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Abstract

Development of Small Molecule Ligands for Voltage-gated Potassium Channels and Functional
Characterization of Voltage-gated Phosphatases

by
Sarah C. Bell
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Ehud Y. Isacoff, co-chair
Professor Carolyn R. Bertozzi, co-chair

Membrane proteins respond to both chemical and electrical stimuli. This work explores
the molecular mechanisms by which membrane voltage controls voltage-gated proteins and
describes the development of tools to modulate voltage-gated protein function.

Voltage-gated potassium (K,) channels are tetrameric transmembrane proteins that
translate changes in the membrane electric field into the controlled permeation of potassium
across the plasma membrane. K, channels mediate the initiation and regulation of action
potentials, muscle contraction, hormone secretion, and information processing, rendering them
important drug targets. We employed organic synthesis, molecular dynamics and
electrophysiology techniques to demonstrate that calix[4]arenes with free phenolic OH groups at
the lower rim and positively-charged groups at the upper rim constitute a versatile class of
reversible ligands for homotetrameric K,1.x channels. Synthesis of a panel of calix[4]arenes
with variable upper and lower rim substituents enabled the systematic development of K,1.x
channel-compatible ligands. We used molecular modeling to predict calix[4]arene binding to the
pore domain, and through electrophysiology experiments, we demonstrated that the
calix[4]arene ligands function as reversible blockers of K,l.x channels. We probed the
mechanism of calix[4]arene-channel interactions using voltage clamp fluorometry and found
these ligands modify the voltage-dependent motions of the Shaker K, channel in addition to
inhibiting ion current. These calix[4]arene ligands provide a new set of tools to control cell
excitability by specifically targeting K, channels.

Until recently, ion channels were the only proteins known to sense changes in membrane
potential. This changed with the discovery of Ciona intestinalis voltage-sensor containing
phosphatase (Ci-VSP) which has a voltage sensing domain like voltage-gated ion channels and a
cytosolic phosphatase domain resembling the phosphoinositide phosphatase PTEN. Ci-VSP is
the first member of the voltage dependent family of proteins that is not an ion channel. Instead,
Ci-VSP takes an electrical signal in the form of membrane voltage and converts it to a chemical
signal through its phosphatase activity. To study the mechanism of voltage-sensing in Ci-VSP,
we combined electrophysiology and fluorescence methods in living cells to determine the
oligomerization state of Ci-VSP and monitor the functional transitions that result in Ci-VSP
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mediated changes in phosphoinositide pools. We find that Ci-VSP is a functional monomer
which undergoes complex voltage-dependent conformational changes to control a cytosolic
phosphoinositide phosphatase domain. As Ci-VSP catalyzes several reactions, we also
developed fluorescent-based methods to study Ci-VSP substrate specificity and monitor Ci-VSP-
mediated changes in multiple phosphoinositide pools in a single cell. Finally, we find that basic
residues in the interdomain linker connecting the voltage sensing domain and phosphatase
domains in Ci-VSP are essential for coupling the two domains. Our results indicate that a single
voltage sensing domain can function in the membrane on its own and suggests that voltage
sensing domains are modular units that can impart voltage sensitivity to a variety of effector
domains.
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Chapter 1

The role of electrical and chemical signals in regulating cell excitability



Ion channels control electrical excitability

The conversion of electrical signals into chemical signals controls many cellular
processes including neural excitability. The neuronal plasma membrane separates the interior
and exterior of the cell to ensure electrochemical homeostasis with greater concentrations of
sodium (Na") and calcium (Ca®") in the extracellular fluid and greater concentrations of
potassium (K*) in the cytosol. Electrical signaling is mediated by the flux of Na" K" and Ca*"
through ion channels, transmembrane proteins which provide a pathway for ions to move down
their concentration gradients through the plasma membrane.' At rest, the plasma membrane has
a negative membrane potential with the cytoplasm holding more negative charge than the
extracellular media. The flux of Na' and Ca®" through cation channels increases the positive
charge in the cytosol and depolarizes membrane voltage. This depolarization enhances the cell’s
excitability and activates intracellular signaling cascades. To decrease electrical excitability, K™
selective channels conduct K* out of the cytosol and thus repolarize the neuron to its resting
membrane potential. Ion channels can be controlled by a variety of stimuli including changes in
transmembrane voltage, neurotransmitter binding, and phosphoinositide binding and their
function underlies electrical signaling in excitable cells. Figure 1.1 shows the synapse formed
between a neuron and a target cell which allows for the transmission of both chemical and
electrical signals between these two cells.

For example, membrane depolarization in the neuron will activate voltage-gated Ca*"
channels which mediate the flow of Ca’" into the cell. This flux of Ca®" will trigger the
exocytotic release of neurotransmitters, chemical signals that mediate signaling between neurons
and their targets. Neurotransmitters will diffuse through the synapse and activate ligand-gated-
ion channels causing a flux of ions into the post-synaptic cell. Cytosolic proteins can also
regulate ion channel function. For example, lipid kinases and phosphatases regulate the pools of
plasma membrane phosphoinositides. These minor lipid components of the plasma membrane
can serve as direct chemical regulators of ion channels or serve as indirect regulators through
their mediation of cellular signaling pathways. Through this chain of events which mediates
cell-cell communication, electrical and chemical signals are interconverted.
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Figure 1.1. Cells communicate via electrical and chemical signals. A neuron can
communicate with neighboring cells using both electrical and chemical signals. The flux of ions
through ion channels controls the electrical excitability of both the neuron and its target cell.
The exocytotic release of neurotransmitters or the lipid kinase and phosphatase mediated creation
and depletion of phosphoinositide pools provide chemical regulators of ion channels.
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Voltage-gated potassium (K,) channels respond to electrical signals

Potassium (K') channels are responsible for stabilizing the resting potential of a cell and
serve as “off” switches for many electrical signaling processes. K™ channels are essential
membrane proteins in all cell types. In the human body, these proteins regulate neuronal
excitability, heart beat, hormone secretion, and epithelial transport of electrolytes.’

Voltage-gated K™ (K,) channels represent the largest family of the K™ channels and the
human genome contains 40 genes encoding these tetrameric channels.” Each alpha subunit
comprised of six transmembrane helices (S1-S6) (Figure 1.2A). The N-terminus of an alpha
subunit contains a cytosolic tetramerization domain which mediates association with other K,
alpha subunits to form homotetramers or heterotetramers.” The first four transmembrane helices
of an alpha subunit (S1-S4) form the voltage sensing domain (VSD). The S5 and S6 helices
along with a short pore helix form the pore domain of the channel. K, channels translate changes
in the membrane electric field into the controlled permeation of K ions. The S4 helix contains a
series of positively-charged residues separated by two hydrophobic residues that move in
response to changes in the membrane electric field. These movements are directly coupled to the
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opening and closing of the channel (Figure 1.2B). The Shaker channel, a member of the K,1.1x
channel family from Drosophila melanogaster, was the first cloned K, channel and has been
studied extensively.” Decades of functional studies of the Shaker channel using a variety of
experimental methods has resulted models for the channel opening and closing and has served as
the foundation for voltage-gated ion channel research [reviewed in °]. In chapter 2 of this
dissertation, we use these models as a frame work in our study of the binding mechanism of
small molecule K, channel ligands. In chapter 4 and appendix 1 of this dissertation we extend
the models of voltage-sensing to study the mechanism of voltage sensing in voltage-gated
enzymes.

A

K, channel monomer Tetrameric K, Channel
(side view) (top view)
Voltage Sensing Domain Pore

(VSD) Domain

Tetramerization
Domain
N
B . .
Membrane polarized Membrane depolarized
K, channel closed K, channel open

Activation Gate Voltage Sensor

0% g ®
°o

Figure 1.2. K, channel topology and function. (A) Architecture of a K, channel alpha subunit
and tetrameric K, channel. Helices are represented by cylinders with voltage sensing domains
shaded in blue and pore domains shaded in gray. (B) Schematic of K, channel function. At
rest, the channel is closed. Membrane depolarization elicits movement of the voltage sensor
which is translated into channel opening and allows for the flux on K" ions through the channel.

X-ray crystal structures of the K, channel K,1.2 from rat ® 7 and other related K,
channels® show that the alpha subunits assemble as tetramers to form a pore comprising the turret
loop, the P-helix and the K selectivity filter (Figure 1.3).” This structural information has
enabled the development of rationally designed ligands to modulate K, channel function.'® "'
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Figure 1.3. Crystal structure of rK,1.2. (A) Side view of single rK,1.2 subunit.
Tetramerization domain (black), voltage sensing domain (blue) (VSD), and pore domain (gray)
are highlighted. (B) Top view (extracellular side) of tetrameric rK,1.2 channel. Each alpha
subunit is shown in a different color. (C) Side view of tetrameric rK,1.2 channel. Each alpha
subunit shown in a different color. Potassium ions are shown as black spheres in all panels.
Coordinates obtained from PDB file 2A79. All images created using Swiss PDB Viewer
(http://spdbv.vital-it.ch/).

Development of small molecule modulators for K, channels

Chapter two of this dissertation describes the development of a new class of
calix[4]arene-based small molecule ligands to modulate K, channel function. Calix[4]arenes
have been used as platforms for multivalent ligands to efficiently bind proteins and nucleotides.'?
This building block of supramolecular chemistry is a series of four phenol macrocyclic
oligomers linked through methylene bridges which form basket-like structures with wider upper
rims and narrower lower rims (Figure 1.4A).8

calix[4]arene C ligand

application
I

—y /‘_
10% |
inhibition

5 min

-

Figure 1.4. Calix[4]arene ligands for K, channels. (A) Calix[4]arene scaffold (B)
Calix[4]arene ligand docked in pore domain of K, 1.2 channel (PDB ID 2A79). (C) Application
of calix[4]arene reversibly blocks Shaker channel ionic current.



We employed organic synthesis, molecular dynamics and electrophysiology techniques to
demonstrate that calix[4]arenes with free phenolic OH groups at the lower rim and positively-
charged groups at the upper rim constitute a versatile class of reversible ligands for K,1.x
channels. Synthesis of a panel of calix[4]arenes with variable upper and lower rim substituents
enabled the systematic development of K,1.x channel-compatible ligands. Molecular modeling
predicted calix[4]arene binding to the pore domain (Figure 1.4B). Electrophysiology
experiments demonstrated the calix[4]arene ligands are reversible blockers of K,1.x channels
(Figure 1.4C). We probed the mechanism of calix[4]arene-channel interactions and found these
ligands modify the voltage-dependent motions of the Shaker K, channel in addition to inhibiting
ionic current. We then designed a second generation of ligands to target the pore region of K,
channels and improve K,1.x subtype specificity. Ultimately, the development of this new class
of calix[4]arene compounds might lead to novel therapeutic agents against autoimmune
disorders, diabetes, epilepsy, and cardiac diseases."

Phosphoinositides are chemical regulators of ion channels

The control of endogenous modulators of ion channel function may also provide a way to
treat ion-channel related diseases. Phosphoinositides (PIPs) serve as endogenous chemical
regulators of ion channels. These phospholipids are concentrated on the cytosolic surface of
virtually all cellular membranes and even though PIPs constitute less than 15% of all lipids in
eukaryotic membranes, they play integral roles in the cell.'” '® Phosphatidylinositiol 4,5-
bisphosphate (P1(4,5)P,) represents roughly 99% of all doubly phosphorylated phosphoinositides
within the cell and directly binds a variety of ion channels including inwardly rectifying K (K;,)
channels, voltage dependent K (K,) channels, and transient receptor potential (TRP) channels.'”
1819 p1(4,5)P,-sensitive ion channels are regulated by cytosolic lipid kinases, phosphatases and
phospholipases which maintain resting pools of PI(4,5)P, at the plasma membrane as well as
generate PI(4,5)P,-derived-secondary messengers.

The connection between electrical signals at the plasma membrane sensed by voltage-
gated ion channels and chemical signals regulated by PIP mediated processes seemed unclear
until the discovery of a voltage-gated PIP phosphatase, Ciona intestinalis voltage-sensor
containing phosphatase.”’ Ci-VSP contains a voltage sensing domain like voltage-gated ion
channels and a cytosolic phosphatase domain resembling PTEN, a phosphoinositide phosphatase
and potent tumor suppressor protein’’ (Figure 1.5A). Ci-VSP is a voltage-regulated
phosphoinositide phosphatase that catalyzes the hydrolysis of the D5 phosphate group of both
phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P5) and P1(4,5)P, (Figure 1.5B).
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Figure 1.5. Overview of Ci-VSP topology and activity. (A) Comparison of Ci-VSP topology
(middle) with K, channels (left) and PTEN (right). Ci-VSP contains four transmembrane
segments (S1-S4) that are homologous to the voltage sensing domain (VSD) of a K, channel.
The cytosolic domain of Ci-VSP shares 29.5% sequence identity with PTEN. Helices are
represented by cylinders with VSDs shaded in light blue, pore domains shaded in gray, and
phosphatase domains shaded in dark blue. (B) Ci-VSP is a voltage-regulated phosphoinositide
phosphatase that catalyzes the hydrolysis of the D5 phosphate group of PI(3,4,5)P; and
PI(4,5)P;.

In Chapter 3 of this dissertation, I review phosphoinositide signaling, describe the
functional characterization of Ci-VSP and its homologs, and review how VSPs can be used as
tools to manipulate and dissect phosphoinositide signaling pathways.

Voltage sensing moves beyond voltage-gated ion channels

Until recently, ion channels were the only proteins known to sense changes in membrane
potential. This changed with the discovery of Ci-VSP, which couples a voltage sensing domain
(VSD) to a phosphatase and tensin homologue (PTEN)-like domain.®® More recently, the
voltage-gated proton channel (H,) was cloned and found to contain a VSD, but it lacks a
traditional pore domain.** * Figure 1.6 shows the diversity that exists both in membrane
topology and subunit organization of the voltage-gated protein family.
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Figure 1.6. Membrane topology and subunit organization of voltage-gated proteins. (A)
Voltage-gated K* (K,) channel subunits contain six transmembrane segments which form the
voltage sensing domain (VSD) and pore domain (top). These subunits form functional tetramers
(bottom). (B) The H, channel subunit contains four transmembrane domains which form both
the VSD and pore domain (top). These subunits dimerize to form a functional two-pore channel
(bottom). (C) Voltage-sensor containing phosphatases (VSPs) contain four transmembrane
domains that form the VSD and are linked to cytosolic phosphatase domain (top). VSPs are
functional monomers (bottom). In (A)-(C), helices are represented by cylinders with VSDs
shaded in light blue, pore domains shaded in gray, and phosphatase domains shaded in dark blue.

The existence of Ci-VSP and H, indicates that VSDs are functional modules® ?* that
control distinct effectors. To date, voltage sensor-effector coupling has been studied in the
context of four subunit channels, where a common pore is cooperatively gated by four VSDs.”
In the H, channel, the VSD acts as both a voltage sensor and pore. H, is a functional dimer with
each subunit containing its own pore domain, and the two VSDs working cooperatively to gate
H' flux through both pore domains. *>*°

In chapter 4 of this dissertation, I describe our efforts to functionally characterize Ci-VSP
in living cells. We combined electrophysiology and fluorescence methods to determine the
oligomerization state of Ci-VSP, monitor the functional transitions that result in Ci-VSP
mediated changes in phosphoinositide pools and study the mechanism of coupling between the
Ci-VSP VSD and phosphatase domains. We demonstrated that Ci-VSP is a functional monomer
which undergoes complex voltage-dependent conformational changes to control a cytosolic
phosphoinositide phosphatase domain.?’

Recent reports show that Ci-VSP catalyzes multiple PIP hydrolysis reactions in living

cells.”®® # In chapter 5 of this dissertation, I describe the development of fluorescent-based



methods to study Ci-VSP substrate specificity and monitor Ci-VSP-mediated changes multiple
PIP pools in a single cell.

Summary

Electrical and chemical signaling pathways provide ways for a cell to sense its
surroundings and maintain homeostasis. lon channels are key players in these pathways and the
development of tools to modify ion channel function allows us to dissect complicated pathways.
Figure 1.7 highlights two ways to control ion channel function using either small molecule or
protein-based tools which I have developed during my Ph.D. research. The design and testing of
small molecule calix[4]arene ligands as modulators of K, channels has led to a new set of tools
to control cell excitability by specifically targeting K, channels. The functional characterization
of Ci-VSP, a voltage-gated phosphoinositide phosphatase, allows us to electrically control
phosphoinositide signaling pathways in the cell and therefore control the chemical regulators of
ion channels.
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Figure 1.7. Tools to modulate ion channels and regulate cell communication. A neuron can
communicate with neighboring cells using both electrical and chemical signals as shown in
Figure 1.1. Red boxes indicate two tools that can be used to modulate ion channel function.
Calix[4]arene ligands serve as small-molecule blockers of voltage-gated potassium channels
which serve to limit the electrical signaling of the cell. Voltage-gated lipid phosphatases like Ci-
VSP can change the phospholipid concentrations in the membrane to modulate phosphoinositide
sensitive ion channels.
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Chapter 2

Calix[4]arene-based ligands for voltage-gated potassium channels’

! A portion of this work was published in the following article:
Martos, V., Bell, S.C., Santos, E., Isacoff, E.Y., Trauner, D., de Mendoza, J., Calix[4]arene-

based conical-shaped ligands for voltage-dependent potassium channels. Proc. Natl. Acad. Sci.
U. S. 4. 2009, 106, (26), 10482-10486.
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Introduction

Potassium (K") channels are essential membrane proteins in all cell types. In the human
body, these proteins regulate neuronal excitability, heart beat, hormone secretion, and epithelial
transport of electrolytes.'

The plasma membrane serves as a barrier to electrochemical homeostasis with greater
concentrations of Na” and Ca”" in the extracellular fluid and greater concentrations of K in the
cytoplasm. Electrical signaling is mediated by the flux of Na” K" and Ca*" down their
concentration gradients through ion channels across the plasma membrane.” At rest, the inside of
the cell has a negative membrane potential. The flux of Na* and Ca*" through cation channels
causes an increase of positive charge in the intracellular space, depolarizing the cell and
enhancing electrical excitability. To decrease electrical excitability, K~ selective channels
conduct K out of the cytosol to repolarize the cell to its resting membrane potential. Potassium
channels are responsible for stabilizing the resting potential of a cell and serve as “off” switches
for many electrical signaling processes.

K" channels are multimeric proteins. The human genome encodes 78 K channel alpha
subunits.” Alternative gene-splicing, post-translational modifications, and hetero-multimeric
oligomerization further adds to the diversity within the K™ channel superfamily.® Although other
parts of the channel differ in structure, the pore-forming region is highly homologous among
members of the K channel family. The pore-forming region is composed of a P-loop region
containing7 the consensus amino acid sequence TXGYGD flanked by at least two transmembrane
segments.

K" channels can be divided into three groups based on their membrane topology and
biophysical properties (Figure 2.1). In the 2-pore-loop K" (Kyp) channel subfamily, alpha
subunits each containing four transmembrane segments and two pore-forming regions dimerize
to form functional channels. These so-called “leak” K" channels help maintain negative resting
potentials in both in excitable and non-excitable cells.® Members of the inwardly rectifying K~
(Kir) channel subfamily are composed of alpha subunits containing 2 transmembrane segments
flanking single pore-forming region. Kj channel subunits tetramerize to form functional
channels. Kj; channels are prominently expressed in the heart, vascular and skeletal muscle, and
brain and are responsible for maintaining the resting potential and controlling action potentitals.’
K channels also can be regulated by phospholipids, nucleotides, polyamines, ions, and cytosolic
proteins.
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Figure 2.1. Classification of human K" channels. Tree diagram of potassium channels
encoded by the human genome. Channels can be further classified according to their topology
and response to different stimuli. Color code: two-pore K channels (green), inwardly
rectifying K* channels (red), and voltage-dependent K* channels (blue). Figure adapted from '°.

Voltage-dependent K (K,) channels represent the largest family of K™ channels and the
human genome contains 40 genes encoding these tetrameric channels.!' Each alpha subunit is
comprised of six transmembrane helices (S1-S6) (Figure 2.2A). The N-terminus of an alpha
subunit contains a cytosolic tetramerization domain which mediates association with other K,
alpha subunits to form homotetramers or heterotetramers.'> The first four transmembrane helices
of an alpha subunit (S1-S4) form the voltage sensing domain (VSD). The S5 and S6 helices
along with a short pore helix form the pore domain of the channel. K, channels translate changes
in the membrane electric field into the controlled permeation of K ions. The S4 helix contains a
series of positively-charged residues separated by two hydrophobic residues that move in
response to changes in the membrane electric field. These movements are directly coupled to the
opening and closing of the channel (Figure 2.2B). Some members of the K, channel subfamily
are regulated by additional stimuli including phospholipids and other cations.

The Shaker channel, a member of the K,l.1x channel family from Drosophila
melanogaster, was the first cloned K, channel and has been studied extensively."> Decades of
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functional studies on the Shaker channel using a variety of methods have resulted in models for
the channel opening and closing and has served as the foundation for ion channel research
[reviewed in °].

A
K, channel monomer Tetrameric K, Channel
(side view) (top view)
Voltage Sensing Domain Pore
(VSD) Domain

Tetramerization
Domain
B
Membrane polarized Membrane depolarized
K, channel closed K, channel open

Activation Gate Voltage Sensor

®np® g0
®°e

Figure 2.2. K, channel topology and function. (A) Architecture of a K, channel alpha subunit
and tetrameric K, channel. Helices are represented by cylinders with voltage sensing domains
shaded in blue and pore domains shaded in gray. (B) Schematic of K, channel function. At
rest, the channel is closed. Membrane depolarization elicits movement of the voltage sensor
which is translated into channel opening and allows for the flux on K" ions through the channel.

X-ray crystal structures of the K, channel K,1.2 from rat '* ' and other related K,

channels'® show that the alpha subunits assemble as tetramers to form a pore comprising the
turret loop, the pore-helix and the K" selectivity filter (Figure 2.3)."” This structural information
has allowed for the development of rationally designed ligands to modulate K, channel
function.*’
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Figure 2.3. Crystal structure of rK,1.2. (A) Side view of single rK,1.2 subunit.
Tetramerization domain (black), voltage sensing domain (blue) (VSD), and pore domain (gray)
are highlighted. (B) Top view (extracellular side) of tetrameric rK,1.2 channel. Each alpha
subunit is shown in a different color. (C) Side view of tetrameric rK,1.2 channel. Each alpha
subunit shown in a different color. Potassium ions are shown as black spheres in all panels.
Coordinates obtained from PDB file 2A79. All images created using Swiss PDB Viewer
(http://spdbv.vital-it.ch/).

K, channels are drug targets

K" channels are differentially expressed in virtually all cell types throughout the human
body and are responsible for setting the resting potential of these cells.® Genetic defects
resulting in either a loss or gain of K’ channel function can lead to a variety of diseases termed
channelopathies.* ' As K channels act as “off” switches for many signaling cascades, drugs
that can control K" channel function can also serve as therapeutics for diseases characterized by
hyper-excitability of the cell.’

Recently, the International Union of Basic and Clinical Pharmacology (IUPHAR) has
assembled an online database which compiles detailed pharmacological, functional and
pathophysiological information for many classes of membrane proteins including K, channels."®
This database is an invaluable resource for the biophysical properties of most ion channels.
Members of the K,l.x subfamily are differentially expressed as homotetramers and
heterotetramers in the nervous system, heart, vasculature, and immune system.'' The resulting
K, channels are drug targets for a variety of diseases (Table 2.1).

16



Table 2.1 Properties and Therapeutic Implications for Selected Kv1.x channels. (adapted
from '' with additional information from '®). Abbreviations: central nervous system (CNS), MS:
multiple sclerosis (MS), not determined (ND), not reported NR).

oligodendrocyte progenitor
cells, astrocytes,
pulmonary artery smooth
muscle

Channel | Tissue distribution in Channelopathy Therapeutic
subunit | humans implications
K,1.1 CNS, node of Ranvier, Episodic ataxia, primary Target for epilepsy,
kidney hypomagnesaemia neuropathic pain, MS,
and spinal cord injury
K,1.2 CNS NR Target for seizure
disorders
K,1.3 T and B cells, Associated with impaired | Target for MS,
macrophages, microglia, glucose sensitivity and rheumatoid arthritis,
osteocytes, platelets, CNS, | lower insulin sensitivity. | type I diabetes, contact
testis dermatitis and T-cell
mediated immune
diseases
K, 1.4 CNS, heart skeletal, and NR ND
smooth muscle, pancreas
K,1.5 Cardiac myocytes, CNS, NR Target for anti-
microglia, Schawn cells, arrthymias associated
macrophages, and vascular with atrial fibrillation
and smooth muscle
K,1.6 Spinal cord, CNS, NR ND

The alpha subunits K,1.x channels share over 50% identity in the pore forming region
thus rendering these targets particularly challenging to differentiate (Figure 2.4). However,
ligands that can target residues in the turret region of a specific K,1.x channel may prove to be
subtype specific therapeutics.
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Figure 2.4. Multiple sequence alignment of pore-forming region of K,1.x channels. Areas
of sequence dissimilarity are shown in red. Sequence alignment created using CLC sequence
viewer (www.clcbio.com/free/).

The K,1.3 channel is expressed as homotetramers in human T lymphocytes and is a
validated drug target for T-cell mediated autoimmune diseases including rheumatoid arthritis and
type-1 diabetes.” At the molecular level, T-cell maturation associated with adaptive immunity is
mediated by calcium signaling cascades.”® Ca”" enters the T-cell through various Ca®" specific
and nonspecific cation channels causing a depolarization of the cell. In order to maintain a
driving force for Ca®* entry into the cell, two types of K channels are activated. K,1.3 channels
open in response to membrane depolarization and calcium-activated K* (Kc,3.1) channels open
in response to increased intracellular Ca®". The ratio of K,1.3 to K¢,3.1 channels present in T-
cell membranes increases as T-cells mature making K, 1.3 channels more prominent drug targets
for autoimmune diseases mediated by mature T-cells.”'

Naturally-occurring peptides from poisonous animals as well as synthetic compounds
have been reported as inhibitors for K,1.3 channels.> Despite the high affinity of some of these
inhibitors, none makes full use of the four-fold symmetry of these homotetrameric channels.
Along these design principles, Gradl et al. reported that water-soluble ligands with four-fold
symmetry and endowed with short positively-charged peptide arms anchored to a flat, rigid
tetraphenylporphyrin core efficiently blocked the K,1.3 channel in a reversible but non-specific
way (Figure 2.5A).* Although porphyrins fulfill the symmetry requirement, they are flat
scaffolds that do not ideally complement the conical pore-entrance of the K, channels. Initially,
Gradl et al. proposed a “lid” model where each arm of the tetraphenylporphyrin core contacted a
different alpha subunit of the K, channel tetramer (Figure 2.5B).* Later experiments employing
solid state nuclear magnetic resonance (NMR) and molecular dynamics showed that the
porphyrins do not sit like a lid on top of the channel, but instead are oriented parallel to the
channel axis, with one positively charged side arm interacting with the selectivity filter (Figure
2.5C).* The insertion of a single positively charged arm of the porphyrin ligand into the K,
channel selectivity filter mimics the mode of action of K channel specific peptidic toxins.'
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Figure 2.5. Porphyrin-based ligands for K, channels. (A) Porphyrin scaffold used for K,
ligands (from®*). (B) Space-filling model of porphyrin scaffold (magenta) from (A) modeled on
X-ray crystal structural of tetrameric KcsA K™ channel.(from Y. (C) Structural model of
porphyrin ligand bound to KcsA-K, 1.3 chimeric channel (from *%).

Calix[4]arenes as ligands for K,1.x channels

Calix[4]arenes have been used as platforms for multivalent ligands to efficiently bind
proteins and nucleotides.”® This building block of supramolecular chemistry contains a series of
four phenol macrocyclic oligomers linked through methylene bridges which form basket-like
structures with wider upper and narrower lower edges (Figure 2.6).* Differential substitution of
the upper and lower rims allows for the generation of ligands that can specifically interact with a
given target.

Figure 2.6. Calix[4]arene scaffold

Gordo et. al recently described calix[4]arene ligands for the tetramerization domain of
the p53 transcription factor (p53TD).>> The wildtype p53TD forms tetramers held together by
electrostatic interactions between R337 and D352 on adjacent subunits (Figure 2.7A). Mutant
forms of the pS3TD often carry the R337H mutation which destabilizes the TD oligomerization.
Gordo et. al synthesized a calix[4]arene ligand endowed with guanidinium substituents on the
upper rim to mimic the arginine residue at position 337 and hydrophobic loops on the lower rim
to interact with the hydrophobic core of the tetrameric pS3TD complex (Figure 2.7B). NMR
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structural studies and molecular modeling demonstrated that the calix[4]arene ligand could
recover tetramerization of the p53TD-R337H protein (Figure 2.7C).*

A B

D352, R337,

Figure 2.7. Calix[4]arene ligands for pS3 tetramerization domain. (A) R337 and D352
residues located on adjacent p53 tetramerization domains (p53TD) form inter-subunit hydrogen-
bonded ion pairs to stabilize tetrameric p53TD complex. (B) Chemical structure of
calix[4]arene ligand used in study. (C) Model of calix[4]arene ligand from (B) stabilizing
p53TD-R337H tetramer. (Figure adapted from *°)

Calix[4]arenes ligands could also provide the basis for a new class of ligands targeting
tetrameric K, channels. Unlike the flat porphyrin based ligands for K, channels, calix[4]arenes
display conical shapes which would likely complement the shape of the extracellular vestibule of
a K, channel. Next, The four-fold symmetry of the calix[4]arene scaffold would complement the
architecture of a homotetrameric K, channel. Finally, the calix[4]arene core provides a versatile
scaffold for differential substitution of the upper and lower rims to achieve K, channel subtype
specificity. Structural information about the K,1.x subfamily provided a starting point for the
rational design of calix[4]arene ligands that complemented the extracellular face of
homotetrameric K,1.x channels.

Thus, ligands 1-8 were synthesized and evaluated (Figure 2.8). Structures 1-7 are free-
OH calix[4]arenes, to avoid steric hindrance at the entrance of the channel, whereas 8 contains
two short loops that cannot enter the channel simultaneously but could allow the molecule to
adjust in a slightly distorted way, which cannot be possible with longer or less structured side
chains, such as in 9 and 10. Additionally, cationic substituents (guanidines) were attached to the
upper rim of the calix[4]arenes to ideally complement the mainly negatively charged
extracellular surface groups of the channel at the “turret loop” and the extracellular face of the
selectivity filter (Figure 2.4), specifically residue D379 in K, 1.2, thus improving binding affinity
and selectivity by both electrostatic interactions and hydrogen bonding.
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Figure 2.8. Calix[4]arene ligand structures. Chemical formulae of calix[4]arenes 1-10 and
phenol 11. Figure from °.

Results and Discussion
Synthesis of calix[4]arene ligands

The synthesis of OH-free calix[4]arenes was based on the common tetracarboxylic acid
precursor 12, allowing an easy introduction of the guanidine function, as well as any amino acid
derivative or peptide chain by simple amide formation (Figure 2.9A). Thus, compound 12 was
guanidilated following procedures by Schmuck et al.,*® followed by simultaneous debenzylation
and guanidine deprotection to afford 1. Cationic ligands 2-4 and the neutral compound 5 were
obtained from an activated O-succinimidoyl intermediate, followed by deprotection (Materials
and Methods and Figure 2.9A). The tetraanionic negative control 6 resulted from O-
debenzylation of 12. O-Alkyl calix[4]arenes 8-10 were synthesized by similar procedures from
the corresponding carboxylic acids (Figure 2.9B). Finally, phenol derivative 11 was selected as a
non-calix[4]arene negative control, and readily prepared in two steps from 4-benzyloxybenzoic
acid.
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Figure 2.9. Synthetic scheme. (A) Synthesis of calix[4]arenes 1-6. (B) Synthesis of
calix[4]arenes 8-10 and phenol 11. Reagents and conditions: i) HCI-AcOH (1:2), sealed tube,
reflux 48 h; i) PyBOP, NMM, DMF, Boc-guanidine, r. t.; iii) TFA-CH,Cl,, r. t. or reflux; iv) N-
hydroxysuccinimide, DCC, DMF-CH,Cl,, r. t.; v) EtsN, protected amine, DMF-CH,Cl,, r. t. For
abbreviations, yields and details see Materials and Methods. Figure from °.

Molecular dynamics

Docking studies employing the coordinates of the crystal structure of the K,1.2 potassium
channel'* indicated that the conical platform of OH-free calix[4]arenes was best suited to deeply
penetrate the extracellular outer vestibule of the channel (Figure 2.10). Protein-ligand stabilities
were assessed by analyzing the trajectories obtained in 1500 ps molecular dynamics simulations
in vacuo at 300K with positional restraints. Additional details are provided in the Materials and
Methods section. To evaluate protein-ligand binding affinity, we computed both the Xscore
empirical scoring function and the variation in the guanidinium-carboxylate (D379) distances
versus time. Xscore was used to evaluate, for each trajectory, 128 structures collected every 12
ps. The values obtained for the three calixarenes were very similar and only slightly fluctuated
during the molecular dynamics simulations. The average Xscore value of all the complexes
formed with 1 was 6.65 (Figure 2.20). The complexes in which 4 and 8 intervened had values of
6.30 and 6.32 respectively (Figure 2.20). This demonstrated high and similar protein-ligand
affinity in the three cases.
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To estimate the variation of the hydrogen bond guanidinium-carboxylate distances, we
measured all the NH-OC distances at every step. The two values corresponding to a same
guanidinium-carboxylate interaction were averaged. Thus the result depended on the fine
orientation of both interactions. Comparison of the plots versus time pointed out a slightly larger
fluctuation of the hydrogen bond distances in 1. In this ligand the four interactions oscillated
between 1.6 and 2.4 A during the whole trajectory (Figure 2.21). In compound 4 the four of
them were highly fixed at a distance of 1.6-1.7 A (Figure 2.22). Three of the interactions in
compound 8 were maintained at this distance but the remaining highly fluctuated between values
of 1.6 and more than 3 A (Figure 2.23). This was due to the tilted disposition of the calixarene
on the K, 1.2 surface, which caused one of the guanidinium groups of the calixarene to be not as
close to the corresponding aspartate. Thus, 4 was the ligand with most favorable hydrogen
bonding distances followed by 8. In any case, the three compounds showed to maintain all the
guanidinium-carboxylate groups at standard hydrogen bonding distances.

