown as green spheres. The electron density (blue mesh, calculated from 50 - 3.4 A using the experimental
phases and contoured at 1.5c) is shown for the region near the external K™ binding site and two
coordinating waters (red spheres).
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implications that we can hypothesize based on both channel structures and prior functional

information.

3.5.1. The activation gate of Ky channels

The molecular topology of K,p4 is identical to K,pl, with one subunit containing two pore
domains in tandem (Figure 3.15). TM2 and 4 of K,p4 are inner helices that line the ion conduction
pore, and similar to Kypl, the channel was crystallized in an open conformation based on the
narrowest diameter of the inner helices (~12 A measured between M2 helices; ~10 A measured
between M4 helices). The inner helices both contain the conserved gating glycine hinge (G153
and G268 in M2 and M4, respectively). In addition, the proline residue (P155) is also conserved
in the pore domain 1 inner helix, which results in a ~20° kink in M2 and facilitates the

intramembrane openings that are also visible in the K,p4 crystal structure.

However, the contours at the cytosolic portions of the inner helices differ between the K,p1 and
Kyp4. For instance, significant curvature is observed within the cytosolic half of the K,p4 M2
helix, with this helix almost parallel to the plasma membrane. This is particularly evident by
comparing the C-terminal 8 residues of both K,p1 and K,p4 M2 helices, which are separated by
~10 A (Figure 3.16). The curvature of M2 in the Kyp4 structure is facilitated by bends in glycine
residues (G158, G163 and G165), which are conserved within the TREK subfamily of Kp
channels. These residues have been shown to be important for gating since substitution of these 3
glycine residues to larger hydrophobic residues in D. melanogaster KCNK decreases the
channel Py (Ben-Abu et al., 2009). Likewise, substitution of analogous K,pl residues (L146,
A151 and V153) to glycine increased the whole cell current density, measured from Xenopus

oocytes overexpressing the channel (Chatelain et al., 2012).
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Figure 3.15: Overall structure of K,p4 (TRAAK). (A) Tertiary structure of Kyp4 (PDB ID: 3UM7), showing
a ribbon representation from the side. K,p4 protomers are colored gold and light blue. K' ions are depicted
as green spheres. Approximate boundaries of the lipid membrane are shown as horizontal lines with
extracellular (out) and intracellular (in) sides denoted. (B) An orthogonal view of the channel from the side.
(C) A view of K,p4 from the intracellular side.
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Figure 3.16: Ca superpositions of K,pl (cyan) with Kyp4 (pink, PDB ID: 3UM?7). Cutaway ribbon
representation of both channels viewed from the side, with approximate boundaries of the lipid membrane
depicted as horizontal lines with extracellular (out) and intracellular (in) sides denoted. K™ ions are from the
structure of K,pl and drawn as green spheres. Transmembrane helices (M2-M4) from one protomer are
labeled. The superposition was made by aligning the selectivity filters and pore helices.
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The cytosolic region of K,p4 M2 forms an amphipathic helix with hydrophobic residues pointing
toward the membrane and basic residues positioned toward the cytosol. In conjunction with the
flexibility at the glycine residues, it was suggested that this region of the channel may be
important for chemical and mechanical activation of TREK channels (Brohawn et al., 2012). The
glycine residues are not conserved in the other Kyp channel subfamilies (Figure 2.9). However,
the residues that align to the M2 amphipathic helical region of K,p4 are also hydrophobic and
basic in other K,p channels, yet the positions of these residues are not strictly conserved (Figure
2.9). It would be interesting to evaluate the contribution of this region to K,p channel gating since

mutagenesis studies of this region have not been performed currently.

The C-terminus observed in the Kyp4 crystal structure, which continues from the M4 helix, is the
feature most different from Kypl since it does not form an interfacial C helix. Instead, the K,p4 C-
terminus extends into the cytosol (Figure 3.15). The observed differences between the Kypl and
K;p4 C-termini are not a result of packing in the crystal lattice since the C-termini do not
participate in any direct crystal contacts. Therefore, the C-termini most likely adopt different
physiological conformations, with K,p1 forming an interfacial C helix and K,p4 extending into
the cytosol. The question remains whether the orientations of the K,p1 and K,p4 C-termini reflect
inherent differences between the two channels or if these orientations represent two
conformational states of the proximal C-terminus. In other words, does the proximal C-terminus
of Kyp channels dynamically decouple and couple with the lipid bilayer and, if so, does this play a
role in K,p channel gating? In the case of Kyp2, gating by the C-terminus had been previously
proposed to involve a process of membrane decoupling and coupling, which is suggested to be
modulated by chemical and mechanical stimulation (Chemin et al., 2005b). This model was
experimentally supported by fluorescence-based assays and a yeast viability SOS-recruitment

assay studying K,p2 C-terminal plasma membrane association (Chemin et al., 2005b; Sandoz et
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al., 2011). Both the model and data suggest that association of the K,p2 proximal C-terminus with

the plasma membrane promotes K,p2 channel opening.

It should be noted that although K,p4 gating is potentiated by membrane stretch, AA and
intracellular alkalization like other TREK family members, modifications to the proximal C-
terminus do not alter chemical or mechanical stimulation of this channel (Kim et al., 2001a).
Interestingly, residues within the proximal C-terminus are fairly conserved among the TREK
subfamily, which raises the question of why there is a difference in regulation of K,p4 compared
to Kyp2 and KyplO (Figure 2.9). One hypothesis is that K,p channel inner helical gating may
involve a combination of protein interactions with the membrane at both the proximal C-
terminus, as well as the M2 ampipathic helix located near the cytosolic side of the membrane and
the adjacent loop connecting M2 and M3. In the case of K,;2 and K,p10, mutations to the
proximal C-terminus are sufficient for abolishing the enhanced Py from chemical and mechanical
stimuli whereas K,p4 may require combined perturbation to the proximal C-terminus and the M2

ampipathic helix/M2-M3 loop.

K,p1 was crystalized in the open conformation, but unlike tetrameric K* channels, asymmetry is
observed between the pore domain 1 and 2 inner helices. Whereas there is, in total, a ~40° bend
contributed from both the gating glycine hinge G141 and P143 in pore domain 1, a shallow < 10°
bend is observed at G256 in pore domain 2 (Figure 3.8). Likewise, the inner helix of Kyp4 pore
domain 1 is bent ~25° greater than the inner helix of pore domain 2 (Brohawn et al., 2012). The
shallow degree of bending at the M4 gating glycine hinge may be necessary to accommodate a
membrane-associated C helix for positioning between M1 and M2 of an adjacent subunit, as

observed in the K,pl structure.
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3.5.2. Intramembrane openings provide an access point for lipids and lipophilic
compounds?

The intramembrane openings in the K,pl structure expose the central cavity to the lipid bilayer.
These openings are also observed in the K,p4 crystal structure and, interestingly, a similar feature
was identified in the crystal structure of a prokaryotic voltage dependent Na™ channel, suggesting
that these openings may be a feature that is common to other ion channels (Payandeh et al.,
2011). Within the K,pl structure, two 11 carbon alkyl chains were modeled into electron density
that was observed within this region, which are attributed to either detergent molecules or lipids
that co-purified with Kypl. The functional role of these openings and how they contribute to K,p

channel gating is not yet known.

However, a recent study identified TPenA, THexA and THepA as suitable, sub-micromolar QA
pore blockers for 3 different K,p channel family members, whereas TEA is ineffective at Kyp
channel pore block (Piechotta et al., 2011). TPenA was demonstrated to bind to the central cavity
of Kyp2 through a cysteine scanning mutagenesis study (Piechotta et al., 2011). By highlighting
the analogous residues that are important for binding TPenA within the Kypl structure, it is clear
that a number of these residues line the intramembrane openings (Figure 3.17). In addition, I have
shown that THexA can inhibit K,pl K* flux through the K,p flux assay, suggesting that larger
hydrophobic QAs are capable of blocking all K,p channels (see 4.4.2 Progress towards identifying
the site of THexA binding through Kjpl co-crystallization ftrials). The presence of the
intramembrane openings in both the Kyp structures suggests that this feature is conserved within
K,p channels and begins to explain why QAs require longer alkyl chains to be effective Kyp

channel blockers.

There is recent evidence to support the hypothesis that the activation gate of K,p channels is
constitutively open, with the primary mode of K,p channel gating regulated by the outer pore gate
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Figure 3.17: Molecular surface of K,pl with analogous residues highlighted from TPenA cysteine
mutagenesis study of K;p2 (A) View of the molecular surface from the side with the extracellular solution
above. Protomer are colored blue and red. Residue that were critical for TPenA inhibition of K,p2 are
highlighted in red (B) Orthogonal view from the side. (C) Molecular surface viewed from the intracellular
side.
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(see 3.5.3 The Kyp channel selectivity filter) (Bagriantsev et al., 2011; Bagriantsev et al., 2012;
Piechotta et al., 2011; Rapedius et al., 2012). The key experiment that addressed the question of
K,p inner helical gating demonstrated that THexA applied intracellularly could access the Kyp2
central cavity when the inner helices were opened and closed (Piechotta et al., 2011). In light of
the K,p crystal structures, an alternative hypothesis may be that THexA can access the central
cavity through the intramembrane openings. In support of this idea, a previous study of QA
hydrophobicity demonstrated that the partition coefficient of THexA is > 100 (octanol/water),
suggesting that THexA would preferentially partition to the lipid bilayer instead remaining in an

aqueous environment (Zhang et al., 1999).

To address this alternative hypothesis, a follow up study was performed to access the accessibility
of 8-(Tributylammonium)octyl methanethiosulfonate (MTS-TBAO), a MTS-linked QA which is
less hydrophobic than THexA, to the central cavity of K,p2 (Rapedius et al., 2012). Sulthydryl
reactive MTS reagents have been used to evaluate pore accessibility within the Shaker channel
through the introduction cysteine mutations in the central cavity (Karlin and Akabas, 1998; Liu et
al., 1997). MTS compounds that successfully reach the inner cavity are able to react with the
substituted cysteines and significantly reduce channel conductance. Like THexA, MTS-TBAO
was shown in this study to be able to access the K,p2 central cavity when the inner helices are
opened or closed, as evaluated by electrophysiology recordings of a K,p2 central cavity cysteine
mutant (Rapedius et al., 2012). The authors interpret these data to mean that the K,p2 inner
helices are constitutively open or, in other words, that K,p2 is not gated by the inner helices.
However, one assumption that was made was that MTS-TBAO movement is restricted to the pore
since this compound is less hydrophobic than THexA. However, it has been shown that 2-
aminoethyl methanethiosulfonate hydrobromide (MTSEA), a small and positively charged MTS
reagent (and less hydrophobic than MTS-TBAO) is able to cross a lipid bilayer rapidly,
suggesting that MTS-TBAO should behave similarly (Holmgren et al., 1996). An experiment
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utilizing a charged, hydrophilic MTS reagent could be performed to directly tackle the question

of K,p inner helical gating, as has been demonstrated for the Shaker channel (Liu et al., 1997).