In conclusion, the three ligands bind the protein with high affinity by establishing four
hydrogen bonds and by maintaining the lower rim embedded in the channel pore. The two
crown ether bridges do not avoid the interaction of 8 with K,1.2 but cause the ligand to be
slightly twisted with respect to 1 and 4.

Figure 2.10. Molecular dynamics. Top and side wireframe views of calix[4]arenes 1 (A), 4 (B),
and 8 (C) docked into the X-ray structure of the rK,1.2 potassium channel. Only the backbone
helices of the alpha subunits are shown in cyan. The D379 side chains are represented, showing
the four ion-pair, hydrogen bonded contacts with the guanidinium residues of the calix[4]arene.
Structures were optimized in vacuo at 300K applying positional restraints to K,1.2. Figure from”.
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Electrophysiological screen of calix[4]arene compounds

The interaction of the calix[4]arene compounds with K, channels was investigated using
electrophysiological methods on Xenopus laevis oocytes expressing the Shaker potassium
channel, a prototypical member of the K,1.x subfamily. Ionic currents were measured in cells
expressing the Shaker channel in the presence of each calix[4]arene compound. Figure 2.11A
summarizes the percent inhibition elicited by application of 50 uM of compounds 1-11 was
compared to that induced by tetracthylammonium (TEA), a nonspecific open pore K™ channel
blocker. TEA reversibly binds to the external region of the pore forming region of the Shaker
channel (ICso >90 mM), and served as a good control to compare block by calix[4]arenes 1-10
which were designed to be more specific for the K,1.x channel subfamily.”” ** Figure 2.11B
shows the typical reversible inhibition response by 50 uM compound 4.
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Figure 2.11. Electrophysiological screen of calix[4]arene ligands. (A) % inhibition elicited by
application of 50 uM of compounds 1-11 and tetracthylammonium cation (TEA) to Xenopus
laevis oocytes expressing the Shaker channel. (n > 4 for each condition; error bars indicate
SEM). (B) Reversible reduction of Shaker ionic current in response to application of 50 uM
ligand 4 (normalized current vs. time). Black bar indicates time of exposure to ligand 4. Note
that inhibition and recovery occur in two distinct phases. Figure from °.

At 50 uM, compounds 1-11 caused different levels of reduction in Shaker ionic current,
which in most cases was reversible. Compounds functionalized either with carboxylates (ligand
6), ammonium (ligands 2 and 3) or neutral (ligands 5 and 7) functional groups at the upper rim,
did not exert significant reduction in Shaker ionic current. On the contrary, ligands 1 and 4
containing guanidinium groups at the upper rim of a free-OH calix[4]arene scaffold, aimed at
interacting with negatively charged residues in the extracellular vestibule of the channel, proved
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promising ligands, as anticipated by the modeling studies. When applying O-alkyl derivatives 9
and 10 to oocytes expressing the Shaker channel, decreases in ionic current were also seen, but
these effects were not reversible and cell health was visually compromised. Lower rim
alkylation with hydrophobic residues can result in amphiphilic structures that may act as
detergents for oocytes’ integrity and might cause non-specific interactions with the membrane
lipids or other hydrophobic portions of the Shaker channel which could not be restored by
application of the aqueous recording solution used for the washout. Quite remarkably, but once
again in agreement with the computer modeling studies, ligand 8, carrying two crown ether loops
at the lower rim, caused reduction in Shaker ionic currents in a reversible manner and even to a
larger extent than the free-OH analogues 1 and 4. It is known that crown ether bridges at vicinal
lower rim positions in a calix[4]arene strongly contribute to keep the conical shape of the
macrocycle, preventing collapse into the so-called pinched conformations.” The conical shape
is also maintained in the free-OH derivatives, due to the cyclic array of hydrogen bonds. At the
same time, the crown ether bridges on 8 do not create a severe steric effect, since the ligand can
comfortably fit at the top of the channel in a slightly tilted orientation, as indicated by molecular
modeling (Figure 2.10).

Changes in the counter-anions (either chloride or trifluoroacetic acid) had no measurable
effect on the channel binding properties of the calix[4]arenes. Furthermore, the presence of <
2% dimethyl sulfoxide (DMSO) in the bath solution was not harmful to the cells. Finally, the
effect of the multivalency effect present in the calix[4]arene macrocycle was evidenced by the
fact that a simple guanidilated phenol such as 11 showed no inhibition at 50 uM. Even at four
times the concentration employed for ligand 1, thus at the same effective concentration, phenol
11 induced a minor increase in current flow (Figure 2.12). Among the most active ligands (1, 4,
and 8), ligand 1 had a limited solubility and ligand 8 with bulkier substituents on the lower rim
did dock into the pore in a tilted orientation. Therefore, in the rest of our work, we focused on
ligand 4.
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Figure 2.12. Comparison of monomer vs. calix[4]arene compounds. (A). Chemical structures
of ligands 1 and 11. (B). Xenopus laevis oocytes expressing the Shaker channel were incubated
with either 25 pM ligand 1 (n = 4), 100 uM ligand 11 (n = 5), or DMSO (2% v/v), (n = 4). Error
bars indicate SEM. Figure adapted from °.
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Calix[4]arene inhibition includes gating modification

Ligand 4 showed a concentration dependent inhibition of both Shaker and K,1.3, two
related members of the K,1.x subfamily of ion channels sharing 47% sequence identity (Figure
2.13). While the inhibition was greater in K,1.3, the apparent affinity was similar for the two
channels. The Hill coefficients for Shaker and K,1.3 (1.0 0.3 and 1.1+ 0.7, respectively) were
close to 1, fitting with the proposed molecular model in which a single calix[4]arene docks in the
outer mouth of the pore and interacts with residue D379 (K,1.2 sequence numbering), which is
shared by all K,l.x subfamily members (Figure 2.4). Even at saturating concentrations of
calix[4]arene 4, Shaker ionic current was not completely inhibited (Figure 2.13), suggesting, an
incomplete occlusion of the pore.
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Figure 2.13. Concentration dependent effects of ligand 4. Inhibition curve on macroscopic
ionic currents in Xenopus laevis oocytes expressing Shaker channels (black circles) or K,1.3
channels (red circles). (n > 3 for each data point; error bars indicate SEM). Data fit to a single
Boltzmann as described in methods section. Fit data: Shaker: max = 6310, Kq= 25+11 uM, h =
1.0£0.3. Ky1.3: max = 8516, K4= 14+£9 uM, h = 1.1+0.7. Figure from 3,

The effect of ligand 4 could not be entirely attributed to pore block. The rate of channel
opening was slowed (Figure 2.15A) and the voltage dependence of channel opening was shifted
in the positive direction (Figure 2.14A) by ligand 4, suggesting that binding relatively stabilizes
the resting state or an intermediate state preceding opening in the activation pathway. The onset
of current inhibition and of the gating effect occurred in parallel, with reduction in current
amplitude tracked by the slowing of channel opening (Figure 2.14B).
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Figure 2.14. Electrophysiological analysis of kinetic effects of ligand 4. (A) Ligand 4 (50 puM)
shifts the voltage dependence of channel opening to the right. Conductance measured from
inward tails in 98 mM external K'. (n = 4, error bars indicate SEM). Data fit to a single
Boltzmann as described in Methods section. Control solution before exposure (red): max =
0.98+0.05, Vmia = -41£2 mV, slope = 6+1.3. During ligand 4 application (blue): max =
0.68+0.02, Vimig = -12+1 mV, slope = 11+1.2. (B) Time course of reduction of current amplitude
(black) parallels slowing of channel opening (red) following application of 50 uM ligand 4
(represented by black bar). Figure adapted from °.
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Figure 2.15. Kinetic and voltage-dependent effects of ligand 4. (A) Opening kinetics are
slower in presence of 50 uM ligand 4 (lower traces) compared to control (upper traces). (B)
Effect of ligand 4 on Shaker Current-Voltage (I-V) relationship. Representative I-V trace
measured from a Xenopus laevis oocyte expressing Shaker before (red) and after application of
50 uM ligand 4 (blue). (C) Progressive slowing of opening kinetics accompanies progressive
inhibition of current amplitude upon application of 50 uM ligand 4 (steps from holding potential
of -80 mV to +20mV). Figure adapted from °.
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We wondered whether the gating effect reflects an influence of ligand 4 on the protein
motions underlying voltage sensing. To address this we used voltage clamp fluorometry®® to
measure structural rearrangements in the S4 voltage sensor. Recordings were carried out in the
W434F mutation, which locks the channel in the P-type inactivated state, preventing the
conduction of K but permitting free motion of S4.>" ** A single cysteine mutation was also
introduced in the extracellular portion of the Shaker S4 segment (A359C) to allow for site-
specific conjugation with tetramethylrhodammine-6-maleimide, an environmentally sensitive
fluorophore, and monitor the movement of the voltage sensing domain.”** Ligand 4 (200 pM)
was found to slow the rate of S4 motion at the top of the voltage dependence curve where
channels open (Figure 2.16A). Furthermore, application of ligand 4 also slightly shifted the
voltage-dependency of S4 movement (Figure 2.16B). This result is consistent with the
observation that channel opening is slowed by application of ligand 4 (Figure 2.15A and C). To
further probe the interaction of ligand 4 with the Shaker channel, we conducted competition
experiments with known pore-blockers.
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Figure 2.16. Fluorescence analysis of Kkinetic effects of ligand 4. (A) Representative
normalized fluorescence traces showing Shaker voltage sensor movement in the absence (red)
and presence (blue) of ligand 4. A slowing in kinetics upon depolarization is seen upon
application of ligand 4 (200 uM). (B) Fluorescence vs. voltage (FV) curves for Shaker voltage
sensor movement recorded at position 359 by voltage clamp fluorometry in the absence (red) and
presence (blue) of ligand 4 (200 uM) (n=3 for each condition). Data fit to single Boltzmann as
described in methods section, error bars indicate SEM: control: Vg = -61+1 mV, slope = 20+1,
ligand 4 treatment: Vg = -67+1 mV, slope = 20+1. Figure adapted from °.
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Competition experiments to probe ligand 4 binding to Shaker pore region

To further probe the location of ligand 4 binding on the Shaker channel, we conducted
competition experiments with Agitoxin-2 (AgTXs), a well-known Shaker channel pore blocker.
AgTX, is a 38 amino-acid peptide toxin from scorpion venom previously shown to be a
reversible and high affinity (K; =0.64 nM) pore blocker the Shaker channel.*® Structural studies
and computer simulations indicate that AgTX, interacts with the extracellular vestibule of the
Shaker channel and physically blocks the pore by inserting a lysine residue into the selectivity
filter of the channel. ***’ Using two-electrode voltage clamp methods in Xenopus laevis oocytes
expressing the Shaker channel, we set out to test the hypothesis that ligand 4 bound to the pore of
the Shaker channel.

Previously, we had observed that saturating concentrations (200 uM) of ligand 4 caused
only 56% inhibition of Shaker ionic current (Figure 2.13). We proposed two models for this
phenomenon. Model 1 predicts that application of saturating concentrations of ligand 4 blocks
all Shaker channels in the membrane. In this scenario, application of saturating concentrations of
AgTX, would not cause an additional decrease in Shaker ionic current. Model 2 predicts that
application of saturating concentrations of ligand 4 does not block all Shaker channels in the
membrane. This scenario would leave some channels accessible for AgTX; block resulting in an
additional decrease in Shaker ionic current.

We first separately tested the effects of ligand 4 and AgTX, on Shaker channel activity. As
previously seen, bath application of 200 uM ligand 4 caused 57 + 3% ionic current inhibition.
Interestingly, application of 10 uM AgTX, (100 times the ICq level®®) did not cause 100%
inhibition of Shaker current. Previous research in the Isacoff lab had shown that two-electrode
voltage-clamp methods using AgTX, as a Shaker blocker gave variable results. In order to more
accurately measure the effects of toxin block, outside-out patch clamp experiments work best.*®
However, for the sake of time, the competition experiments were conducted under two-electrode
voltage clamp conditions. The presence of ligand 4 did not completely prevent AgTX, binding
indicating that saturating concentrations of ligand 4 do not block all Shaker pores (Figure 2.17).
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Figure 2.17. Agitoxin competition experiments. Black bars indicate Model 1 and 2
predictions (see main text for detailed descriptions) Gray bars indicate experimental data.
Xenopus laevis oocytes expressing Shaker channels were incubated in 200 pM ligand 4, 1pM
AgTX,, or 200 uM ligand 4 followed by 1uM AgTX, (n=9 for each condition, error bars
indicate SEM)

Together with the gating modifier properties of ligand 4 observed previously, these results
suggest that the current calix[4]arene scaffold may have limited specificity for the pore region of
the K,1.x channels. We next began planning a second generation of calix[4]arene ligands with
enhanced the affinity for the pore region of the Kv1.x channels.

Design of second-generation calix[4]arene ligands for K, channels

Our initial concentration dependence experiments (Figure 2.13) showed that ligand 4 had a
slightly higher affinity for K,1.3 over the Shaker channel. Therefore, we decided to focus our
attention on designing ligands specifically for K,1.3, a validated target for immunosuppressant

drugs.’ The new approach has 2 main goals:

1. Increase specificity for the pore region of the K 1.3 channel by functionalizing the
lower rim with an alkyl amine to interact with the selectivity filter (ligands 25a-c).

2. Further derivative the upper rim of ligand 4 to include peptide arms that complement
residues in the turret region of K, 1.3 (ligand 26).
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Figure 2.18. Second generation calix[4]arene ligands for increased K,1.3 channel
specificity.

Our inspiration for ligands 25a-c¢ came from structures of K™ channel-blocking toxins like
Agitoxin and charybdotoxin. The majority of these peptide toxins contain a “functional dyad” of
a central lysine residue that inserts into the selectivity filter and physically occludes the K"
permeation pathway and an aromatic residue approximately 5-7A away from the central lysine
that interacts with aromatic residues in the upper pore region (Figure 2.19).%% ¥

Figure 2.19. Channel-toxin interactions. NMR solution structure of complex of charybdotoxin
interacting with bacterial K+ channel KcsA*® (PDB ID 2A9H). Toxin in red with lysine residue
inserted into channel selectivity filter. Pore region of KcsA channel in black (only 2/4 subunits
shown for clarity. Residues of GYG selectivity filter in blue. Image created using Swiss PDB
Viewer (http://spdbv.vital-it.ch/).

We rationalized that the introduction of an alkylamine to one of the lower-rim phenols of
the calix[4]arene could mimic the central lysine residue of the toxin and the calix[4]arene core
could favorably interact with the aromatic residues in the outer vestibule of the channel.
Preliminary molecular modeling experiments measuring the interactions between ligands 25a-c

32



and the pore region of the rK,1.2 channel have suggested that a calix[4]arene endowed with an
ethylamine chain on the lower rim as in ligand 25a will most favorably interact with residues in
the selectivity filter of the K, channel. Synthesis of ligand 25a is currently underway. Once
synthesis is complete, electrophysiological testing and competition experiments will be
conducted to assess the specificity of this ligand for the pore region of the K, 1.x channels. With
increased specificity for the pore region of the K, channels, we can further derivative the upper
rim of ligand 25a with peptide substituents to achieve K,1.3 specificity (ligand 27).

To design the peptide substituents for ligand 26, we performed sequence alignments of all
members of the K,1.x subfamily to identify regions of high homology in the extracellular
vestibule of the pore region of the proteins and locate “hot spots” where the sequence of K,1.3
was unique from other K, 1.x channel isoforms (Figure 2.4). As the turret region contains large
areas of sequence divergence among members of the K,1.x subfamily, we decided to design
peptide substituents that would interact favorably with residues D423, T425, and G427 in K, 1.3.
Synthesis of calix[4]arene ligands possessing positively-charged and hydrogen-bonding peptide
chains attached to the upper rim is currently underway.

Conclusions

We have shown that guanidilated calix[4]arenes with free phenolic OH groups at the lower
rim, as well as bis-crowned calix[4]arenes endowed with four acylguanidinium groups at their
upper rims, constitute a versatile class of  reversible ligands for K,1.x channels.
Electrophysiological experiments demonstrated that tetraacylguanidinium or tetraarginine
members of the series with small lower rim O-substituents are reversible inhibitors of K,1.x
channel function. Molecular modeling predicted that calix[4]arene ligands 1, 4, and 8 dock in
the outer mouth of the pore of K, channels. Apparent binding constants in the micromolar range
and Hill coefficients of 1 were consistent with a single site of binding predicted through
molecular modeling studies. Saturating concentrations of ligand 4 cause incomplete channel
inhibition and in addition to current inhibition, ligand 4 shift the voltage dependence of gating
and slowed both the opening of the gate and the voltage sensing motion of S4.

These gating effects are consistent with recent observations of opening rearrangements in
the turret,” but did not definitively prove ligand 4 specifically interacted with the K, pore.
Competition studies between ligand 4 and Agitoxin, a known K, channel pore blocker, also
failed to prove that ligand 4 specifically interacted with the pore domain, but inspired a second
generation of ligands designed to target the pore region of the K, channels and improve K,1.x
subtype specificity. Ultimately, the development of this new class of compounds might lead to
novel therapeutic agents against various ailments such as autoimmune disorders, diabetes,
epilepsy, or cardiac diseases.*
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Experimental Contributions

This research was a collaboration among the laboratories of Professors Dirk Trauner, Javier de
Mendoza, and Ehud Y. Isacoff. Vera Martos designed and synthesized all small molecules under
the direction of Professor Javier de Mendoza then came to the Isacoff laboratory, where in
collaboration with Sarah C. Bell, she conducted preliminary electrophysiology experiments.
Sarah C. Bell performed the molecular biology work for ion channel constructs and conducted
electrophysiology and fluorescence experiments under the direction of Ehud Y. Isacoff. Eva
Santos performed computational studies under the direction of Javier de Mendoza. Sarah C. Bell
and Vera Martos contributed equally to this work.
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Materials and Methods

Synthesis. All reactions were carried out under argon with dry solvents unless otherwise noted.
All commercially available reagents were used without further purification. The solvents were
dried and distilled. 25,26,27,28-Tetrahydroxycalix[4]arene (7)43, 25,26,27,28-
tetrabenzyloxycalix[4]arene-5,11,17,23-tetracarboxylic ~ acid (12)44, 25,26,27,28-tetra-n-
propoxycalix[4]arene-5,11,17,23-tetracarboxylic acid (19)*, and 25,26-27,28-biscrown-3-
calix[4]arene-5,11,17,23-tetracarboxylic acid (20)*, were synthesized according to described
procedures.

Chromatography. Reactions were monitored by thin layer chromatography (TLC) performed
on DC-Fertigplatten SIL G-25 UVjss (Macherey-Nagel GmbH) or by analytical high
performance liquid chromatography with a RP-Cig column (Symmetry300™ C18 5 um 4.6x150
mm, 1 ml/min flux and 220 nm UV detection) on a high performance liquid chromatograph
(HPLC: Agilent Technologies Series 1200). Semi-preparative-HPLC purification was performed
on Waters HPLC 600 equipment with a quaternary pump (17 mL/min, 220 nm). Standard
column chromatography was done on silica gel by SDS (chromagel 60 ACC, 40-60 mm).

Analysis. Yields refer to chromatographically pure compounds. 'H NMR and °C NMR spectra
were recorded on a Bruker Avance 400 UltraShield spectrometer (‘H: 400 MHz "*C: 125 MHz)
and are reported in parts per million relative to the residual solvent peak. Data for 'H are reported
as follows: chemical shift (0 ppm), multiplicity (s = singlet, d = doublet, t = triplet, q =
quadruplet, m = multiplet), coupling constant in Hz, and integration. Exact masses were
measured on a Waters LCT Premier liquid chromatograph coupled to a time-of-flight mass
spectrometer (HPLC/MS-TOF) with electrospray ionization (ESI). Melting points were
measured with a Biichi B-540 apparatus.

General procedure for the synthesis of compounds 13, 21, 22, and 24. A solution of
(benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP, 0.33 g, 0.62
mmol) and N-methylmorpholine (NMM, 0.08 mL, 0.67 mmol) in dry DMF (4 mL) was added to
a solution of the calix[4]arene tetraacid precursor (12, 19, 20 or 23) (0.16 mmol), N-(tert-
butoxycarbonyl)guanidine (0.1 g, 0.62 mmol), and NMM (0.08 mL, 0.67 mmol) in dry DMF (4
mL). The reaction mixture was stirred at room temperature (from 24 h to several days), and then
poured into water. The resulting colorless precipitate was filtered and dried. The crude
compound was purified by flash chromatography in silica gel.

25,26,27,28-Tetrabenzyloxycalix[4]arene-5,11,17,23-tetrakis|zert-
butylamino(benzamido)methylcarbamate] (13). The reaction mixture was stirred for 24 h and
pure CHCIl; was employed as eluent for the chromatographic purification. The product was
obtained in a 72 % yield.

'H NMR (CDCls): d 7.30-7.23 (m, 28H, ArH), 4.99 (s, 8H, CHBn), 4.15 (d, J = 14.5 Hz, 4H,
ArCHHaxAr), 3.22 (d, J = 14.5 Hz, 4H, ArCHHeqgAr), 1.53 (s, 36H, C(CHj3)3).

13C NMR (DMSO-d): 6 159.2 (CGua), 137.3 (CAr), 130.3 (CAr), 128.6 (CAr), 31.7
(ArCH»Ar), 28.4 (C(CH3)3).

Exact Mass (ESI+) m/z of [M + H]" calc: 1525.6720 uma, found: 1525.6753 uma.

m.p.: > 350 °C.
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25,26,27,28-Tetra-n-propoxycalix[4]arene-5,11,17,23-tetrakis|tert-
butylamino(benzamido)methylcarbamate] (21). The reaction mixture was stirred for 4 days
and was purified by flash column chromatography eluting with ether/hexane (1:9). The yield of
pure product was 42 %. Product 21 was sparingly soluble in all common deuterated solvents,
therefore its purity was checked by HPLC (50 to 95% CH;CN in H,O + 0.1% TFA for 15 min
followed by a 95 to 100% gradient over 5 min).

Exact Mass (ESI+) m/z [M + H]" calc.: 1333.6833 uma, found: 1333.6896 uma.

m.p.: > 330 °C dec.

25,26-27,28-Biscrown-3-calix[4]arene-5,11,17,23-tetrakis|[tert-butylamino(benzamido)
methylcarbamate] (22). The reaction mixture was stirred for 3 days and the purification was
achieved by chromatography with ether/hexane (1:4) as eluent. Yield was 38 %.

"H NMR (CDCl): 6 7.80 (s, 8H, ArH), 5.09 (d, J = 12.2 Hz, 2H, ArCHHaxAr), 4.51 (d, J=12.2
Hz, 2H, ArCHHaxAr), 4.32-4.22 (m, 12H, CH,0), 3.89 (t, J = 10.4 Hz, 4H, CH,0), 3.39 (tr, J =
13.6 Hz, 4H, ArCHHegAr), 1.51 (s, 36H, C(CHj3)3).

BC NMR (CD;OD): 6 158.9 (COGua), 152.4 (CGua), 138.3 (CAr), 129.0 (CHAr), 127.3
(CHAr), 75.1 (CHy), 74.3 (CHy), 28.1 (C(CHs)3).

Exact Mass (ESI+) m/z [M + H]" calc.: 1419.5720 uma, found: 1419.5770 uma.

m.p.: > 350 °C.

4-(Benzyloxy)-N-(/V-(tert-butoxycarbonyl)carbamimidoyl)benzamide (24). The reaction
mixture was stirred for 24 h and pure CHCl; was employed as eluent for the chromatographic
purification. The product was obtained in a 60 % yield.

'H NMR (CDCls): 6 8.06 (d, J = 8.5 Hz, 2H, ArH), 7.47-7.32 (m, 5H, ArH), 7.01 (d, J = 8.5 Hz,
2H, ArH), 5.14 (s, 2H, OCH;Bn), 1.45 (s, 9H, C(CHj3)3).

BC NMR (CDCls): 6 153.6 (COGua), 141.4 (CGua), 131.1 (CAr), 125.4 (CHAr), 123.4 (CHAr),
123 (CHAr), 122.9 (CO), 122.2 (CHAr), 109.2 (CHAr), 64.8 (CHy), 22.7 (C(CHj3)3).

Exact Mass (ESI+) m/z [M + H]" calc.: 370.1767 uma, found: 370.1779 uma.

m.p.: > 350 °C.

5,11,17,23-Tetrakis(succinimidoxycarbonyl)-25,26,27,28-tetrabenzyloxycalix[4]arene (14).
To a suspension of the acid precursor 12 (0.310 g, 0.32 mmol) in dry CH,Cl, and DMF (1:2, 18
mL) were added N-hydroxysuccinimide (0.204 g, 1.77 mmol) and 1,3-dicyclohexylcarbodiimide
(0.372 g, 1.80 mmol). The reaction was stirred at room temperature for 24 h. Then, the solvent
was evaporated to dryness and the residue was sonicated in a mixture of MeOH and CH,Cl, (1:1,
30 mL). The solid product was filtered and obtained as a grey solid (0.35 g, 62 % yield).

'H NMR (CDCls): 6 7.48 (s, 8H, ArH), 7.40-7.21 (m, 20H, ArH), 5.04 (s, 8H, CH,Bn), 4.12 (d, J
= 14.4 Hz, 4H, ArCHHaxAr), 3.00 (d, /= 14.4 Hz, 4H, ArCHHeqAr), 2.83 (s, 16H, CH,).

*C NMR (CDCls):  170.3 (CONR), 161.3 (CO,), 161.0 (CAr), 136.3 (CAr), 130.7 (CHAr),
130.4 (CHAr), 128.7 (CHAr), 128.5 (CHAr), 119.7 (CAr), 77.2 (CH,Bn), 30.9 (ArCH»Ar), 25.5
(CHp).

Exact Mass (ESI+) m/z [M + Na] " calc.: 1371.3699 uma, found: 1371.3693 uma.

m.p.: > 300 °C dec.

General procedure for the synthesis compounds 15-18. Compound 14 (0.2 g, 0.15 mmol) was
dissolved in a solution of dry CH,Cl, and DMF (1:2, 10 mL). Triethylamine (0.25 mL, 1.78
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mmol) and the protected amine (1.78 mmol) were added to the solution. The reaction was stirred
at room temperature for 48 h. The solvent was evaporated and the residue dissolved in CH,Cl,.
The organic phase was washed once with 1IN HCIl and twice with H>O. After drying with
anhydrous Na,CO; and filtering, the solvent was eliminated in vacuo and the products were
purified by flash column chromatography in silica gel.

25,26,27,28-Tetrabenzyloxycalix|4]arene-5,11,17,23-tetrakis(/V-tert-butyl-2-
benzamidoethylcarbamate) (15). The reaction was performed with N-(fert-butoxycarbonyl)-
ethylenediamine and for the purification the eluent was a gradient of acetone/CH,Cl, from 1:3 to
1:1. Product 15 was obtained as a colorless solid (51% yield).

'H NMR (CDCls): 6 7.37-7.21 (m, 20H, ArH), 7.04 (s, 8H, ArH), 6.84 (br s, 4H, NH), 4.98 (s,
8H, CH,Bn), 4.1 (d, J = 13.6 Hz, 4H, ArCHHaxAr), 3.44-4.12 (m, 16H, CH>); 2.86 (d, J = 13.6
Hz, 4H, ArCHHeqAr), 1.44 (s, 36H, C(CH3)3).

BC NMR (CDCly):  168.7 (CONH), 158.1 (CAr), 136.8 (CAr), 135.3 (CAr), 130.1 (CHAr),
128.4 (CHAr), 127.6 (CHAr), 79.6 (C(CHs)3), 69.7(CH;Bn), 41.1 (CH»), 40.4 (CH»), 31.9
(ArCH,Ar), 28.5 (C(CHj3)3).

Exact Mass (ESI+) m/z [M + Na] " calc.: 1551.7539 uma, found: 1551.7468 uma.

m.p.: 145-150 °C.

25,26,27,28-Tetrabenzyloxycalix[4]arene-5,11,17,23-tetrakis[carbonyl-L-(/N-tert-
butoxycarbonyl)lysine methyl ester] (16). H-L-Lys(Boc)-OMe-HCl was employed as the
amine reagent and chromatographic purification was performed with acetone/CH,Cl, 1:4 as the
eluent. The product was obtained as a colorless solid (45% yield).

'H NMR (CDCls): d 7.45-7.1 (m, 28H, ArH), 4.98 (s, 8H, CH,Bn), 4.55 (m, 4H, CHa), 4.12 (d,
4H, J= 13.3 Hz, ArCHaxHAr), 3.76 (s, 12H, CO,CH3), 3.15-3.07 (m, 8H, CHz¢), 2.95 (d, 4H, J
= 13.3 Hz, ArCHHegAr), 1.90-1.75 (m, 8H, CH,9), 1.73-1.50 (m, 8H, CH,B), 1.52-1.30 (m,
44H, CHQ’Y, C(CH3)3)

3C NMR (CDClL): d 173.2 (CO,CH3), 167.0 (CONH), 157.7 (CAr), 156.1 (C), 136.6 (CAr),
136.3 (CAr), 135.2 (CAr), 130.1 (CHAr), 129.8 (CHAr), 129.5 (CHAr), 128.5 (CHAr), 128.3
(CHAr), 53.9 (CHa), 52.8 (CH30), 40.5 (CHze), 31.5 (ArCH,Ar), 30.3 (CHB), 29.3 C(CHj3)s,
26.7 (CH23 ), 22.9 (CHay).

Exact Mass (ESI+) m/z [M + 2Na]*" calc.: 987.9748 uma, found: 987.9746 uma.

m.p.: 150-153 °C.

25,26,27,28-Tetrabenzyloxycalix[4]arene-5,11,17,23-tetrakis[carbonyl-L-VN-(2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl)arginine methyl ester] (17). The diprotected
amino acid employed was H-L-Arg(Pbf)-OMe-HCl and chromatographic purification was
performed eluting with acetone/CH,Cl, 1:9. The product was obtained as a colorless solid (70%
yield).

'H NMR (CD,Cl,): d 7.40-7.22 (m, 28H, ArH), 5.07-4.88 (m, CH,Bn), 4.12 (d, 4H, J = 13.7 Hz,
ArCHaxHAr), 3.76 (s, 12H, CO,CHs), 3.2 (m, 8H, CH»9d), 2.98 (d, 4H, J = 13.7 Hz,
ArCHHeqAr), 2.97 (s, 8H, CH,-Pbf), 2.58 (s, 12H, CH;-Pbf), 2.5 (s, 12H, CH3-Pbf ), 2.08 (s,
8H, CH;3-Pbf), 1.92-1.82 (m, 8H, CH,B), 1.58-1.48 (m, 8H, CHyy), 1.46 (s, 24H, CH3-Pbf).

>C NMR (DEPTQ135, CD,Cl,): § 172.7 (CO,CH3), 167.5 (CONH), 158.7 (CAr), 156.4 (CGua),
138.4 (CAr), 136.4 (CAr), 132.3 (CAr), 132.3 (CAr), 129.9 (CHAr), 128.4 (CHAr), 128.3
(CHAr), 124.5 (CAr), 123.9 (CAr), 117.6 (CAr), 86.5 (C), 53.8 (CHy), 52.5 (CO,CH3), 43.3
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(CH,3), 40.4 (CH,B), 40.0 (ArCH,Ar), 29.3 (CHay), 28.7 (CH5-Pbf), 19.3 (CHy-Pbf), 18.1 (CH-
Pbf), 12.5 (CHs-Pbf).

Exact Mass (ESI+) m/z [M + 2Na]*" calc.: 1347.5541 uma, found: 1347.5502 uma.

m.p.: 170-172 °C.

25,26,27,28-Tetrabenzyloxycalix[4]arene-5,11,17,23-tetrakis(carbonyl-L-alanine methyl
ester)- (18). The protected amino acid employed was H-L-Ala-OMe-HCl and chromatographic
purification was performed with acetone/CH,Cl, 2:2.5 as eluent. The pure product is a colorless
oil (46% yield).

'H NMR (CDCls): 6§ 7.35-7.18 (m, 20H, ArH), 7.09 (s, 4H, ArH), 6.99 (s, 4H, ArH), 6.64 (d, J =
7.0 Hz, 4H, NH), 6.63 (s, 4H, NH), 4.99 (d, J = 15.3 Hz, 8H, CH,Bn), 4.55 (q, J = 7.0 Hz, 4H,
CHa), 4.10 (d, J = 13.6 Hz, 4H, ArCHHaxAr), 3.77 (s, 12H, CO,CH3), 2.91 (d, /= 13.6 Hz, 4H,
ArCHHegAr), 1.46 (d, J= 7.0 Hz, 12H, CH3).

C NMR (DEPTQ135, CDCls): 6 173.73 (CO,CH3), 166.9 (CONH), 157.9 (CAr), 136.6 (CAr),
135.2 (CAr), 125.1 (CAr), 129.8 (CHAr), 128.4 (CHAr), 128.3 (CHAr), 128.0 (CHAr), 127.05
(CHAr), 76.8 (CH»), 52.3 (CO,CH3), 48.7 (CHa), 31.4 (ArCH»Ar), 18.1 (CHs).

Exact Mass (ESI+) m/z. [M + Na] " calc.: 1323.5154 uma, found: 1323.5146 uma.

m.p.: 268-671 °C.

General procedure to obtain compounds 1-5, 8-11. Trifluoroacetic acid (10° eq.) was added to
a solution of the corresponding protected compounds 13, 15-18, 21-23 (1 eq.) dissolved in the
same volume of CH,Cl,. The reaction was stirred at room temperature or carried out under
reflux, depending on the substrates, and analytical HPLC was employed to monitor the reaction:
5-95% CH;3CN in H,O + 0.1% TFA in 20 min.

25,26,27,28-Tetrahydroxycalix[4]arene-5,11,17,23-tetrakis| V-(diaminomethyl)benzamide]|
hydrochloride (1). Compound 13 (50 mg, 0.033 mmol) was refluxed for 24 hours. The solvent
was evaporated and the residue was dissolved in a solution of 1N HCI (1.5 mL). The aqueous
phase was then washed twice with CH,Cl, (1.5 mL), the solvent was evaporated and the residue
was lyophilized to afford 1 as a colorless compound (23 mg, 90% yield).

'H NMR (DMSO-dg): 0 11.02 (s, 4H, OH), 8.49 (br s, 4H, NHGua), 8.40 (br s, 4H, NHGua),
7.71 (s, 8H, ArH), 4.36 (br s, 4H, ArCHHaxAr), 3.48 (br s, 4H, ArtCHHeqgAr).

C NMR (DMSO-dg): d 167.44 (COGua), 161.7 (CGua), 157.7 (CAr), 130.1 (CAr), 129.5
(CHAr), 120.9 (CAr), 32.4 (ArCH,Ar).

Exact Mass (ESI+) m/z [M + H - 4HCI]" calc.: 765.2857 uma, found: 765.2887 uma.

m.p.: > 350 °C.

25,26,27,28-Tetrahydroxycalix[4]arene-5,11,17,23-tetrakis[/V-(2-aminoethyl)benzamide]
hydrochloride (2). Reaction with 15 (115 mg, 0.075 mmol) at room temperature for 70 min.
Work-up as described above for 1 afforded 2 as a colorless compound (53 mg, 73% yield).

'H NMR (D,0): 0 7.55 (s, 8H, ArH), 3.90 (br s, 4H, ArCH,Ar), 3.51 (t, J = 5.8 Hz, 8H,
CH,CH»), 3.11 (t, 8H, J = 5.8 Hz, 8H, CH,CH»).

C NMR (DMSO-dg): 6 170.23 (CONH), 153.32 (CAr), 128.53 (CH), 128.37 (CAr), 125.9
(CAr), 39.39 (CHy), 37.2 (CH»).

Exact Mass (ESI+) m/z [M + H - 4HCI] " calc.: 769.3673 uma, found: 769.3709 uma.

m.p.: 160-170 °C.
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25,26,27,28-Tetrahydroxycalix[4]arene-5,11,17,23-tetrakis(carbonyl-L-lysine-methyl ester)
trifluoroacetate (3). Reaction with 16 (40 mg, 0.02 mmol) at room temperature for 18 h. The
solvent was evaporated to complete dryness (until all traces of acid were removed) and the
residue was dissolved in water. Work-up as for 1 gave pure 3 as a colorless solid (27 mg, 80%
yield).

'H NMR (CD;OD): 6 7.68 (s, 8H, ArH), 4.54-4.50 (m, 4H, CHa), 4.05 (br s, 8H, ArCH,Ar),
3.70 (s, 12H, CO,CH3), 2.91 (t, J = 7.6 Hz, 8H, CHz¢), 2.01-1.81 (m, 8H, CH»d), 1.73-1.63 (m,
8H, CH,B), 1.58-1.48 (m, 8H, CH,y).

BC NMR (DMSO-dq): 6 172.9 (CO,CH;), 168.8 (CONH), 153.4 (CAr), 128.53 (CHAr), 127.7
(CAr), 126.27 (CAr), 52.8 (CHa), 51.4 (CO,CH3), 39.1 (CHae), 30.3 (CH2B), 26.7 (CHay), 22.9
(CH»9).

Exact Mass (ESI+) m/z [M + 2H - 4CH;COOH]*" calc.: 585.2919 uma, found: 585.2932 uma.
m.p.: > 250 °C dec.

25,26,27,28-Tetrahydroxy-calix[4]arene-5,11,17,23-tetrakis(carbonyl-L-arginine methyl
ester) trifluoroacetate (4). Reaction was performed with precursor 17 (50 mg, 0.019 mmol) at
room temperature for 13 h. The solvent was evaporated to complete dryness (until all traces of
acid were removed) and the pure product was obtained by crystallization in CH3CN (20 mg, 60%
yield).

'H NMR (CD;OD): § 7.7 (s, 8H, ArH), 4.55-4.50 (m, 4H, CHo), 3.65 (s, 12H, CO,CH3), 3.24-
3.18 (m, 8H, CH»9), 1.99-1.78 (m, 8H, CH,RB), 1.70-1.60 (m, 8H, CH,Y).

BC NMR (CD;OD): § 172.7 (CO,CH3), 168.9 (CONHR), 157.4 (CGua), 156.4 (CAr), 128.6
(CHAr), 127.7 (CAr), 126.3 (CAr), 52.6 (CHa), 51.6 (CO,CH3), 40.5 (CH»9), 30.6 (ArCH»Ar),
28.0 (CH,p), 25.2 (CHay).

Exact Mass (ESI+) m/z [M + 2H - 2CF;COOH]*" calc.: 755.2971 uma, found: 755.2971 uma.
m.p.: 245-247 °C.

25,26,27,28-Tetrahydroxycalix[4]arene-5,11,17,23-tetrakis(carbonyl-L-alanine methyl
ester) (5). Reaction with compound 18 was performed in a TFA:CH3Cl (1:1) mixture, at reflux
in a closed tube for 1 h. The solvent was evaporated and the residue was sonicated in MeOH,
filtered and lyophilized. The product was obtained as a colorless solid (15 mg, 100 % yield).

'H NMR (CD;0D): d 7.67 (s, 8H, ArH), 4.52 (m, 4H, CHo), 4.04 (br s, 8H, CH,Ar), 3.71 (s,
12H, OCHs), 1.45 (s, 12H, CH3).

3C NMR (CD;OD): 6 173.8 (CO,CH3), 168.4 (CONHR), 153.1 (CAr), 128.7 (CHAr), 127.7
(CAr), 126.7 (CAr), 51.3 (CHa), 48.6 (CO,CHj3), 15.6 (CHs).

Exact Mass ESI(-) m/z [M - H] calc.: 939.3300 uma, found: 939.3343 uma.

m.p.: > 350 °C dec.

25,26-27,28-Biscrown-3-calix[4]arene-5,11,17,23-tetrakis[/V-(diaminomethyl)benzamide]
trifluoroacetate (8). The reaction with precursor 22 was stirred at room temperature for 13 h.
The solvent was evaporated and the crude was triturated in EtOAc. The product was obtained as
a colorless solid (28 mg, 90% yield).

'H NMR (CDsOD): ¢ 7.81 (d, J = 13.3 Hz, 8H, ArH), 5.37 (d, J = 12.4 Hz, 2H, ArCHHaxAr),
4.70 (d, J = 12.4 Hz, 2H, ArCHHaxAr), 4.5 (d, J = 12.4 Hz, CH,0), 4.37-4.23 (m, 8H, CH,0),
3.89 (t, 4H, CH;0), 3.5 (d, J = 12.7 Hz , 2H, ArCHHegAr), 3.43 (d, J = 12.7 Hz, 2H,
ArCHHegAr).
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C NMR (CD;0D): § 168.2 (CONH), 159.7 (CGua), 157.3 (CAr), 136.1 (CAr), 126.3 (CHAr),
76.6 (CHy), 74.4 (CH>), 30.1 (ArCHAr), 29.1(ArCH,Ar).

Exact Mass (ESI+) m/z [M + H - CF;COOH]" calc.: 1247.3593 uma, found: 1247.3546 uma.
m.p.: > 350 °C.

25,26-27,28-Tetrabenxyloxycalix[4]arene-5,11,17,23-tetrakis|[/V-
(diaminomethyl)benzamide] trifluoroacetate (9). The reaction with compound 13 was stirred
at 0-5 °C (to avoid O-debenzylation) for 26 h. The reaction was quenched with distilled water,
and the solvent was evaporated at room temperature. The residue was dissolved in MeOH and
the solvent was eliminated in vacuo again. The pure compound was obtained as a colorless solid
(90% yield).

"H NMR (CDsCN): 6 8.10 (br s, 6H, NH), 7.83 (br s, 6H, NH), 7.38-7.28 (m, 20H, ArH), 7.23 (s,
8H, ArH), 6.08 (br s, 1H, 8H), 5.08 (s, CH,Bn), 4.28 (d, J = 14.3 Hz, 4H, ArCHHaxAr ), 3.07 (d,
J=14.3 Hz, 4H, ArCHHeqAr).

C NMR (CD;0D): § 167.5 (CONH), 160.4 (CGua), 156.2 (CAr), 136.2 (CAr), 130.2 (CHA),
128.7 (CHAr), 128.6 (CHAr), 128.3 (CHAr), 125.1 (CAr), 76.9 (CH,Bn), 30.8 (CH»).

Exact Mass (ESI+) m/z [M + H - 4CF;COOH] " calc.: 1125.4848 uma, found: 1125.4806 uma.
m.p.: > 350 °C.

25,26-27,28-Tetra-n-propoxycalix|4]arene-5,11,17,23-tetrakis[/V-
(diaminomethyl)benzamide] trifluoroacetate (10). Reaction was stirred overnight at room
temperature. The solvent was evaporated and the residue sonicated in CH3CN. The resulting
precipitate was filtered and the product obtained as a colorless solid (90% yield).

"H NMR (CDsCN): § 8.21 (br s, 6H, NH), 7.80 (br s, 6H, NH), 7.30 (s, 8H, ArH), 4.52 (d, J =
13.9 Hz, 4H, ArCHHaxAr), 3.97 (t, J = 7.3 Hz, 8H, OCH,CH,CH3), 3.36 (d, 8H, J = 13.9 Hz,
ArCHHegqAr), 1.99-1.89 (q, J = 7.3 Hz, 8H, OCH,CH,CHs), 1.0 (t, J = 7.3 Hz, 12H,
OCH,CH,CH5).

3C NMR (CD;CN): 6 167.9 (CONH), 161.7 (CGua), 156.2 (CAr), 135.7 (CAr), 128.8 (CHAT),
124.9 (CAr), 77.4 (OCH,CH,CH3), 30.5 (ArCHAr), 23.2 (OCH,CH,CH3), 9.6 (OCH,CH,CHj3).
Exact Mass (ESI+) m/z of [M + H - CF3COOH]" calc.: 1275.4521, found: 1275.4561 uma.

m.p.: > 330 °C dec.

N-(diaminomethyl)-4-hydroxybenzamide trifluoroacetate (11). This compound was prepared
following the same procedure as for compound 1, except for purification on semi-preparative
HPLC: the crude was dissolved in CH3CN (32 mg/mL), and a gradient of CH3CN in water +
0.1% CF3COOH (5-60% for 15 min and 60 to 95% for 3 min). The product is obtained as a
colorless solid (43% yield).

'H NMR (CD;OD): 6 8.57 (s, 1H, OH), 7.97 (d, J = 8.8 Hz, 2H, ArH meta), 6.98 (d, J = 8.8 Hz,
2H, ArH ortho).

3C NMR (CD;OD): 6 167.7 (CGua), 163.3 (CONH), 130.5 (CHAr), 121.8 (CAr), 115.49
(CHA).

Exact Mass (ESI+) m/z. [M + H - CF;COOH]" calc.: 202.0592 uma, found: 202.0584 uma.

m.p.: 282-285 °C.

25,26,27,28-Tetrahydroxycalix[4]arene-5,11,17,23-tetracarboxylic acid (6). This known
compound®” *, was synthesized by a novel procedure. Benzyl derivative 12 (52 mg, 0.054
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mmol) was suspended in 8 mL of a 1:2 mixture of conc. HCI and acetic acid. The reaction was
stirred and heated at reflux for 48 h in a sealed tube. Solvents were evaporated and the residue
was dissolved in THF-H,O (3:1) and purified by semi-preparative HPLC (2.5 mg/mL, 30-36%
CH3CN in H,0+0.1% CF;COOH gradient in 15 min). The pure product was obtained (19 mg,
60% yield) as a grey powder.

"H NMR (DMSO-dg): 6 7.66 (s, 8H, ArH), 3.9 (br s, 4H, ArCH,Ar).

BC NMR (DMSO-de): ¢ 167.4 (COOH), 156.7 (CArOH), 130.9 (CHAr), 128.9 (CAr), 122.7
(CAr), 31.24 (CHy).

Exact Mass ESI(-) m/z [M] calc: 599.1190 uma, found: 599.1182 uma.

m.p.: > 350 °C.

Molecular dynamics. Simulations were performed with K,1.2 in the presence of 1, 4, and 8 at
300K in vacuo. The starting tetramer K, 1.2 was obtained from the x-ray structure [Protein Data
Bank ID code 2a79],'"* excluding chain A and part of chain B (32-131 residues). Thus, the
integral membrane component of K,1.2 was considered. To form each of the three complexes
the calixarene was docked manually on the surface of K, 1.2, the four guanidinium groups in the
upper rim interacting through hydrogen bonds with the carboxylates of Asp-379 surrounding the
channel pore. The lower rim of the calixarene laid on the middle of the pore. The Maestro
interface (Schrodinger Inc.) was used to construct the complexes. Simulations were carried out
by using Batchmin, the computational back-end of the Macromodel package (Schrodinger Inc.).
Amber* force field was chosen to model the systems. Each complex was relaxed following a
protocol already reported by Magis et al.*’ in the design of K,1.2 potassium channel blockers.
The protocol consisted of an energy minimization followed by molecular dynamics simulation
applying positional restraints. The restraint force constants for residues located at a distance
lower than 7 A from the ligand were set to 5 kcal mol A for the Co and to 0.005 kcal mol™ A~
for non-hydrogen atoms other than the Ca. For residues located at a distance greater than 7 A
from the ligand, the respective values were 50 kcal mol™ A and 5 kcal mol™ A No restraints
were applied to the ligand. The Polak-Ribiere conjugate-gradient (PRCG) algorithum®® was used
to initially minimize the structures. Next, a molecular dynamics of 1500 ps was carried out with
a time step of 1 fs. The charges applied came from the force field. Van der Waals interactions
were truncated at a cutoff distance of 7 A. Electrostatic interactions were truncated at a distance
of 12 A. The cutoff distance for the hydrogen bonds was 4 A. Temperature was maintained
constant by using a standard velocity Verlet algorithm.”’ Maestro and XSCORE’" ** programs
were used to analyze the trajectories.
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Figure 2.21. Average hydrogen bond distances between the guanidinium groups in ligand 1
and the carboxylate units of the protein. The two NH-OC distances corresponding to each
guanidinium-carboxylate interaction were measured at each step. The results shown correspond
to the average of the two values obtained. From (A) to (D), the four guanidinium-carboxylate
interactions.
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Figure 2.22. Average hydrogen bond distances between the guanidinium groups in ligand 4
and the carboxylate units of the protein. The two NH-OC distances corresponding to each
guanidinium-carboxylate interaction were measured at each step. The results shown correspond
to the average of the two values obtained. From (A) to (D), the four guanidinium-carboxylate
interactions.
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Figure 2.23. Average hydrogen bond distances between the guanidinium groups in ligand 8
and the carboxylate units of the protein. The two NH-OC distances corresponding to each
guanidinium-carboxylate interaction were measured at each step. The results shown correspond
to the average of the two values obtained. From (A4) to (D), the four guanidinium-carboxylate
interactions.

Channel Expression. The Shaker clone Sh H4 IR [Delta](6-46) (N-type inactivation removed)
in the pBluescript2 KS+ vector was used for all experiments unless otherwise noted. All point
mutations were made by performing site-directed mutagenesis using the QuikChange protocol
(Stratagene) from the Sh H4 IR clone.

The rK,1.3 construct was in the pGEM-HE vector. Fluorescence experiments were
conducted with the Sh H4 IR W434F (non-conducting channel) A359C (maleimide attachment
site) construct which contained two additional mutations (C245V and C462A) to prevent
background labeling of native cysteines in the Shaker channel.

All DNA was confirmed by DNA sequencing. RNA was transcribed using mMessage
mMachine T7 transcription kit (Ambion).

Surgically extracted Xenopus laevis oocytes were injected with 0.5-4 ng channel RNA
(50 nl). The cells were incubated in ND-96 (96 mM NaCl, 2 mM KCI, 1.8 mM CaCl,, 1 mM
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MgCl,, 50 mg mL™ gentamicin, 2.5 mM Na pyruvate, and 5 mM HEPES, pH 7.6) at 12-18°C for
12-48 h prior to experiments.

Electrophysiology. All electrophysiology experiments were conducted at room temperature.
Two electrode voltage clamp (TEVC) experiments were performed using a Dagan CA-1B
amplifier (Dagan Corporation), Digidata-1440A board, and pClampl0 software. The oocytes
were placed in a perfusion dish to allow for pre-wash, wash, and post-wash recordings. All
recordings were performed in ND-96 recording solution (96 mM NaCl, 2 mM KCl, 1.8 mM
CaCl,, 1 mM MgCl,, 10 mM HEPES, pH 7.2) unless otherwise noted. For each experiment, the
oocyte was voltage-clamped at -80 mV followed by a continuous train of 100 or 300 ms pulses
to +20 mV every 15 seconds.

Current Voltage (I-V) relationships (Figure 2.15 B) were measured using the same experimental
conditions as above, except that the oocyte was voltage-clamped at -80 mV followed by a
depolarizing train of +10 mV steps lasting 300 ms then returned to -80 mV. Current was
measured from -80 mV to +60 mV. The resulting data was normalized to the current measured
at +60 mV.

All compounds were dissolved in ND-96 recording solution to make a 500 uM stock
solution. When needed, a maximum of 5% (v/v) DMSO was added to the stock solution to
facilitate solubilization. For inhibition experiments, small quantities of the calixarene stock
solutions were manually applied and mixed in a stagnant bath containing the oocyte. For all
recordings, DMSO was present at levels less than 2% (v/v). Oocytes were bathed in the
calixarene solution until the current measurements taken at +20 mV reached steady-state. The
compounds were washed away with ND-96 recording solution administered using a gravity
perfusion system at approximately 80 mL/h.

All ionic current measurements taken at +20 mV were leak-subtracted using the following
formula:

Iis = Liaomv — 0.25*(Lsomv)

The percent inhibition (B) was determined using the following formula, using leak subtracted
current measured at +20 mV for steady state levels before and after addition of the calix[4]arene:
B = 100*[(Linitial —Ltigand )/ Tinitiat]

For dose-response experiments (Figure 2.13), varying concentrations of ligand 4 were applied to
oocytes expressing either the Shaker or rK,1.3 channel. Each experiment was repeated with at
least three different oocytes, and the data were then averaged. Then, the average reduction in
ionic current elicited by application of ligand 4 (B) was plotted as a function of the log;y of
ligand 4 concentration. The plotted data were then fit using Igor Pro software with the modified
Hill equation:
B = Bumax * [L]"(Kd" HLT)

where L represents the concentration of calix[4]arene used in the experiment, K4 the equilibrium
dissociation constant and h the Hill Coefficient.
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Tail currents (Figure 2.14A) were measured using the I-V protocol described above with
cells being incubated in a high potassium ND-96 recording solution (98 mM KCI, 1.8 mM
CaCl,, 1 mM MgCl,, 10 mM HEPES, pH 7.2). Measurements taken from four different oocytes
were averaged and inverted to obtain conductance (G) values and then normalized to the
maximum conductance measured before the application of ligand 4 and then plotted as a function
of the step voltage. The plotted data were then fit using Igor Pro software with a standard
sigmoid equation where G/Gnax represents the normalized conductance, V represents the step
voltage, Vmiq the midpoint voltage and m the slope.

Voltage clamp fluorometry experiments were conducted according to **. Briefly, oocytes
were injected with 4 ng Sh H4 IR W434F-A359C (C245V, C462A) cRNA. After 1 h,
endogenous cysteines on the oocytes surface were treated with tetraglycine-maleimide > for 20
min at 18°C. Cells then were extensively washed with ND-96 and incubated at 18°C for 3-4
days. On the day of experiments, oocytes were incubated with 12.5 uM tetramethylrhodamine-6-
maleimide (Invitrogen) for 30 min at 0°C and then extensively washed with ND-96. After
labeling, cells were kept at 12°C. Recordings were done in ND-96 recording solution at room
temperature. Oocytes were voltage clamped at -80 mV and fluorescence changes were evoked
by a series of +20 mV steps from -150 mV to +50 mV (300 ms step length). The voltage step
protocol was then repeated after an 8-minute incubation with 200uM ligand 4. For fluorescence
vs. voltage (FV) curves (Figure 2.15B) steady state fluorescence levels were measured at the end
of each voltage step and then plotted as a function of the step voltage. Measurements were then
normalized to the maximum AF measured. Data for each condition were then averaged. The
averaged data were then fit using Igor Pro software with a sigmoid equation where AFnorm
represents the normalized AF measurement , V represents the step voltage, Vmiq the midpoint
voltage and m the slope.

Agitoxin competition experiments were conducted in ND-96 recording solution
supplemented with 50pug/mL bovine serum albumin (BSA) (Sigma Aldrich) to minimize non-
specific toxin binding to the recording chamber. Recombinant Agitoxin-2 (AgTx,) (Alomone
labs) was dissolved in H,O to afford a 10 uM stock solution which was kept on ice during
experiments. Oocytes expressing Shaker channels were incubated in 200 uM ligand 4, 1 uM
AgTX,, or 200 pM ligand 4 followed by 1 uM AgTX,. The % inhibition after application of
each reagent was calculated using the formula above and data for each condition were averaged.
Error bars represent SEM.
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Chapter 3

The role of voltage in regulating phosphoinositide signaling pathways
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Phosphoinositides are major players in cell signaling pathways

Phosphatidylinositol (PI) and its phosphorylated derivatives known as phosphoinositides
(PI(n)P), are concentrated on the cytosolic surface of virtually all cellular membranes.. Even
though PI and PIPs together constitute less than 15% of all lipids in eukaryotic membranes, they
play integral roles in the cell." > Figure 3.1 shows the structure of PI (Figure 3.1A), highlights
the eight different phosphoinositides, the known kinase and phosphatase reactions that
interconvert these species (Figure 3.1B), and the known subcellular locations of each PIP (Figure
3.1C).> Each PIP has a unique distribution throughout all cellular membranes thus distinguishing
organelle membranes from the plasma membrane (Figure 3.1C).'

A B

PI3)P =——> PI(3,5)P,

P

——= PI4P —= PI(34P, —= PI(345)]P,

NN\ S

PI(5)P ——= PI(4,5)P,

VAN

DAG 1(1,4,5)P,
Cc

PIP Area(s) of largest concentrations
Pl ER, golgi, early endosome
PI(3)P Early endosome
Pi(4)P Golgi + PM
PI(5)P Late endosome+ PM
PI(3,4)P2 PM + early endosome
PI(3,5)P, Late endosome

Phosphatidylinositol Pi(4,5P, PM

(PI) PI(3,4,5)P; PM

Figure 3.1. Phosphatidylinositol and its analogs. (A) Chemical structure of
phosphatidylinositol (PI). Sites of PI phosphorylation at the D3, D4 and D5 positions of the
inositol ring are highlighted in red. (B) Interconversion of PI and its derivatives. Arrows
represent reactions catalyzed by phosphoinositide kinases (red), phosphoinositide phosphatases
(black), and phospholipases (blue). (C) Table showing compartmentalization of PIPs in the cell.
Abbreviations: Plasma membrane (PM), Endoplasmic reticulum (ER). Figure adapted from *.
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PIPs serve a variety of functions in the cell, serving as membrane recognition sites for
many cytosolic proteins as well as second messengers that modulate membrane protein
function.” For a thorough review of the enzymes responsible for maintaining resting levels of
each PIP in the plasma membrane and organelle membranes, please see’. The localization of a
particular PIP is regulated by a series of lipid kinases and phosphatases that can reversibly add or
remove phosphate groups to the D-3,4, or 5 position of the inositol ring of phosphatidylinositol.’

Phosphatidylinositol 4-phosphate (PI(4)P) and phosphatidylinositol 4,5-bisphophate
(PI(4,5)P,) each comprise 5% of the total lipid pools in the cell and are found primarily in the
inner leaflet of the plasma membrane." * These two species represent the majority of PIPs
located at the plasma membrane. Phosphatidylinositol 3,4-bisphosphate (PI(3,4)P,) and
phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P;) are also found primarily in the inner
leaflet of the plasma membrane and each comprises approximately 0.005% of the total PIP pools
in the cells, with these pools being tightly regulated by cellular signaling pathways.>®

Membrane and cytosolic proteins can bind phosphoinositides

Both cytosolic proteins and the cytosolic domains of membrane proteins bind
phosphoinositides. These interactions are mediated by electrostatic interactions between the
negatively charged phosphate groups on the inositol ring of the PIP and basic residues on the
protein’s surface.! The PIP interacting regions of proteins can be unstructured, as is the case in
numerous cytoskeleton binding proteins where clusters of basic amino acids create a positively
charged surface which binds the negatively charged head group of a PIP.*®  Alternatively, PIP
binding domains can form a structured PIP binding pocket, as is the case in proteins containing
pleckstrin homology (PH) domains. More than 250 human proteins contain PH domains, each
composed of approximately 120 amino acids. Structural information for many PH domains
shows that they contain a common B-sandwich motif with a basic residue-rich PIP binding
pocket.* Biochemical and in vivo studies have demonstrated that most PH domains do not
possess strong binding affinity or specificity for particular PIPs and reside primarily in the
cytosol, not bound to PIPs in the plasma or organelle membranes.” However, many of these
proteins have been shown to interact with PI(4,5)P, in vivo, as it is the most abundant PIP in the
plasma membrane. Fusions of green fluorescent protein (GFP) and other fluorescent proteins
(FPs) to certain PH domains can be used as reporters of PIP pools in the cell.'’ The first and best
characterized FP-PH domain is from PLC-81 and serves as a sensor for PI(4,5P), and inositol-
1,4,5-trisphopshate (I(1,4,5)Ps).

Roles of PI(4,5)P; in the cell
PI(4,5)P, is one of the major PIPs in the plasma membrane, represents roughly 99% of all

doubly phosphorylated phosphoinositides within the cell, and has an effective concentration of

10 pM at the plasma membrane.” PI(4,5)P, plays major roles in a variety of cellular processes
shown in Figure 3.2 that have been extensively reviewed." %% - 12

55



lon channel
regulation

Enzyme Membrane
regulation targeting
Ce.“. P|(4,5)P Signal_
motility 2 transduction
CeII_ Cytosketelatal
adhesion attachment

Endocytosis

Exocytosis

Figure 3.2. Roles of PI(4,5)P; in the cell. For more thorough summaries of each PI(4,5)P, role
listed above, please see >’

Over the past 15 years, the role of PI(4,5)P; as a direct modifier of ion channels has been
extensively studied.” '' As PI(4,5)P, is the major PIP in the plasma membrane, it has been
shown to directly regulate a variety of ion channels including inwardly rectifying K= (Kj)
channels, voltage dependent K* (K,) channels, and transient receptor potential (TRP) channels.’

PI(4,5)P, serves a variety of functions in cellular signal transduction. PI(4,5)P, is the
substrate for phospholipase C (PLC), a key enzyme in many signal transduction pathways in the
cell.” PLC activity is regulated through the action of g-protein coupled receptors (GPCRs).
When active, PLC catalyzes the hydrolysis of PI(4,5)P; into the soluble second messenger
inositol-1,4,5-trisphosphate  (I(1,4,5)P;) and the membrane bound second messenger
diacylglycerol (DAG). These second messengers then initiate the release of intracellular Ca*"
stores and promote protein kinase C activation causing amplification of various signaling
pathways in the cell.”?

Furthermore, PI(4,5)P, serves as the substrate for PI-3-kinase, a key regulatory enzyme
associated with the signaling pathways regulating cell growth, cell survival and cell movement."*
PI-3-kinase catalyzes the phosphorylation of PI(4,5)P, at the D3 position of the inositol ring to
form PI(3,4,5)P;. While PI(3,4,5)P; is usually found at very low concentrations in a resting cell,
high levels of PI(3,4,5)P; result in the recruitment of protein kinases and phosphatases involved
in cell growth and migration signaling pathways to the plasma membrane. Up-regulation of or
defects in these pathways has been implicated in certain types of human cancers and diabetes,
respectively.'!

Phosphoinositide phosphatases turn off signaling cascades

While kinases such as PI-3-kinase upregulate phosphoinositide signaling pathways,
phosphoinositide phosphatases serve to downregulate these pathways. Phosphoinositide
phosphatases are similar to protein tyrosine phosphatases and contain the same conserved C-Xs-
R catalytic domain."> Their involvement in the regulation of phosphoinositides in complex
cellular processes including cell growth and development, metabolism, responses to extracellular
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signals, membrane trafficking, and apoptosis has expanded the field of phosphoinositide
phosphatase research.” In particular, much emphasis has been placed on understanding the role
of the phosphate and tensin homolog (PTEN), a D3 phosphoinositide phosphatase that
selectively dephosphorylates the D3 phosphate group of PI1(3,4,5)P;. PTEN is directly involved
in the regulation of cell growth and the control of cell size, and mutations in PTEN have been
directly related to cancers and genetic diseases.”” The Sacl family of phosphoinositide
phosphatases has important roles in membrane trafficking, secretion, and cytoskeletal
organization, and have shown preference for monophosphorylated PIP substrates.'
Furthermore, the myotubularin phosphoinositide phosphatases specifically dephosphorylate
PI(3)P and/or PI(3,5)P,. In particular, mutations in the myotubularin MTMR2 have been
associated with type 4B Charcot-Marie-Tooth syndrome, an inherited demyelating neuropathy.'’

The growing importance of phosphoinositide phosphatase activity in human health and
disease has initiated the development of both in vitro and in vivo assays to study
phosphoinositide phosphatase specificity and activity. Traditionally, radiolabeled **P or *H lipid
substrates have been used in the study of the phosphoinositide phosphatase activity, but
radioactivity assays provide little information about substrate specificity.'® Furthermore,
fluorescent dyes have not been amenable to the in vitro study of lipid phosphatases due to the
light scattering of lipid suspensions.”” However, in recent years, the availability and use of
fluorescent phospholipids and the development of colorimetric assays that can selectively detect
the removal of inorganic phosphate groups, have made it possible to understand more about the
specificity and activity of phosphoinositide phosphatases. Dixon and co-workers have pioneered
the use of colorimetric assays and fluorescent phospholipids substrates to specifically study
phosphoinositide phosphate substrate specificity and phosphatase activity in vitro. These two
methods have been thoroughly developed and are often used in tandem in order to fully
characterize a phosphoinositide phosphatase.'>?° Both experimental techniques are described in
detail in reference *'. Until recently, phosphoinositide modulation of membrane proteins and
phosphoinositide signaling pathways appeared to be only distantly related through the action of
cytosolic lipid kinases and phosphatases. However, the recent discovery of a voltage-gated
phosphoinositide phosphatase serves a link between voltage sensing and phosphoinositide
signaling

Discovery of a voltage-gated phosphoinositide phosphatase

In 2005, Murata and colleagues reported the isolation and initial characterization of a
voltage-gated phosphoinositide phosphatase from the ascidian Ciona intestinalis.*> This 576
amino acid voltage-sensor containing phosphatase was named Ci-VSP and contained sequence
homology with both voltage-gated ion channels and phosphatases. Voltage gated ion channel
subunits typically contain six transmembrane segments. The first four segments (S1-S4)
comprise the voltage-sensing domain, with the S4 segment containing a series of positively
charged residues separated by hydrophobic residues. These “charge-carrying” residues move
through the membrane electric field in response to changes in voltage across the plasma
membrane.”> ** S4 movements are then translated into conformational rearrangements in the
protein that regulate its function. The fifth and sixth transmembrane segments (S5-S6) of
voltage-gated ion channel subunits comprise the pore domain. All voltage-gated ion channels
are functional tetramers.
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Like voltage gated ion channels, the first 240 amino acids of Ci-VSP form a voltage-
sensing domain, comprised of four transmembrane segments (S1-S4), with the fourth segment
(S4) containing a series of positively charged residues separated by hydrophobic residues (Figure
3.3). Ci-VSP lacks a pore domain, but instead contains a cytosolic phosphatase domain that has
29.5% sequence identity with the phosphatase and tensin homolog PTEN, a protein and
phosphoinositide phosphatase shown to be a putative tumor suppressor protein.”> Sequence
alignments with amino acids 240-576 of Ci-VSP reveal that Ci-VSP contains a catalytic
sequence (CXsR) that is conserved throughout many members of the protein tyrosine
phosphatase super family of proteins. Ci-VSP also contains a 16 amino acid sequence linking
the VSD and phosphatase domain that contains several basic residues and shares 43% sequence
identity with the putative PI(4,5)P, binding domain located on the N-terminus of PTEN.%

K, channel monomer Voltage-sensor containing phosphatase PTEN
(VSP)

VvSD
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Figure 3.3. Ci-VSP shares homology with voltage gated potassium (K,) channels and
PTEN. Comparison of Ci-VSP topology (middle) with K, channels (left) and PTEN (right). Ci-
VSP contains 4 transmembrane segments (S1-S4) that are homologous to the voltage sensing
domain (VSD) of a voltage-gated potassium channel. The cytosolic domain of Ci-VSP shares
29.5% sequence identity with PTEN. Helices are represented by cylinders with VSDs shaded in
light blue, pore domains shaded in gray, and phosphatase domains shaded in dark blue. Red line
represents putative PI(4,5)P, binding domain.