The binding of larger, hydrophobic QA compounds to the central cavity and their interaction with
residues in the intramembrane openings suggests that the openings may provide an entryway for
lipids and lipophilic compounds. Characterization of Kyp2, Kyp4 and K,p10 channel gating
identified polyunsaturated fatty acids (PUFAs; e.g. AA), phospholipids (PL), and
lysophospholipids (lysoPLs) as lipid moieties that enhance current amplitude (Bang et al., 2000;
Chemin et al., 2005a; Chemin et al., 2005b; Fink et al., 1998; Lesage et al., 2000b; Maingret et
al., 2000b; Patel et al., 1998). However, not all PUFAs, PLs and lysoPLs are able to activate this
subfamily of K,p channels, and this is determined by the length and saturation of the lipid acyl
chain, as well as the size and charge of the lipid head group. For instance, saturated free fatty
acids fail to increase K,p2, Kyp4 and K,p10 channel activity, whereas hydrocarbon saturation of
lysoPLs has no effect (Bang et al., 2000; Fink et al., 1998; Lesage et al., 2000b; Maingret et al.,
2000b; Patel et al., 1998) Although PUFAs and lysoPLs are differentially affected by acyl chain
saturation, the length of the hydrocarbon chain in both cases has been shown to affect channel

modulation (Bang et al., 2000; Maingret et al., 2000Db).

Whereas large polar head groups of lysoPLs increase current amplitude in Kyp2, this is not a
requirement for PL regulation (Chemin et al., 2005b; Chemin et al., 2007; Maingret et al., 2000b).
This discrepancy may be due to differences in patch recordings. Whereas lysoPLs were applied to
the extracellular bath and recorded in a whole-cell configuration, PLs were applied intracellularly
and measured more directly by inside-out patch. In support of this point, lysophosphatidic acid
(LPA), a lysoPL that does not contain a large polar head group, was later identified as a lysoPL
that can activate K;p2, Kopd and Kyp10 in an excised patch (inside-out) (Chemin et al., 2005a).
LPA was not originally identified since currents were not measured in a whole-cell configuration
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(Chemin et al., 2005a; Maingret et al., 2000b). The opposite was observed for lysophosphatidic
choline (LPC), a lysoPL with a charged group, with robust currents measured from whole-cell
patch that were not observed in an inside-out configuration (Maingret et al., 2000b). Moreover,
The proximal C-terminus of K,p2 has been shown to be important for LPC stimulation, as well as
AA stimulation (PUFA) and PIP, regulation (PL), whereas LPA does not appear altered by
modifications to this region (Chemin et al., 2005a; Chemin et al., 2005b; Chemin et al., 2007;

Maingret et al., 2000b).

The differences observed between types of lipids (e.g. PUFAs and lysoPLs), as well as within the
same lipid class (LPA versus LPC), suggest that K,p2, K,p4 and K,p10 are able to discriminate
lipids by size and charge. How these channels are selective for lipids is not clear, but the data
suggest that the charged, proximal C-terminal may be involved in many instances (but not all; e.g.
LPA) (Chemin et al., 2005a; Chemin et al., 2005b; Chemin et al., 2007; Maingret et al., 2000b).
The location of this region (C helix) in the Kypl crystal structure is directly below the
intramembrane openings, which suggests a possible functional coupling of the C terminus with
the openings. It is also worth noting that conformational changes to the K,p inner helices (M2,
M4) and the C-terminus may affect the size and shape of the intramembrane openings, which
could be essential for exposing and concealing a binding pocket for lipids and lipophilic

compounds.

3.5.3. The Ky channel selectivity filter

The selectivity filter within the Kypl and K,p4 structures are four-fold symmetric and adopt a
conductive conformation, within the limit at which the atomic positions could be determined at
this resolution. However, the molecular packing which surrounds the selectivity filter sequence is
two-fold symmetric, deviating from what has been observed in tetrameric K channel structures.
This is primarily a result of residue differences between the filter sequences of K,p channel P
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domains 1 and 2, with neither sequence strictly conforming to the ‘canonical’ K™ channel filter
sequence TxGYGD). For instance, the last position of the K,p channel P domain 1 filter sequence
(D) is substituted with histidine (e.g. Kypl), asparagine (e.g. K,p4), methionine or tyrosine (Figure
2.9). This aspartic acid residue in structures of KcsA, MthK and Ky1.2 forms a hydrogen bond
with a conserved tyrosine or tryptophan in the pore helix (Long et al., 2007; Ye et al., 2010; Zhou
et al., 2001a). Like K,p channels, the filter aspartic acid is not conserved in Kjz channels.
However, the residue following the filter aspartic acid is an arginine, which forms a salt bridge
with a glutamate contributed from the pore helix (Tao et al., 2009; Whorton and MacKinnon,
2011). Both the arginine and glutamate residues are conserved with Kz channels and mutations to
either of these residues significantly diminished currents or produced non-functional channels
(Dibb et al., 2003; Yang et al., 1997). Furthermore, a double substitution, which swapped the
residues at these two positions, restored Kiz2.1 activity. However, the selectivity of the double
mutant was altered with greater permeability to Na" (Yang et al., 1997). Although the selectivity
filter sequence is critical for selection of K' ions over other types of cations, it is evident that
residues surrounding the filter are also essential for K' selectivity since they appear to stabilize

the filter structure.

In the Kypl and Kypd crystal structures, the last residue in the selectivity filter sequence of P
domain 1 is His 122 (H122, Kypl) or Asn 134 (N134, K,p4), and this residue does not form a
hydrogen bond(s) with residues in the pore helix (Figure 3.6, Figure 3.18). In addition, the
residues which follow H122 and N134 do not form direct hydrogen bonds or salt bridges with the
pore helix, as is observed in Kjr structures. In crystal structure of KcsA, a water is positioned
behind the filter, which coordinates backbone amides provided by filter residues, as well as with
side chains from residues along the pore helix (Cordero-Morales et al., 2006; Zhou et al., 2001b).
Although not observed into the crystal structure, a water molecule could fit behind the K,p1 filter
and may coordinate with H122. This idea will be discussed in further detail below. Although
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Figure 3.18: Residue packing (N134) surrounding the selectivity filter of Kyp4. Cutaway views of K,pé
selectivity filter viewed from the extracellular side. (A) Packing of Kyp4 filter residue N134 from P domain
1 (orange carbons) drawn in colored stick representation (blue, nitrogen; red, oxygen). P domain 2 residues
are colored purple. The remaining structure is depicted in ribbon representation with K ions shown as
green spheres. The filter residues, and residues surrounding N134, are labeled in single letter amino acid
code (F, Phe; G, Gly; H, His; N, Asp; T, Thr; V, Val; Y, Tyr).
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coordination of H122 with water could potentially stabilize this residue, the lack of non covalent
bonds among the surrounding residues may introduce flexibility that could be important for

selectivity and possibly outer pore gating of K,p channels.

Kypl is modulated by extracellular acidification (pHp), with decrease in current amplitude at
positive membrane potentials (outward K* currents) as the pH is lowered from 8 to 6.2. H122 is
implicated in sensing pHo since the pH at which there is half block of current is 6.6, which is very
close to the pKa of histidine, and because mutation to H122 results in a loss of pHo sensitivity
(Chatelain et al., 2012; Ma et al., 2012b; Rajan et al., 2005). These results recapitulate what has
been reported for both K;p3 and K,p9, with both of these channels harboring the same histidine
residue in the P domain 1 selectivity filter sequence (Figure 2.9) (Kim et al., 2000; Lopes et al.,
2000; Lopes et al., 2001; Morton et al., 2003; Rajan et al., 2000). One hypothesis for why
histidine protonation results in decrease K,pl current density, based on the K,pl structure, is that
the additional positive charge may reduce channel conductance by introducing an energetic
barrier at the extracellular side of the selectivity filter (Figure 3.12). In order to address this
question, single channel studies of a Kypl H122 wild-type and mutant (H122N, D) channels will

need to be performed with varying pHo.

In whole cell recordings, it has been demonstrated that the reduction in K,p1 outward currents at
lower pHp is associated with a shift of the reversal potential to more depolarized potentials than
what is expected for a K selective channel (near the Ey) (Chatelain et al., 2012; Ma et al.,
2012b). These data suggest that that lower pHo promotes Na' conduction and that Na™ is
contributing to the total current density measured. In support of this, whole-cell recordings of
K,pl in extracellular solution containing NMDG, a cation that is not K,p1 permeable and is used
in place Na', at pH 6.0 are essentially identical to recordings at pH 7.4 in extracellular solution
containing Na" (Chatelain et al., 2012; Ma et al., 2012b). These published results suggest that
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histidine protonation could result in a conformational change(s) to the outer pore gate that alters

K" selectivity, resulting in increased Na" influx.

In the case of K»p3 and K,p9, an increase in outward currents is also observed in the presence of
extracellular NMDG" at acidic pH, suggesting that an Na" current also contributes to K,p3 and
K59 whole-cell current measured (Ma et al., 2012b). However, the Na™ contribution to the total
current density is less than what is observed for K,p1 since recordings in extracellular NMDG"
only partially ‘rescued’ the reduced outward currents measured at acidic pH (Ma et al., 2012b).
Why could this be happening? One explanation is that reduction K,p3 and K,p9 current amplitude
in low pH, resulting in histidine (H98) protonation, could alter the channel outer pore gate.
Alternatively, H98 protonation may affect both outer pore gating and conductance since the
additional positive charge by the extracellular side of the filter may act as an energetic barrier.
The K,p3 and K,p9 H98D mutant recorded at acidic pH restores the majority of outward currents
recorded when compared with the same mutant at pH 7.4, supporting both possibilities (Ma et al.,
2012b). However, single channel recordings of K,p9 revealed no change in conduction between
extracellular pH 6.0 and 7.2, but instead a significant reduction in a P, suggesting that histidine
protonation most likely alters outer pore gating alone (Kim et al., 2000). It is tempting to
speculate that the histidine protonation within the selectivity filter of the K,p1, K553 and Kyp9 may
be a mechanism of outer pore gating regulation shared by these three channels, with Kpl

exhibiting a greater alteration in channel selectivity compared to K,p3 and Kyp9.