Characterization of Ci-VSP VSD movement

To test whether the proposed VSD of Ci-VSP was indeed a voltage sensor, Murata et al.
expressed either the full length Ci-VSP protein or only the VSD domain in Xenopus laevis
oocytes and measured gating currents. These currents resembled gating currents of the Shaker
voltage-gated potassium channel, a well-studied K, channel, but the voltage-dependence of Ci-
VSP charge movement was shifted almost 100 mV in the positive direction compared with
Shaker.”? Moreover, neutralization of two of the proposed charge carrying residues in the VSD
of Ci-VSP eliminated measureable gating currents. These experiments indicated that the four
transmembrane segments in Ci-VSP are a functional VSD.
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Biochemical studies of Ci-VSP activity

To test whether the proposed phosphatase domain of Ci-VSP was a phosphoinositide
phosphatase like PTEN, Murata and co-workers conducted biochemical studies with the isolated
Ci-VSP phosphatase domain.”> Amino acids 240-576 of Ci-VSP share 29.5% sequence
homology with PTEN, a D3-phosphoinositide phosphatase that has highest levels of activity
against PI(3,4,5)P;. The initial characterization of Ci-VSP activity focused on activity against
PI(3,4,5)P;.

Murata and co-workers first used a colorimetric in vitro assay involving malachite green
that is commonly used to study PTEN phosphatase activity. In this in vitro assay, the
phosphatase and its proposed substrate are incubated in a buffer containing malachite green dye
and ammonium molybdate.27 The molybdate binds to the inorganic phosphate group and the
resulting change in the pH of the solution causes a change in the absorbance of the malachite
green, a basic pH indicator, in solution.”® The resulting phosphomolybdate malachite green
complex has a characteristic absorbance at 620 nm and can be monitored as a function of time
and in order to determine the efficiency of phosphatase activity.'” Using the malachite green
assay, Murata and co-workers determined the Ve (0.292 nmol min'pg™) and K, (36 uM) for
the isolated phosphatase domain of Ci-VSP against PI(3,4,5)P;.> The estimated turnover rate
for Ci-VSP is 3.2s*. These values are similar to those for PTEN (Vinax = 7.31 nmol min'lpg'1
and K,<50uM).** ' Furthermore C363 was identified as the nucleophilic cysteine required for
PI(3.4,5)P; hydrolysis.

To determine the substrate specificity of the isolated Ci-VSP phosphatase domain, thin
layer chromatography (TLC) utilizing fluorescently labeled PI(3,4,5)P; and PI(4,5)P, was used.
The utility of the TLC analysis relies in the ability to determine the specific phosphate group that
is hydrolyzed from a multiply phosphorylated phosphoinositide®” and this approach has been
used to determine the substrate specificity of PTEN as well as other phosphoinositide
phosphatases.”> Murata and co-workers showed that the phosphatase domain of Ci-VSP could
dephosphorylate PI(3,4,5)P; to make a bisphosphorylated PIP,, but the precise identity of this
product was not yet determined.*

Characterization of voltage-dependent Ci-VSP phosphatase activity in living cells

Traditional methods of assaying voltage-gated ion channel function rely on
heterologously expressing the channel in Xenopus laevis oocytes or other exogenous systems and
then using electrophysiological techniques to precisely vary membrane potential and monitor
current flux through the channel. As Ci-VSP is a voltage sensitive protein without a channel,
indirect methods of measuring phosphoinositide phosphatase activity were developed.
PI1(3,4,5)P; is present in very low concentrations in the plasma membrane, but PI(4,5)P; is the
most abundant PIP in the plasma membrane', and since Ci-VSP had been shown to produce
some form of PIP, in vitro, reporters of PI(4,5)P, were used to study Ci-VSP voltage-dependent
activity in cells.
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Many classes of ion channels have been shown to be directly modulated by PI1(4,5)P2.> !
Murata et al. utilized three different PI(4,5)P; sensitive ion channels to measure the voltage-
dependent phosphatase activity of Ci-VSP. The inwardly-rectifying potassium channel K;2.1
(IRKT) has one of the highest recorded specificities and affinities for PI(4,5)P,, which acts as an
agonist of channel activity.”> Murata and co-workers made a point mutation in the putative
P1(4,5)P; binding site (R228Q) to make the channel an effective reporter of Ci-VSP mediated
changes in PI(4,5)P, concentrations.”® In Xenopus laevis oocytes co-expressing Ci-VSP and
IRK1-R228Q, membrane depolarization resulted in decreases of PI(4,5)P, and membrane
hyperpolarization resulted in increases of PI(4,5)P, which were recorded as decreases or
increases in IRK1-R228Q current. Similar results were seen using K;;3.2 (GIRK) channels and
voltage dependent KCNQ2/3 channels, which also show high affinity for PI(4,5)P, but have
different voltage ranges of activation.**>°

Murata and co-workers concluded that Ci-VSP was a hyperpolarization activated
phosphoinositide phosphatase which catalyzes the hydrolysis of PI(3,4,5)P; to make PI(4,5)P,
(Figure 3.4). This proposed mechanism of activity opposes the well-characterized mechanism
where most voltage-gated ion channels which are activated upon membrane depolarization.”’
Instead, the proposed mechanism of Ci-VSP activity was similar to the action of
hyperpolarization-activation cation (I;) channels.™®

Model 1: Membrane hyperpolarization activates Ci-VSP to hydrolyze D3 phosphate of PI(3,4,5)P,

Membrane
Hyperpolarization

PI(3,4,5), PI(4,5)P,

Figure 3.4. Hyperpolarization-activation model for Ci-VSP activity. (A) Cartoon depicting
model 1 of Ci-VSP activation, where, upon membrane hyperpolarization, the VSD of Ci-VSP
moves through the membrane electric field and activates the Ci-VSP phosphatase domain. (B)
Proposed Ci-VSP mediated reaction from model 1 in which Ci-VSP acts as a D3-
phosphoinositide phosphatase and hydrolyzes P1(3,4,5)P; to form PI1(4,5)P,.

The initial characterization of Ci-VSP voltage-dependent activity did not definitely prove
whether Ci-VSP was depolarization or hyperpolarization activated.”> PI(3,4,5)P; is a minor
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phosphoinositide component of resting plasma membranes with concentrations that are less than
1000 times the concentrations of PI(4,5)P,* If Ci-VSP exclusively hydrolyzed PI(3,4,5)P; to
form PI(4,5)P,, the resulting changes in PI(4,5)P, would be much smaller than those observed
using ion channels reporters of PI(4,5)P,.”> Furthermore, the discrepancy between the dynamic
voltage range of Ci-VSP gating charge movement (roughly 0 mV to +120 mV) and the dynamic
voltage range of Ci-VSP-mediated changes in PI(4,5)P, (-60 mV to +20 mV) suggested that the
initial model of Ci-VSP activation did not fully explain recorded Ci-VSP activity. In 2007,
Murata and Okamura employed the use of fluorescent reporters of PI(3,4,5)P5; and PI1(4,5)P, and
channel reporters of PI(4,5)P, to determine that Ci-VSP was a depolarization-activated
phosphatase.*

Fluorescent protein-pleckstrin homology (FP-PH) domain fusions have been used as tools
to study phosphoinositide dynamics in living cells. The location of these protein domains shifts
from the cytoplasm to the plasma membrane when the inner leaflet of the plasma membrane
contains high concentrations of their PIP binding partner. This movement results in increased
fluorescence signal at the plasma membrane. As concentrations of the PIP binding partner
decrease, the FP-PH protein translocates to the cytosol, resulting in a decrease of fluorescence at
the plasma membrane. These changes in fluorescence can be monitored using confocal or total-
internal reflection (TIR) fluorescence microscopy.”’ Murata and Okamura co-expressed Ci-VSP
with a fluorescently-tagged PH domain from phospholipase C-deltal (GFP-PHp; () as a reporter
of PI(4,5)P, in Xenopus laevis oocytes and used confocal microscopy to monitor Ci-VSP
mediated changes in PI(4,5)P,. They found that membrane depolarization resulted in Ci-VSP
mediated decreases in PI(4,5)P, which was in agreement with previous experiments using
PI(4,5)P, sensitive ion channels as reporters of Ci-VSP activity.”> However, this result implied
that Ci-VSP might also hydrolyze P1(4,5)P;.

To directly test the activity of Ci-VSP against PI(3,4,5)P; in cells, Murata and Okamura
co-expressed Ci-VSP with a fluorescently tagged PH domain from Brutons’ tyrosine kinase
(GFP-PHgy) shown to be a specific reporter of PI(3,4,5); dynamics in living cells.*> ¥ To
increase levels of PI(3,4,5)P; in the membrane, endogenous insulin receptors were stimulated
resulting in upregulation of PI-3-kinase activity. In the presence of Ci-VSP, membrane
depolarization caused a decrease in membrane fluorescence of the GFP-PHgpy probe and
therefore a decrease in levels of PI(3,4,5)P; in the plasma membrane. This result supported
previous biochemical data demonstrating that Ci-VSP hydrolyzes PI(3,4,5)P3.>* The dynamic
voltage range of Ci-VSP mediated hydrolysis of PI(3,4,5)P; was not determined.

However, PI(4,5)P, might not be the biologically relevant product as depolarization also
causes the Ci-VSP mediated hydrolysis of PI(4,5)P,. The resulting PIP product was not
identified, but was most likely PI(4)P, which is natively at concentrations equal to that of
PI(4,5)P; in the inner leaflet of the plasma membrane.* PI(4)P serves as the major substrate for
PI-5-kinases which are responsible for maintaining high levels of PI(4,5)P, in the plasma
membrane.® To confirm that depolarization activated Ci-VSP to hydrolyze PI(4,5)P,, Murata
and Okamura returned to PI1(4,5)P, ion channels as reporters of Ci-VSP activity. Coexpressing
Ci-VSP with either K;2.1 or K;3.2 channels as high or low affinity reporters for PI1(4,5)P-,
resulted in depolarization induced Kj; current run down that was attributed to Ci-VSP hydrolysis
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of PI(4,5)P,. The kinetics of Ci-VSP mediated PI1(4,5)P, hydrolysis was voltage dependent with
greater depolarizations leading to faster rates of PI(4,5)P,.*’

Murata and Okamura also used PI(4,5)P; sensitive KCNQ2/3 channels as reporters of Ci-
VSP activity and demonstrated that depolarizations up to +100mV could elicit Ci-VSP-mediated
hydrolysis of PI1(4,5P),. This voltage range of activity more closely corresponded to the gating
charge movement of Ci-VSP previously reported.”* ** Murata and Okamura concluded that Ci-
VSP was a depolarization activated phosphatase (Figure 3.5). Like voltage-gated K channels
which translate changes in membrane potential into the controlled gating of a pore domain, Ci-
VSP undergoes voltage-dependent conformational changes to control a phosphatase domain.

Model 2: Membrane depolarization activates Ci-VSP to hydrolyze PI(3,4,5)P, and PI(4,5)P,

Membrane
Depolarization

PI(3,4,5)P, PI(3,4)P, Pi(4,5)P, PI(4)P
or or
Pi(4,5)P, PI(5)P
or
X=OH or OPO> PI(3,5)P,

Figure 3.5. Depolarization-activation model for Ci-VSP activity. (A) Cartoon depicting
model 2 of Ci-VSP activation, where, upon membrane depolarization, the VSD of Ci-VSP
moves through the membrane electric field and activates the Ci-VSP phosphatase domain. (B)
Proposed Ci-VSP mediated reactions from model 2 in which Ci-VSP acts as a D3- or D4- or D5-
phosphoinositide phosphatase and hydrolyzes both PI(3,4,5)P; and PI(4,5)P, to form unknown
products.

Ci-VSP acts as a DS-phosphoinositide phosphatase in vitro and in living cells

In 2008, Iwasaki and co-workers published a comparative biochemical study of the
substrate specificities of PTEN and the Ci-VSP phosphatase domain.** PTEN specifically
removed the D3 phosphate group from multiple substrates including P1(3,4,5)Ps, PI(3,4)P, and
PI(3,5)P, with PI(3,4,5)P; being the most biologically relevant substrate.’®  Recent in vivo
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experiments had shown that Ci-VSP is able to hydrolyze both PI(3,4,5)P; and PI(4,5)P," asking
the question whether the active site of Ci-VSP could accommodate different PIP substrates.

Using the malachite green assay, Iwasaki et al. showed that PTEN had the greatest
specificity for PI(3,4,5)P; and some activity against PI(3,4)P, and PI(3,5)P,, but not
monophosphorylated PIPs.** The cytosolic domain of Ci-VSP was active against a variety of
PIPs including PI(3,4,5)Ps, PI(4,5)P,, PI(3,4)P, and PI(3,5)P,.** The specificity of Ci-VSP was
highest for PI(3,4,5)Ps, being twice that for PI(4,5)P,. Interestingly, the PI(3,4,5)P; specificity of
Ci-VSP was almost 10-fold less than the PI(3,4,5)P; specificity of PTEN. As PI(4,5)P; is the
most common PIP in the plasma membrane”, Iwasaki ez al. suggested that Ci-VSP hydrolysis of
PI(4,5)P, might be the more biologically relevant activity.**

By incorporating **P at either the D4 or D5 position of the inositol ring of PI(4,5)Ps,
incubating the cytosolic domain of Ci-VSP with both substrates, and conducting TLC
experiments coupled with autoradiography, Iwasaki et al. demonstrated that Ci-VSP
dephosphorylates the 5-phosphate group of PI(4,5)P,. The potential D3-phosphatase activity of
Ci-VSP against PI(3,4)P, or PI(3,5)P, was not determined.

The active sites amino acid sequences of Ci-VSP and PTEN only differ at one position
where Ci-VSP has a glycine (G365) and PTEN has an alanine (A126) (Figure 3.6).

PTEN 92 DH.'*’. ATHCKAGKGRTG
Ci-VSP 331 DH.%. ATHCKGGKGRTG

Figure 3.6. Comparison of PTEN and Ci-VSP active sites. Partial sequence alignment of
active site residues in PTEN (top) and Ci-VSP(bottom). Areas of sequence identity are shaded in
blue.

Iwasaki et al. proposed that G365 in Ci-VSP was crucial for Ci-VSP’s preferential D5-
phosphatase activity and tested the substrate specificity of Ci-VSP G365A using TLC analysis.
Ci-VSP-G365A showed activity against P1(3,4)P,, P1(3,5)P; inferring that this mutant had D3
phosphatase activity like PTEN. Ci-VSP-G365A did not have significant activity against
PI1(4,5)P, suggesting that an alanine at position 365 prevents DS5-phosphatase activity.
Interestingly, Ci-VSP-G365A did not show significant activity against PI(3,4,5)Ps. Iwasaki and
co-workers also stated that Ci-VSP could dephosphorylate both the D3 and D5 phosphate group
from PI(3,4,5)P;, but did not present any data to confirm their statement.**

To test the hypothesis that Ci-VSP G365A did not hydrolyze PI(4,5)P, in vivo, Iwasaki et
al. co-expressed Ci-VSP-G365A with either K;;3.2 or GFP-PHp; ¢ as reporters of PI(4,5)P, in
Xenopus laevis oocytes. Membrane depolarization caused wild type Ci-VSP to deplete P1(4,5)P,
and reduce K;3.2 currents and decrease GFP-PHpic membrane fluorescence. Membrane
depolarization did not cause any Ci-VSP-G365A mediated changes in Kir3.2 currents or
decreases in GFP-PHp ¢ membrane fluorescence suggesting that this mutant did not hydrolyze
PI(4,5)P,. The effects of the G365A mutation on Ci-VSP activity against PI(3,4,5)P; were not
tested. Iwasaki et al. concluded that G365 in Ci-VSP can allow for both the D3 and D5
phosphoinositide phosphatase activity of Ci-VSP.
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Halaszovich et al. used total internal reflection fluorescence (TIRF) microscopy to study
Ci-VSP activity in Chinese Hamster Ovary (CHO) cells. By coexpressing Ci-VSP with FP-PH
domain reporters of each possible Ci-VSP substrate and product, and combining TIRF
microscopy and patch clamping techniques, they determined that Ci-VSP acts as a depolarization
activated dual function D5 phosphoinositide phosphatase (Figure 3.7).* Halaszovich et al.
demonstrated that membrane depolarization activates Ci-VSP to hydrolyze PI(4,5)P, and
produce PI(4)P. This confirmed the previous biochemical data suggesting that Ci-VSP was a D5
phosphoinositide phosphatase.** Also, membrane depolarization caused a Ci-VSP mediated
decrease in PI(3,4,5)P; with concomitant generation of PI(3,4)P,. This behavior is similar to the
reported phosphoinositide phosphatase activity of the PTEN homolog PLiP which bears the same
CX;R catalytic motif as PTEN, yet preferentially hydrolyzes the D5 phosphate of PI(5)P."!

Model 3: Membrane depolarization activates Ci-VSP to hydrolyze D5 phosphate of PI(3,4,5)P,and PI(4,5)P,
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Figure 3.7. Depolarization activated D5 phosphoinositide phosphatase model for Ci-VSP
activity. (A) Cartoon depicting model 3 of Ci-VSP activation, where, upon membrane
depolarization, the VSD of Ci-VSP moves through the membrane electric field and activates the
Ci-VSP phosphatase domain. (B) Proposed Ci-VSP mediated reactions from model 3 in which
Ci-VSP acts as a D5 phosphoinositide phosphatase and hydrolyzes PI(3,4,5)P; to form PI(3,4)P,
and hydrolyzes P1(4,5)P, to form PI(4)P.

Ci-VSP subunit organization and electrochemical coupling
Kohout ef al. demonstrated that Ci-VSP is a functional monomer that undergoes multiple

conformational states which control lipid phosphatase activity (Figure 3.8).° This work is
described in detail in chapter 4 of this dissertation.
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A K, channel monomer Tetrameric K, Channel
(side view) (top view)

B Ci-VSP Monomeric Ci-VSP

(side view) (top view)

X1

u = PI(4,5)P,

Figure 3.8. Model for coupling VSDs to effector domains. (A) Side and top views of K,
channel monomer (left) and tetrameric K, channel (right). (B) Side and top views of Ci-VSP
monomer (left) and functional monomeric phosphatase (right). PI(4,5)P, in dark blue). In both
(A) and (B), arrows indicate both S4 and “gating” motions. Figure adapted from™.

Other groups have demonstrated the tight coupling between the VSD and catalytic
domains in Ci-VSP where mutations in either domain affect the function of the other.* **
Much research has focused on understanding the role of the 16 amino acid linker connecting the
two domains in Ci-VSP. This region contains a series of basic amino acids that resemble the
putative P(4,5)P, binding motif in the N-terminus of PTEN.*  Deletions or charge
neutralizations in the linker region in Ci-VSP reduce or eliminate Ci-VSP phosphatase activity.”
.49 Recently, Kohout ef al. identified a late stage of VSD motion that requires both PI(4,5)P,
and basic residues in the linker region.”® They proposed that both PI(4,5)P, and these basic
residues are responsible for stabilizing the active state of Ci-VSP. As Ci-VSP depletes P1(4,5)P,
from the plasma membrane, the active state becomes destabilized which uncouples the two
domains and turns off the enzyme. This work is described in detail in Appendix 1 of this

. . 48
dissertation and reference .

Functional characterization of Ci-VSP orthologs

Ci-VSP and other phosphoinositide phosphatases share a highly conserved catalytic site
motif (CXsR) which places these proteins in the protein tyrosine phosphatase (PTP) super
family. Members of the PTP family are key regulators of virtually all cellular processes.’
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Kumanovics and colleagues first reported the convergence between voltage sensing domains and
phosphoinositide phosphatases in 2003. They suggested that the voltage-sensor could be a
modular domain and that orthologs of PTEN which contained four transmembrane domains in
addition to a PTEN-like phosphatase domain may be voltage sensitive proteins.”’ Indeed, the
functional characterization of Ci-VSP indicates that other PTEN orthologs may be voltage-
sensitive. Basic Local Alignment Search Tool (BLAST) analyses of Ci-VSP and its orthologs
indicate a high degree of sequence conservation across numerous species with almost identical
catalytic site sequences (Figure 3.9).>
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Figure 3.9. Sequence alignment of VSPs.
(http://www.ebi.ac.uk/Tools/clustalw/index.html). Transmembrane segments
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Alignment performed using CLUSTALW 2.1

predicted using

DAS Transmembrane Prediction Server (http://www.sbc.su.se/~miklos/DAS/maindas.html).
Asterisk(*) indicates sequence identity. Dots (. or : ) indicate sequence similarity.
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To date, two other voltage-gated phosphoinositide phosphatases have been reported.
Hossain et al. characterized a voltage sensor containing phosphatase from Danio rario, which
they named Dr-VSP.* Like Ci-VSP, Dr-VSP shows gating currents and voltage dependent
phosphoinositide phosphatase activity against PI(3,4,5)P; in vitro and PI(4,5)P, in vivo.
However, gating current experiments revealed that the voltage-dependency of Dr-VSP is shifted
almoi‘g 40 mV to the right and voltage dependent transitions are slower when compared with Ci-
VSP.

Two groups have reported the discovery and characterization of a VSP in the Xenopus
laevis genome, X1-VSP, which shares 40% overall sequence identity with Ci-VSP.”>>* X1-VSP
has been shown to dephosphorylate P1(4,5)P, in vivo, but further characterization of its voltage
dependency or substrate specificity has not yet been reported.

Ci-VSP orthologs are also found in mammals and these proteins possess four
transmembrane segments resembling a VSD and a cytosolic phosphatase domain resembling
PTEN.”> This group of proteins was named the transmembrane phosphatase and tensin
homology (TPTE) family and contains 3 putative VSPs: transmembrane phosphatase with tensin
homology (TPTE or PTEN2), human transmembrane phosphoinositide 3-phosphatase and tensin
homolog 2 (TPIP or TPTE2), and mouse transmembrane phosphatase with tensin homology
(mTPTE or PTEN2).>> While the voltage-dependent activity of these proteins has yet to be
determined, several groups have characterized their tissue distribution and membrane
localization and utilized biochemical techniques to characterize the activity of the isolated
phosphatase domains. These results are summarized in Table 3.1. Interestingly, the native
human TPTEy whose active site differs by two amino acids from other putative VSPs, is not
active against a wide range of PIPs (N. Leslie, personal communication). However, the enzyme
can be “reactivated” by mutating the active site residues to match those in PTEN, and this
“reactivated” TPTE shows activity against PI(3,4,5)Ps.°® Further functional characterizations of
putative VSPs in living cells are needed to learn more about the role of membrane voltage in
regulating phosphoinositide phosphatase activity.

68



Table 3.1. Characterization of confirmed and putative VSPs. Abbreviations: plasma
membrane (PM), Endoplasmic reticulum (ER). NR indicates information has not been reported.
Organism | Protein Tissue Membrane | Substrate(s) | Product(s) | Reference(s)

distribution | localization
Ciona Ci-VSP | Testis PM PI(3,4,5)P; | PI(3,4)P, |**%%®
intestinalis (sperm P1(4,5)P, PI(4)P

tails), neural

complex
Danio Dr-VSP | testis PM PI(3,4,5)P; | NR 2,47
rario P1(4,5)P,
Xenopus | XI-VSP | testis NR PI(4,5)P, NR 23, 3%
laevis
Homo TPTEy | testis PM and NR NR 237,38
sapiens (PTEN Golgi

2y)
Homo TPTEy-R | NR NR PI(3,4,5P; |NR >
sapiens
Homo TPIPy testis, brain, | ER and NR NR 53,58
sapiens (TPTE2y) stomach Golgi
Mus TPTE Testis, Golgi PI(3,5)P, NR >9. 60
musculus | (PTEN 2) | neural tissue PI(3.,4,5)P;
PI(3)P
PI(3,4)P,

Physiological significance of VSPs

All confirmed and putative VSPs show high levels of expression in the testis (Table 3.1),
suggesting that these proteins may play roles in spermatogenesis, development, and function.”” >
To further study the role of VSPs in fertilization, Ratzan and Jaffe recently proposed the use of
XI-VSP to study the role of voltage sensitive phosphatases in sperm-egg fusion in transgenic
frogs.”* There have also been recent reports demonstrating the role of phosphoinositide signaling
pathways in the early events of mammalian fertilization.’ As VSPs are expressed in the testis,
they may play a role in the signal transduction pathways underlying sperm capacitation, the
process by which the sperm becomes competent to fertilize the egg.®* Potassium (Ksper) and
calcium (Catsper) channels expressed in sperm have recently been reported to play crucial roles
in sperm capacitation and these effects have been directly studied using sperm patch clamping
techniques.” Ksper, is responsible for capacitation-induced sperm membrane hyperpolarization
and has recently been shown to be directly activated by PI(4,5)P,.°* VSPs may serve as
regulators of Ksper, where VSP mediated hydrolysis of PI(4,5)P, may decrease Ksper activity
and slow the process of capacitation.

Furthermore, VSPs may be involved in the fast block to polyspermy, an electrically
mediated process by which membrane depolarization of an already fertilized egg prevents a
second sperm from fusing with the egg membrane.” The resulting depolarization of the sperm
membrane may activate VSPs to reduce PI(4,5)P, levels and down-regulate capacitation
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signaling pathways. Further experiments in both heterologous and native systems will reveal the
role of VSPs in regulating sperm function.

Development of Ci-VSP-based optical probes of membrane voltage

Understanding how activity flows through neural circuits is critical for understanding
sensory processing, motor control and memory formation. A key breakthrough would be the
development of an optical voltage indicator that can be targeted to specific neurons. The Isacoff
lab reported the first use of FlaSH, a fusion between the voltage sensitive Shaker channel and
GFP, that serves as a genetically encoded optical voltage reporter.® Other channel-GFP sensors
followed, but all suffer from two major problems: i) even if made non-conducting with a
mutation, their expression in neurons will perturb function because they will co-assemble with
native subunits to form the multi-subunit functional channels, and ii) currently available voltage
sensors like FlaSH have limited applicability in the study of neuronal processes due to their low
expression levels in mammalian systems, low targetability to neuronal membranes, and low
signal-noise ratios.®”

Because Ci-VSP is a monomer*® and is foreign to mammalian cells, it is unlikely to
interact with native proteins. Furthermore, substitution of the S4 segment of Ci-VSP for the S4
segment of a voltage-gated potassium channel can reconstitute ion channel gating, which
demonstrates the portability of this motiff.” Several research groups have taken advantage of
the unique properties of the Ci-VSP VSD to create new classes of genetically encoded voltage-
sensitive fluorescent proteins (VSFPs) to measure membrane voltage. These sensors have been
extensively reviewed in reference °. These probes combine a sensor, in this case the voltage
sensing domain of Ci-VSP, which undergoes conformational changes in response to membrane
voltage, with a fluorescent protein reporter whose optical output is modulated by sensor
movement (Figure 3.10). These probes demonstrate the transferability of Ci-VSP voltage
sensitivity to other proteins, and open many opportunities to control protein function using
voltage.

Voltage-sensor containing phosphatase Voltage-sensitive fluorescent protein
(VSP) (VSFP)

Figure 3.10. Ci-VSP based fluorescent voltage sensors. Cartoon showing construction of
optical probes of membrane voltage (VSFPs) based on Ci-VSP. In these probes, the phosphatase
domain of Ci-VSP is replaced with a pair of fluorescent proteins whose signal is dependent on
Ci-VSP VSD movement.
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VSPs as reversible tools to study PI(4,5)P; ion channel interactions

Determination of the voltage range and substrate specificity of Ci-VSP and its orthologs
has allowed for the use of these proteins as rapid, tunable, and reversible manipulators of
phosphoinositide concentrations in living cells. In particular, Ci-VSP and it orthologs have been
used to manipulate PI(4,5)P, concentrations at the plasma membrane to study the direct
interactions of PI(4,5)P, with ion channels in the context of living cells (Figure 3.11). Many
classes of ion channels are either directly regulated by P1(4,5)P, or modulated by PIP signaling
cascades that change P1(4,5)P, concentrations at the plasma membrane.

Ci-VSP Pi(4,5)P2-regulated
ion channels

+

+ +

+ o+ 4

i

Figure 3.11. Ci-VSP as a reversible tool for studying PI(4,5)P, regulated ion channels.
Cartoon showing how Ci-VSP activity can used to manipulate PI(4,5)P, concentrations at the
plasma membrane to aid in the study of PI(4,5)P, regulation of ion channels.

Klein et al. used Ci-VSP as a tool to reversibly remove PI(4,5)P, from the plasma
membrane to demonstrate that PI(4,5)P, was endogenous lipid regulator of the transient receptor
potential vanilloid-typel (TRPV1) channel, an important channel in the transduction of painful
thermal and chemical stimuli.”' The results of this study indicate that Ci-VSP can be further
used as a valuable tool to manipulate and study the influence of phosphoinositides on the
molecular basis of pain perception.”?

Falkenburger et al. used Dr-VSP as a tool to develop kinetic models™ ™ for the synthesis
of PI(4,5)P, and its interactions with KCNQ 2/3 channels which help control neuronal
excitability.”” This work demonstrates that VSPs can be valuable tools in the study of the
mechanisms that govern PI(4,5)P, availability at the plasma membrane without production of
other secondary messengers such as DAG and 1(1,4,5)Ps.

VSPs offer two advantages over recently reported chemically inducible systems for
manipulating phosphoinositide concentrations at the plasma membrane.”” 77 Chemically
inducible PIP manipulation systems rely on rapamycin induced heterodimerization of FK506
binding protein (FKBP) and the rapamycin binding fragment of mTOR (FRB). A plasma
membrane localization sequence is fused to FRB and a cytosolic D5 phosphoinositide
phosphatase specific for PI(4,5)P, is fused to the FKBP construct. Upon application of
rapamycin, FRB and FKBP heterodimerize to bring the phosphatase to the membrane and
catalyze the chronic depletion of PI(4,5)P,. The first advantage of VSP-induced changes in PIP
concentrations is that they are controllable and reversible, while chemically inducible systems
are irreversible. Secondly, from an experimental standpoint, VSPs are single proteins that are
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not native to most cell membranes and can be easily controlled using traditional
electrophysiology techniques while chemically inducible systems require optimization of
expression of two protein constructs. Furthermore, the application of rapamycin may inhibit
cellular processes including cytoskeletal organization, transcription and protein synthesis.”

Ci-VSP and its orthologs can be invaluable tools in the determination of phosphoinositide
regulators of ion channels and the dissection of complicated phosphoinositide signaling
pathways.

Room for improvement

As Ci-VSP has been shown to change at least four different PIP concentrations upon
membrane depolarization, there is still much work to be done to improve its utility as a tool for
studying phosphoinositide mediated processes. Mutagenesis studies directed at limiting Ci-VSP
substrate specificity to a single substrate would allow this enzyme to be used as a tool to
precisely study the effects of a single PIP. Efforts toward these goals are described in chapter 5
of this dissertation. Furthermore, the creation of chimeric proteins which fuse the Ci-VSP VSD
to a PIP phosphatase with known substrate specificity may allow for the creation of a family of
voltage-sensitive enzymes with a wide range of substrate specificities that could be used for
studying specific PIP pathways.

Conclusions

The discovery and characterization of Ci-VSP and its orthologs offers new insights into
the coupling between voltage sensing domains and effectors, provides new insights into the
interplay between changes in membrane voltage and phosphoinositide signaling pathways, and
allows for the development of new tools to dissect complex neural circuits and phosphoinositide
signaling cascades. Further research on the VSP family of proteins will no doubt lead to a better
understanding of the general mechanisms governing voltage-regulation of proteins.
Furthermore, VSP-based tools will aid in studying the role phosphoinositide signaling pathways
in cellular homeostasis and disease states.
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Chapter 4

Functional characterization of the voltage-gated phosphatase Ci-VSP?

2 A portion of this work has been published and is reprinted with permission from Nature
Structural and Molecular Biology:

"Subunit organization and functional transitions in Ci-VSP"

Susy C. Kohout, Maximilian H. Ulbrich, Sarah C. Bell and Ehud Y. Isacoff, Nature Structural
and Molecular Biology 2008, 15, 106-108.
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Introduction

Until recently, ion channels were the only proteins known to sense changes in membrane
potential. This changed with the discovery of Ciona intestinalis voltage-sensor containing
phosphatase, Ci-VSP, which couples a voltage sensing domain (VSD) to a phosphatase and
tensin homologue (PTEN)-like domain (Figure 4.1)." More recently, the voltage-gated proton
channel (H,) was cloned and found to contain a VSD, but to lack a traditional pore domain.>?
The existence of Ci-VSP and H, indicates that VSDs are functional modules* > that control
distinct effectors. To date, voltage sensor-effector coupling has been studied in the context of
four subunit channels, where a common pore is cooperatively gated by four VSDs.® However,
PTEN is a monomer’, raising the possibility that in Ci-VSP, an isolated VSD can endow voltage
dependence onto a single effector domain.

K, channel monomer Voltage-sensor containing phosphatase PTEN
(VSP)

VSD Pore
Domain

VSD

OO ﬁ DO ?ﬁﬂ \0.0000000.01 D.O....O
OOCDOEDN Eb.l 90000000000 ¢ D........O...O.

Tetramerization O’

Domain c

N

Figure 4.1. Ci-VSP shares homology with voltage gated potassium (Kv) channels and
PTEN. Comparison of Ci-VSP topology (middle) with Kv channels (left) and PTEN (right).
Ci-VSP contains 4 transmembrane segments (S1-S4) that are homologous to the voltage sensing
domain (VSD) of a voltage-gated potassium channel. The cytosolic phosphatase domain of Ci-
VSP shares 29.5% sequence identity with PTEN. Helices are represented by cylinders with
VSDs shaded in light blue, pore domains shaded in gray, and phosphatase domains shaded in
dark blue. Red line represents putative PI(4,5)P, binding domain.