A hypothesis for the outer pore gating mechanism of pHp regulation by K,p3 H98 has been
previously proposed based on both mutagenesis studies and K,p3 homology modeling. In the
homology model, a network of hydrogen bond interactions between selectivity filter backbone
amides, residue(s) within the pore helix 1, H98 and a water molecule that is positioned in the
homology model between pore helix 1 and selectivity filter was proposed (Stansfeld et al., 2008;
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Yuill et al., 2007). In the case of K;pl, the water molecule (not present in the structure) may be
forming hydrogen bonds with the H122 side chain (proton acceptor in its deprotonated state),
backbone amides (proton donors) and a conserved threonine side chain in the pore helix of P
domain 1 (threonine 113 in Kypl; T113 is a proton acceptor in this example). Protonation of the
H122 at acidic pHs (< 6.0) would potentially destabilize the hydrogen bond network that is
formed and consequently introduce flexibility within this region. In support of this hypothesis, a
water molecule was found to stabilize the KcsA selectivity filter in this region as evaluated from a
high-resolution crystal structure (Cordero-Morales et al., 2006). In addition, H122 in the K;pl
crystal structure is positioned such that it could participate such a network (Figure 3.6).
Interestingly, mutagenesis of the K;p3 pore helix residue threonine 89 (analogous to T113 in
K,p1) to alanine or valine, but not serine, resulted in an increase in both Na" permeability and
current amplitude in alkaline conditions (Figure 2.9) (Yuill et al., 2007). It would be interesting to
see whether the mutagenesis of K;pl T113 could also result in a change to ion selectivity.
Obtaining a high-resolution structure with K,pl crystals grown at an alkaline and acidic pHs

could help elucidate the mechanism of pHg regulation of Kyp1, as well as K,p3 and K,p9.

In the Kypl structure, two residues are in close proximity to H122, threonine 123 (T123) and
glutamate 235 (E235), which are positioned within the loop connecting the filter and inner helices
of P domains 1 and 2, respectively (Figure 3.6). Although T123 does form a hydrogen bond with
H122, this interaction most likely does not play a crucial role in altered K" selectivity since T123
is not conserved in K,p3 and K,p9 channels (an alanine) (Figure 2.9). On the other hand, E235
and H122 are 4.3 A apart in the K,pl structure and the analogous residue in Kyp3 and K»p9 is a
glutamine (Figure 3.6). If protonation H122 destablizes the hydrogen bond network that is formed
with pore helix 1, backbone amides and water, this could allow for H122 to rotate to a position
close enough to E235 to form a hydrogen bond. The loop connecting the filter to the inner helix
of P domain 1 is not stabilized by a salt bridge or hydrogen bond, and could therefore
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accommodate this movement, resulting in a conformational change to the selectivity filter. It is
also worth noting that the positions of H122 and E235 are on an adjacent side of the extracellular
side portals and an interaction between the two residues would not constrict the portals. However,
flipping of H122 would result in an alteration in the charge lining the portals, which could alter
K" affinity to this region. Similar to H122, an electrophysiology experiment could be performed
with an E235 mutant (substitution to an aspartic acid or alanine), which would address the

question of its role in Kyp1 pHo regulation and selectivity.

In P domain 2 of Kyp channels, the ‘canonical’ tyrosine in the filter sequence is replaced with a
hydrophobic residue, such as Leu 228 (L.288) in K,p1 and Phe 241 (F241) in Kyp4. As a result, the
molecular interactions surrounding this portion of the selectivity filter are different from what is
observed in tetrameric K channels. Typically the filter tyrosine residue makes a hydrogen bond
with a conserved serine or threonine residue contributed from a neighboring pore helix, and also
makes hydrophobic contacts with neighboring hydrophobic residues. In the case of K,p channels,
the hydrogen bond is not present and, instead, a hydrophobic network is extended (Figure 3.5).
Residues that participate in the hydrophobic network are contributed by both pore helices, the
filter sequence and the loop connecting the filter and inner helix within P domain 1 (Figure 3.5).
In addition, the conserved serine or threonine, which contacts the canonical filter tyrosine in
tetrameric K™ channels, is replaced with a non-polar residue in K,p channels. The presence of two
hydrophobic residues in these highly conserved positions suggests that these residues co-evolved,

as has been reported for residues surrounding the K" selectivity filter (Lockless et al., 2007).

In Kyp channels, the hydrophobic contacts surrounding the filter in P domain 2 are most likely
critical for maintaining the structural integrity of the filter and perturbation to residues in this
region affect channel selectivity. A mutagenesis study of the analogous phenylalanine residue
(F202) in K,p3 demonstrated that conservative substitutions of this residue alter K* selectivity
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(Yuill et al., 2007). For instance, the most well tolerated substitution was to leucine (F202L), yet
the reversal potential of this mutant shifted from -85 mV to -35 mV and the permeability ratio of
Na® to K (Pno/Px) increased from 0.04 to 0.28. Other substitutions that were made were to
tyrosine, methionine, alanine and valine (F202Y, M, A and V, respectively). From these five
mutations, it is evident that side chain length is important since the most severely altered mutants
were F202A and F202V, with a shift in the reversal potential to -5 mV and an increase in the
Pno/Px to 0.85 (Yuill et al., 2007). These mutagenesis studies suggest that the hydrophobic
interactions between F202 and neighboring non-polar residues stabilize the filter and that the size

of this residue is important for making contacts.

In the Kyp alignment, the equivalent filter residue to K,p3 F202 is either a phenylalanine or
leucine (Figure 2.9). Interestingly, leucine is only found at this position in the TWIK subfamily
(Kopl, Kyp6) and the analogous residue in K,p3 (F202), when substituted to a leucine, results in a
loss of K* selectivity (Yuill et al., 2007). In addition, residues that make hydrophobic contacts
with L.288 in the Kypl structure are conserved in Kyp3, suggesting that this portion of the Kypl
filter may have more flexibility as a result of L288. It would be interesting to determine whether
mutation of Kypl L288 to phenylalanine could stabilize the filter and result in a K selective

channel in hypokalemic conditions (Ma et al., 2011).

Studies of the Shaker K* channel in the 1990’s identified the presence of two types of inactivation
gates: a fast inactivation gate (N-type) which involves a physical block of the pore from the
cytosolic side by the N-terminus (ball and chain model) and a slow inactivation gate (C-type;
outer pore gating) that results in a conformational change to the filter (Yellen, 1998). C-type
inactivation has been observed in a variety of Kyp channels (see 3.2 Introduction) and the
deviations to the selectivity filter sequence may be important for introducing structural flexibility
to the filter that is important for K,p channel outer pore gating.
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3.5.4. The extracellular cap is a conserved feature of K,» channels

In tetrameric K* channel structures, the mouth of the selectivity filter is directly exposed to the
extracellular environment. This is in contrast to the K,p1 and K,p4 crystal structures, in which a
large extracellular cap is observed in this region (Figure 3.3, Figure 3.15). In the crystal structure of
K,p4, the extracellular cap is displaced and asymmetric as a result of a contact that is made in the
crystal lattice (Brohawn et al., 2012). The cap in both K,pl and K,p4 structures restricts access to
the extracellular side of the selectivity filter to two side portals that can accommodate hydrated
K" ions. In addition, K™ ions at the extracellular side of the pore may be stabilized by the E2
helices, which are positioned with the negative ends of their helix dipole moments above the
selectivity filter. These features are conserved between the Kypl and Kp4 structures and suggest

that the extracellular cap is a conserved K,p channel domain.

Although the cap architecture is conserved between the Kypl and K,p4 structures, the residues that
line the side portals diverge. Interestingly, the majority of the analogous polar residues which
contribute to the K,p1 side portals are small and non-polar in Kyp4 (see 3.4.9 The extracellular cap
creates a restricted exit for hydrated K) (Figure 2.9). In the case of K,pl, the polarity of the
residues within the side portals may be important for hydrogen bonding and electrostatic
interactions with hydrated K" ions. Interestingly, residues that line the side portals of K,p4 are
both acidic and hydrophobic, which includes aspartic acid 93, leucine 95, glycine 96, glycine 97,
aspartic acid 100 and alanine 248 (analogous residues to K,pl) (Figure 2.9). A sequence
alignment of all Kyp channels indicates that the residues lining the extracellular cap side portals
are not well conserved and these differences could partially account for the different
electrophysiological characteristics between K,p channels (Figure 2.9). It would be interesting to
swap the side portal residues between the K,pl and K,p4 channels, or to generate side portal
residue mutants in other well studied K,p channels such as Ky,p2 or K,p3, to evaluate their
contribution to channel function.
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The limited accessibility to the external side of K,p channels by the extracellular cap may also
explain why these K’ channels are insensitive to extracellular pore blocking inhibitors.
Electrophysiological studies have demonstrated that the K channel scorpin toxin charybdotoxin
is unable to inhibit K,pl and K,p4 channels, and the bee venom toxin apamin is ineffective and
blocking K,pl (Fink et al., 1998; Lesage et al., 1996a). Likewise, Kz channels are also insensitive
to charybdotoxin and this has been attributed to the size and orientation of the turrets on the
extracellular side of the Kjz2.2 channel (Tao et al., 2009). This is in contrast to extracellular
entryway observed in the Ky 1.2 structure, which provides a docking surface for charybtodoxin on
the extracellular side of the channel (Long et al., 2007; Tao et al., 2009). Although insensitive to
charybdotoxin, Kjg1.1 and Kz3.4 channels are inhibited by the bee toxin tertiapin (Jin and Lu,
1998). Similar in structure and size to apamin, tertiapin is a 21 amino acid peptide that is likely
able to dock onto the constricted extracellular entryway of Kz channels since it is smaller in size
than most peptide toxins. In the Kyp structures, the docking sites for the extracellular pore
blocking toxins correspond to the location of the extracellular cap. This domain provides a
physical barrier, restricting access of larger (charybdotoxin) and smaller (apamin) toxins to the

pore. Thus the extracellular domain of K,p channels likely confers resistance to these toxins.

A crystal structure of human K,p4 was recently published in complex with a monoclonal antibody
(K,p4-Fab) solved to 2.75 A resolution (Brohawn et al., 2013). The K,p4-Fab crystal structure
revealed a different connectivity of the channel along the extracellular cap when compared to the
human Kjpl and Kyp4 crystal structures. The domain swap occurs at the apex of the extracellular
cap, where the two protomer M1 and extracellular cap helix E1 are swapped with one another
(Figure 3.19). The electron density of Kypl at the apex of the cap cannot distinguish between

these two possibilities and it is therefore conceivable that the K,pl structure may also exhibit a
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Figure 3.19: K,p4-Fab complex crystal structure (A) (PDB ID: 4I9W) reveals a domain swap of
transmembrane helix 1 (M1) and extracellular cap helix (E1) compared with K,p4 crystal structure (B)
(PDB ID: 3UM7). Ribbon diagrams of K,p4, from the side and intracellular solution. Protomers are colored
in orange and cyan. Arrow highlights the change in connectivity at the top of the extracellular cap.
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similar domain-swapped architecture (Figure 3.19). The domain swapping of M1 and
extracellular cap helix E1 should not change the overall interpretation of the Kypl structure since

this channel, along with K,p4, assembles as a homodimer.

The physiological role of the extracellular cap in K,p channel function has not been explored. In
addition to prohibiting extracellular toxins from binding and blocking K,p channels, it is tempting
to speculate that the extracellular cap may serve as a point of interaction for other extracellular
proteins or ligands that may be important for channel activity. It is evident from the K,p channel
alignment that the connection between the E2 helix and pore helix 1 is the most diverse region of
the extracellular cap in terms of amino acid conservation and length (Figure 2.9). Not
surprisingly, this region is an unstructured loop in both K,p1 and K,p4 crystal structures that is in
close proximity to the side portals (Figure 3.3, Figure 3.15). The location, flexibility and
sequence variation within this loop suggest that this could be a region for a specific interaction
with another protein or ligand. Pull down experiments with an overexpressed wild-type and
extracellular cap deletion Kyp channel, followed by mass spectroscopy analysis of unique bands in

the native K,p sample is a potential approach for identifying interacting partners of K,p channels.
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CHAPTER 4

4. PROGRESS TOWARDS A HUMAN K31 HIGH-RESOLUTION STRUCTURE

4.1. Summary

The crystal structure of human K,pl1 introduces features most likely important for gating and K"
conductivity in Kyp channels that have not been observed in tetrameric K channel structures.
However, a number of key questions still remain unanswered, such as the role of the Kypl
selectivity filter in outer pore gating. For instance, how does extracellular pH modulate the Kjpl
outer pore gate and what is the role of H122 in extracellular pH ‘sensing’? Is a water molecule
present behind the selectivity filter and, if so, how does it stabilize a conformational state(s) of
outer pore gating in K,p1? In addition to outer pore gating, questions about the mechanism of Kop
channels inhibition by QA compounds with longer alkyl tails also remain. A high-resolution
human Kp1 crystal structure could begin to address some of these outstanding questions. Several
different approaches to improve human K,pl crystal diffraction were performed. Substitution of
residues to strengthen or form new crystal contacts did not result in a new crystal form or
improved crystal diffraction. Likewise, co-crystallization of human K,p1 with THexA did not
produce crystals with improved diffraction. K,p1 exchanged into Na'-containing solution did not
improve crystal diffraction, and no significant changes to the K,pl structure were apparent at this
resolution. Finally, mouse Kj,p1 monoclonal antibodies were generated for future co-

crystallization experiments with K,p1.

4.2. Introduction
The diffraction of membrane protein crystals is often poor and, as a result, many published

membrane protein structures are solved at low-resolution (> 3 A). Membrane protein crystals are
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typically associated with a high solvent content as a result of the detergent micelle, which is
necessary to shield the transmembrane regions of the protein from the aqueous environment
(Carpenter et al., 2008). The regions of the protein not sequestered by the detergent micelle are
responsible for forming protein crystal contacts, and these contacts increase order in the crystal
that is essential for high-resolution diffraction. Consequently, membrane proteins form fewer
protein crystal contacts on average in comparison to water-soluble proteins, which contributes to

their poor diffraction (Carpenter et al., 2008).

Strengthening, changing or increasing the number of protein crystal contacts that are present in
the crystal can improve diffraction. Based on this idea, one strategy commonly explored is the
growth of protein crystals in multiple crystallization conditions, since it is often found that
crystals which grown in two unique conditions crystallize in different space groups and therefore,
most likely have a different packing arrangement and crystals contacts. Another strategy is to
modify the purification conditions to include a shorter chain detergent (e.g. DM in place of DDM
or OM in place of DDM) or a detergent with a different head group (a maltopyranoside vs.
glucopyranoside; e.g. DM vs. DG), since a smaller detergent micelle will expose a greater surface
area of protein to the hydrophilic environment and the detergent head group could alter the
detergent-mediated contacts (although, not ordered) in the crystal. However, substitution with a
shorter chain detergent or a different detergent head group may also result in protein
destabilization and, therefore, detergent selection is invariably a balance between protein stability

and exposure.

With a crystal structure and knowledge of crystal packing, another strategy is to introduce
substitutions in the protein in order to strengthen a protein crystal contact. Likewise, breaking a
protein crystal contact through the introduction of a residue substitution(s) could also be
advantageous since it may promote the formation of a new contact that is less favored to the
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original contact, and this new contact could be strengthened by additional mutagenesis. Finally, a
web server has been developed to predict a region(s) of the protein that will form a crystal
contact(s), which can be particularly informative in the absence of a crystal structure, and
subsequent mutagenesis studies can be performed to evaluate whether this substitution alters
crystal growth (Goldschmidt et al., 2007). The surface entropy reduction prediction (SERp)
server identifies residues within a protein that contribute significant surface entropy to the
molecule (i.e. side chains with many rotamers, such as lysine), since it has been suggested that
residues with high conformational entropy prevent crystallization (Derewenda and Vekilov,
2006). The server uses a surface entropy reduction approach by replacing these residues with low
conformational entropy residues. Potential regions of modification are scored by residue
conformational entropy, conservation and secondary structure prediction (Goldschmidt et al.,

2007).

In the case of membrane protein crystal growth, complexes between membrane and soluble
proteins have been successful for crystallization of novel membrane proteins, as well as for
improving the diffraction of previously crystallized proteins. The addition of the soluble protein
increases the total surface area exposed to aqueous environment, which increases the probability
of forming crystal contacts. In particular, co-crystallization with a monoclonal antibody has
proven successful for obtaining diffraction-quality crystals of channels, transporters and G
protein-coupled receptors (GPCRs) (Hibbs and Gouaux, 2011; Jiang et al., 2003; Rasmussen et
al., 2007; Rasmussen et al., 2011b). In addition, monoclonal antibodies have been used to
improve crystal diffraction of KcsA and a bacterial CIC CI” channel, by altering the packing of
the crystal and crystal contacts formed (Dutzler et al., 2003; Zhou et al., 2001b). Other examples
of membrane/soluble protein crystal structures in the literature include an endogenous complex of

the voltage-gated K* channel, Ky1.2, and an auxiliary B subunit, as well as an unusual example of
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B2 adrenergic GPCR and lysozyme fusion protein, with insertion of lysozyme into one of the

GPCR intracellular loops (Long et al., 2005; Rosenbaum et al., 2007).

In addition to a lack of crystal contacts, poor diffraction of protein crystals can be a result of
structural or sample heterogeneity as a result of protein flexibility or partial/heterogeneous
modification(s) to the protein, respectively. In the context of membrane proteins and protein
modification, glycosylated asparagines are routinely removed prior to (substitution of the
asparagine to a glutamine) or after purification (addition of endoglycosidase PNGase F). Since
the glycan chain itself is quite diverse with different compositions, structures and lengths, it can

consequently inhibit protein crystallization.

One method of reducing protein flexibility is by introducing stabilizing residue substitutions or
truncations. Other methods involved the addition of a co-factor(s), ligand(s) or chemical
compound(s) that stabilizes one conformation of the protein. In addition, a protein-protein
complex not only can change the landscape of surface residue contacts, but also can stabilize a
flexible region of the protein, which would otherwise not crystallize, or a specific protein
conformation that is not observed when crystallized alone (Rasmussen et al., 2011a; Uysal et al.,
2011). Finally, in a native environment, membrane proteins are in contact with various types of
lipid moieties and it has been previously demonstrated that lipid additives and mixtures can
significantly improve crystal performance by stabilizing one conformation (Hunte and Richers,
2008). Furthermore, ion channels are often modulated by specific lipid moieties, such as PUFAs,
PLs and lysoPLs in the case of the TREK family of K,p channels (Bang et al., 2000; Chemin et
al., 2005a; Chemin et al., 2005b; Fink et al., 1998; Lesage et al., 2000b; Maingret et al., 2000b;
Patel et al.,, 1998). A number of groups have published membrane protein thermostability
screening methods to identify a detergent or lipid additive that stabilizes the membrane protein at
its temperature threshold (Alexandrov et al., 2008; Hattori et al., 2012; Mancusso et al., 2011).
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The stabilizing detergent or lipid additives are typically included during purification, but can also

be added prior to setting up crystallization trials.

4.3.  Materials and Methods

4.3.1. Na' flux and K" flux inhibition by tetraammonium (TA) compounds

See 3.3.3 Kypl reconstitution into vesicles and 3.3.4 K flux assay for more details on the setup of
both Kypl reconstitution and the flux assay. For reconstitution of human K,p1 for Na® flux
studies, three dialysis solutions were prepared containing 10 mM HEPES (pH 7.0), 150 mM NaCl
and 0, 1 or 10 mM KCI. Low concentrations of KCl were included in the dialysis buffer since we
had previously demonstrated that detergent-purified human K,pl stability is dependent on the

presence of K.

For the Na' flux study, two experiments were performed. Experiment 1: A Na™ gradient was
established by diluting vesicles reconstituted in 150 mM NaCl 40-fold into flux assay buffer
containing 150 mM NMDG", a channel-impermeable cation. The Na" flux assay was performed
as described for K" flux assay, but with the substitution of monensin (Sigma-Aldrich; 20 nM final
concentration from a 20 uM stock in ethanol) for valinomycin, at 450 sec to release Na' from all
vesicles. Experiment 2: Kopl reconstituted in 10 mM HEPES, pH 7.0 and 150 mM KCI were
diluted 100-fold into flux assay buffer containing 150 mM NaCl, diluting K" to a concentration

(1.5 mM) that permits Na" flux (Ma et al., 2011; Ma et al., 2012a). K" flux assay was performed.

For studies of QA compound inhibition, K,p1 reconstituted in 10 mM HEPES, pH 7.0 and
150 mM KCI were briefly sonicated and incubated with TEA, tetrahexylammonium (THexA) or
tetraoctylammonium bromide (TOctA) (Sigma-Aldrich; 0.1 mM final concentration from a
10 mM stock in DMSO). Samples were diluted 40-fold into flux assay buffer containing 150 mM
NaCl and 0.1 mM QA compound (or DMSO as a control) and the K" flux assay was performed.
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4.3.2. Na'-soaked K1 crystals and co-crystallization of K1 with THexA

For exchange into Na'-containing solution, K,p1 22-288 N95Q crystals were first transferred to
150 mM NaCl reservoir solution, substituting KCI for NaCl, and supplemented with 5 mM DM
and 20 mM Tris-HCI, pH 7.5 in a step-wise manner (30 mM K" decrease / Na' increase at each
step, 2-5 minute intervals). Crystals were then dehydrated and cryo-protected with Na” containing
reservoir solution, supplemented with 50% PEG400 (v/v), 5 mM DM and 20 mM Tris-HCl in a

step-wise manner (3.75% PEG400 increase each step, 2-5 minute intervals).