This initial characterization of Ci-VSP left many questions about the assembly and
function of Ci-VSP unanswered. We set out to address the following questions using
electrophysiological and fluorescence methods in living cells:

1. What is the oligomerization state of Ci-VSP?

2. What reactions does Ci-VSP catalyze in cells?

3. What functional transitions in Ci-VSP are responsible for activity?

4. What is the mechanism of coupling between the Ci-VSP VSD and phosphatase
domains?
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Results and Discussion
Oligomerization state of Ci-VSP

Voltage-gated ion channel subunits each contain a VSD and pore domain and assemble
as functional tetramers with the four VSDs flanking a central pore. While Ci-VSP contains a
functional VSD, the pore domain is replaced with a cytosolic phosphatase domain that resembles
PTEN, which is a functional monomer.” To determine the number of subunits in Ci-VSP, we
employed a single molecule microscopy technique developed in the Isacoff lab (Figure 4.2).*
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Figure 4.2. Single molecule subunit counting method. (A) Total internal reflection
fluorescence (TIRF) set-up for subunit counting experiments. Xenopus laevis oocytes expressing
low levels of a mEGFP-tagged membrane protein subunit are imaged using high numerical
aperture (NA) objective coupled to a CCD camera. (B) Cartoon depicting fluorescently tagged
tetrameric membrane protein imaged using set up TIRF set-up described in (A). Bleaching of
each mEGFP chromophore will result in the decrease in total mEGFP intensity in a step-wise
manner as a function of time (depicted by graph).

In this method, subunits of the membrane protein of interest are fused to a monomeric
enhanced green fluorescent protein’ (mEGFP) and then expressed in Xenopus laevis oocytes at
low density. Total internal reflection fluorescence (TIRF) microscopy is used to selectively
visualize the mEGFP-tagged proteins located at the plasma membrane at the single molecule
level. In multi-subunit ion channels with mEGFP fused to each subunit, we can detect as many
steps of mEGFP photobleaching as there are subunits.® We constructed a Ci-VSP-mEGFP
fusion protein and used this method to determine the oligomerization state of Ci-VSP. In our
initial experiments, we expressed Ci-VSP-mEGFP alone, but lateral diffusion permitted the
evaluation of only a minority of fluorescent spots.
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In the second approach, we reduced lateral diffusion by fusing the C terminus of the
potassium channel K,1.4 and co-expressing Ci-VSP-mEGFP-K,1.4C with the synaptic protein
PSD-95, which binds to K,1.4C. We imaged 15x15 pm® areas of membrane which had ~50
spots—enough for statistical analysis, but with low probability that two proteins would lie within
the same diffraction-limited spot. The emission intensities of the fluorescent spots were
extracted from short movies (Figure 4.3A and Materials and Methods). In oocytes expressing
Ci-VSP-mEGFP alone, 93 + 1% (n = 3) of the immobile spots bleached in a single step, while
the remainder bleached in two steps. In oocytes expressing Ci-VSP-mEGFP-K,1.4C and PSD-
95, where larger numbers of spots were immobile, 94 + 1% (n=5) of the immobile fluorescent
spots bleached in a single step, while the remainder bleached in two steps (Figure 4.3B). We
compared this result to the distributions of bleaching steps previously found for ion channels
labeled with one, two, and four mEGFP molecules per protein. The results from Ci-VSP match
closely the distribution found for a Ca®" channel, which carried only one mEGFP at its C
terminus (Figure 4.3C) and stood in marked contrast to the distributions seen in tetrameric cyclic
nucleotide-gated (CNG) channels, in which the majority of fluorescent spots consisted of three or
four bleaching steps (Figure 4.3B), and NMDA receptors with two of the four subunits fused to
mEGFP, which mainly exhibit spots with two bleaching steps (Figure 4.3C). The results clearly
indicate that, unlike voltage-gated channels, Ci-VSP is not an obligate tetramer, instead residing
in the membrane as a monomer.
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Figure 4.3. Ci-VSP is a monomer at low density. (A) Image from TIRF movie of oocyte
coexpressing Ci-VSP-mEGFP-K,1.4C and PSD-95, showing fluorescent spots in membrane,
some of which fit criteria for analysis (blue circles). (B) Tetrameric CNG channel, with mEGFP
on each subunit, bleaches in four steps (top), but Ci-VSP-mEGFP-K,1.4C bleaches in a single
step (bottom). (C) Frequency of single and multiple bleaching events from fluorescent spots in
oocytes expressing Ci-VSP compared to reference proteins®: CNG channel (one mEGFP/subunit
= four/channel), the NMDA receptor (mnEGFP on NR2B = two/channel), the Ca’" channel (one

mEGFP per linked tetramer = one/channel). Ci-VSP resembles Ca®* channel. Figure from'’.

Monitoring voltage-dependent Ci-VSP activity in living cells

Murata and co-workers first proposed that membrane hyperpolarization causes Ci-VSP-
mediated increases in phosphatidylinositol 4,5-bisphosphate (P1(4,5)P,) at the plasma membrane
which they attributed to the Ci-VSP hydrolysis of phosphatidylinositol 3,4,5-trisphsophate
(PI(3,4,5)P3)." The cytosolic domain of Ci-VSP shares 29.5% sequence identity with PTEN, a
putative tumor suppressor protein that is a D3-phosphoinositide phosphatase.!’ In a subsequent
publication, Murata and Okamura demonstrated membrane depolarization caused Ci-VSP
mediated decreases in membrane concentrations of both PI(3,4,5)P; and PI(4,5)P,, but they did
not determine the products of these reactions.'?
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While it was unclear whether Ci-VSP could catalyze multiple reactions, we chose to
monitor Ci-VSP mediated changes in PI(4,5)P,, as this lipid is a proposed substrate and/or
product of the enzyme and is one of the most concentrated phosphoinositides (PIPs) present in
the plasma membrane.'?

We began our study of the voltage dependence of Ci-VSP activity by using an inwardly
rectifying potassium K;2.1 (IRK1) channel, which directly binds PI(4,5)P,,'* as a downstream
reporter of Ci-VSP phosphatase activity. We introduced a mutation (R228Q) in the putative
PI(4,5)P; binding site of IRK1 in order to lower the channels’ affinity for PI(4,5)P, and increase
its response time to Ci-VSP mediated changes in PI(4,5)P,."> The IRK1-R228Q (IRK1Q)
reporter had been previously used by Murata et al. as a Ci-VSP-sensitive ion channel reporter of
PI(4,5)P,.! The IRK1Q channel is tetrameric and requires four molecules of PI(4,5)P, to
stabilize the open state of the channel (Figure 4.4A). In the presence of higher extracellular
concentrations of K" IRK1Q will conduct K" ions into the cell. This K™ flux through the IRK1Q
channel can be recorded using electrophysiology techniques.
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(IRK1Q)

“ = PI(4,5)P,

Figure 4.4. Schematic for IRK1Q activity assay. (A) PI(4,5)P; acts as an agonist of IRK1Q
channels where four molecules of PI(4,5)P, are required for channel activation. (B) IRK1Q
activity is modulated by voltage-dependent Ci-VSP production and/or depletion of PI(4,5)P; thus
serving as a downstream reporter of Ci-VSP activity.

We co-expressed Ci-VSP and IRK1Q in Xenopus laevis oocytes and used two-electrode
voltage clamping (TEVC) techniques to change the cell membrane voltage and measure the
IRK1Q current (Figure 4.4B). Using the voltage protocol shown in Figure 4.5A, we varied the
membrane voltage to regulate Ci-VSP activity, thus changing the PI(4,5)P, concentrations at the
plasma membrane. We then monitored these changes by measuring IRK1Q currents.

In control cells expressing only IRK1Q, the current did not change in response to changes
in membrane potential (Figure 4.5A, middle). However, in cells expressing both Ci-VSP and
IRK1Q, membrane depolarization resulted in decreased PI(4,5)P, levels due to Ci-VSP activity
and led to the subsequent decrease in IRK1Q current (Figure 4.5A, bottom). Ci-VSP activity
modulated IRK1Q current in a voltage-dependent manner where membrane depolarizations
resulted in smaller IRK1Q currents and membrane hyperpolarizations resulted in larger IRK1Q
currents. By plotting steady-state levels IRK1Q current as a function of holding voltage, we
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were able to infer the voltage dependence of Ci-VSP mediated changes in PI(4,5)P, (Figure
4.5B).
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Figure 4.5. Ci-VSP modulates IRK1Q activity in a voltage dependent manner. (A) Voltage
protocol (top) and representative traces of IRK1Q alone (middle) or IRK1Q and Ci-VSP
(bottom). (B) IRKI1Q current vs. voltage graph shows the steady-state Ci-VSP-mediated voltage
dependent modulation of IRK1Q current (red). Red line indicates single Boltzmann fit. Control
cells only expressing IRK1Q did not respond to changes in membrane voltage (black). Error bars
indicate SEM. For fit data, see Table 4.1.

This assay was also used to confirm the functionality of the Ci-VSP-mEGFP-K,1.4C

construct used for oligomerization experiments. The mEGFP-K,1.4C tag did not significantly
affect the activity of Ci-VSP (Figure 4.6).

85



3 Ci-VSP

1.0 H Ci-VSP-mEGFP-Kv1.4C

o FeT

0.8 —

0.6 —

0.4 —

Normalized IRK1Q Current

0.2 -

0.0 —

-100 -50 0 50 100
Voltage (mV)

Figure 4.6. Validation of functional Ci-VSP-mEGFP-K,1.4C protein. Comparison of
voltage-dependent activity of Ci-VSP-mEGFP-K,1.4C construct (red) used in single molecule
experiments with Ci-VSP (black) using IRK1Q activity assay. Solid lines represent single
Boltzmann fits. Error bars indicate SEM. For fit data, see Table 4.1.

To confirm that IRK1Q was a dynamic reporter of Ci-VSP activity, we conducted kinetic
experiments at the extremes of the voltage range of IRK1Q sensitivity to Ci-VSP. Oocytes
expressing both Ci-VSP and IRK1Q were clamped at either +60 mV (Figure 4.7A) or -100 mV
(Figure 4.7B). Membrane depolarization caused depletion of PI(4,5)P, and subsequent run
down of IRK1Q current in less than one minute (Figure 4.7A). Membrane hyperpolarization
caused production of PI(4,5)P, and subsequent saturation of IRK1Q current in approximately
six minutes (Figure 4.7B). In both cases, absence of lag indicates that the voltage-driven
changes in Ci-VSP activity lead to changes in PI(4,5)P, concentrations that are within the
dynamic range of the reporter, IRK1Q.
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Figure 4.7. Dynamic range of IRK1Q assay. (A) Ci-VSP mediated depletion of PI(4,5)P; as
measured using IRK1Q activity assay occurs rapidly (< 1 min) when oocyte is voltage clamped
at +60 mV. Blue line indicates double exponential fit. (B) Ci-VSP mediated production of
PI(4,5)P, occurs slowly (~6 min) when oocyte is voltage clamped at -100 mV. Red line
indicates single exponential fit. For both (A) and (B) voltage protocols shown in boxes. Average
response from 4 cells shown for each condition, error bars indicate SEM.

Furthermore, we observed that the rate of Ci-VSP mediated hydrolysis of PI(4,5)P, was
voltage dependent with greater depolarizations leading to faster depletion of P1(4,5)P; and faster
run down of IRK1Q currents (Figure 4.8). The level Ci-VSP-mediated IRK1Q current run down
was also voltage dependent with greater depolarizations leading to greater levels of IRKI1Q
current run down. Comparing our results with rates of Ci-VSP voltage sensor movement
(milliseconds) and in vitro Ci-VSP phosphoinositide phosphatase activity (0.292 nmol/min/pg
protein', we concluded that Ci-VSP hydrolyzes PI(4,5)P, upon membrane depolarization.
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Figure 4.8. Rates and steady state levels of Ci-VSP-mediated PI(4,5)P, hydrolysis are
voltage-dependent. Representative traces for cells voltage clamped at different membrane
voltages are shown. Increased depolarization leads to increases in the rate of PI(4,5)P;
hydrolysis as reported using the IRK1Q assay.

This result was in agreement with recently published work from Murata and Okamura
suggesting that membrane depolarization activates Ci-VSP hydrolysis of PI(4,5)P,'>. But,
neither approach eliminated the possibility that Ci-VSP also produced PI(4,5)P, upon membrane
hyperpolarization. At membrane potentials where Ci-VSP is not fully activated, there is a
voltage-dependent lag in the amount of time needed to cause changes in IRK1Q current (Figure
4.8). This lag may result from the voltage dependence of turning off Ci-VSP or indicate
equilibrium between the endogenous pathways regulating P1(4,5)P, levels and Ci-VSP activity.

In summary, the IRK1Q channel is a robust reporter of dynamic Ci-VSP mediated changes
in PI(4,5)P,. Our experiments indicate that Ci-VSP depletes PI(4,5)P, upon membrane
depolarization.

Functional transitions in Ci-VSP

In another approach to study the coupling of the VSD to the catalytic domain, we used
voltage clamp fluorometry (VCF), where we mutate a single residue to cysteine in the positively-
charged S4 segment and attach tetramethylrhodamine maleimide (TMRM), an environment-
sensitive fluorophore.'® Voltage-driven conformational rearrangements of S4 are detected as
changes in TMRM fluorescence intensity. This technique has been used extensively to
characterize the voltage-dependent conformational changes of the Shaker potassium channel, a
prototypical member of the K,1.1 subfamily.!” The proposed external end of S4 in Ci-VSP has
over 70% sequence homology with that of Shaker, making Ci-VSP a good candidate for VCF
experiments. Furthermore, Ci-VSP does not contain any surface accessible cysteine residues
which could form disulfide bonds with the introduced cysteine and interrupt the native structure
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of the protein. We chose labeling positions in Ci-VSP that were homologous to labeling
positions in Shaker that served as reporters of VSD movement® (Figure 4.9A).

We first engineered cysteine residues at three different locations near the proposed S4
segment of Ci-VSP (Figure 4.9A) and measured the effects of the introduced cysteines on
voltage-dependent Ci-VSP phosphatase activity using the IRK1Q assay. Cysteine substitution at
positions 207 and 208 did not significantly affect Ci-VSP activity and cysteine substitution at
position 214 caused a slight leftward shift in the voltage-dependence of Ci-VSP activity (Figure
4.9B).
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Figure 4.9. Cysteine substitution does not impair Ci-VSP activity. (A) Ci-VSP topology with
sequence of S3-S4 linker and S4 highlighted. Partial sequence alignment of S4 segments from K,
channels and Ci-VSP with basic residues highlighted in blue. (B) IRK1Q activity vs. voltage
(AV) curves for Ci-VSP (black), Ci-VSP-V207C (blue), Ci-VSP-Q208C (green), and Ci-VSP-
G214C (red). Solid lines indicate single Boltzmann fits. Error bars indicate SEM. For fit data
see Table 4.1.

TMRM-labeled G214C mutant showed robust changes in fluorescence as a function of
voltage that were in the same voltage range of gating charge measurements for Ci-VSP
suggesting that this reporter site closely monitored Ci-VSP VSD motion' (Figure 4.10A).
Moreover, the voltage-dependent activity of Ci-VSP-G214C was well characterized (Figure
4.10B) and we decided to continue our VCF experiments and activity with Ci-VSP-G214C.

&9



200 mV

-80 mV

-150 mV

AL
-80 mV
-100 mV

Figure 4.10. Voltage dependent motions and activity of Ci-VSP-G214C. (A) G214C-TMRM
single fluorescence traces (bottom) evoked by voltage steps (top; only 50 mV increments shown;
delayed AF during repolarization circled in inset). Note that VSD motions occur on the
millisecond time scale. (B) Voltage dependent Ci-VSP-G214C activity vs. time using IRK1Q
assay. Note that up to hundreds of seconds are needed for the amplitude of IRK1Q current to
settle to new levels at each new holding voltage. Red lines indicate single exponential fits.
Figures adapted from'’.

The VSDs of voltage-gated channels go through at least two independent rearrangements and
one cooperative one involving the four VSDs.'®* We asked whether Ci-VSP, as a monomer,
would undergo only a single step transition or have multiple steps. VSD protein motion was
detected using VCF?, following attachment of tetramethylrhodamine-maleimide (TMRM) to a
cysteine substituted at G214. Protein motion was monitored from changes in fluorescence (AF)
evoked by voltage steps (Figure 4.10A), yielding steady-state fluorescence-voltage (FV)
relations (Figure 4.11). As found earlier for gating charge', VSD motion was detected over a
wide range of voltage (FV), distinct from the steeper voltage dependence of IRK1Q activation
(AV) (Figure 4.11). The difference between the FV and AV could reflect the indirect nature of
the activity assay (e.g. IRK1Q is activated by four PI(4,5)P, molecules), or it could indicate that
a two-state model is not sufficient to describe the system. The recent discovery that Ci-VSP may
catalyze the dephosphorylation of both PI(3,4,5)P; and PI(4,5)P,'? supports the notion that a two-
state model is insufficient.
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Figure 4.11. Superposition of Ci-VSP-G214C activity and VSD motions. Steady-state
voltage dependence of IRK1Q current (enzymatic activity) (black) and of fluorescence (VSD
motion) (red) for G214C-TMRM. Solid lines represent single Boltzmann fits. Error bars
(smaller than symbols) indicate SEM. For fit data, see Tables 4.1 and 4.2. Figure from'’.

To determine whether protein activation evolves in more than one step, we capitalized on
the real-time report of protein motion by VCF. While small depolarizations evoked fast AFs that
were well-fit by a single exponential both during the step and upon repolarization (data not
shown), the AFs evoked by larger depolarizations required two exponentials and had a delay
phase in the AF upon repolarization (Figure 4.10A, inset). This behavior resembles that of the
four VSD containing Shaker K channel.** To further investigate this behavior, we attached
TMRM to another position in the S3-S4 linker, Q208C (Figure 4.9A). As with G214C-TMRM,
small depolarizations evoked fast, single exponential AFs from Q208C-TMRM (Figure 4.12,
pink). Larger depolarizations successively recruited three additional components (Figure 4.12).
The complex AFs indicate that the VSD undergoes multiple structural rearrangements over a
wide range of voltages.
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Figure 4.12. Ci-VSP VSD adopts multiple conformations. Multi-component fluorescence
evoked by steps to indicated voltages for Q208C-TMRM. Figure from'’.
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VSD charge mutations influence VSD transitions and phosphatase activity

To further investigate the coupling between the Ci-VSP VSD and phosphatase domain,
we measured the effects of charge neutralization or charge introduction in the proposed Ci-VSP
S4 segment in the G214C background. We first tested R217Q*° and found this to shift the FV to
the left by 131 mV. The large shift in the FV for the charge neutralization, R217Q, argues in
favor of the alignment shown in Figure 4.13A, because mutating the first charge-carrying residue
(R1) in the Shaker channel (Shaker R362) produces a similar leftward shift in voltage
dependence, due to a destabilization of its interactions within the VSD where it is situated at
negative voltages.”> ?’ The R217Q mutation also shifted Ci-VSP-G214C-R217Q activity to the
left by 41 mV compared with the AV curve for Ci-VSP-G214C (Figure 4.13B). The sequence
alignment is also supported by the decrease in fluorescence seen in G214C-TMRM in response
to depolarization (Figure 4.10A), which is consistent with G214 being the homolog of Shaker
A359, three residues before R1 28

Similarly, we introduced an arginine at position 220 which corresponds to R2 in Shaker.
We observed a 71 mV rightward shift in the FV curve (Figure 4.13B, blue) and a 6 mV shift in
the AV curve (Figure 4.13C, blue) further supporting our alignment. Interestingly, the R217Q
mutation decreased the slope of the AV curve and the V220R mutation increased the slope of the
AV curve (Table 4.1), yet these mutations did not affect the slopes of FV curves (Table 4.2)
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Figure 4.13. S4 charge mutations affect voltage dependence of Ci-VSP VSD movement
and phosphatase activity. (A) Sequence alignment of S4 segments of K, channels and Ci-
VSP; basic residues shaded in blue. (B) Fluorescence vs. Voltage (FV) curves for VSD
charge mutants measured using VCF. Asterisk denotes labeling with TMRM. (C) Activity
vs. Voltage (AV) curves for VSD charge mutants measured using IRK1Q assay. Soild lines
represent single Boltzmann fits. Error bars indicate SEM. For fit data, see Tables 4.1 and 4.2.

Through the course of our VCF experiments, we identified a labeling position (V207C)
where one component of the FV curve was in the same voltage range as the IRK1Q AV curve for
Ci-VSP-V207C. We hypothesized that the VSD motions recorded at position 207 could be
directly coupled to activity. To test our hypothesis, we again turned to the R217Q mutation
which shifted both Ci-VSP VSD motions and phosphatase activity to the left (Figure 4.13A and
B). The R217Q mutation shifted the AV curve for Ci-VSP V207C by 49 mV to the left and
changed the slope of the AV curve by 10.8 (Figure 4.14A and Table 4.1). These effects are
similar to those seen in the G214C background. On the contrary, the R217Q mutation shifted the
FV curve 104 mV to the right (Figure 4.14B and Table 4.2). We concluded that the VSD
motions recorded by V207C were not directly coupled to Ci-VSP phosphatase activity.
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Figure 4.14. VSD motions reported by V207C are not directly coupled to activity. (A) AV
curves for V207C (black) and V207C-R217Q (red) using IRK1Q assay. V. shift = -49.4 mV.
(B) FV curves for V207C-TMRM and V207C-TMRM-R217Q. Asterisk indicates labeling with
TMRM. V,; shift =+104 mV. For both (A) and (B) solid lines represent single Boltzmann fits.
Error bars indicate SEM. For all fit data, see Tables 4.1 and 4.2.

Cooperativity experiments

While our subunit counting was carried out at low density, the fluorescence and activity
analyses were performed at high density. Is it possible that the complex behavior of Ci-VSP
emerges from multimerization at high density? We used fluorescence coinjection to address this
question. We asked whether coexpression of wild-type (WT) Ci-VSP with a voltage-shifted
mutant would yield two independent populations of proteins, as expected for a monomer, or if
they would influence each other in a manner consistent with coassembly and cooperativity.

To test cooperativity between adjacent Ci-VSP VSDs, RNAs encoding Ci-VSP-G214C-
R217Q and WT were coinjected. This permitted us to view protein motion exclusively in the
R217Q protein (since only this could be labeled by TMRM) and ask whether the presence of the
WT protein in the same cell would influence it, as occurs between coexpressed Shaker channel
subunits.'" #*  Without cooperativity, the R217Q/G214C-TMRM fluorescence should be the
same as if WT were not coexpressed. We found that R217Q/G214C-TMRM coexpressed with
WT had the same voltage dependence as R217Q/G214C-TMRM alone (Figure 4.15B),
indicating absence of cooperativity. In a second assay, we coexpressed G214C and
R217Q/G214C so that both would be labeled with TMRM, enabling their conformational
changes to be observed simultaneously. In this case, cooperativity would be predicted to
produce a hybrid FV curve, whereas independence would produce a biphasic FV curve from the
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linear combination of the individual F-Vs. For two different RNA ratios, we obtained FVs that
could be accounted for as linear sums of the individual FVs (Figure 4.15C). These results
indicate that, even at high density, there is no functional interaction between Ci-VSP monomers,
supporting the notion that each Ci-VSP functions as a single, independent entity.

a ® G214C-TMRM b R217Q G214C-TMRM C G214C-TMRM, R217Q G214C-TMRM (1:1)
R217Q G214C-TMRM ® WT, R217Q G214C-TMRM B G214C-TMRM, R217Q G214C-TMRM (1:3)
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Figure 4.15. Ci-VSP monomers function independently. (A) FVs of G214C-TMRM (black)
and R217Q/G214C-TMRM (blue). Solid lines are single Boltzmann fits. (B) FVs of
R217Q/G214C-TMRM alone (blue) and R217Q/G214C-TMRM coinjected with WT (no added
cysteine) (red). (C) Coinjection of two ratios of G214C-TMRM and R217Q/G214C-TMRM
(magenta circles, 1:1; green squares, 1:3). FVs for the two ratios were well-fit by sum of two
Boltzmanns with the V1/2 and slope values taken from the single Boltzmann fits to the
individual F-Vs (from (a)) (see Materials and Methods). Fits from four fixed amplitude ratios in
black. Figure from '°.

We attempted similar cooperativity experiments using the IRKIQ activity assay to
determine whether two Ci-VSP mutants with different voltage dependencies of activity could
influence each other. The maximum V,,, difference for AV curves observed using the IRK1Q
assay was 77 mV when comparing Ci-VSP-G214C-R217Q and Ci-VSP-G214C-V220R. While
this difference was less than the differences observed using VCF techniques, we hoped that co-
injection of RNAs for Ci-VSP-G214C-R217Q and Ci-VSP-G214C-V220R with the IRK1Q
reporter would produce a hybrid AV curve. Indeed, AV curve obtained for cells coinjected with
a 1:1 ratio of RNAs for Ci-VSP-G214C-R217Q and Ci-VSP-G214C-V220R with IRK1Q
displayed a hybrid AV curve that was both shifted in V;, and slope compared with the
independent activities of Ci-VSP-G214C-R217Q and Ci-VSP-G214C-V220R (Figure 4.16).
However, the mechanism of multiple molecules of PI(4,5)P, binding to the IRK1Q reporter
remained constant across all co-injection experiments and prevented us from definitively
showing that the activities of Ci-VSP VSD mutants were not cooperative.
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Figure 4.16. Co-injection IRK1Q activity assay experiments. AV curves obtained for Ci-
VSP-G214C-R217Q (red); 1:1 coinjection of Ci-VSP-G214C-R217Q and Ci-VSP-G214C-
V220R (purple), and Ci-VSP-G214C-V220R (blue). Black dotted line indicates Boltzmann fit
from AV curve for CiVSP-G214C (Figure 4.13C). Solid lines represent Boltzmann fits. Error
bars indicate SEM. For fit data, see Table 4.1.

Model for VSD-effector coupling

In channels, VSDs interact with the membrane pore domain and undergo at least one
cooperative transition to open the channel (Figure 4.17A), while in Ci-VSP the VSD activates
the cytoplasmic phosphatase, perhaps by docking it to the membrane (Figure 4.17B). We find
that, unlike VSD-containing ion channels, Ci-VSP is an independent monomer, consistent with
the finding that an isolated ion channel VSD is functional and structurally stable.” Strikingly,
despite this architectural simplicity and the difference in effector, Ci-VSP undergoes multi-step
rearrangements that resemble those of channels.” ** Our results indicate that a single VSD can
function in the membrane on its own, and that its orientation and essential features of its
structural rearrangements are internally determined, consistent with the notion that VSDs
function as loosely interacting modular domains.
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A K, channel monomer Tetrameric K, Channel
(side view) (top view)

B Ci-VSP Monomeric Ci-VSP

(side view) (top view)

X1

u = PI(4,5)P,

Figure 4.17. Model for coupling VSDs to effector domains. (A) Side and top views of K,
channel monomer (left) and tetrameric K, channel (right). (B) Side and top views of Ci-VSP
monomer (left) and functional monomeric phosphatase (right). PI(4,5)P, in dark blue). In both
(A) and (B), arrows indicate both S4 and “gating” motions. Figure adapted from'.

Mechanistic studies of electrochemical coupling in Ci-VSP

While we'® and others" '* ** *! have observed the tight coupling between the VSD and
phosphatase domains of Ci-VSP, the mechanism by which the two domains are allosterically
coupled is not well understood. We used mechanistic studies of PTEN activity as a guide in our
efforts to better understand the mechanism Ci-VSP activity. The cytosolic domain of Ci-VSP
(240-576) shares 29.5% sequence identity with PTEN (Figure 4.18A). The 16 amino acid linker
connecting S4 and the phosphatase domain of Ci-VSP shares 43% sequence identity with the
putative PI(4,5)P, binding domain (PBD) of PTEN (Figure 4.18B). Moreover, the catalytic
domains of Ci-VSP and PTEN are 92% identical (Figure 4.18C). Combining biochemical and
functional studies of Ci-VSP motions and activity in living cells, we studied the effects of
mutations in the Ci-VSP PBD and catalytic domains as well as membrane concentrations of PIPs
to further elucidate the mechanism of electrochemical coupling in Ci-VSP. This work is
described in detail in Appendix 1 and reference *%.
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Figure 4.18. PTEN and Ci-VSP share regions of high homology. (A) Cartoon showing
topology of PTEN and Ci-VSP. (B) Sequence alignment of putative PIP binding domain
residues. (C) Sequence alignment of catalytic domain residues. The influence of residues
highlighted by colored arrows in the electrochemical coupling of Ci-VSP is described in detail in
Appendix 1 and reference **.

Further characterization of voltage-dependent Ci-VSP phosphatase activity and substrate
specificity

While the IRK1Q channel was a faithful reporter of PI(4,5)P, concentrations in Xenopus
laevis oocytes, its utility in mechanistic studies of electrochemical coupling in Ci-VSP was not
ideal. First, the dynamic voltage range of sensitivity for the IRK1Q reporter (approximately -100
mV to +60 mV) was not well-matched with the dynamic range of VSD motions measured by
VCF and gating current measurements (approximately -20 mV to +100 mV) (Figure 4.11). This
mismatch prevents the simultaneous study of how Ci-VSP VSD motion is directly coupled to
phosphatase activity.

We tested the inwardly rectifying potassium channel K;;2.3, (IRK3) with the hope that its
dynamic range of activity would better match Ci-VSP VSD movement. IRK3 had been
previously shown to have a lower apparent affinity for PI(4,5)P; of (29 uM) than IRK1 (5 pM).*
This difference in PI(4,5)P, affinity is thought to be responsible for the increased sensitivity of
IRK3 to phosphoinositide signaling pathways.* ** The R228Q mutation in IRK1 has also been
shown to lower the channels’ affinity for PI(4,5)P, and respond more quickly to changes in
PI(4,5)P, than the wild-type IRK channel.”” We conducted a comparative study of IRK3 vs.
IRK1Q as reporters of Ci-VSP activity. We rationalized that IRK3 may serve as a faster reporter
of Ci-VSP mediated changes in PI(4,5)P, and the dynamic voltage range of IRK3 sensitivity to
Ci-VSP activity may be shifted toward more positive voltages allowing us to access a voltage
range for activity studies that was closer to the voltage range of VSD movement. The kinetics of
IRK3 response to Ci-VSP mediated changes in PI(4,5)P, was not significantly different than the
kinetics observed for IRK1Q (data not shown). Furthermore, the voltage range of IRK3
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response to Ci-VSP mediated changes in PI(4,5)P, was not significantly different from that of
the IRK1Q reporter (Figure 4.19). At this point, we decided to use only IRK1Q as a reporter of
Ci-VSP mediated changes in PI(4,5)P;.

1.0 ¥ * Ci-VSP + IRK1Q
: Ci-VSP + IRK3
0.8 -
€
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Figure 4.19. Comparison of IRK1Q and IRK3 as reporters of Ci-VSP activity. AV curves
for Ci-VSP +IRK1Q (black), Ci-VSP +IRK3 (red). Solid lines represent single Boltzmann fits.
Error bars indicate SEM. For fit data, see Table 4.1.

Another problem we faced with the IRK1Q assay was the nonlinearity between Ci-VSP
production/hydrolysis of P1(4,5)P, and levels of IRK1Q current as four molecules of P1(4,5)P;
are needed to activate one IRK1Q channel. Our initial activity experiments were conducted
using a 10:1 Ci-VSP:IRK1Q ratio of injected RNAs. To control the ratio of Ci-VSP:IRK1Q
protein expression so that one Ci-VSP would be attached to each IRK1Q subunit, we constructed
fusion proteins where we appended Ci-VSP to the N or C-terminus of IRK1Q. While the
appendage of Ci-VSP did not impair IRK1Q function, it slowed the response time to Ci-VSP
activity by a factor of 2 and narrowed the voltage range of sensitivity compared with co-
expression of Ci-VSP and IRK1Q separately (data not shown).

At this point, we decided to utilize fluorescent reporters of PI(4,5)P, and other PIPs to

further characterize the voltage-dependence of phosphatase activity and substrate specificity of
Ci-VSP. These efforts are described in detail in chapter 5 of this dissertation.
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Dr. Susy C. Kohout designed, conducted and analyzed the VCF experiments. Dr. Maximilian
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Isacoff helped design the VCF and in vivo activity assay experiments and supervised all research.
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Materials and Methods

Molecular Biology. The Ci-VSP in the pSD64TF vector was kindly provided by Dr. Y.
Okamura (National Institute for Physiological Sciences, Okazaki, Japan). Monomeric EGFP was
fused to the C-terminal end of Ci-VSP using a short flexible linker (TSGGSGGSRGSGGSGGQG).
The K, 1.4 C terminus (amino acids 586—654) was fused to the end of EGFP making the final Ci-
VSP-GFP-K,1.4C construct. The PSD-95 cDNA was kindly provided by Dr. P. Scheiffele
(Columbia University, New York, NY). The IRK constructs were kindly provided by Dr. E.
Reuveny (IRK1) (Weizmann Institute of Science, Rehovot, Israel) and Dr. L. Jan (IRK3)
(University of California, San Francisco). All point mutations were made using QuikChange
(Stratagene). All DNA was confirmed by DNA sequencing. RNA was transcribed using either
T7 or SP6 mMessage mMachine (Ambion).

Single Molecule Counting of Subunits. We used a recently described method in which green
fluorescent protein (mEGFP) is fused to a membrane protein, the fusion is expressed at low
density in Xenopus laevis oocytes and total internal reflection fluorescence (TIRF) microscopy is
used to visualize fluorescent spots and determine subunit stoichiometry by counting mEGFP
bleaching steps. To do this, we engineered a fusion of mEGFP to the C terminus of Ci-VSP to
ensure that every tagged subunit carries one chromophore. In addition, the C terminus of the
potassium channel K,1.4 was fused to the protein. By expressing the Ci-VSP-mEGFP-K,1.4C
with the synaptic protein PSD-95, which binds to the K,1.4 C terminus, lateral diffusion of Ci-
VSP in the membrane was reduced. The double tagged Ci-VSP-mEGFP-K,1.4C was determined
to function normally based on the IRK1Q activity assay (Figure 4.6).

Subunit counting experiments and analysis were conducted as described earlier.® Briefly, 50 nl
mRNA at 0.02 pg pl”' were injected into Xenopus laevis oocytes and incubated in ND-96 (96
mM NaCl, 2 mM KCl, 1.8 mM CaCl,, 1 mM MgCl,, 50 mg ml™! gentamicin, 2.5 mM Na
pyruvate and 5 mM HEPES, pH 7.6) at 12°C for 12—-18 hours. Cells were then dropped onto a
high refractive index coverslip and the fluorescence from the membrane was imaged with a high
numerical aperture objective (Olympus 100x NA1.65). mEGFP was excited with a 488 nm laser,
and high-quality dichroic mirrors and filters were used to maximize the yield of photons, which
were detected with a state-of-the-art back-illuminated EMCCD camera (Andor iXon DV-897
BV). Movies of 500-800 frames were acquired using a frame rate of 20-33 Hz.

The center positions of the fluorescent spots were determined from the intensity peaks in the
average of the first 5 illuminated frames of the movie. The time course of the fluorescence was
extracted from regions of interest around these points as described in Ulbrich and Isacoff
(2007).® Fluorescent spots that moved during the acquisition were excluded from the analysis.
The traces were manually classified as containing one of two bleaching steps. A fraction of spots
of about 10% could not be analyzed due to extreme fluctuations in intensity and therefore was
not included in the population distributions.

Voltage clamp fluorometry. Voltage clamp fluorometry was performed as described
previously”. Briefly, 50 nl mRNA at 0.4-0.8 pg-pul" were injected into Xenopus laevis oocytes
and incubated in ND-96 at 18°C for 24-48 hours. For the fluorescence coinjection experiments,

101



the total concentration of mRNA was 0.4 pg-ul”' and the ratio of G214C to R217Q/G214C was
varied from 1:1 to 1:3. Injected oocytes were treated with a 1 mM solution of glycine
maleimide® to block native cysteines before protein expression. A Nikon Diaphot inverted
microscope with a 20X 0.75 NA fluorescence objective (Nikon) was used with a Dagan CA-1
amplifier (Dagan Corporation), illuminated with a 100 W mercury arc lamp and intensity was
measured with a Hamamatsu HC120-05 photomultiplier tube. The amplifier, photomultiplier and
Uniblitz shutter (Vincent Associates) were controlled by the Digidata-1200 board and PClamp8
software package (Axon Instruments). Light was filtered through an HQ535/50 excitation filter,
an HQ610/75 emission filter and a Q565LP dichroic (Chroma Technology). Fluorescence signals
were low pass filtered at 2 kHz through an eight-pole Bessel filter (Frequency Devices).

On the day of the experiment, cells were incubated in a high potassium solution (92 mM KClI,
0.75 mMCaCl,, 1 mM MgCl,, 10 mM HEPES, pH7.5) and 25 uM tetramethylrhodamine-6-
maleimide (Invitrogen) for one hour on ice and in the dark. After extensive washing with ND-96,
the cells were stored in ND-96, in the dark and at 12°C until the time of the experiment.
Recording solutions contained 110 mM N-methyl-D-glucamine (NMG) methanesulfonic acid
(MES), 2 mM KMES, 2 mM Ca(MES),, 10 mM HEPES, pH 7.5.

Electrophysiological measure of activity. We measured catalytic activity using an
electrophysiological assay. Ci-VSP catalytic activity was measured indirectly by detecting the
catalytic product, phosphatidylinositol-4,5-bisphosphate (PI(4,5)P,), via its activation of the
inwardly-rectifying IRK1 R228Q K" channel (IRK1Q). The R228Q mutation of IRK1 was used
to alter the sensitivity of the channel for PI(4,5)P; into an observable range."> Voltage was held
at different levels with a test every 30 s consisting of a 10 ms step to —100 mV to measure inward
current, followed by a 70 ms ramp to 50 mV, confirming that the current was due to IRK1Q and
not leak (Figure 4.5). To reach steady-state currents at each voltage required multiple iterations
of the protocol, reflecting the time it takes to establish a steady-state level of PI(4,5)P, at each
level of Ci-VSP activity (Figure 4.10B).

For these experiments, 50 nl of mRNA for Ci-VSP and IRK1Q were coinjected into Xenopus
laevis oocytes at a 10:1 ratio with a total RNA concentration of ~0.9 pg-ul”. Cells were
incubated in ND-96 at 18°C for 1648 hours. The recording solutions contained 90 mM KMES,
3 mM Mg(MES),, 8 mM KOH, 10 mM HEPES, pH 7.4. Other conditions were the same as for
VCEF.

Data Analysis. All image analysis was done in Mathematica as described previously.® Kinetic
and steady-state traces were analyzed using Igor Pro and Microsoft Excel software. Kinetic
traces were fit with either single or double exponential equations. Steady-state voltage dependent
traces were fit with Boltzmann equations. Data were normalized to the amplitude of the
Boltzmann fits and the error bars indicate the standard error of the mean. Statistical signifance
was assessed using the Student’s t-test.

IRK1Q Activity Analysis. The activity experiments with IRK1Q were leak subtracted by
assuming a voltage-independent linear leak. Current was measured at —100 mV after the test
holding potential and leak was measured at +50 mV where the IRK channels should be blocked
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by Mg”" and polyamines and the following equation applied to calculate the leak subtracted (LS)
current: Iys= L joomv + 2lisomy. Multiple iterations of the protocol were tested per holding
potential to reach steady-state levels of current. For voltages where steady-state currents could
not be reached, the data were extrapolated using a single exponential. We examined the ability of
IRK1Q currents to follow PI(4,5)P, concentration from maximal to minimal Ci-VSP activity.
IRK currents were evoked once every 30 s by 10 ms test steps to —100 mV to measure inward
current, followed by a 70 ms ramp to 50 mV to measure inward rectification. The initial holding
potential was 60 mV to obtain a baseline of minimal IRK1Q current at the minimal PI1(4,5)P,
concentration. The holding potential was then switched to —100 mV, to drive the maximal
increase in PI(4,5)P, concentration and IRK1Q current (see Figure 4.7B). This enabled us to
follow the time course of IRK1Q current increase and determine if there was any delay that
could be accounted for if the minimal PI(4,5)P, concentration fell below what is required to
significantly activate IRK1Q. We observed no such delay, and found instead that the increase in
current was well fit by a single exponential (Figure 4.7B). Alternatively, the protocol was
reversed to start at the maximal PIP, concentration (holding potential of —100 mV) and switch to
the minimal concentration (holding potential of 60 mV). Here too, no lag was observed and the
time course of current decrease was well fit by exponentials (Figure 4.7A). The observations
indicate that the IRK1Q report is within the dynamic range of changes in P1(4,5)P, concentration
that result from voltage-driven changes in Ci-VSP activity.

IRK1Q Jump Protocol Activity Analysis (Figure 4.7 and 4.8). IRK1Q currents evoked by
test steps from a holding potential of —100 mV, once every 5 s for 40 sweeps (data not shown) to
establish a flat baseline. The interval between the test steps was then shortened to 580 ms. After
10 more sweeps at the holding potential of —100 mV, the holding potential was switched to +60
mV (protocol in box) and test steps were continued once every 580 ms, leading to an exponential
decrease in IRK1Q current with no lag. Data fit with double exponential. Absence of lags
indicates that the voltage-driven changes in Ci-VSP activity lead to changes in PIP,
concentration that are within the dynamic range of the reporter, IRK1Q. Test steps to —100 mV
evoked IRK1Q currents, whose leak-subtracted amplitudes (from the ramp) are plotted over
time. Test steps from a holding potential of +60 mV evoked currents once every 10 s to establish
a flat baseline of IRK1Q current. After 10 such sweeps, the holding potential was switched to —
100 mV (protocol on top), leading to an exponential increase in IRK1Q current with no lag.
Data fit with single exponential.

Analysis of fluorescence assay of independence versus cooperativity. The data analysis in
Figure 4.15C was as follows: Single Boltzmann relations were fitted to the individual F-Vs
obtained for G214C-TMRM alone and for R217Q/G214C-TMRM alone (Figure 4.15A and B).
These single Boltzmanns were added linearly in four different ratios (solid line, 1:1; dashed-
dotted line, 2:1; dashed line, 3:1; dotted line 4:1) and compared to two data sets. The data sets
came from coinjection of the cRNAs for G214C-TMRM and R217Q/G214C-TMRM at two
different ratios (Figure 4.15C), magenta circles, 1:1 and green squares, 1:3). G214C-TMRM was
found to expresses better than R217Q/G214C-TMRM so that the coinjection favoring the more
weakly expressing R217Q/G214C-TMRM by 3 fold only resulted in a slighter greater proportion
of R217Q/G214C-TMRM (1:1.75). Data were fit to a double Boltzmann equation keeping the
Vi, and slope values from the single injection data constant. The resulting amplitudes from
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G214C-TMRM and R217Q/G214C-TMRM components were, respectively, 0.43 and 0.57 for

green squares; 0.71 and 0.29 for magenta circles.

Table 4.1. IRK1Q activity assay (AV) curve fit data. Data obtained using long IRK1Q
protocol described above. Data for each construct were normalized, averaged and plotted as a
function of voltage step. Averaged data were fit to single Boltzmann using IGOR. Vj;
represents the midpoint of the activity vs. voltage (AV) relationships, slope represents the slope
of the fit, and n represents the number of individual cells tested.

Protein(s) Viz (mV) slope n
IRK1Q ND ND 9
Ci-VSP + IRK1Q 85+1.3 93+1.1 18
Ci-VSP-mEGFP-K,1.4C + IRK1Q 162+ 1.6 6.1+1.6 11
Ci-VSP-V207C+IRK1Q 83+ 1.8 79+1.3 9
Ci-VSP-V207C-R217Q + IRK1Q -41.1+0.9 18.7+0.8 9
Ci-VSP-Q208C + IRK1Q 8.6+29 7.1+1.9 10
Ci-VSP-G214C +IRK1Q -2.8+0.9 109 +£0.9 11
Ci-VSP-G214C-R217Q + IRK1Q -43.8 +2.1 21.3+1.9 15
Ci-VSP-G214C-V220R + IRK1Q 3.8+0.7 10.3 +£0.7 3
ICRii<\/IS(§—G214C—R217Q + Ci-VSP-G214C-V220R + 143416 147415 4
Ci-VSP + IRK3 102+1.2 6.6 +0.7 6
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Table 4.2. VCF assay (FV) fit data. Effects of VSD charge mutations on VSD motion, as
gauged by FVs measured from TMRM attached to two cysteine substitution sites outside S4.
Values of parameters from single Boltzmann fits to the entire fluorescence vs. voltage (F-V)
relation except where noted in parentheses. Asterisk (*) denotes labeling with TMRM

Protein(s) Viz (mV) slope n

G214C* 71.2+0.8 30.3+0.7 13
G214C*-R217Q
(-200mV to +30mV) -60.7+£0.3 28.2+0.3 11
G214C*-V220R 142.6 £ 1.8 30.8+1.0 10
V207C*
(-140mV to +120mV) -1.9+0.8 28.9+0.8 13

*_
V207C*-R217Q 102.3+£0.6 28.0+£0.6 10

(-30mV to +190mV)

G214C* (Figure 4.15A) 70.8 £ 0.5 320405 13
G214C*-R217Q (Figure 4.15A) —-61.3+04 277404 11
G214C*-R217Q + Ci-VSP (Figure 4.15B) -56.7+0.9 26.5+0.8 6
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Chapter 5

Fluorescence methods to monitor multiple Ci-VSP reactions in living cells

109



Introduction

Ciona intestinalis voltage-sensor containing phosphatase (Ci-VSP) is the first reported
voltage-gated phosphatase.! Ci-VSP contains four transmembrane segments (S1-S4) that form a
voltage-sensing domain (VSD) resembling the VSD of a voltage-gated potassium (K,) channel
and a cytosolic phosphoinositide phosphatase domain that shares 29.5% sequence identity with
the phosphatase and tensin homolog PTEN (Figure 1A). While the isolated Ci-VSP phosphatase
domain is constitutively active against a variety of phosphoinositides (PIPs) in vitro™ °, recent
research has shown that in living cells, Ci-VSP is a depolarization-activated D5-phosphoinositide
phosphatase that hydrolyzes the D5 phosphate group of phosphatidylinositol- 3,4,5-trisphosphate
(PI(3,4,5)P3) and phosphatidylinositol-4,5-bisphosphate (PI(4,5)P,) (Figure 1B).?
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Figure 5.1. Ci-VSP topology and catalytic reactions. (A) Comparison of Ci-VSP topology
(middle) with K, channels (left) and PTEN (right). Ci-VSP contains 4 transmembrane segments
(S1-S4) that are homologous to the voltage sensing domain (VSD) of a voltage-gated potassium
channel. The cytosolic phosphatase domain of Ci-VSP shares 29.5% sequence identity with
PTEN. (B) Proposed Ci-VSP mediated reactions in living cells in which Ci-VSP acts as a D5
phosphoinositide phosphatase and hydrolyzes PI1(3,4,5)P; to create PI(3,4)P, and hydrolyzes
PI(4,5)P, to form PI(4)P.

While the VSD and phosphatase domains of Ci-VSP are tightly coupled," *¢ the precise
roles of these domains in regulating Ci-VSP catalysis and substrate specificity in vivo have not
yet been elucidated. Current methods of assessing Ci-VSP activity in vivo have primarily relied
on ion-channel based reporters that are sensitive to PI(4,5)P,, a proposed substrate and/or
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product of Ci-VSP. PI(4,5)P; is the major PIP in the plasma membrane and regulates a variety of
ion channels including inwardly rectifying K* (Kj;) channels, voltage dependent K’ (K,)
channels, and transient receptor potential (TRP) channels.”

We began our study of the voltage dependence of Ci-VSP activity using an inwardly
rectifying potassium K;2.1-R228Q (IRK1Q) channel,® which directly binds PI(4,5)P,, as a
downstream reporter of Ci-VSP phosphatase activity. The IRK1Q channel is tetrameric and
requires four molecules of PI(4,5)P; to stabilize the open state of the channel (Figure 5.2A). In
the presence of greater extracellular concentrations of K™ IRK1Q will conduct K ions into the
cell. This K" flux through the IRK1Q channel can be recorded using electrophysiology
techniques.

A B

K,2.1 R228Q K,21R228Q  Cj.vsP
(IRK1Q) K"'K}f K+ KK"'+ KKt‘
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— >
U =Puasp, PI(4,5)P,

Figure 5.2. Schematic for IRK1Q activity assay. (A) PI(4,5)P, acts as an agonist of IRK1Q
channels where four molecules of PI(4,5)P, are required for channel activation. (B) IRK1Q
activity is modulated by voltage-dependent Ci-VSP depletion of PI(4,5)P, thus serving as a
downstream reporter of Ci-VSP activity.

While the IRK1Q channel is a faithful reporter of PI(4,5)P, concentrations in Xenopus
laevis oocytes, its utility in mechanistic studies of electrochemical coupling in Ci-VSP was not
ideal. First, the dynamic voltage range of sensitivity for the IRK1Q reporter (approximately -100
mV to +60 mV) was not well-matched with the dynamic range of VSD motions measured by
voltage-clamp fluorometry and gating current measurements (approximately -20 mV to +100
mV) (Figure 5.3).
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Figure 5.3. Superposition of Ci-VSP-G214C activity and VSD motions. Steady-state voltage
dependence of IRK1Q current (enzymatic activity) (black) and of fluorescence (VSD motion)
(red) for G214C-TMRM. Solid lines represent single Boltzmann fits. Error bars (smaller than
symbols) indicate SEM. For fit data, see Tables 5.3. Figure from’.

This mismatch complicated the study of how Ci-VSP VSD motion is directly coupled to
phosphatase activity. Secondly, the 4:1 PIP:channel stoichiometry complicated our efforts to
accurately measure the kinetics of Ci-VSP mediated changes in PI1(4,5)P, pools. Finally, as Ci-
VSP has recently been shown to change the concentrations of multiple PIP pools® '°, the IRK1Q
channel report of PI(4,5)P, does not accurately follow all Ci-VSP mediated reactions.

In addition to ion channel regulation, PI(4,5)P, and other phosphoinositides mediate
many cellular processes through their interactions with cytosolic proteins. These interactions are
mediated by electrostatic interactions between the negatively charged phosphate groups on the
inositol ring of the PIP and basic residues on the protein’s surface.'' The PIP interacting regions
of proteins can be unstructured, as is the case in numerous cytoskeleton binding proteins where
clusters of basic amino acids create a positively charged surface which binds the negatively
charged head group of a PIP.'* "> Alternatively, PIP binding domains can form a structured PIP
binding pocket, as is the case in proteins containing pleckstrin homology (PH) domains. This
structured binding pocket allows for specific binding one or more phosphoinositide binding
partners.

Fluorescent protein-pleckstrin homology (FP-PH) domain fusions have been extensively
used as tools to study phosphoinositide dynamics in living cells."* When expressed in living
cells, these cytosolic proteins reversibly bind to the membrane when high concentrations of its
PIP binding partner are present. This movement results in increased fluorescence signal at the
plasma membrane. As concentrations of the PIP binding partner decrease, the FP-PH protein
translocates to the cytosol, resulting in a decrease of fluorescence at the plasma membrane.
These fluorescence changes can be monitored using epifluorescence, confocal or total-internal
reflection fluorescence (TIRF) microscopy.”> As many PH domains specifically bind one or two
PIP binding partners, a single FP-PH reporter can track a distinct PIP species in cells. Also,
there are many green fluorescent protein (GFP) analogs that have spectrally separable
properties'® which allows for the use of multiple FP-PH domains to simultaneously monitor
multiple PIP species in a single cell. Finally, the 1:1 reporter:PIP stoichiometry allows for more
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accurate monitoring of the kinetics of Ci-VSP mediated changes in PIP pools than channel-
based PIP reporters.

FP-PH domains have been used by two groups to study the substrate specificity of Ci-
VSP in living cells.* ' Most recently, Halaszovich er al. used TIRF microscopy to study Ci-
VSP activity in Chinese Hamster Ovary (CHO) cells. By coexpressing Ci-VSP with FP-PH
domain reporters of each possible Ci-VSP substrate and product, and combining TIRF
microscopy and patch clamping techniques, they found that Ci-VSP acts as a depolarization
activated dual-function D5 phosphoinositide phosphatase.” Halaszovich ef al. demonstrated that
membrane depolarization activates Ci-VSP to hydrolyze PI(4,5)P, and produce PI(4)P, thus
confirming the previous biochemical data suggesting that Ci-VSP was a D5 phosphoinositide
phosphatase (Figure 5.1B).> Also, membrane depolarization causes a Ci-VSP mediated decrease
in P1(3,4,5)P; with concomitant generation of PI(3,4)P, (Figure 5.1B).

While Halaszovich and co-workers demonstrated the D5 phosphoinositide phosphatase
activity of Ci-VSP, their method to monitor Ci-VSP activity in living cells has three limitations:

1. Temporal resolution of Ci-VSP activity was not achieved as images were collected at 3s
intervals.

2. Single cell experiments measuring the effects of Ci-VSP activity on multiple PIP pools
were not conducted.

3. Whole cell patch clamp techniques cause dialysis of cytosolic cofactors'’ that may be
necessary for proper Ci-VSP function.

Here, we develop a new method combining electrophysiology and fluorescence
microscopy to monitor Ci-VSP mediated changes in concentrations of multiple PIP species using
FP-PH domains in Xenopus laevis oocytes.  This method can be used to follow Ci-VSP
mediated changes in multiple PIP pools in a single cell with millisecond time resolution minimal
perturbation to the interior of the cell.

Method Development

FP-PH domains have been extensively characterized in mammalian cell systems and are
used to study phosphoinositide dynamics in a variety of contexts.'® However, there are few
reports noting the utility of these sensors in Xenopus laevis oocytes. The oocyte is a robust
heterologous expression system for membrane proteins and serves as model system for
biophysical characterization of voltage-sensitive membrane proteins.'” In the animal pole of the
oocytes, there is a dark pigment layer that separates the yolk from the plasma membrane.” This
pigment layer shields autofluorescence from the yolk of the oocyte, and allows for the direct
imaging of fluorescent proteins near the plasma membrane. In 2004, Zhang and co-workers
demonstrated that an EGFP-tagged PH domain from phospholipase C-61 (EGFP-PHpi()
accurately followed changes PI(4,5)P, concentrations levels in the plasma membrane of Xenopus
laevis oocytes.”’ Murata and Okamura co-expressed Ci-VSP with FP-PH domain reporters for
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either PI(4,5)P, or PI(3,4,5)P; in Xenopus laevis oocytes and used confocal microscopy to
monitor Ci-VSP mediated changes in these PIP concentrations. They found that membrane
depolarization resulted in Ci-VSP mediated decreases in both PI(4,5)P, and PI(3,4,5)P; but did
not determine the exact products of Ci-VSP activity.'"” The Isacoff lab has utilized Xenopus
laevis oocytes for the expression of fluorescently tagged membrane proteins in numerous
contexts.”> >

The Isacoff lab has also pioneered the development of voltage-clamp fluorometry (VCF)
in Xenopus laevis oocytes to study voltage dependent protein motion of voltage-gated ion
channels and phosphatases.® > ** VCF couples two-electrode voltage clamp (TEVC) techniques
to control membrane voltage with fluorescence microscopy to gain a real-time optical report of
Voltaz%e-dependent conformational changes at specific regions of a membrane protein (Figure
5.4).
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Figure 5.4. Voltage Clamp Fluorometry (VCF) method. (A) Electrophysiology set-up for
VCF experiments. Diagram adapted from *°. (B) Cartoon depicting tetramethyl-6-rhodamine
maleimide (TMRM) labeling of Shaker channel bearing engineered cysteine residue near the S4
segment. (C) Chemical structure of TMRM. (D) Example fluorescence trace showing changes
in TMRM fluorescence in response to depolarizing voltage step. TMRM fluorescence monitors
voltage-dependent conformational changes.

In this method, a voltage-gated ion channel is genetically engineered to include a cysteine
residue in a solvent-accessible region and the protein is expressed in a Xenopus laevis oocyte.
Next, the cell is treated with a thiol-reactive probe containing an environmentally sensitive
fluorophore such as tetramethylrhodamine-6-maleimide (Figure 5.4B). The oocyte is then
voltage-clamped in a TEVC configuration. The TEVC configuration allows for precise control
of membrane voltage across the entire oocyte membrane without dialysis of the cytosol. The
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electrophysiology set-up is coupled to a fluorescence microscope equipped with a lamp and
filters to excite the fluorophore and a photomultiplier tube (PMT) to measure changes in the
fluorophore emission (Figure 5.4A). A voltage-dependent conformational change near the
fluorophore will cause a change in the fluorescence intensity (Figure 5.4D). The kinetics of
these fluorescence changes reflect the kinetics of voltage-dependent structural rearrangements in
the ion channel and can be related to the kinetics of ion current flow through the channel which
is measured by TEVC. This method has been used extensively to characterize the voltage-
dependent conformational changes responsible for opening and closing the Shaker potassium
channel.*! Recently, we extended this methodology to characterize the voltage-gated
phosphatase Ci-VSP.*”’

We utilized the same VCF set-up to monitor Ci-VSP mediated changes in
phosphoinositide concentrations at the plasma membrane. The experimental set up is shown in
Figure 5.5. An oocyte expressing Ci-VSP and an FP-PH protein is voltage clamped using
traditional VCF set-up. The oocyte is placed with the animal pole side facing the fluorescence
microscope to minimize background fluorescence. FP-PH proteins are selectively illuminated
using a Hg-Xe lamp equipped with filters and dichroics to selectively excite the FP of interest
and collect only FP emissions using 20X objective. The microscope is coupled to a
photomultiplier tube (PMT) to collect the total fluorescence at the plasma membrane. The total
fluorescence signal will depend on the amount of FP-PH domain bound to its PIP binding partner
at the plasma membrane. Ci-VSP mediated decreases in PIP concentrations will result in FP-PH
domain translocation to the cytosol and will result in a smaller fluorescence signal (Figure 5.5).
The total fluorescence signal is measured in with millisecond time resolution which allows for
temporal precision in monitoring PIP dynamics. This new method allows for the measurement of
fast Ci-VSP mediated changes in PIP concentrations that may have been missed by steady-state
activity assays employing ion channel PIP reporters.
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Figure 5.5. FP-PH domain method. Xenopus laevis oocytes are voltage clamped and imaged
using a traditional VCF set-up (left). The black box shows a cartoon depicting the translocation
of an EGFP-PH domain in response to Ci-VSP depletion of PI(4,5)P, with a sample fluorescence
trace (red box). Red numbers represent times of high EGFP-PH membrane fluorescence (1) and
low EGFP-PH membrane fluorescence (2).

Screening fluorescent PIP reporters in oocytes

Hundreds of phosphoinositide binding domains have been reported in the literature, but
very few have been shown to be faithful reporters of a single phosphoinositide species.
Discrepancies exist between the biochemical characterization of a PIP binding domain’s PIP
specificity and its utility as a reporter for the PIP species in phosphoinositide pathways in living
cells. These discrepancies necessitate careful control experiments to confirm that a given PIP
sensor will accurately monitor changes in the PIP species elicited by the phosphoinositide
signaling pathway under study. A detailed treatment of this topic can be found in reference '°.
Table 5.1 summarizes the fluorescently-tagged PIP reporters (FP-PIP reporters) used in this
study.
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Table 5.1 FP-PIP reporters tested in oocytes. References are given for in vivo utility as
sensor for plasma membrane concentrations of a given PIP. Abbreviations: tagRFP-T (tagRFP

S158T)
PIP binding domain Published FPs References
PIP binding partner(s) Tested
PHosni PI1(4)P EGFP 27-29
PHosm-21 PI1(4)P EGFP 30-32
Possible PI(4,5)P,
PHprc P1(4,5)P; EYFP 33,34
1(1,4,5)P; EGFP
tagRFP-T
tubby-C-R332H P1(4,5)P, EYFP 35,36
Maybe PI(3,4,5)P; EGFP
PHrappi P1(3,4)P, EGFP 37,38
PHakr P1(3,4)P, EGFP 39, 40
P1(3,4,5)P;
PHprk PI(3,4,5)P; EGFP 41

For our screen, each FP-PIP reporter was expressed in Xenopus laevis oocytes alone or
co-expressed with Ci-VSP-G214C to assess its utility as a reporter for specific PIP
concentrations and Ci-VSP activity. All experiments were conducted using Ci-VSP-G214C so
we could compare Ci-VSP mediated changes in PIP pools with Ci-VSP VSD motion using VCF

techniques. Cells were voltage clamped at -80mV to record basal levels of FP-PIP reporter
fluorescence at the membrane. Then cells were subjected to a 30s depolarizing pulse and the
effects of membrane depolarization on FP-PIP reporter fluorescence were measured. Finally, the
cells were repolarized to -80 mV to determine if the changes in FP-PIP reporter fluorescence
were reversible. The profile of each probe in the presence and absence of Ci-VSP is summarized
in Figure 5.6.

117



Voltage Protocol Voltage Protocol

+80 mV
+60 mV
-80 mV -80 mV
EGFP-PH_ . EGFP-PH_,,,
EGFP-PH,,, EGFP-PH,,,,,
PH,, -EGFP probe alone

probe + Ci-VSP-G214C

10% FIF0|

10s

e

Figure 5.6. Representative voltage dependent profiles for each EGFP-PH PIP sensor.
Representative F/Fy fluorescence traces for Xenopus laevis oocytes expressing EGFP-tagged PH
domains alone (blue) or with Ci-VSP-G214C (red). Cells were voltage clamped at -80mV and
subjected to a 30s depolarizing to pulse to +60mV or +80 mV, then repolarized to -80mV.

We noticed that many of the FP-PH probes responded to membrane depolarization in the
absence of Ci-VSP (Figure 5.6). Recently, there have been reports of an endogenous voltage-
regulated G4 protein coupled receptor (GPCR) pathway in the Xenopus laevis oocyte.*>* This
pathway has been shown to activate the phospholipase C and result in the hydrolysis of P1(4,5)P,
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and the production of secondary messengers diacylglycerol (DAG) and inositol-1,4,5-
trisphosphate (I(1,4,5)P3). In most cases, the endogenous pathway had little effect on FP-PH
domain movement compared to the effects of Ci-VSP catalysis, but in some cases the
endogenous effects were indistinguishable from Ci-VSP mediated effects.

PI1(4)P and PI(4,5)P; probe testing

We began our screen using FP-PH probes for PI(4)P and PI(4,5)P, as these lipids are the
major PIP components in the inner leaflet of the plasma membrane.” '' The PH domains from
yeast oxysterol binding proteins homologs (PHosusp) have been shown to track PI(4)P pools
both in the Golgi apparatus and the plasma membrane.”” We first tested a tandem dimer
construct of the OSH2 PH domain (EGFP-PHosm2»t) which had been reported to specifically
bind PI(4)P at the plasma membrane in living cells.* However, in our hands, EGFP-PHosnot1
probe seemed to only report changes in PI(4,5)P, as membrane depolarization activation of Ci-
VSP caused a decrease in the membrane fluorescence of the probe (data not shown). Recent
literature has shown that the EGFP-PHogspo»1 construct may bind both PI(4,5)P, and PI(4)P in
the plasma membrane.’®  The EGFP-PHpsy; was an effective sensor for PI(4)P in our
experiments as it showed minimal response to endogenous voltage dependent GPCR pathways,
and followed the Ci-VSP mediated production of PI(4)P upon membrane depolarization (Figure
5.6). The EGFP-PHpsy; probe was used to track Ci-VSP production in PI(4)P in all future
experiments.

The PH domain from phospholipase C-61 (PHpic) had been previously shown to be a
robust reporter of PI(4,5)P, in Xenopus laevis oocytes.'™ ' In our hands, the EGFP- PHpy ¢ probe
had the largest signal-noise ratio of all the probes tested. EGFP- PHp ¢ showed minimal
response to endogenous depolarization activated PI(4,5)P, depleting pathways and a robust
decrease in membrane fluorescence in response to Ci-VSP hydrolysis of PI(4,5)P,. The EGFP-
PHpic probe response to Ci-VSP activity was more than 100 times the response of the EGFP-
PHp.c probe to endogenous pathways (Figure 5.6). We also tested other FP-PHp; ¢ constructs
and showed that they also followed Ci-VSP mediated changes in PI(4,5)P,. We used the FP-
PHp ¢ constructs to track Ci-VSP mediated changes in PI(4,5)P, for the majority of our
experiments.

PI(3,4)P; and PI(3,4,5)P; probe testing

As D3 phosphorylated PIPs represent less than 1% of the total PIP concentrations in a
resting cell,* we worried that that we would not be able to follow Ci-VSP mediated changes in
these lipid concentrations. Indeed, other research groups studying Ci-VSP activity in Xenopus
laevis oocytes have stimulated an endogenous PI-3-kinase pathway to elevate PI(3,4,5)P;
concentrations in the cell.'” We tested 3 probes for D3 phosphorylated PIPs.

Salim et al. and Rameh et al. reported that the PH domain from Bruton’s tyrosine kinase
(PHgrk) specificity binds PI(3,4,5)P; over PI(4,5)P,, and PI(3,4)P2.45’ % Varnai and co-workers
have shown that a fluorescently tagged PHgrx construct can accurately track membrane pools of
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PI(3,4,5)P; in mammalian cells.* Murata and Okamura used PHgrx-EGEP to follow Ci-VSP
mediated decreases in PI(3,4,5)Ps in Xenopus laevis oocytes, but they had to elevate membrane
concentrations of PI(3,4,5)Ps through insulin stimulation of endogenous PI-3-kinase pathways in
order to monitor Ci-VSP activity against PI(3,4,5)P;."

We were able to follow Ci-VSP mediated changes in P1(3,4,5)P; concentrations using the
PHgp1k-EGFP probe in unstimulated oocytes which demonstrates that Ci-VSP has a high affinity
for this substrate (Figure 5.6). These results are in agreement with biochemical data that
suggests Ci-VSP has the largest amount of activity against PI(3,4,5)Ps.2 However, in cells only
expressing PHgrk-EGFP probe we noticed that the PHptx-EGFP probe membrane fluorescence
drastically increased upon membrane depolarization (Figure 5.6). This increase suggests that
there is a depolarization activated PI3-kinase pathway in the oocyte, yet there are no reports of
this pathway in the literature. In our case, the depolarization-activated Ci-VSP hydrolysis of
PI1(3,4,5)P; monitored using the PHprx-EGFP probe was easily distinguishable from endogenous
effects, and PHp1x-EGFP was used as a PI(3,4,5)P; probe in future experiments.

The PH domain from the tandem-PH domain-containing protein 1 (TAPP1) specifically
binds PI(3,4)P, over other phosphoinositides in vitro’ " and the EGFP-PHrtapp; construct is the
only reported PI(3,4)P, sensor that localizes at the plasma membrane.”® We were unable to
accurately monitor Ci-VSP mediated changes in PI(3,4)P, concentrations in oocytes as this probe
exhibited large membrane depolarization activated increases in fluorescence which were
indistinguishable from Ci-VSP mediated production of PI(3,4)P, (Figure 5.6).