For introduction of THexA to Kjp1 crystals, DM-purified K,p1 22-288 N95Q was concentrated to
~ 6 mg/ml and incubated with 0.1- 0.2 mM THexA (dissolved in DMSQO) or a DMSO control by
rotation at 4°C, overnight. Sample was used the next day to set up crystallization trials. Crystals
grown in the presence of THexA appeared at a slightly higher PEG400 range (24-26%), but

otherwise similar conditions to the native Kypl 22-288 N95Q crystals,

4.3.3. Purification of K1 13-290 N95Q for K,r1 monoclonal antibody project

Human K,p1 22-288 N95Q, which is the construct that crystallized, contains N- and C- terminal
residues that were contributed by the vector (7 on the N- and 2 on the C-termini). The Kypl 13-
290 N95Q, used for immunization, is a similar length to K,pl 22-288 N95Q, but contains Kspl
wild-type residues. This construct is a GFP-fusion, purified in DDM as described in Chapter 2
(2.2.6 Human K,pl protein purifications), but with small modifications. After collection of the
peak, several steps of binding with high-affinity GFP monoclonal antibody resin were performed
to remove residual GFP from the sample. Afterwards, GFP contribution to the sample was
evaluated by FSEC. DDM-purified human K,pl 13-290 N95Q (2 mg/ml) was used for
immunization (200 pl) of five mice and four hamsters a total of 4x (performed by the MSKCC

Monoclonal Antibody Core Facility), as well as for native and denaturing ELISAs.
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4.3.4. ELISAs for K;p1 monoclonal antibody selection

DDM-purified human K,p1 13-290 N95Q or purified GFP was diluted (20 pg/ml) into regular or
denaturing coating solution. The coating solution containing 150 mM KCI; 10 mM Tris, pH 7.5
and 0.5 mM DDM, with the addition of 0.2% SDS and 20 mM DTT to the denaturing coating
solution. Diluted protein (50 pl) was pipetted into a 96 well maxisorb plates (Corning) and stored
overnight at 4°C. Coating solution was removed the next day and the plate was washed 3x using
200 pl/well of buffer A, which contained: 150 mM KCIl; 10 mM Tris, pH 7.5 and 0.5 mM DDM.
A blocking solution (buffer A + 5% bovine serum albumin; BSA) was subsequently added to the
plate (400 pl/well) and left to incubate for 1 hour at room temperature. Blocking solution was
removed and the plate was washed 3x using 200 pl/well of buffer A. Primary antibody solution
(100 pl/well) containing diluted test eye bleeds (4 serial dilutions between 1:100 and 1:100,000)
or hybridoma/clone supernatents (1:200 dilution) in buffer A + 2% BSA was applied and
incubated for 1 hour at room temperature, shaking. Primary antibody solution was removed and
the plate was washed 3x using 200 pl/well of buffer A. Mouse IgG secondary antibody (1:10,000
dilution; Promega) was added to buffer A + 2% BSA and the solution (100 pl/well) was
incubated for 1 hour at room temperature, shaking. Secondary antibody solution was removed
and the plate was washed 5x using 200 pl/well of buffer A. TMB chromogenic ELISA substrate
(100 pl/well, Thermo Scientific) was added to each plate and incubated for 15 min at room
temperature. The reaction was quenched with 2 M sulfuric acid (100 pl/well) and absorbance

values were recorded using a 96 well plate reader (SpectraMax Plus; Molecular Devices).

4.3.5. FSEC screening for K,r1 monoclonal antibody selection
Samples of GFP-tagged human Kypl 13-290 N95Q expressed in P. pastoris were prepared for
FSEC screening. Briefly, human Kyl 13-290 N95Q was extraction from lysed P. pastoris

(fermentor) in buffer containing 150 mM KCI; 20 mM Tris, pH 7.5; 1:500 dilution of PI Mix III
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and 40 mM DDM. Samples were rotated for 1 hour at 4°C, and then the sample was centrifugated

for 1 hour at 4°C. The soluble fraction was collected, flash cooled and stored at -80°C.

GFP-tagged human K,p1 A43-101 with VLEDD linker (extracellular cap deletion construct) was
transfected and expressed in HEK293-GT cells. Cells were pelleted and flash cooled. For
preparation of DDM-extracted sample, cells were thawed and the channel was extracted buffer
containing 150 mM KCI; 20 mM Tris, pH 7.5; 1:500 dilution of PI Mix III and 40 mM DDM.
Samples were rotated for 1 hour at 4°C, and then centrifugated for 1 hour at 4°C. The soluble

fraction was collected.

For FSEC screening, K,pl was diluted in running buffer so that the peak height was
~ 20 fluorescence units (Kypl 13-290 N95Q ~ 1:100 dilution; Kypl extracelular cap deletion
construct, ~ 1:5 dilution). Running buffer contained: 150 mM KCI; 20 mM Tris, pH 7.5; 1 mM
DDM. Diluted K;p1 (100 pl) was combined with hybridoma supernatant (50 pl) and incubated at

room temperature for 15-20 min, shaking. Sample was separated (100 pl) by FSEC (Superose 6).

4.3.6. Antibody isotyping

Kypl 13-290 N95Q native ELISAs were performed for antibody isotyping of hybridomas with the
ELISA protocol described above. Mouse IgG1, IgG2a, 1gG2b and IgG3 secondary antibodies
(1:3,000 dilution; Jackson Immunoresearch) substituted for the mouse IgG secondary antibody.
For isotyping of clones picks, a rapid ELISA mouse antibody isotyping kit was used (Thermo

Scientific).
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4.4. Results

4.4.1. Kyl mutants generated to strengthen or create a new crystal contact

Attempts to crystallize Kypl C-terminal truncation mutants (e.g. A275) and purify Kypl in
different detergent (CYMAL-6, OM in the presence of lipids) for the purpose of identifying new
crystal conditions, did not yield different crystal packing or improve in crystal diffraction (see
3.4.2 Human Kypl crystal refinement and derivatization). Therefore, a direct strategy used to
improve crystal diffraction was to alter the contacts that were being made in the crystal lattice by
creating salt bridges that could strengthen and stabilize an interaction, potentially resulting in a
more ordered crystals which could diffract to higher resolution. Four crystal contact mutant
constructs were generated based on the arrangement of human Kypl 22-288 N95Q in the crystal.
The only ordered crystal contact that is made is at histidine 169 (H169), located on the loop
connecting M2 and M3 (M2-M3 loop), which forms a hydrogen bond with H169 on a
neighboring channel (Figure 4.1). Although the distance measured between the two histidine is
4.1 A, a distance greater than one would expect for a hydrogen bond, the subsequent residues
within this loop region are disordered and, in combination with the modest (3.4 A) resolution of
this structure, most likely produces some error in assigning the atomic coordinates for this
residue. Since H169 is followed by isoleucine 170 (I1170) and arginine 171 (R171), one strategy
was to engineer a salt bridge utilizing R171. A double point mutation of H169 to glutamate
(H169E) and 1170 to alanine (I170A) was generated to promote the formation of a HI69E-R171
salt bridge between neighboring channels. Likewise, leucine 166 (L166) is positioned on the
channel surface towards the M2-M3 loop and a L166 to glutamate (L166E) was cloned to form a

salt bridge between L166E and R171 (Figure 4.1).

Generating crystal contacts by mutagenesis of residues in close proximity with one another in the
crystal was another strategy pursued. For instance, the N-terminal residue in the Kypl 22-288
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Figure 4.1: Crystal packing of Kypl. (A) View of overall packing in K,pl in ribbon representation,
crystallized in the space group P2,. Four protomer, or two channels, are present in the asymmetric unit, and
are colored in cyan and yellow. Additional K,pl channels are colored in gray. Boxes highlight regions in
which residues are in close proximity to one another (boxes labeled B and C). (B) Close up view of the M2-
M3 loop (box B from A). Coloring is the same as in (A). Residues labeled were mutated, as described in
the text. They are drawn in colored stick representation (blue, nitrogen; red, oxygen). Distance between
residues is drawn in yellow. Transmembrane helices (M2, M3) near this region are labeled. (C) Close up
view of box C from (A). Coloring and labeling is the same as in (B). Helices (E2, M1) near this region are
labeled. (D) Orthogonal view of (A). Box highlight regions in which residues are in close proximity to one
another (box labeled E). (E) Close up view of box E from (D). Coloring and labeling is the same as in (B).
Helices (E1, E2, M2, M3) near this region are labeled. Residues which are highlighted are labeled in single
letter amino acid code (H, His; I, Ile; L, Leu; N, Asp; Q, Gln; R, Arg).
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N95Q crystal structure, asparagine 18 (N18), is in close proximity (within 8.5 A) to glutamine 77
(Q77) and arginine 81 (R81), residues within E2 of the extracellular cap (Figure 4.1). A triple
mutant of these three residues, N18 to arginine, Q77 to glutamate and R81 to glutamate was
generated to promote salt bridge formation. Likewise, glutamine 73 (Q73) is within the apex of
the extracellular cap, is positioned on the surface of the channel and is reasonably near (within
11 A) R171 on the M2-M3 loop (Figure 4.1). In addition, the crystal packing of Kjp4, which
crystallized in a different space group (orthorhombic, P2,2,2;) to K,pl (monoclinic, P2,), is
arranged with the extracellular cap making a crystal contact with the M2-M3 loop (Brohawn et
al., 2012). Q73 was mutated to a glutamate to encourage the formation of a crystal contact
between extracellular cap (Q73E) and the M2-M3 loop (R171). All mutants were generated in the

Kypl 22-288 N95Q background.

All four crystal contact mutants were generated, expressed in P. pastoris and purified in buffer
containing DM. Crystallization trials utilizing broad matrix screens, as well as a PEG400 and pH
fine screen that was generated for optimizing K,pl 22-288 N95Q crystals, were set up. All
constructs were able to crystallize in the fine screen and most were able to grow in a few of the
broad matrix screen conditions, with 20% PEG400 being the common condition among all
crystals. The crystals which performed the best, as evaluated by diffraction resolution, were
harvested from the K,pl 22-288 N95Q fine screen. These diffracted to ~6-8 A and indexed to the
same space group as the original K,pl 22-288 N95Q crystals. Interestingly, unlike the K,pl 22-

288 N95Q crystals, the crystal contact mutants did not improve with PEG400 dehydration.

4.4.2. Progress towards identifying the site of THexA binding through K1 co-
crystallization trials

K,p channels are insensitive to TEA, an inhibitor of many tetrameric K" channels. However, a
recent study demonstrated that longer alkyl length QA compounds such as tetrapentylammonium
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(TPenA) and THexA are effective at inhibiting 3 different K,p channels (Piechotta et al., 2011).
To first evaluate whether longer alkyl length QA compounds are capable of inhibiting K,p1, the
K" channel flux was performed with vesicle-reconstituted human K,p1 22-288 N95Q (Figure 4.2).
Of the three compounds that were tested, THexA and TOctA reduced the fluorescence drop
observed for human Kypl 22-288 N95Q vesicles alone (Figure 4.2), suggesting that these two

compounds are able to reduce Kopl K flux.

In order to identify the site of THexA binding within K,p channels, I set up crystallization trials
with human K,pl in the presence of THexA. Crystals grew in conditions similar to the original
crystals refined. A dataset was collected which diffracted to ~4.7 A. It was clear from this trials
that addition of THexA did not improve the diffraction. The crystals indexed to P2; with similar
cell dimensions to the native Kypl crystals and the dataset was isomorphous to a native Kppl
dataset (Rmerge = 18%). I performed rigid body refinement using the human Kypl crystal
structure (Rfree = 33%). No significant differences to the structure were apparent at this
resolution range and it could not be determined from the density if THexA was bound or not. In
addition, no significant positive density was observed in a Fo-Fo difference map calculated from
Kypl THexA and native datasets, with phase information contributed from the Kypl crystal

structure (PDB ID: 3UKM) (Figure 4.3).

4.4.3. How does the concentration of extracellular K* affect K,p1 selectivity?

Recent studies of K,pl demonstrated that ion selectivity is altered when the channel is exposed to
low extracellular K' concentrations, a condition that resembles hypokalemia, which can result in
heart arrhythmias and attacks in humans (Ma et al., 2011; Ma et al., 2012a). Na" contributes to
the total current amplitude measured in CHO cells overexpressing K,pl K274E when

extracellular K" concentrations fall below 3 mM. In addition, it has been shown that low
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Figure 4.2: K" flux assay with QA compounds. Fluorescence changes observed for K,p1 channels
in the absence (DMSO, black) and presence of 100 uM QA compounds (TEA, blue; THexA, red;
TOctA, green). Error bars indicate the standard error of three measurements from the mean.
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Figure 4.3: Positive electron density was not observed in Kypl crystals grown in the presence of the QA
compound. (A) Ribbon representation of Kypl channel 1 in the asymmetric unit, viewed from the
membrane, with intramembrane opening visible. Fo-Fo difference electron density map (positive density,
green mesh; negative density, red mesh) was calculated from 20 to 3.4 A resolution and contoured at 3 o.
(B) Ribbon representation of Kypl channel 2 in the asymmetric unit, viewed from the membrane, with
intramembrane opening visible. Fo-Fo difference electron density map is colored as in (A).
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extracellular pH results in altered selectivity and Na' influx through K,p1 channels (Ma et al.,
2012b). In order to evaluate Na" flux with purified Kupl, I performed the flux assay using two

experimental designs: a Na' gradient experiment and a K 100-fold gradient experiment.

The first involves establishing a Na" gradient (3.75 mM outside, 150 mM inside) by diluting K,p1
vesicles reconstituted in 150 mM NaCl into flux buffer containing 150 mM NMDG", a channel-
impermeable cation. For this experiment, reconstitution of K,pl was performed in buffer
containing 150 mM NaCl and 0, 1 or 10 mM KClI since lack of K* destabilizes detergent-purified
K,pl. Unfortunately, no fluorescence drop was observed after addition of CCCP for Na'-
reconstituted K,p1 (Figure 4.4). The subsequent addition of monensin, a Na'-selective ionophore,
reduced fluorescence to baseline. We suspected that this result was not necessarily reflective of
Na" flux through K,p1, but more likely destabilization of K,pl during reconstitution, even in the

presence of 10 mM KCIl.

The second experimental setup involved creating a K’ gradient that is representative of
hypokalemia (low ‘extracellular’ K" concentration). A potassium gradient was established
(1.5 mM outside, 150 mM inside) by diluting Kypl vesicles reconstituted in 150 mM KCI 100-
fold into flux buffer containing 150 mM NaCl. This was compared to K,pl vesicles diluted 100-
fold into flux buffer, supplemented with 6.5 mM KCI (7.5 mM total K", basal K" condition). The
low ‘extracellular’ K" condition reduces the fluorescence drop that is measured for K,p1 vesicles
exposed to basal K condition (Figure 4.4). For a K* selective channel, a steeper K' gradient
should result in greater K" flux. K,p1 exhibited the opposite effect, which corroborates with a

change in K,p1 ion selectivity.

In the high-resolution crystal structure of the KcsA, the selectivity filter adopts a collapsed, or

175



Figure 4.4: Na' flux studies with reconstituted K,p1 (A) Na+ flux assay with vesicles reconstituted in buffer
containing 150 mM NaCl and 0 mM (blue), 1 mM (red) or 10 mM (green) KCI. CCCP was added at 150
seconds and monensin at 450 sec, to render all vesicles Na" permeable. (B) Vesicles reconstituted in
150 mM KCI were diluted 100-fold into flux buffer containing 150 mM NaCl alone (magenta) or with
6 mM KCl (cyan). CCCP was added at 150 seconds and valinomycin (Val) at 450 sec, to render all vesicles
K" permeable.
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non-conductive, conformation when exposed to a low concentration of K™ (3 mM) (Zhou et al.,
2001b; Zhou and MacKinnon, 2003). However, a recent high-resolution crystal structure of
MthK, does not adopt this conformation when exposed to similar conditions (Ye et al., 2010). To
begin studying the effect of Na" on Kypl, a dataset was collected from K,pl crystal soaked in
NaCl (150 mM). This dataset diffracted to ~ 4.3 A and was isomorphous to the original datasets
that were collected (Ryerge = 14%). I performed rigid body refinement (CNS) using the Kypl
crystal structure but no significant changes to the human K,pl structure were apparent at this

resolution (Rge. = 32%).

4.4.4. Generation of K,1 monoclonal antibodies for co-crystallization with K,p1

Another strategy for obtaining a high-resolution crystal structure of human Kypl involves co-
crystallization of the channel with a K,pl interacting, soluble protein. A monoclonal antibody
(mAb) against human Kj,pl would be an ideal candidate for co-crystallization since mAbs
typically bind to their target with high-affinity and are structurally stable. The goal is to change
the crystal packing and possibly improve the stability of human K,pl with the addition of the
monoclonal antibody. The human K,p1 construct that was purified and used for immunization
(Kopl 13-290, N95Q)) is 100% identical to the Kypl channel expressed in the host (mouse) and, as
a result, we were not certain whether the mice would mount an immune response to human Kypl.
As a result, we chose to immunize both mice (x5) and hamsters (x4) to increase our chance of

SUCCCsS.

Mice and hamsters were injected with 200 ul of Kypl 13-290, N95Q (2 mg/ml) a total of 4 times
at 3 week intervals by the MSKCC Monoclonal Antibody Core Facility. One week after
immunization, test eye bleeds were collected from the mice and hamsters and both human K,p1
13-290 N95Q native ELISAs were performed with 4 dilutions of each eye bleed to evaluate the
response of the mice and hamsters to the K,p1 antigen. GFP native ELISAs were also performed
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to ensure that the animals were not mounting an immune response to residual GFP that could
have remained in the purified human Kyp1 used for injections. The mice had a robust response to
the K,pl antigen, with a clear response after the first immunization, which continued through the
four immunizations. The response from the hamsters was not as robust initially, but was similar
to the levels of the mouse response after the fourth immunization. However, the hamsters test
bleeds also exhibited a response to GFP, suggesting that the hamsters were also producing
antibodies against GFP. As a result, we chose to move forward with the best responding mouse

for the generation of hybridomas.

Hybridomas were generated by fusion of mouse spleen cells with an immortal myeloma cell line,
which was performed by the MSKCC Monoclonal Antibody Core Facility. Fused cells were
selected for, diluted to yield ~ 1-3 hybridomas/well and grown in 96 well plates. Supernatent
containing secreted K,pl antibody was collected from each hybridoma well and screened by
human Kypl 13-290 N95Q native and denaturing ELISAs to evaluate the response from each
well, as well as to distinguish antibodies which recognized structured and/or denatured human
Kypl. Initially, I performed GFP native ELISAs to ensure that the hybridomas were not producing
antibodies against GFP, and from my initial tests, it was clear that none of the hybridomas
responded to GFP. A total of 84 human Kyp1 13-290 N95Q native ELISA positive and denaturing

ELISA negative hybridomas were passaged, screened an additional x2 and flash cooled.

The native ELISA positive hybridomas were also mixed with GFP-tagged human Kypl 13-290
and screened by FSEC as a second measure of binding to the native protein. Antibodies which
bound to human Kypl 13-290 shifted the elution volume of the human Kypl 13-290 peak to the
left or reduced the size of the peak. The hybridomas were grouped into three categories: ones
which caused a full peak shift (positive), ones which caused a partial shift (partial), and ones
which appeared to have no effect (negative) (Figure 4.5). The 84 hybridomas initially identified
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Figure 4.5: Representative FSEC traces of positive (A, hybridoma 22D2), partial (B, hybridoma 10C11) or
negative (C, hybridoma 6E2) shifts of the K,pl peak in the presence of three ELISA positive hybridomas.
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by K,pl native ELISA were categorized into 26 FSEC positive, 29 FSEC partial, and 29 FSEC
negative hybridomas. In addition, a GFP-tagged human K,p1 extracellular cap deletion construct
was generated in order to identify the region(s) of antibody binding to human Kypl. This was
done for the purpose of Kypl antibody sub-classification, which would assist with choosing
hybridomas for clonal selection. Incubation of the human Kypl extracellular cap mutant with the
mouse terminal bleed, as well as test with hybridomas, did not cause a shift in the peak,
suggesting that the all of the antibodies are targeted to the extracellular cap. The isotype of each
native ELISA positive hybridoma was also identified at this stage by performing a human Kypl
13-290 native ELISA, using secondary antibodies against IgG 1, 2a, 2b or 3. Again, this was done

to sub-classify the K,p1 antibodies for the purpose of choosing hybridomas for clonal selection.

Overall, a total of 10 hybridomas, 5 FSEC positive, 3 FSEC partial, and 2 FSEC negative that
grouped into IgG 1, 2a or 2b isotypes were chosen (Table 4.1). Individual clones were selected
for (MSKCC Monoclonal Antibody Core Facility), screened by human K,pl 13-290 native
ELISA a total of 2-3 times, and the isotype of each antibody was again characterized to validate
the original results. A native ELISA positive clone for each antibody was identified and flash
cooled. Future work will involve purification of the Fab fragments and set up of co-crystallization

trials with human K,pl.