We next tested the PH domain from protein kinase B (PHakr) which binds both
PI(3,4,5)P; and PI(3,4)P, but shows a three-fold higher affinity for PI(3,4,5)P, in vitro.!’
Similarly, the EGFP-PHaxr probe, which is reported to monitor PI(3,4)P, and PI(3,4,5)Ps
concentrations in living cells,” also exhibited large increases in fluorescence upon membrane
depolarization that could not be offset by Ci-VSP activity (Figure 5.6). Recent reports have
suggested that Ci-VSP might also serve as a D3 phosphoinositide phosphatase and biochemical
studies show that the Ci-VSP phosphatase domain is active against PI(3,4)P,.> If PI(3,4)P; is
both a substrate and product of Ci-VSP,” this information could explain why we were unable to
measure Ci-VSP mediated changes in this lipid. Table 5.2 summarizes our screen of FP-PH
domain phosphoinositide reporters in Xenopus laevis oocytes. With reliable fluorescence
reporters for most plasma membrane PIPs in hand, we next tested the utility of these probes to
monitor the voltage dependency and kinetics of Ci-VSP activity.

120



Table 5.2. Summary of fluorescent PIP probes tested in Xenopus laevis oocytes.

PIP binding domain FPs PIP specificity Utility for Ci-VSP activity?
PHOSHI EGFP PI(4)P Yes
PHOSH2—2T EGFP PI(4)P and No
PI1(4,5)P,
PHp; EYFP,EGFP, P1(4,5P), Yes
tagRFP-T
PHrappi EGFP PI(3,4)P, No
PHaxr EGFP PI(3,4)P, No
P1(3,4,5)P;
PHgrk EGFP PI(3.4,5)P; Yes

FP-PH domains report voltage-dependent Ci-VSP activity

We next tested the utility of each FP-PH protein as a reporter of the voltage-dependent
activity of Ci-VSP. For these experiments, we utilized short voltage pulses to activate Ci-VSP
without the concomitant activation of voltage dependent endogenous signaling pathways in the
oocytes. Furthermore, we repolarized the cell for up to two minutes between depolarizing pulses
to allow for the endogenous PIP kinases and phosphatases to replenish PIP levels. All
experiments were conducted using Ci-VSP-G214C so that we could compare Ci-VSP mediated
changes in PIP pools with Ci-VSP VSD motion. We tested the activity of Ci-VSP-G214C in the
dynamic voltage range of VSD movement monitored by VCF (-40 mV to + 200mV). We
witnessed voltage dependent increases in FP-PH domain movement with stronger
depolarizations leading to larger changes in FP-PH domain fluorescence for all FP-PH domains
tested. These fluorescence changes were correlated with Ci-VSP activity such that stronger
depolarizations led to larger Ci-VSP mediated changes in PIP concentrations. Figure 5.7 shows
that in cells expressing Ci-VSP-G214C and EGFP-PHosui, stronger depolarizations led to
increased membrane fluorescence of the EGFP-PHpsy; which indicates greater Ci-VSP
production of PI(4)P. While 200 ms depolarizing pulses elicited Ci-VSP activity, tens of
seconds were needed for the FP-PH domain report of these changes to reach a steady state.
Diffusion of the FP-PH domains to and from the membrane occurs on the millisecond to second
time scale.*
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Figure 5.7. Increased membrane depolarization leads to greater Ci-VSP activity. F/F
fluorescence trace for oocyte expressing EGFP-PHogsy; and Ci-VSP-G214C. Cell was voltage-
clamped at -80mV then subjected to a train of 200 ms depolarizing voltage steps to voltages
shown at right. Larger membrane depolarizations resulted in larger increases in EGFP-PHogp;
signaling greater Ci-VSP production of PI(4)P.

By plotting the steady state FP-PH fluorescence levels (AF) as a function of step voltage,
we constructed activity vs. voltage (AV) curves (Figure 5.8). These curves could be compared
with the fluorescence vs. voltage (FV) curves constructed using VCF data which monitored VSD
movement for Ci-VSP-G214C. We found that the AV curves were in the same dynamic voltage
range as the FV curves for the voltage dependency of Ci-VSP VSD movement measured using
TMRM labeled Ci-VSP- G214C (G214C*)(Figure 5.8).
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Figure 5.8. FP-PH domains report voltage dependent Ci-VSP activity. Oocytes co-
expressing Ci-VSP-G214C and FP-PH domains were voltage clamped and subjected to a train of
depolarizing pulses resulting in a voltage-dependent changes in FP-PH domain fluorescence
mediated by Ci-VSP activity. VCF data for G214C* (gray line) shown for comparison of
voltage dependency of VSD movement. Solid lines represent single Boltzmann fits. Error bars
indicate SEM. For fit data, see Table 5.3.
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To confirm that the FP-PH domains were accurately measuring Ci-VSP activity, we
tested Ci-VSP-R217Q which we had previously shown to shift the voltage-dependent Ci-VSP
hydrolysis of PI(4,5)P, using the IRK1Q assay (Figure 5.9A). We used EGFP-PHpic as a
fluorescent probe for PI(4,5)P, and found that this probe could accurately follow the voltage-
shifted activity of Ci-VSP-R217Q (Figure 5.9B). For both methods tested, the R217Q mutation
shifted the midpoint (Vj;,) for the AV curves 41 mV leftward and caused an increased
shallowness of the AV curve slope (Figure 5.9A and B).
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Figure 5.9. Comparison of IRK1Q and EGFP-PHpc reporters of Ci-VSP activity. (A)
Activity vs. Voltage (AV) curves for VSD charge mutants measured using IRK1Q assay. (B)
Activity vs. Voltage (AV) curves for VSD charge mutants using FP-PH domain assay. For (A)

and (B), solid lines represent single Boltzmann fits and error bars indicate SEM. For fit data, see
Table 5.3.

FP-PH domains report voltage step duration dependency of Ci-VSP activity

We next measured the effects of voltage step length on Ci-VSP activity. Villalba-Galea
and colleagues recently reported that the Ci-VSP VSD adopts a “relaxed” conformation upon
prolonged membrane depolarization that may resemble the inactivated state of an ion channel.*
¥ However, the Ci-VSP phosphatase domain has shown to be constitutively active in vitro
suggesting that as long as the phosphatase domain is close enough to PIP pools at the plasma
membrane, it should be able to properly function." > We wondered if prolonged membrane
depolarization would also led to an “inactivation” of the phosphatase domain. To test this, we
conducted time series experiments in which oocytes expressing both Ci-VSP-G214C and an FP-
PH domain were subjected to a series of depolarizing pulses to +150 mV of varying duration.
We allowed two minutes of membrane repolarization to -80mV between voltage steps to allow
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endogenous PIP kinases and phosphatases to replenish PIP pools and allow the Ci-VSP VSD to
return to its resting state. Figure 5.10 shows that in cells expressing Ci-VSP-G214C and EGFP-
PHosni, longer voltage step durations up to 200 ms resulted in increased Ci-VSP production of
PI(4)P. As we saw with the voltage dependency experiments, tens of seconds were needed for
the FP-PH domain report of these changes to reach a steady state. We concluded that as long as
P1(4,5)P; pools are replenished and the voltage sensor remains in its active state, then Ci-VSP
can function properly.
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Figure 5.10. Longer membrane depolarization leads to greater Ci-VSP activity. F/F
fluorescence trace for oocyte expressing EGFP-PHogsn and Ci-VSP-G214C. Cell was voltage-
clamped at -80mV then subjected to a train of +150 mV steps of lengths shown at right. Red line
indicates beginning of voltage step. Longer membrane depolarizations resulted in larger
increases in EGFP-PHogsy; showing greater Ci-VSP production of PI(4)P.

Monitoring multiple Ci-VSP mediated reactions in a single cell

We next used the FP-PH domains to monitor the effects of Ci-VSP phosphatase activity
on multiple PIP pools in a single cell. As our experimental set-up was equipped to only measure
fluorescence from a single FP, we hoped that sequential imaging would allow us to monitor
multiple FP signals. Again, we used short (200 ms) depolarizing pulses and waited at least two
minutes between pulses to allow for recovery of PIP levels. We chose tagRFP-S158T (tagRFP-
T)® and EGFP as our fluorescent sensors as the excitation and emission profiles for these
proteins do not overlap which minimized FP signal bleed through with our filter set. We tested
the reproducibility of each FP-PH domain report of Ci-VSP activity and found that each probe
gave repeated robust fluorescence changes in response to Ci-VSP activity. To validate this
method, we tested the Ci-VSP hydrolysis of PI(4,5)P, to make PI(4)P (Figure 5.11A). We had
previously seen that Ci-VSP activity caused increases in PI(4)P and decreases in PI(4,5)P; levels
at the plasma membrane (Figure 5.6), but wanted to see if we could monitor both PIP pools in a
single cell. We coexpressed Ci-VSP-G214C and tagRFP-T-PHp ¢ and EGFP-PHggh; in
Xenopus laevis oocytes and measured the effects of Ci-VSP activity on the FP-PH domain
movements. Cells were voltage clamped at -80 mV then subjected to a 200 ms pulse to +150
mV. Membrane depolarization resulted in changes in the FP-PH fluorescence which tracked the
depletion of PI(4,5)P, and formation of PI(4)P and confirmed that Ci-VSP is a D5
phosphoinositide phosphatase (Figure 5.11B). As each PH domain has a different apparent
affinity for its PIP binding partner, we were unable to use the kinetics of FP-PH domain
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diffusion from the membrane to gain information about the absolute rates of Ci-VSP mediated
changes in these PIPs.
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Figure 5.11. Single cell imaging of Ci-VSP DS phosphatase activity. (A) Ci-VSP removes the
D5 phosphate group of PI(4,5)P, to form PI(4)P. TagRFP-T-PHp.c is used to track changes in
PI(4,5)P, and EGFP-PHogy; is used to track changes in PI(4)P. (B) Sample trace from an oocyte
expressing Ci-VSP-G214C and both FP-PH PIP probes described in (A). Cell was held at -
80mV then subjected to a 200 ms pulse to +150mV. Membrane depolarization resulted in
changes in the FP-PH fluorescence which tracks the depletion of PI(4,5)P, and formation of
PI(4)P and confirms Ci-VSP reaction shown in (A).

We have developed a robust fluorescence method utilizing FP-PH domains to monitor
voltage-dependent Ci-VSP mediated changes in multiple PIP pools in Xenopus laevis oocytes.
We can track these fluorescence changes with millisecond temporal precision and can follow
multiple PIP pools in a single cell. We determined that the FP-PH domain report of Ci-VSP
activity matches well with the voltage-dependency of Ci-VSP VSD movement which will aid in
future mechanistic studies. We also found that larger depolarizations as well as longer
depolarizations lead to greater Ci-VSP activity. We next applied our fluorescence method for
monitoring Ci-VSP activity to answer the following questions:

1. Can Ci-VSP serve as a D3 phosphoinositide phosphatase in living cells?

2. Can mutations in the Ci-VSP catalytic site control the kinetics of Ci-VSP phosphatase
activity ?

Characterization of possible Ci-VSP D3 phosphoinositide phosphatase activity

During our screen of FP-PH domain reporters, we noticed that the EGFP-PHprc probe
showed a biphasic response to Ci-VSP activity (Figure 5.12A). As EGFP-PHp,c is specific for
PI(4,5)P, over all other PIPs, We hypothesized that this probe might be monitoring Ci-VSP
mediated production and destruction of PI(4,5)P,. Recently, Iwasaki et al. reported that Ci-VSP
may act as a D3 and D5 phosphatase against PI(3,4,5)P3 in vitro,” and we rationalized that the
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EGFP-PHpc probe may be tracking the production of P1(4,5)P, via D3 hydrolysis of PI(3,4,5)P3
(reaction 1, Figure 5.12B) and the depletion of PI(4,5)P, via D5 hydrolysis (reaction 2, Figure
5.12B).
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Figure 5.12. EGFP-PHpc may report two Ci-VSP reactions. (A) Representative trace from
oocyte co-expressing Ci-VSP-G214C and EGFP-PHp ¢ showing biphasic response of EGFP-
PHpi ¢ to Ci-VSP activity upon depolarization. Ci-VSP may produce and deplete PI(4,5)P,. (B)
Model providing Ci-VSP mediated reactions to describe trace shown in (A). Ci-VSP may act as
a D3 (reaction 1) and D5 (reaction 2) phosphoinositide phosphatase.

To test our hypothesis, we utilized a recently described P1(4,5)P, specific probe based on
the PI(4,5)P, sensitive tubby transcription factor.’® A fluorescent protein fusion to the C
terminus of the tubby protein carrying a point mutation (R332H) in the PIP binding pocket
(tubby-C-R332H-EYFP) had recently been shown to follow PI1(4,5)P, pools in the cells.”> This
probe can be used to measure changes in PI(4,5)P, that may be independent of the PLC
hydrolysis of PI(4,5)P, intro DAG and I(1,4,5)P; which may not be distinguished using PHprc
probes. We constructed a green fluorescent protein tubby construct (tubby-C-R332H-EGFP) to
monitor Ci-VSP mediated changes in PI(4,5)P,. Ci-VSP activity caused decreases in the tubby-
C-R332H-EGFP membrane fluorescence indicating a decrease in PI(4,5)P, at the plasma
membrane (Figure 5.13). However, the tubby-C-R332H-EGFP signature lacked the upward
component present for the EGFP-PHp; ¢ probe. The tubby protein has been shown to also bind
PI(3,4,5)P; in vitro®® suggesting this probe may be monitoring Ci-VSP mediated changes in both
PI(3,4,5)P; and PI1(4,5)P;.
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Figure 5.13. Ci-VSP activity against PI(4,5)P, using 2 fluorescent probes. Oocytes co-
expressing Ci-VSP G214C and tubby-C-R332H-EGFP(top, green) or Ci-VSP-G214C and
EGFP-PHp¢ (bottom, black) were voltage clamped at -80mV then subjected to a 30s pulse to
+150 mV. Note that tubby-C-R332H-EGFP does not show biphasic response to Ci-VSP activity.

We wondered if the biophysical properties of EGFP were causing the upward effect.
EGFP and structurally related proteins have pH dependent fluorescence where increases in
intracellular pH cause increase in EGFP fluorescence. This pH effect is most pronounced with
EYFP.’! We also tested EYFP-PHp;  and tagRFP-T-PHp ¢ probe as sensors of Ci-VSP activity,
but neither of these probes showed the upward component of the fluorescence signal in response
to Ci-VSP activation. Furthermore, the EGFP-PHp;c upward component had a voltage-
dependence where larger depolarizations also led to increasing peak height (data not shown).
We concluded that the biphasic response of EGFP-PHp; ¢ was caused by Ci-VSP and tried other
experiments to determine whether Ci-VSP was a D3 phosphoinositide phosphatase.

We next used the sequential dual-color imaging technique to test whether Ci-VSP could
deplete both PI(4,5)P, and PI(3,4,5)P; upon membrane depolarization in a single cell.
Biochemical studies have shown that the Ci-VSP catalytic domain shows greater activity toward
PI1(3,4,5)P; than PI(4,5)P2.2 In living cells, PI(3,4,5)P; is present in minute concentrations
compared with PI(4,5)P,. We wondered if Ci-VSP mediated PI(4,5)P, hydrolysis would
dominate in cells. We coexpressed Ci-VSP-G214C and tagRFP-T-PHprc and PHprk-EGFP and
measured the effects of Ci-VSP activity on the FP-PH domain movements. Again, cells were
voltage clamped at -80 mV then subjected to a 200 ms pulse to +150 mV. Membrane
depolarization resulted in changes in the FP-PH fluorescence that tracked the Ci-VSP mediated
depletion of both PI(3,4,5)P; and PI(4,5)P, (Figure 5.14). This result supports the depolarization
activated D5 phosphoinositide phosphatase model for Ci-VSP proposed by Halaszovich et al,®
but it still did not answer the questions of whether Ci-VSP could act as a D3 phosphoinositide
phosphatase in vivo or which reaction dominated under physiological conditions.
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Figure 5.14. Ci-VSP hydrolyzes both PI(3,4,5)P; and PI(4,5P, upon membrane
depolarization. Representative F/F, trace from an oocyte expressing Ci-VSP-G214C and FP-
PH probes for PI(3,4,5)P3 (PHprk-GFP) and PI(4,5)P, (TagRFP-T-PHp. ). Cell was voltage
clamped at -80mV then subjected to a 200 ms pulse to +150 mV. Membrane depolarization
causes Ci-VSP to hydrolyze both PIP species.

We attempted to increase PI1(3,4,5)Ps levels in the cell using a chemically inducible PI3-
kinase system®> with the hope that larger pools of PI(3.4,5)P; would result in larger D3
phosphatase from Ci-VSP, but these experiments were unsuccessful.

We also worried that membrane depolarization was turning on voltage sensitive
endogenously expressed phospholipase C in the oocyte which was hydrolyzing P1(4,5)P; pools
and offsetting the Ci-VSP mediated increases in these pools. We next incubated oocytes
expressing EGFP-PHp, ¢ and Ci-VSP in U73122, a potent PLC inhibitor> to reduce the effects of
endogenous PI(4,5)P, depleting pathways, then applied a long depolarizing pulse to fully activate
Ci-VSP. As expected, in control cells only expressing EGFP-PHp ¢, U73122 treatment reduced
the effects of voltage sensitive PI(4,5)P, depleting pathways. Interestingly, U73122 treatment
did not affect the upward component of the EGFP-PHp ¢ response to Ci-VSP activity, but it did
significantly reduce the downward component. (Figure 5.15). These results suggest that Ci-VSP
may act as a D3 phosphoinositide phosphatase in living cells.
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Figure 5.15. U73122 does not affect EGFP-PHpc signal #1. Cells were voltage clamped at -
80 mV then depolarized to +80 mV for 2 min. #1 denotes upward component of EGFP-PHp; ¢
response to Ci-VSP activity and #2 denotes downward component of EGFP-PHpc response to
Ci-VSP activity (see figure 5.12 for more details). Bars show mean (n>6) + SEM for each
condition. Asterisk denotes p<0.05.

In summary, the EGFP-PHp; ¢ response to Ci-VSP activity may reveal that Ci-VSP acts
as a D3 phosphoinositide phosphatase in living cells. Biochemical studies utilizing D3
phosphoinositides bearing **P-labeled phosphate groups should be conducted to confirm that the
Ci-VSP phosphatase domain can remove the D3 phosphate group from PI1(3,4,5)P; and P1(3,4)P,.
This information will then guide experiments to probe the functional importance of this reaction
in living cells.

Characterization of Ci-VSP substrate specificity and Kinetics using single FP-PIP sensors

While the different binding affinities of the FP-PIP probes prevented us from comparing
the rates of Ci-VSP mediated changes in multiple PIP pools, we wondered if we could use a
single FP-PIP sensor to compare the activities of two Ci-VSP mutants against a single PIP. For
these studies, we also wanted to monitor the effects of Ci-VSP active site mutations on voltage-
dependent activity. The cytosolic domain of Ci-VSP shares 29.5% overall sequence identity
with PTEN, raising questions about the functional similarities of these proteins. Ci-VSP and
PTEN share 93% sequence identity in their catalytic domains (Figure 5.16) and the key catalytic
residues involved in PTEN function are crucial for Ci-VSP activity.°
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Figure 5.16. Comparison of PTEN and Ci-VSP active sites. Partial sequence alignment of
active site residues in PTEN (top) and Ci-VSP (bottom). Areas of sequence identity are shaded
in blue.

Iwasaki et al. recently proposed that G365 in Ci-VSP is crucial for Ci-VSP’s preferential
D5 phosphoinositide phosphatase activity.” Both biochemical and living cell studies showed that
Ci-VSP-G365A did not have significant activity against PI(4,5)P,, suggesting that an alanine at
position 365 prevents D5-phosphatase activity. We performed functional studies with Ci-VSP-
G365A to investigate its ability to tune the substrate specificity of Ci-VSP and to measure the
kinetic effects of this mutation.

We first conducted voltage clamp fluorometry (VCF) experiments to monitor the effects
of G365A on Ci-VSP VSD movement. We used position G214 near extracellular end of the S4
segment as our labeling site to monitor VSD motions. We had previously shown that mutations
in the catalytic site that eliminate phosphatase activity also shift the voltage sensitivity and
kinetics of voltage sensor movement.” However, the G365A mutation did not significantly shift
the voltage dependency of VSD movement (Figure 5.17) or affect the kinetics of VSD
movements (data not shown).
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Figure 5.17. Effects of G365A on Ci-VSP VSD movement. FV curves for G214C.
Asterisk denotes labeling with TMRM Solid lines represent single Boltzmann fits. Error
bars indicate SEM. For fit data, see Table 5.3.

We next used FP-PH domain assay to study the effects of G365A on PI(3,4,5)P;
hydrolysis and confirm that Ci-VSP-G214C-G365A did not hydrolyze PI1(4,5)P, under stronger
membrane depolarization. To compare the PI(4,5)P, hydrolysis of Ci-VSP-G214C with Ci-VSP-
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G214C-G365A, we expressed each protein with EGFP-PHp ¢ as a reporter for PI(4,5)P,. Unlike
previous reports, we found that Ci-VSP-G214C-G365A had delayed PI(4,5)P, hydrolysis

(Figure 5.18A) and even at full activation, only had 20 % catalytic activity when compared with
Ci-VSP-G214C (Figure 5.18B).

+150 mV G214C Step length (s)
G214C-G365A ool 02 05 1.0 20_ 50

10— !

2

= 20

B
-30—

20 % FIFO‘ 40— co1ac
G214C-G365A
5s -50

Figure 5.18. G365A mutation causes delayed and reduced PI(4,5)P, hydrolysis. (A)
Representative F/F, fluorescence traces for oocytes co-expressing EGFP-PHprc with Ci-VSP-
G214C (black) or EGFP-PHp ¢ with Ci-VSP-G214C-G365A. Cells were voltage clamped at -80
mV then subjected to a 5 s depolarizing pulse to +150 mV. Note that G365A mutation delays
PI(4,5)P, hydrolysis as measured by EGFP-PHpic reporter. (B) Comparison of steady-state
EGFP-PHp c AF/Fy vs. step length for cells co-expressing EGFP-PHpic and Ci-VSP-G214C
(black, n=4) or Ci-VSP-G214C-G365A (red, n=4). Bars represent mean + SEM. Cells were
voltage clamped at -80 mV then subjected to a train of pulses to +150 mV of varying duration.
Note that even at longer depolarizations, Ci-VSP-G214C-G365A has reduced activity compared
to Ci-VSP-G214C.

Interestingly, the biphasic EGFP-PHp. ¢ response to Ci-VSP activity remained for Ci-
VSP-G214C-G365A, although it was much slower (Figure 5.18A). Other FP-PIP sensors of
P1(4,5)P, and PI(4)P also showed delayed responses in the presence of Ci-VSP-G214C-G365A
suggesting that this mutation delays PI(4,5)P, hydrolysis and PI(4)P production (data not
shown). We next tested how the G365A mutation affected Ci-VSP PI(3,4,5)P; hydrolysis.

As the G365A mutant has a catalytic domain sequence identical to that of PTEN, a
known D3 phosphoinositide phosphatase, we predicted that this mutant might have larger
activity against PI(3,4,5)P;. We tested this hypothesis by co-expressing Ci-VSP-G214C or Ci-
VSP-G214C-G365A with PHprk-EGFP as a reporter for PI(3,4,5)P;. We observed that the
kinetics for Ci-VSP-G214C-G365A and Ci-VSP-G214C were not statistically different (Figure
5.19A). We did observe that the steady-state activity for Ci-VSP-G214C-G365A was
significantly lower than Ci-VSP-G214C during short depolarizations, but the activities were not
statistically different during longer depolarizations (Figure 5.19B). We concluded that the
G365A mutation may slightly delay PI(3,4,5)P; hydrolysis but does not alter the substrate
specificity of Ci-VSP.
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Figure 5.19. G365A mutation reduces PI(3,4,5)P; hydrolysis during short depolarizations.
(A) Representative F/F, fluorescence traces for oocytes co-expressing PHprk-EGFP with Ci-
VSP-G214C (black) or EGFP-PHpr ¢ with Ci-VSP-G214C-G365A. Cells were voltage clamped
at -80 mV then subjected to a 5 s depolarizing pulse to +80 mV. Note that G365A mutation does
not delay PI(3,4,5)P, hydrolysis as measured by PHprx-EGFP reporter. (B) Comparison of
steady-state PHgrx-EGFP AF/Fy vs. step length for cells co-expressing PHprk-EGFP and Ci-
VSP-G214C (black, n=6) or Ci-VSP-G214C-G365A (red, n=7). Bars represent mean + SEM
Cells were voltage clamped at -80 mV then subjected to a train of pulses to +80 mV of varying
duration. Note that only during shorter depolarizations, Ci-VSP-G214C-G365A has reduced
activity compared to Ci-VSP-G214C. Asterisk (*) denotes p<0.05.

Our preliminary experiments with Ci-VSP-G214C-G365A suggest that although Ci-VSP
and PTEN have high sequence identity in their catalytic domains, these enzymes differ in their
substrate specificity. Our results differ with recent reports that suggest G365 is a key residue in
regulating Ci-VSP’s substrate specificity.” Instead, we find that G365 does not play a significant
role in determining Ci-VSP’s substrate specificity, but it may be important for proper D5
phosphoinositide hydrolysis, as G365A slows the kinetics and steady state levels of P1(4,5)P;
hydrolysis at all step durations tested. G365A also reduces steady state levels of Ci-VSP
mediated PI(3,4,5)P; hydrolysis during short depolarizations, further suggesting a role for G365
in promoting fast substrate turnover. Further mutagenesis studies targeting the role of other Ci-
VSP catalytic site residues will give more insight into the role of the catalytic domain in
regulating the kinetics and substrate specificity of Ci-VSP activity.

Conclusions

We have developed a robust fluorescence method utilizing FP-PH domains to monitor
voltage-dependent Ci-VSP mediated changes in multiple PIP pools in Xenopus laevis oocytes.
We monitored these fluorescence changes with millisecond temporal precision and can follow
multiple PIP pools in a single cell. The FP-PH domain report of Ci-VSP activity matches well
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with the voltage-dependency of Ci-VSP VSD movement. We also found that larger membrane
depolarizations as well as longer depolarization steps led to greater Ci-VSP phosphatase activity.

We applied our fluorescence method to monitor the substrate specificity and kinetics of
Ci-VSP activity. We observed possible Ci-VSP D3 phosphoinositide phosphatase activity using
the EGFP-PHp c probe which suggests that Ci-VSP might serve as both a D3 and D5
phosphoinositide phosphatase in living cells. We also found that G365 in the Ci-VSP active site
may play a key role in regulating the kinetics of Ci-VSP mediated PIP hydrolysis, and that
G365A slows D5 phosphoinositide activity against P1(4,5)P;.

With this new method for monitoring multiple Ci-VSP mediated reactions, we will
further characterize the molecular determinants of Ci-VSP substrate specificity and voltage-
dependency. Furthermore, orthologs of Ci-VSP have been discovered in other organisms,™ ** **
but not much is known about this family of voltage-sensitive proteins. In particular, TPTE and
TPIP, two proposed human orthologs of Ci-VSP, have been shown to be phosphoinositide
phosphatases, but their substrate specificity and regulation are not well-understood.”® We will
use our fluorescence method to assess the voltage sensitivity of these proteins and determine
their biologically relevant substrates and products. With this information in hand, we can
determine the physiological significance of the voltage-sensitive phosphatase family.
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Materials and Methods

Molecular Biology. Ci-VSP in the pSD64TF vector was kindly provided by Dr. Y. Okamura
(Osaka University, Osaka, Japan). rIRK1 in pPGEM-HE was kindly provided by Dr. E. Reuveny
(Weizmann Institute of Science, Rehovot, Israel). The EGFP-PHakt, EGFP-PHp ¢, and EYFP-
PHp ¢ constructs were kindly provided by Dr. T. Meyer (Stanford University, Palo Alto, CA)
and subcloned into pGEM-HE. The EGFP-PHosmoor, EGFP-PHosai, EGFP-PHrappi, and
PHprx-EGFP were kind gifts from Dr. T. Balla (National Institutes of Health, Bethesda MD) and
subcloned into pGEM-HE. The tubby-C-R332H-EYFP construct was a kind gift from Dr. A.
Tinker (University College, London, UK) and was subcloned into pGEM-HE. EGFP was
subcloned into the BamHI and HindlIlII sites of the pGEM-HE- tubby-C-R332H-EYFP vector to
create the tubby-C-R332H-EGFP construct. The ptagRFP vector was a kind gift from Dr. T.
Hughes (Montana State University, Bozemann, MT). The coding sequence for tagRFP was
subcloned into the Nhel and Xhol sites of the pGEM-HE-EGFP-PHpc vector to create the
tagRFP-PHp; ¢ construct. The S158T mutation (for increase photostability’”) was added to
tagRFP in the pPGEM-HE-tagRFP-PHp; ¢ construct using Quikchange (Stratagene).

All point mutations were made using Quikchange (Stratagene). All DNA was confirmed by
DNA sequencing. RNA was transcribed using mMessage mMachine SP6 or T7 transcription kits
(Ambion).

Heterologous Protein Expression. Surgically extracted Xenopus laevis oocytes were injected
with 20-42.5 ng RNA (50 nl). The cells were incubated in ND-96 (96 mM NaCl, 2 mM KClI, 1.8
mM CaCl,, 1 mM MgCl,, 50 mg mL™" gentamicin, 2.5 mM Na pyruvate, and 5 mM HEPES, pH

7.6) at 12-18°C for 12-48 h prior to experiments, unless otherwise noted.

Voltage Clamp Fluorometry. Voltage clamp fluorometry was performed as described
previously.”® Briefly, 50 nl mRNA for Ci-VSP at 0.4-0.8 pg-pl” were injected into Xenopus
laevis oocytes. One hour after injection, oocytes were treated with a 1 mM solution of glycine
maleimide®’ to block native cysteines before protein expression. Cells were then incubated at
18°C for 24-48 prior to experiments

On the day of the experiment, cells were incubated in a high potassium solution (98 mM KClI,
1.0 mMCacCl,, 1.8 mM MgCl,, 10 mM HEPES, pH7.2) and 12.5 uM tetramethylrhodamine-6-
maleimide (Invitrogen) for 30 minutes on ice and in the dark. After extensive washing with ND-
96, the cells were stored in ND-96, in the dark and at 12°C until the time of the experiment. VCF
experiments were conducted in ND-96 recording solution (96 mM NaCl, 2 mM KCI, 1.8 mM
CaCl,, I mM MgCl, 10 mM HEPES, pH 7.4).

A Zeiss IM inverted microscope with a 20X 0.75 NA fluorescence objective (Nikon) was used
with a Dagan CA-1B amplifier (Dagan Corporation), illuminated with a 150 W xenon-mercury
arc lamp (Hamamatsu) and intensity was measured with an HC120-05 photomultiplier tube
(Hamamatsu). The amplifier, photomultiplier and Uniblitz shutter (Vincent Associates) were
controlled by the Digidata-1440 board and PClampl0 software package (Molecular Devices).
Light was filtered through an HQ535/50 excitation filter, an HQ610/75 emission filter and a
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Q565LP dichroic (Chroma Technology). Fluorescence signals were low pass filtered at 2 kHz
through an eight-pole Bessel filter (Frequency Devices). For fluorescence vs. voltage (FV)
curves (Figures 5.3, 5.8, and 5.17), cells were held at -80mV then subjected to 500 ms voltage
steps from -150mV to +200mV followed by repolarization to -80mV with an intersweep time of
S5s. Steady state fluorescence levels obtained at the end of each voltage step were plotted as a
function of step voltage to create FV curves. Data were fit using single Boltzmann then
normalized and averaged. Data in FV curves represent mean values + standard error of the mean
(SEM).

FP-PH domain experiments. 50 nl of mRNA for Ci-VSP and the FP-PH domain were
coinjected into Xenopus laevis oocytes at a 1:1 or 10:1 Ci-VSP:FP-PH domain ratio with a total
RNA concentration of ~0.44-0.8 pg-pl”. Oocytes were incubated in ND-96 for 24-48 hours at
18°C in the dark until the time of experiments.

All experiments were conducted at room temperature. Oocytes were placed animal pole side
down in a RC26-Z recording chamber (Warner Instruments) constructed with a No.1 thickness
coverslip bottom (CS22/50, Warner Instrument) and constantly perfused with ND-96 recording
solution using a Valve Bank 8 II perfusion system (Automate Scientific). Oocytes were voltage-
clamped using two-electrode voltage clamp (TEVC) methods using a CA-1B amplifier (Dagan
Corporation), Digidata-1440A board and pClamp10 software (Molecular Devices).

The electrophysiology set-up was coupled to a Zeiss IM inverted microscope with a 20X 0.75
numerical aperture (NA) fluorescence objective (Nikon). Cells were illuminated with a 150 W
xenon-mercury arc lamp (Hamamatsu) and fluorescence intensity was measured with an HC120-
05 photomultiplier tube (Hamamatsu). The photomultiplier tube and Uniblitz shutter (Vincent
Associates) were controlled by the Digidata-1440 board and PClamplO software package
(Molecular Devices). tagRFP fluorescence was imaged using an HQ535/50 excitation filter, an
HQ610/75 emission filter and a Q565LP dichroic (Chroma Technology). EGFP and EYFP
fluorescence were imaged using an HQ480/40 excitation filter, an HQ535/50 emission filter and
a Q505LP dichroic (Chroma Technology). All fluorescence data was sampled at 2 kHz and
filtered at 2 kHz using a Cornerstone series FL 8 pole Bessel filter (Dagan).