4.5. Discussion

With knowledge of the Kj,pl 22-288 N95Q crystal packing, one strategy to improve crystal
diffraction was to manipulate the residues surrounding H169, the only protein crystal contact that
formed. In addition, another strategy was to target residues that appear near each other as
evaluated from the Kypl 22-288 N95Q crystal packing, which may be able to form a new salt
bridge crystal contact with ideal residue substitutions. Knowledge of the crystal contacts made in
the recently published K,p4 structure also guided our crystal contact mutagenesis studies. A total
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FSEC (K»r1 13-290 N95Q)

Hyz;dm(:ma Positive | Partial | Negative | ELISA-1 ELISA-2 | ELISA-3 Isotype
22D2 + 1.76 2.22 1.96 1
3B11 + 2.04 2.59 2.11 1
7B7 + 3.61 3.61 3.57 2a
8D11 + 3.45 3.63 4 2a
6A2 + 4 3.7 3.64 2b
7F10 + 0.88 1.24 1.33 1
10C11 + 3.38 3.6 3.46 2a
7G4 + 3.44 3.61 3.51 2b
6E2 + 1.84 1.29 1.06 1
2G11 + 2.34 1.58 1.43 2b

Table 4.1: Summary of the 10 K,pl hybridomas chosen for clonal selection and propagation. Hybridomas
are sorted based on FSEC status (positive, partial or negative K,p1 peak shift). Absorbance values are also
provided from three independent K,p1 native ELISAs (ELISA 1-3). Hybridoma isotypes are listed (IgG 1,
2a or 2b).
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of four mutants were generated in the K,pl 22-288 N95Q background: H169E-R171, L166E,
NI18R/Q77E/R81E, and Q73E (Figure 4.1). All four mutants crystallized, although in similar
conditions to what was observed for Kypl 22-288 N95Q native crystals (20% PEG400, various
salt conditions, see 3.4.2 Human Kypl crystal refinement and derivatization). The crystals which
performed the best, as evaluated by diffraction resolution (~6-8 A resoltuion), were harvested
from a Kypl 22-288 N95Q fine screen. Not surprisingly, all of the crystals indexed to the same
space group of P2, as the original Kypl 22-288 N95Q crystals with similar unit cell dimensions,
suggesting the packing had not changed significantly. Furthermore, unlike the K,p1 22-288 N95Q
native crystals, the crystal contact mutants performed worse with PEG400 dehydration, as

evaluated by diffraction resolution.

Design of the four crystal contact mutants tested was solely based on the packing information
gained from the K,pl 22-288 N95Q crystal structure. In addition, the only substitutions that were
made were to arginine or glutamate in order to promote the formation of a salt bridge, a strong
non-covalent bond, which involves both electrostatic and hydrogen bond interactions. The loop
connecting M2 and M3 in both Kypl and K,p4 crystal structures are disordered, yet in both cases
are important for forming crystal contacts. It is possible that additional mutagenesis to this region,
either by shortening the loop or by introducing additional residues which can form crystal
contacts or reduce conformational entropy (e.g. alanines) would improve protein stability and,
thus, crystal diffraction. The only substitution that has currently been made to Kypl H169 was to a
glutamate. Mutation to an alanine would not introduce surface entropy in this region and break
the crystal contact, which could then promote the formation of a different crystal contact. In
addition, the extracellular cap in the Kyp4 crystal structure is participating in the protein crystal
contacts that are being made, where there is no participation of this region in the K,pl crystal
structure. The extracellular cap is also the largest solvent-exposed region of the protein, making
this an ideal target for formation of crystal contacts. Mutagenesis within this region could be
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further explored. Finally, the SERp server predictions could be used in conjunction with our prior

Kypl crystal packing knowledge to generate further crystal contact mutants.

QA compounds with longer alkyl tails, such as THexA, have been previously demonstrated to be
potent inhibitors of three Kyp channels: Kyp2, Kyp9 and K,p18 (Piechotta et al., 2011). Using the
K" flux assay, I demonstrated that that both THexA and TOctA are able to block K" flux through
Kypl-reconstituted channels, as evaluated by a reduction in fluorescence loss in the presence of
THexA and TOctA, but not in the presence of TEA or the DMSO control (Figure 4.2). Further
analysis of this could have been done by titrating different concentrations of THexA and TOctA
to demonstrate that the QA block is dose-dependent. A second independent experiment utilizing
whole-cell patch clamp could be performed with Kjpl 22-288 N95Q overexpressed in Xenopus
oocytes to further validate this finding. Co-crystallization of K,pl 22-288 N95Q with THexA did
not appear to result in improved protein stability based on the crystal diffraction resolution. At
this low resolution, it is difficult to determine whether THexA is bound, although the
experimental evidence suggests that it is inhibiting K* flux through K,p1 22-288 N95Q and that
THexA binds within the central cavity of K,p channels (Piechotta et al., 2011). Since we observe
density in the native Kypl 22-288 N95Q crystal structure, THexA may be replacing the detergent
or lipid molecule that is present in the native protein, suggesting a feasible reason for not

observing a change in the Fo (THexA) - Fo (native) difference map (Figure 4.3).

In conditions which resemble hypokalemia, K,pl has been demonstrated to conduct Na', as
evaluated by a shift in the reversal potential which is lost in the when NMDG" is substituted for
Na® (Ma et al., 2011; Ma et al., 2012a). With the flux assay, I attempted to recapitulate these
published findings utilizing Kypl 22-288 N95Q reconstituted protein. Modification to the flux
assay to monitor Na' flux by creating a Na" gradient without KCI, or in the presence of 1 mM or
10 mM KCl was unsuccessful (Figure 4.4). However, dilution of the K,pl vesicles reconstituted
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in KCI by 100-fold (1.5 mM KCI outside) mimics the low extracellular K concentration that
resembles hypokalemia and reduces K* flux, as one would expect with opposing Na" flux (Figure
4.4). Furthermore, 100-fold dilution of K,p1 vesicles and the subsequent addition of 6 mM KCl to
the flux assay buffer (total of 7.5 mM extracellular KCI) restores K" flux to levels similar with a
20- or 40-fold dilution of K,pl (Figure 4.4). These results suggest that selectivity of Kypl is
altered with low extracellular K* (<1.5 mM), leading to Na' permeation. An additional
experiment that needs to be performed is 100-fold K;p1 vesicle dilution into flux assay buffer
containing 150 mM NMDG", which is K,p1 impermeable. Although the kinetics may be altered,
one would expect in this case, to observe an overall fluorescence drop similar to the 20- or 40-

fold dilution of Kopl if Na” influx was preventing K efflux through Kp1.

Kypl 22-288 N95Q crystals soaked in 150 mM NaCl diffracted to a similar resolution as the
native crystals, yet no major structural perturbations were observed to the selectivity filter at this
resolution, as evaluated by rigid body refinement (CNS) using the Kypl crystal structure. The
presence of Na’ did not increase stability within this region since there was no significant
improvement to the diffraction resolution, which is not surprising in retrospect since K"
coordination is energetically favored to Na'. In addition, it is not surprising that a major structural
perturbation to the Kypl selectivity filter is not observed. The large conformational change that is
observed in low K' conditions (3 mM) for KcsA results in a selectivity filter that is in a ‘non-
conductive’ configuration (Zhou et al., 2001a). In contrast, a recent high-resolution crystal
structure of MthK, does not adopt this conformation when exposed to similar conditions and it is
further demonstrated that MthK is able to conduct Na' in the absence of K* (Ye et al., 2010). One
could speculate, based on these published structures and experimental data, that the Kjpl
selectivity filter in low extracellular K™ conditions will more likely resemble the MthK when

exposed to low K" since it is, like MthK, able to conduct Na". However, a high-resolution
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structure of Kypl in high (150 mM) and low (< 1.5 mM) KCI conditions is necessary to verify this

hypothesis.

Another strategy to improve Kypl crystal diffraction is to alter the crystal packing and possibly
improve Kypl stability by co-crystallization of K,pl with a mAb. We sought to generate and
isolate individual human K,pl mAbs. Mice and hamsters were immunized with Kypl 13-290
NO95Q a total of 4x at 3 week intervals for generation of K,p1 mAbs. The best responding animal
(mouse), as evaluated by Kypl 13-290 N95Q native ELISAs with test eye bleeds, was sacrified
and hybridomas were generated. Through a native and denaturing ELISA screening process of
> 1000 hybridoma supernatents, a total of 84 native ELISA positive hybridomas were identified
(Table 4.1). They were further characterized by both FSEC screening and ELISA isotyping. A
total of 10 hybridomas were picked for clonal selection and Kj;pl 13-290 N95Q native ELISAs
were performed with the Kypl mAb-producing hybridoma clones in order to validate of the
original ELISA results (Table 4.1). The K,p1 monoclonal antibodies have to still be tested in co-
crystallization experiments with K,pl. Currently, co-crystallization with a K,p1-Fab appears to be
our best lead for obtaining a high-resolution structure of K,p1. In support of this idea, MacKinnon
and colleagues published a higher-resolution (2.75 A) structure of K,p4 in complex with a Fab
(Brohawn et al., 2013). However, K,p4 crystallized in a similar conformation to their original

structure. Questions pertaining to K,p outer pore gating have yet to be elucidated.

There are several other strategies for obtaining a high-resolution Kjpl crystal structure. One
strategy is based on experimental data suggesting that human K,pl is a target for SUMO
conjugation (Rajan et al., 2005). Human SUMO1 and SUMOQ?2/3 are structured, ~ 10 kDa protein,
that could potentially stabilize a conformation of K,pl when K274 is conjugated with SUMO, and
thus could alter and improve crystal growth and diffraction (Gareau and Lima, 2010). An in vitro
SUMO conjugation assay can be performed to transfer mature, purified SUMO1 or SUMO2/3 to
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purified K,p1 prior to setting up crystallization trials (Yunus and Lima, 2009). Another strategy
that could be tested is a membrane protein crystallization technique that has proven to be very
successful for the crystallization of G protein-coupled receptors called lipidic cubic phase (LCP).
This is particularly useful for membrane proteins that do not harbor a large extracellular or
intracellular domain since crystal contacts that are made in LCP (Type I crystal packing of
membrane proteins) are formed with both hydrophobic and hydrophilic regions (Caffrey, 2003;
Caffrey et al., 2012; Cherezov, 2011). This is in contrast to traditional membrane protein crystals
(Type 1I crystal packing of membrane proteins), which rely on the hydrophilic regions to form
protein-protein crystal contacts due to the detergent micelle. One disadvantage of LCP matrix is
the restriction for small, largely hydrophobic membrane proteins. One modification to the LCP
technique that has been explored is to transform the LCP to a “sponge” phase with the addition of
common additives (e.g. non-volatile alcohols, low molecular weight PEGs) which expands the
LCP matrix to accommodate for larger hydrophilic regions or potentially interacting soluble

proteins (Cherezov, 2011).
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CHAPTER 5

5. SUMMARY AND FUTURE DIRECTIONS

Summary:

This dissertation describes the first crystal structure of a K,p family member, human K,p1, solved
to 3.4 A resolution. Although a number of the fundamental structural features identified in
tetrameric K™ channels are also observed in this structure, Kypl is a dimer. As a result, Kypl
confers two-fold symmetry of packing around the selectivity filter, which may be important for
K,p outer pore gating. In addition, this extracellular domain restricts access of K ions to the
extracellular side of the filter to two side portals. This feature has not been previously observed in
other K* channels. It is a domain that is likely a hallmark of K,p channels and so its function,
although currently unknown, will most likely reflect on the family of K" channels. In addition to
the inner helices, this C helix may also be involved in inner helical gating. Finally, the
intramembrane openings which expose the ion conduction pore to the lipid bilayer could be

important for sensing mechanical stress or for modulation by lipids.

Future Directions:

K,p channels were originally described as background or leak channels, as predicted by the GHK
current equation that was derived over 60 years ago (Goldman, 1943; Hodgkin and Katz, 1949).
Although the electrophysiological properties of Kyp channels best represent K leak channels,
many family members diverge from the GHK prediction. The recently published crystal
structures of two human K,p channels, Ky,pl (TWIK-1) and Kyp4 (TRAAK), provide us with

structural information to begin elucidating and exploring the gating and conduction properties
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that distinguish this class of channels from other K" channels (Brohawn et al., 2012; Brohawn et

al., 2013; Miller and Long, 2012).

Experimental strategy for evaluating function of extracellular cap

The extracellular cap is most likely a conserved feature of K,p channels. The cap is present in
both Kypl and Kyp4 channel structure (Figure 3.3, Figure 3.15). Although the residues within the
structured regions of the extracellular cap are not identical among K,p channels, the overall size
of the cap and the charge of these residues (e.g. residues which contribute to the hydrophobic
core) are conserved (Figure 2.9). Furthermore, the extracellular cap is a region that distinguishes
the K,p channel subfamilies from one another since conservation of cap size and residue charges
is most conserved among subfamily members (Figure 2.9). The extracellular cap is a feature that
has been only recently observed in the K,pl and Kyp4 crystals structures and, consequently, it has

not been well studied and its physiological role in K,p gating and conduction is not known.

The extracellular cap restricts access of hydrated K ions to two side portals, which are lined with
residues that are hydrophilic, but are not highly conserved among K,p channels (Figure 2.9). It
has been previously demonstrated that acidic residues located within the inner helices that line the
ion conduction pore are important for the fast conduction properties of BK channels (Brelidze et
al., 2003; Nimigean et al., 2003). Therefore, it is conceivable that the residues that line the
extracellular cap side portals may contribute to differences in K,p channel conduction. To address
this question, a side portal mutagenesis study could be performed. This would involve swapping
side portal lining residues between K,p2 and K,p3 channels, two of the most well characterized
Kyp channels. Both individual and multiple substitutions could be introduced to evaluate the
individual versus collective contribution of these residues towards K,p2 and K,p3 channel
conduction. The wild-type and mutant K,;2 and K,p3 channels would be individually
overexpressed in COS cells, and channels would be recorded in single channel inside-out patch
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clamp mode. The single channel conductance of wild-type and mutant K,p2 and K,p3 channels
would be calculated from an I-V curve (slope) of averaged single channel recordings for each

channel.

In addition to a potential role of shaping differences in conductance between K,p channels, the
extracellular cap could have a direct or indirect role in gating. Although the majority of the cap is
structured, residues subsequent to the loop that packs against E2 in an extended backbone
conformation (94-99 in Kjpl, 104-111 in K,p4) are not modeled into Kypl or Kypd crystal
structures since the electron density could not be resolved in this region. This suggests that the
loop in this region is flexible. The unstructured loop is the region within the extracellular cap that
is least conserved between K,p channels, but the length of the loop is fairly conserved between
subfamily members. Interestingly, this loop is positioned near a side portal, so modification or

movements to this loop could potentially alter K" movement through the side portals.

A crosslinking experiment could be performed to try to address questions of loop proximity to the
side portal in solution. In Kypl, this would involve performing a cysteine scanning of the loop (6
residues) in conjunction with cysteine substitutions to neighboring residues such as arginine 53
(R53) within E1 helix, that is pointing away from the side portal, or glutamate 235 (E235) within
the loop between P domain 2 filter to M4, that is positioned near the side portal (Figure 5.1).
Mutant channels would be overexpressed in COS cells and recorded in whole cell mode in the
presence and absence of sulthydryl crosslinking reagent (e.g. varying length maleimide reagents).
One would expect cysteine mutants within the loop that crosslinked with E235 to result in
reduced current amplitude. In contrast, one would expect the loop mutants crosslinked with R53
to result in either no change or an increase in current amplitude. If the crosslinking results suggest
that the flexible loop within the extracellular cap can be positioned near the side portals, a second
experiment could be performed by swapping extracellular cap flexible loops from different K,p
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Figure 5.1: Mutagenesis scheme for studies of unstructured loop localization within the K,pl extracellular
cap. Kypl crystal structure (PDB ID: 3KUM) with protomers colored in yellow and blue. Transmembrane
and extracellular cap helices are labeled. Residues surrounding the unstructured loop are highlighted in red
with the connection between these residues drawn as a dotted black line. Residues in close proximity to the
loop that would be used for cysteine mutatgenesis studies are colored in cyan and labeled (R51, E235).
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channel subfamilies and/or reducing or extending the size of the loop, to evaluate if these

substitutions also alter measured current amplitudes.

Likewise, many K,p channels have a putative glycosylation site(s) within this loop. In the case of
Kypl, I was able to demonstrate that asparagine 95 (N95) is glycosylated (Figure 2.7). In addition,
the N-linked glycan is most likely positioned near the side portals, as evaluated from the Kspl
crystal structure (Figure 2.9, Figure 3.11, Figure 3.12) To evaluate whether glycosylation of K;p1
alters measured current amplitudes, wild-type and N95Q mutant K,p1 could be overexpressed in
COS cells and recorded in whole cell mode. For further evaluation of the contribution of N-
glycan linked K,pl to conductance and/or gating, single channel recordings of wild-type and
N95Q mutant K,pl could be measured from be performed in inside-out patch clamp mode to
evaluate changes in the channel Po, as well as K,pl conductance (slope of a current/voltage

curve).

As mentioned above, the cysteine mutagenesis experiments to the flexible loop within the
extracellular cap address the question of proximity and length of the loops in relation to channel
current density. However, it is important to note that these experiments cannot distinguish
between gating or conductance and do not demonstrate that this phenomenon is physiologically
relevant. If the flexible loop were to be involved in gating, then an extracellular ligand or peptide
or would need interact with this region of the cap to stabilize the loop and, therefore, increase or
decrease the Po of the channel. In order to identify extracellular cap interacting partners, one
approach is to perform an immunoprecipitation experiment with Kypl. Purified K,pl (22-288
construct, with and without the glycosylation mutation) could be pre-incubated with conditioned
media collected from cultured glial cells and/or neurons. K,pl would be immunoprecipitated and
remaining protein that was pulled down with K,p1 would be separated on a Coomassie gel by
SDS-PAGE. Bands that appear in the K,p1 lanes, but not a control lane (unrelated channel control
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or no Kyl control) could be excised and analyzed by mass spectrometry for peptide
identification. In addition, an experiment could be performed by pre-incubating K,pl with a
detergent-soluble fraction (membrane lysate) from glial cells and/or neurons, followed by
immunoprecipitation. This experiment would be done to identify potential membrane-bound
extracellular cap interacting proteins. Alternatively, a more selective approach would be to
perform the same K,pl immunoprecipitation experiment, but with pre-incubation of the channel
with known extracellular ligands or peptides in the CNS (e.g. neurotransmitters). If an interacting
peptide or ligand is found through the immunoprecipitation approach, then studies of Kypl
channel function could be performed. These studies would involve measuring K,p1 single channel
currents in a bilayer recording system (purified channel) to assess gating and conduction
properties of K,pl in the absence and presence of ligand/peptide. Structural studies could also be

performed by setting up co-crystallization trials of K,pl with ligand/peptide.

An alternative approach to studying the potential role of the extracellular cap in gating is through
the identification of an inhibitor or activator of Kypl (see below). Similar to what was proposed
above, K,pl bilayer recordings would be performed to assess the gating and conduction properties
of the channel in the absence and presence of the inhibitor/activator. Furthermore, a mutagenesis
experiment to identify the binding site for the inhibitor/activator could be done in whole-cell
mode with wild-type and mutant Kypl overexpressed in COS cells. Residues that that are

important for interaction with the inhibitor/activator could be identified from these experiments.

Screening for inhibitor or activators of K,p1

K,p channels are essential for establishing and maintaining the resting potential in eukaryotic
cells. K,p2 is the best-characterized member of the K,p family, which is modulated by a variety of
stimuli such as temperature, pH, lipids, mechanical stress and anesthetics. Knockdown of this
channel in mice results in a number of neurological phenotypes such as loss of response to pain
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perception and the hypnotic properties of anesthetics (Heurteaux et al., 2004). In addition, the
K,p2 knockout mice exhibit a depression-resistant phenotype (Heurteaux et al., 2006). Recently,
missense mutations identified within a K,p channel family member, K,p18, were associated with
typical familial migraine with aura in humans (Andres-Enguix et al., 2012; Lafreniere et al.,
2010). The therapeutic potential for identifying both activators and inhibitors of Kyp channel is
evident. Future work towards this goal with studies of human K,p1 could be beneficial in finding
K,p-specific modulators, or for tailoring modulators to specifically target and modulate human
Kyp paralogs. In addition, several isoforms of K2 and K,p10 have been identified, yet the
physiological role(s) of the isoforms is unclear. Identification of K,p modulators that recognize
specific isoforms could begin to allow us to address these sorts of questions using in vitro or in

vivo models.

An approach to identifying a Kypl inhibitor or activator could involve a high-throughput
fluorescence based K’ flux assay screening strategy with a small molecule library. The
experimental design would be similar as what has been described for the K fluorescence based
flux assay (see 3.3.4 K' flux assay) but would be scaled to 96 well or 384 well format.
Reconstituted Kypl 22-288 with and without the N-linked glycan (at ~ 4 uM) would be thawed
and combined with a compound from the library (100 uM). Sample would incubate for several
minutes prior to starting the assay. A reduction in fluorescence drop after addition of CCCP is
indicative of channel inhibition whereas a fluorescence drop that is greater than the control
(channel without compound) suggests that the small compound is stabilizing K,pl in an open
state. Further characterization of the small molecule inhibitor or activator could be performed
through whole-cell patch clamp in COS cells to identify the binding site of the compound and
also to characterize the ‘sidedness’ of the compound. Since small molecule binding will most
likely be located at either the extracellular cap or the intramembrane openings, extracellular cap
deletion constructs could first be tested to identify the point of compound interaction with Kpl.
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Then a more detailed mutagenesis approach could be taken to identify K,pl residues that are
important for compound interaction. For hydrophobic compounds that bind the intramembrane
openings, addition of the compound to both the intracellular and extracellular sides of the
membrane may result in channel inhibition/activation whereas extracellular cap-specific

compounds will most likely be modulated with extracellular application of the compound only.

Conclusion

Overall, the crystal structure of human K,p1 defines the molecular architecture of the K,p channel
family and also lays a foundation for further investigation of how K,p channels are regulated by
diverse stimuli. The structural features unique to K,p channels, and in particular the presence of a
large extracellular cap, provide possible targets for Kyp-specific therapeutics and an important

direction for future work.
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