For all experiments, cells were voltage clamped at -80mV in the dark for two minutes prior to
recording to obtain baseline FP-PH domain fluorescence when Ci-VSP was not active. The
PMT gain was adjusted so that the resting fluorescence signal was approximately 3 V. Cells
were voltage clamped at -80mV for 5-30s with the shutter open to record baseline fluorescence.
The shutter remained open for the remainder of the experiment and data were recorded every 500
ps. Cells were then subjected to depolarizing voltage steps ranging from -40 mV to +200 mV
with varying durations of 10 ms up to 2 min. Next, cells were then repolarized to -80mV for 20-
120 s.

All data analysis was conducted using Microsoft Excel and Igor Pro software. All fluorescence
data were normalized using the following equation:

Frorm=F/Fo
where Fy represents the mean fluorescence signal measured over the course of Is prior to a
voltage step.
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For measuring steady-state changes in FP-PH domain fluorescence, the following equation was
used:

AF/F() = (Fstep-Fo)/Fo
where Fy represents the mean fluorescence signal measured over the course of Is prior to a
voltage step and F., represents the mean steady-state fluorescence measured during or after a
voltage step.

For FP-PH domain activity vs. voltage (AV) curves (Figures 5.8 and 5.9), steady state AF/F
values were plotted vs. voltage step voltage, then data were fit using a single Boltzmann
equation. Data were then normalized and averaged.

For U73122 experiments (Figure 5.15), oocytes expressing EGFP-PHp; ¢ in the absence and
presence of Ci-VSP-G214C were incubated in ND-96 recording solution containing 10 uM
U73122 (CalBioChem) for 60-120 minutes at 18°C in the dark. Cells were then extensively
washed with ND-96 recording solution just prior to experiments.

IRK1Q activity assay (Figures 5.3 and 5.9A). We measured Ci-VSP catalytic activity using an
electrophysiological assay. Ci-VSP catalytic activity was measured indirectly by detecting the
catalytic product, phosphatidylinositol-4,5-bisphosphate (PI(4,5)P,), via its activation of the
inwardly-rectifying IRK1 R228Q K" channel (IRK1Q). The R228Q mutation of IRK1 was used
to alter the sensitivity of the channel for PI(4,5)P; into an observable range.® Voltage was held at
different levels with a test every 30 s consisting of a 10 ms step to —100 mV to measure inward
current, followed by a 70 ms ramp to 50 mV, confirming that the current was due to IRK1Q and
not leak. To reach steady-state currents at each voltage required multiple iterations of the
protocol, reflecting the time it takes to establish a steady-state level of PI(4,5)P, at each level of
Ci-VSP activity.

For these experiments, 50 nl of mRNA for Ci-VSP and IRK1Q were coinjected into Xenopus
laevis oocytes at a 10:1 ratio with a total RNA concentration of ~0.9 pg-ul™. Cells were
incubated in ND-96 at 18°C for 16-48 hours. The recording solutions contained 90 mM
potassium methanesulfonic acid (KMES), 3 mM Mg(MES),, 8 mM KOH, 10 mM HEPES, pH
7.4. Experiments were conducted on the VCF set-up described above.

IRK1Q Activity Analysis. Kinetic and steady-state traces were analyzed using Igor Pro and
Microsoft Excel software. The activity experiments with IRK1Q were leak subtracted by
assuming a voltage-independent linear leak. Current was measured at —100 mV after the test
holding potential and leak was measured at +50 mV where the IRK channels should be blocked
by Mg”" and polyamines and the following equation applied to calculate the leak subtracted (LS)
current: Iys= Ljoomv + 2lisomyv. Multiple iterations of the protocol were tested per holding
potential to reach steady-state levels of current. For voltages where steady-state currents could
not be reached, the data were extrapolated using a single exponential. Activity vs. Voltage
Curves (AV) curves were constructed by plotting steady-state IRK1Q current vs. voltage step.
Data for individual cells were fit to a single Boltzmann curve, then normalized and averaged.
Data points represent the mean + the standard error of the mean (SEM). Solid lines represent
single Boltzmann fit of the averaged data.
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Data Analysis and Statistics.

All data analysis was conducted using Clampfit (Molecular

Devices), Excel (Microsoft) or Igor Pro Software. All data represent the mean + standard error
of the mean (SEM). Statistical significance was assessed using the Student’s t-test.

Table 5.3. Activity vs. voltage (AV) and fluorescence vs. voltage (FV) curve fit data.

Protein(s) Viz (mV) slope n

Ci-VSP-G214C + EGFP-PHosni 50.5+0.8 15.7+0.7 7
Ci-VSP-G214C + PHp1k-EGFP 753+1.9 19.1 +1.7 5
Ci-VSP-G214C + EGFP-PHp. ¢ 904+1.6 18.8+1.4 17
Ci-VSP-G214C* (Figure 5.8) 71.2+0.8 30.3+0.7 13
Ci-VSP-G214C +IRK1Q -2.8+0.9 10.9+ 0.9 11
Ci-VSP-G214C-R217Q + IRK1Q -43.8+2.1 21.3+1.9 15
Ci-VSP + EGFP-PHp ¢ 71.1£0.6 12.9+0.5 4
Ci-VSP-R217Q + EGFP-PHp_ ¢ 29.5+2.3 225419 10
Ci-VSP-G214C* (Figure 5.17) 62.5+09 24.7+0.8 4

Ci-VSP-G214C*-G365A (Figure 5.17) 523+0.6 22.0£0.5 3
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Appendix 1

Electro-chemical coupling in the voltage-dependent phosphatase Ci-VSP?

? This work has been published and is reprinted in full with permission from Nature Chemical
Biology:

"Electro-chemical coupling in the voltage-dependent phosphatase Ci-VSP"

Susy C. Kohout, Sarah C. Bell, Lijun Liu, Qiang Xu, Daniel L. Minor Jr., and Ehud Y. Isacoff,
Nature Chemical Biology, 2010, 6,(5), 369-375.
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Abstract

In the voltage sensing phosphatase, Ci-VSP, a voltage sensing domain (VSD) controls a
lipid phosphatase domain (PD). The mechanism by which the domains are allosterically coupled
is not well understood. Using an in vivo assay, we find that the inter-domain linker that connects
the VSD to the PD is essential for coupling the full-length protein. Biochemical assays show that
the linker is also needed for activity in the isolated PD. We identify a late step of VSD motion in
the full-length protein that depends on the linker. Strikingly, this VSD motion is found to require
PI(4,5)P,, a substrate of Ci-VSP. These results suggest that the voltage-driven motion of the
VSD turns the enzyme on by rearranging the linker into an activated conformation, and that this
activated conformation is stabilized by PI(4,5)P,. We propose that Ci-VSP activity is self-limited
because its decrease of PI(4,5)P, levels decouples the VSD from the enzyme.

Introduction

The Ciona intestinalis voltage-sensing phosphatase, Ci-VSP, has an N-terminal domain
that resembles the voltage sensing domain (VSD) of voltage-gated ion channels and a C-terminal
domain that is homologous to the “phosphatase and tensin homologue deleted on chromosome
10” (PTEN) protein, a lipid and protein phosphatase(Figure Al.la). > Ci-VSP is the first
member of the voltage dependent family of proteins that is not an ion channel. Instead, Ci-VSP
takes an electrical signal in the form of membrane potential and converts it to a chemical signal
through its phosphatase activity. Its discovery has raised questions about how a membrane-
spanning sensor domain can couple to both the gates of ion channel pore domains and to a
cytoplasmic enzyme. For voltage-gated potassium channels, the linker between S4 in the VSD
and S5 in the pore domain has been shown to be necessary for coupling the voltage sensing to
the gating of the pore.**

The homology between the Ci-VSP phosphatase domain (PD) and PTEN led to the
discovery that Ci-VSP is a voltage-dependent lipid phosphatase.' Although PTEN
dephosphorylates the 3-phosphate of phosphatidylinositol 3,4,5-trisphosphate (P1(3.,4,5)P3), Ci-
VSP has been shown to remove the 5-phosphate of both PI(3,4,5)P;, dephosphorylating it to
phosphatidylinositol 3.,4-bisphosphate (PI(3,4)P,), and phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P,), dephosphorylating it to phosphatidylinositol 4-phosphate (PI(4)P).”” While there
are sequence divergences between Ci-VSP and PTEN, there are a number of notable similarities.
The catalytic domains are 44% identical, and the residues that are known to be important for
catalysis are highly conserved. They share several basic amino acids just upstream of the
catalytic domain, which are known as the “PI(4,5)P, binding motif* (PBM) in PTEN." In
PTEN, the PBM is essential for membrane targeting and this has been attributed to an interaction
between PI(4,5)P, and the basic residues in the PBM.'""* The homologous region in Ci-VSP
links the VSD to the PD (Figure Al.la), suggesting that it may couple voltage sensing to
enzymatic activity, analogous to the function of the S4-S5 linker in K™ channels.

A major unresolved question about Ci-VSP, and its homologues from sea squirt to
vertebrates, is how do the voltage-driven structural rearrangements of the VSD control the
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activity of the enzyme? Mutations in the VSD-PD linker have been shown to eliminate activity,"
1> suggesting either that this linker plays a direct role in the function of the PD or that it is
important for coupling the VSD to the PD. To gain insight into this issue, we examined the
activity of linker mutants in the isolated PD of the protein in vitro. We found that point mutations
substantially reduce activity and that a linker deletion ablates activity altogether. These
observations indicate that the linker has a direct role in enzymatic function. Because mutations in
the linker directly affect the activity of the enzyme domain, activity cannot be used to determine
if the mutants also affect coupling. We therefore developed an alternative coupling assay using
Voltage Clamp Fluorometry (VCF).'® '7  The assay is based on recent evidence that
manipulation of the phosphatase by mutation of the catalytic cysteine 363 to a serine or by an
active site blocker alters the gating current (also known as “sensing current”).'® This alteration
demonstrates that inter-domain coupling between the PD and the VSD of the protein can be
detected optically as an influence of PD mutants on VSD motion as measured by VCF.'> ' 7
Because the effect of the C363S mutation is modest, we searched for another phosphatase
mutation that has a bigger impact on the VSD.

Using VCF to measure the voltage-driven motion of the VSD, we identified a new a
catalytic site mutation, D331A, which strongly alters the voltage dependence and kinetics of
VSD motion and, thus, provides a high accuracy gauge of inter-domain coupling. With this
measure of coupling, we find that mutations in the VSD-PD linker compromise coupling. These
linker mutants are also found to alter a late step of VSD motion. Strikingly, we find that
P1(4,5)P, modulates both coupling and the late VSD motion. We propose a model where
PI(4,5)P; interacts with the linker to stabilize an enzyme-activating conformation induced by the
depolarization-driven motion of the VSD. The modulation by the substrate could provide a
mechanism for enhancing enzymatic activity when PI(4,5)P; is high and reducing activity when
it is low to limit the degree of P1(4,5)P, depletion.

Results

Effect of mutations in VSD-PD linker on activity

Ci-VSP has an N-terminal VSD and a C-terminal PD that are connected by a 16 amino
acid linker (Figure Al.la). To understand how the voltage-driven motions of the VSD are
coupled to the activity of the PD, we examined the linker, which shares 50% identity with the
PTEN N-terminal (PBM) (Figure Al.1b, top). The PTEN PBM contains several basic amino
acids, including K13 and R15, which have been found to be mutated in cancer cells.?** KI13E
disrupts the membrane targeting of PTEN, even though the active site is still capable of
catalysis."* These functionally important PTEN residues lie in the second half of the PBM and
are conserved in Ci-VSP’s VSD-PD linker as K252 (PTEN K13) and R254 (PTEN R15) (Figure
Al.1b, top). A recent study showed that the double mutation of R254A with its neighbor R253A
eliminates voltage-dependent changes in activity, leading to the proposal that they serve as a part
of a PBM and an inter-domain coupler for Ci-VSP."
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We focused on three consecutive residues, K252, R253 and R254 in Ci-VSP (Al.1b,
top), and made individual glutamine mutations to neutralize the charge carried by each position.
These mutations were made in the background of G214C, which served as a fluorophore labeling
site. Because the level of activity will depend on both the rate of catalysis by each molecule of
Ci-VSP and on the number of Ci-VSP molecules in the plasma membrane, it was important to
determine if the mutations affect expression level. We assessed the expression level of the three
mutants following labeling of the G214C position with the fluorescent probe,
tetramethylrhodamine maleimide (TMRM). We found that the resting G214C-TMRM (G214C*)
oocyte fluorescence at the holding potential of -80 mV (an index of the number of labeled Ci-
VSP proteins on the cell surface) was as high in the three mutants (i.e. they expressed as well) as
in wild type (Figure A1.7), enabling a straightforward comparison of their activity. To measure
catalytic activity, we employed a previously established assay that uses an IRK1 channel that is
mutated (R228Q) to reduce PI(4,5)P; affinity." '° (see Materials and Methods & Figure A1.8).
We found that K252Q and R254Q reduce voltage-dependent changes in activity to undetectable
levels, and that R253Q reduces this activity by 80 + 6% (n=8) relative to G214C* alone (Figure
Al.lc).

The loss of activity in the linker neutralization mutations could be due to a loss of
coupling. Alternatively, it could reflect a direct effect of the mutations on the PD. To distinguish
between these possibilities, we examined the effect of the K252Q, R253Q and R254Q mutations
on the activity of the isolated PD construct (amino acids 240-576) in vitro. Circular dichroism
(CD) measurements showed that the three mutant proteins were all well folded (Figure A1.9).
Using the malachite green activity assay to monitor phosphatase activity of the purified proteins,
I8 we found that R253Q retained wild type levels of activity, but that K252Q and R254Q had
reduced activity (Figure Al.1d, Methods). These in vitro experiments indicate that two of the
three conserved basic residues have a direct influence on PD activity.

To examine the function of the Ci-VSP linker further, we carried out the malachite green
in vitro activity assay on a PD construct from which the linker was deleted (i.e. where the
construct begins at amino acid 256, but is otherwise wild type in sequence). This construct was
well folded (Figure A1.9) but completely lacked activity towards either a membrane bound
PI(3,4,5)P; substrate or a water soluble inositol-(1,3,4,5)-tetraphosphate (IP4) substrate (Figure
Al.1d, Figure A1.10). An equivalent deletion in PTEN lost activity with the membrane bound
PI(3,4,5)P, but retained activity against the soluble IP,,'" distinguishing Ci-VSP from PTEN.
Thus, the Ci-VSP linker is necessary for the catalytic function of the PD. These results suggest
that in the full-length construct negative voltages may disable the linker, and that depolarization
may allow it to assume the activating conformation that it has in the VSD-less construct in
solution.

Catalytic domain influence over the VSD

The direct effects of the linker on enzyme activity, which we observed above, mean that
in order to gauge VSD-PD coupling in the full-length protein, one needs an assay that does not
depend on phosphatase activity. Recently in the zebrafish VSP," the serine mutant at the
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catalytic cysteine (analogous to Ci-VSP C363S) and an active site blocker, orthovanadate, were
both shown to alter the “sensing” current—the analog of the gating current of voltage-gated
channels. Those results imply that changes in the catalytic site influence VSD motion and that
they could provide a readout of inter-domain coupling. We therefore turned next to examining
the impact of catalytic site mutations on VSD motion, as measured using VCF.

We made mutations in the PD of Ci-VSP at residues that are conserved in PTEN and
required for catalysis (Figure Al.1b, bottom). In addition to the C363S mutation of the catalytic
cysteine, which was already described,” ° we tested D331A, whose homologous mutation in
PTEN (D92A) also ablates activity.'* *** ** The mutations were made in the G214C fluorophore
labeling site background, as was done above with the linker mutations. These catalytic mutants
were fluorescently labeled to the same degree as wild type, indicating equivalent expression
(Figure A1.7). Although they expressed as well as wild type, C363S and D331A had no
detectable voltage-dependent changes in enzymatic activity (Figure Al.1c¢).

To probe the activity of these mutants further, we purified the isolated linker-PD
construct for each mutant and tested for activity in vitro. CD measurements indicated that the
C363S and D331A were well folded and similar to wild type (Figure A1.9). The enzymatic
activity was abolished in C363S and reduced by 73 + 8% in D331A (Figure A1l.1d). The in vivo
and in vitro data agree with earlier observations on C363S in the wild type background" ° and
show that D331A also interferes with activity.

We used VCF to measure the kinetics and voltage dependence of the structural
rearrangements of the VSD by monitoring the fluorescence of the TMRM attached to position
G214 (G214C*) at the outer end of S4. We found that both C363S and D331A slowed the
repolarization-driven motion of S4 (AFopr) (Figure Al.2a). The mutants also increased the
steepness of the fluorescence-voltage (F-V) relation and shifted its midpoint in the negative
direction (Figure A1.2b, Table Al.1). D331A had the stronger effects, negatively shifting the
midpoint of the F-V by 47 + 1 mV and slowing the first component of the AForr by 13 & 1 fold.
The homologous mutation in PTEN to Ci-VSP’s D331A (PTEN D92A) can trap the substrate,”
consistent with what appears to be stabilization by D331A of the activated state in Ci-VSP. This
large influence of the catalytic site D331A mutation on VSD motion provided us with a clear
report of VSD-PD coupling in vivo (Al. 2c).

Role of the VSD-PD linker in coupling

We tested the notion that the linker plays a role in coupling VSD motion to the function
of the phosphatase by asking if the linker mutations weaken the influence of the catalytic site
D331A mutation on the motion of the VSD. We first examined the effect on S4 motion of each
of the three linker neutralizations on its own. We found that the G214C* AForr and F-V of
K252Q and R253Q were similar to those of wild type and that the AFopr and F-V of R254Q were
mildly perturbed (Figure A1.11, Table A1.1).
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We next examined the effect of the linker mutants on the VSD perturbations caused by
the catalytic site mutations. We found that K252Q eliminated the influence of the D331A
catalytic site mutation on the VSD, ablating both the slowing of the AFopr (Figure Al.3a) and the
negative shift of the F-V (Figure A1.3b, Table Al.1). The R253Q mutant had similar but less
complete effects, reducing but not eliminating the slowing of the AFoprr (Figure Al.12a) and
negative shift of the F-V (Figure A1.12b, Table Al.1) caused by the D331A mutation. The
incomplete uncoupling by R253Q is consistent with its incomplete reduction of voltage
dependent enzyme activity (Figure Al.lc). These results show that the linker couples the
voltage-dependent structural state of the VSD to the functional state of the catalytic site in the
PD.

Role of VSD-PD linker in late step VSD motion

Having found that the conserved basic residues in the C-terminal end of the VSD-PD
linker are important for coupling, we next endeavored to identify the VSD motion(s) in which
the linker participates. To do this, we turned to another TMRM labeling site, Q208C, in the
middle of the S3-S4 loop, where we had shown earlier that fluorescence reports on a series of
voltage-driven rearrangements'® (Figure Al.4a). Steps from the holding potential of -80 mV to
voltages of between -150 and zero mV evoked fast and monotonic AFs, while more positive
voltages of up to +100 mV evoked an additional slower component that decreased fluorescence.
Even more positive steps, from +100 up to +200 mV, evoked yet an additional component of
slow fluorescence increase (Figure Al.4a).

Linker neutralization mutations K252Q, R253Q and R254Q were introduced individually
into the Q208C background and their effect on the fluorescence report of TMRM (Q208C*) was
tested. While the AFon and AForr of Q208C* were unaffected by the mutations over the negative
voltage range and in the lower end of the positive voltage range, all three of the mutations
attenuated the amplitude of the late upward AFon component evoked by the largest
depolarizations (Figure Al.4b-d, Figure Al.13a) and shifted its voltage dependence in the
positive direction (Figure Al.4e-h, Figure A1.13b, Table Al.1). Thus, the linker specifically
plays a role in the late step of VSD motion.

Regulation of VSD motion by PI1(4,5)P,

Considering that the Ci-VSP VSD-PD linker is homologous to the N-terminal PI(4,5)P;
binding domain (PBM) of PTEN, we wondered if PI(4,5)P, might modulate the function of the
VSD-PD linker. To test this possibility, we set out to manipulate the concentration of PI(4,5)P
in the membrane and determine the effect on the VSD rearrangements which involve the linker
according to our above results. We co-expressed Ci-VSP with the serotonin 2C receptor
(SHT2C), a G-protein coupled receptor which activates phospholipase C (PLC), leading to the
cleavage of a phosphodiester bond of PI(4,5)P, into diacyl glycerol (DAG) and inositol-(1,4,5)-
trisphosphate (IP3).?® We first tested the ability of serotonin to activate the SHT2C receptor and
deplete PI(4,5)P, in oocyte membranes by using IRK1Q as a PI(4,5)P, sensor, as shown above
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(Figure Al.1c). We found that 10 uM serotonin evoked a reliable reduction of IRK1Q current
over a time-course of 5 min (Figure Al.14a). We therefore chose this time-point for our analysis.

The SHT2C receptor was co-expressed with either the catalytically active G214C*, or the
catalytically compromised G214C*/D331A. F-Vs were obtained before and 5 minutes after
exposure to 10 uM serotonin. Successful activation of PLC was monitored by measuring current
through the oocyte’s endogenous Ca’" dependent CI” channels (Figure Al.15a), which are
activated by the IPs-induced release of Ca’" from internal stores. Both in the catalytically active
and catalytically compromised versions of Ci-VSP, the F-V relations were shifted in the positive
direction and became shallower following the addition of serotonin (Figure Al.5a, Figure
A1.15b, Table A1.2). This shift could also be monitored as a decrease in fluorescence amplitude
in response to a step to 0 mV following the addition of the serotonin (Figure Al.15c). Another
metabotropic receptor known to activate the PLC pathway, mGluR1, had the same effect (Figure
A1.12d, e). The similar effects of activation of the PLC-coupled SHT2C and mGluR1 receptors
indicates that Ci-VSP is modulated either by the depletion of PI(4,5)P, or by the production of
IP; or DAG by PLC.

To distinguish between the possibilities that Ci-VSP is modulated either by the depletion
of PI(4,5)P; or by the production of IP; or DAG, we chose an alternative method for reducing
PI(4,5)P, in the membrane, which would not produce IP; or DAG. For these experiments, we
employed an inducible phosphatase that hydrolyzes PI(4,5)P, into P1(4)P, thus avoiding the IP;
and DAG signaling cascades.”” *® The phosphatase, Inp54p, is a truncated version of a yeast
inositol polyphosphate 5-phosphatase that specifically cleaves PI(4,5)P, at the 5-phosphate.”’
The activity of Inp54p can be triggered by the application of the small, membrane permeable
organic molecule rapamycin, thereby permitting VCF measurements of VSD motion to be made
before and after PI(4,5)P, depletion. To make the Inp54p inducible by rapamycin, it was fused
with one of two protein domains which heterodimerize upon addition of rapamycin: FKBP
(FK506 binding protein) fused to CFP, which enables the membrane localization of the
phosphatase to be visualized, and which is referred to as CFInp.”” The partner protein domain,
FRB (the rapamycin binding fragment of mTOR), was fused to the plasma membrane targeted
Lyn N-terminal sequence (LDR).”” Previous studies have shown that rapamycin brings CFInp to
the plasma membrane and reduces PI(4,5)P, concentrations in oocytes.”” We confirmed that the
rapamycin system was functional, finding it to efficiently shuttle the CFInp to the plasma
membrane (Figure Al.16a, b) and to decrease IRK1Q current (Figure A1.14b).

Activation of the rapamycin system shifted the F-V to the right and decreased the slope
of the F-V both in the catalytically active G214C* and in the catalytically compromised
G214C*/D331A (Figure A1.5b, Figure Al.17a, Table Al1.3). An enzyme-dead version of the
CFInp (CFInp D281A) was mobilized to the plasma membrane by rapamycin just as well as was
the wild type CFInp (Figure Al.16a, b), but did not affect the F-V (Figure Al.16c), indicating
that the shift in the F-V is specific to PI(4,5)P, depletion.

Taken together, the similar shifts in the F-V induced by activation of the two PLC
coupled GPCRs, SHT2C and mGluR1, and the rapamycin system that dephosphorylates
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PI(4,5)P, to another product, demonstrate that PI(4,5)P, depletion alters the voltage-driven
rearrangement of the VSD.

PI(4,5)P; and linker mutants alter late VSD motion

The above results showed that membrane PI(4,5)P, regulates VSD motion. We next tried
to identify the step of VSD motion that is affected by PI(4,5)P,. For this purpose we turned once
again to the TMRM labeling site Q208C, whose fluorescence reports on several distinct phases
of VSD motion. We found that, in wild type Q208C*, the rapamycin depletion of PI(4,5)P,
decreases the amplitude of the late step of VSD motion that is activated by depolarization to >
+100 mV and shifts the voltage dependence of this component to the right (Figure Al.5c, Figure
Al.17, Table A1.3).

The effect of PI(4,5)P, depletion on the late phase of VSD motion was remarkably
similar to the effect of the mutation of the basic residues in the VSD-PD linker (compare Figure
Al.4e-h to Figure Al.5c, and Figure Al.4a-d to Figure A1.17b). This similarity led us to ask if
P1(4,5)P, modulation actually depends on the basic residues in the linker. To test this, we co-
expressed the SHT2C receptor with the catalytically active G214C*/K252Q or the catalytically
compromised G214C*/D331A/K252Q. We found that, in contrast to the wild type linker (Figure
Al.5a, Figure A1.15b), the serotonin induced PI(4,5)P, depletion effect was absent in the K252Q
linker mutant (Figure A1.5d, Figure A1.18a, Table A1.3). We also tested the rapamycin system
in the catalytically compromised G214C*/D331A protein and obtained a similar result: the
P1(4,5)P, depletion effect, present in the wild type linker (Figure A1.5b), was absent in the
K252Q linker mutant (Figure Al.5e, Table A1.3).

Because G214C* does not clearly resolve the various components of VSD motion, we
also tested the effect of PI(4,5)P, on the multiple VSD rearrangements that could be resolved
from the fluorescent report of Q208C*. We found that, in contrast to the large effect seen in wild
type (Figure Al.5c), the rapamycin induced depletion of PI(4,5)P, had almost no effect on
constructs containing any of the individual linker mutations (Figure A1.5f, Figure A1.18b, c,
Table A1.3).

Thus, PI1(4,5)P; and the basic residues in the VSD-PD linker appear to regulate the same
late step of VSD motion and single linker neutralization mutations are sufficient to greatly blunt
the modulation by PI(4,5)P,. Together, these findings suggest that P1(4,5)P, acts through the
linker.

Discussion

We have probed the interplay between the voltage-driven conformational changes in the

VSD of Ci-VSP and the functional state of its PD. We assessed combined catalytic site and inter-
domain linker mutations to examine enzyme activity of the full-length protein in live cell
membranes and of the isolated PD in vitro. We also investigated the structural rearrangements of
the VSD of the intact protein measured by Voltage Clamp Fluorometry. The results identify a
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rearrangement that depends on both the PI(4,5)P, substrate and on conserved basic residues in
the inter-domain linker.

Previous studies showed that the inter-domain linker is critical for the voltage dependent
activity of the full-length protein, with a particular importance of several basic residues at the
phosphatase (C-terminal) end of the linker." '  We found that three basic residues examined
individually, K252, R253 and R254 are essential for catalysis in the living cell, with
neutralization mutations leaving no detectable voltage dependent activity in K252Q and R254Q
and drastically reducing activity in R253Q. We asked whether this loss of activity is due to an
effect on inter-domain coupling or to a direct effect on the enzyme. We found K252Q and
R254Q have reduced activity in the isolated linker-PD fragment in vitro. While the reduction in
activity of the linker-PD construct in vitro was less extreme than what was seen for the full-
length protein in live cells, the direct effect of K252Q and R254Q on the function of the
phosphatase prevent a clear cut conclusion about their possible role in coupling. In contrast,
R253Q had normal activity in the linker-PD construct in vitro, but ~80% reduced activity in the
full-length protein in cells, consistent with an effect on coupling.

To clarify the role of the linker in inter-domain coupling, we developed a second assay
that measures the coupling in the opposite direction. Rather than measuring the effect of voltage-
driven VSD rearrangements on phosphatase activity, we measured the effect of mutations in the
phosphatase catalytic site on VSD motion. This approach had the added advantage of a direct,
high signal to noise and time-resolved measure of VSD conformation using VCF. We found that
linker neutralizations reduced or eliminated the influence of catalytic site mutations on VSD
motion. K252Q ablated the PD to VSD influence and completely eliminated voltage dependent
activity. R253Q, on the other hand, caused a substantial but incomplete reduction in the
influence of the PD mutants on the VSD and largely, but incompletely, reduced voltage
dependent activity. Together, the findings show that the conserved basic residues in the VSD-PD
linker play a central role in inter-domain coupling.

We wondered how the linker could alter the functional state of the enzyme in response to
voltage sensing motions of the VSD. We obtained an insight into this when we found that
deletion of the linker from the isolated PD abolishes activity in vitro. This suggests that the
linker acts as a positive regulator of the enzyme. Moreover, it suggests that the mechanism of
coupling is that the voltage-driven rearrangement of the VSD changes the conformation of the
linker from an inactive form at negative voltage into an active form, which turns the enzyme on
at positive voltage (Figure A1.6).

The homologue of the Ci-VSP linker is the N-terminus of PTEN, which has been shown
to bind to PI(4,5)P, through the same basic residues that we examined here in Ci-vsp. !4 3031
A recent study on Ci-VSP proposed that PI(4,5)P; also binds to the Ci-VSP linker."” If this were
the case then, given the role we documented for the linker in inter-domain coupling, we would
expect that PI(4,5)P, might have an effect on Ci-VSP gating. Indeed, we found that PI(4,5)P,
modulates a specific step of VSD motion: a late step that takes place at positive voltage. The
same late VSD rearrangement was selectively affected by mutation of the linker’s basic residues.
Our findings suggest that PI(4,5)P, binding stabilizes the linker in its activating state. This effect
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may be explained by PI(4,5)P, binding to the basic residues, however direct evidence will be
required to prove such an interaction.

The finding that the substrate of the enzyme is also a modulator implies that Ci-VSP
could function as a feedback system. We propose a model in which the linker is primed and that
the VSD and phosphatase are coupled when PI(4,5)P, levels are high, thus enabling membrane
depolarization to turn on phosphatase activity (Figure A1.6). As the enzymatic activity of Ci-
VSP progresses and PI(4,5)P; levels decrease, we propose that the linker loses its PI(4,5)P, and
that the enzyme is consequently uncoupled from the VSD, thereby terminating activity. Such
modulation by substrate could enhance catalysis when PI(4,5)P; is high and lower activity when
PI(4,5)P; is low to prevent excessive depletion.
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Materials and Methods

Molecular Biology. The Ci-VSP in the pSD64TF vector was kindly provided by Dr. Y.
Okamura (Osaka University, Osaka, Japan). The cytosolic phosphatase Ci-VSP DNA (encoding
amino acids 240-576 or 256-576) was sub-cloned into the Ndel and HindlIll sites of the pET-28b
vector for bacterial expression. The LDR and CFInp constructs were kindly provided by Dr. T.
Meyer (Stanford University, Palo Alto, CA) and subcloned into pPGEMHE vectors. The IRK1
construct was kindly provided by Dr. E. Reuveny (Weizmann Institute of Science, Rehovot,
Israel). The mGluRla construct was kindly provided by S. Nakanishi (Osaka Bioscience
Institute, Osaka, Japan). All point mutations were made using QuikChange (Stratagene). All
DNA was confirmed by DNA sequencing. RNA was transcribed using either T7, T3 or SP6
mMessage mMachine (Ambion) kits.

Protein Purification. The plasmid DNA encoding the cytosolic fragment of Ci-VSP was
transformed into Escherichia coli Rosetta (DE3) pLysS strains. The bacterial cultures were
grown at 37°C to an OD600 of 0.8 and induced for 30 hours at 18°C with 0.5 mM isopropyl-b-D-
thiogalactopyranoside (IPTG) (EMD Chemicals). The cells were harvested by centrifugation
(5000xg) and the pellets were frozen by liquid nitrogen and stored at -80°C. For a typical 2L
culture, the cells were disrupted by sonication in 50 ml of lysis buffer (10 mM HEPES pH 7.4,
50 mM NaCl, 1 mM DTT, 10% glycerol, | mM PMSF, 25 mg/ml DNAse, 20 mg/ml lysozyme
and 0.1% Triton X-100). After centrifugation at 40,000xg, the supernatant was incubated with 4
ml of Talon Co®" resin (Clontech) for 1 hour on a rotary shaker at 4°C. The resin was then
bedded in column and washed with 30 ml of buffer A (500 mM NaCl, 10 mM HEPES, pH 7.4),
followed by 30 ml of buffer A containing 20 mM imidazole. The bound fractions were then
eluted with buffer A containing a stepwise gradient of 50, 100 and 300 mM imidazole, 25 ml
each. The Ci-VSP containing elution (with 300 mM imidazole), with 1 ml of 500 mM EDTA
(pH 8.0) added, was dialyzed overnight against 4 liters of the final buffer (50 mM Tris pH 8.0,
50 mM NaCl, 3 mM DTT). Protein purity was verified by SDS-PAGE gels. All proteins gave
single bands on SDS-PAGE. Protein concentrations were determined by tryptophan absorbance
at 280 nm'. For circular dichroism (CD) spectra, protein was transferred into CD buffer (10 mM
Na phosphate, pH 7.3, 50 mM NaCl, 3 mM DTT) by running over a Superdex 200 gel filtration
column (GE Healthcare). All proteins ran as single, monodisperse peaks upon gel filtration.

Circular dichroism (CD). CD measurements were carried out using an Aviv model 215
spectrometer (Aviv Biomedical). The wavelength scans from 300 nm to 200 nm were carried out
at 4°C using a 0.1 cm path length cuvette. Five scans of the same sample were averaged. Molar
ellipticity was calculated as follows: 6= 100(Am)/Cnl, where Am is the CD signal in
millidegrees, C is the protein concentration in millimolar, n is the number of residues in the
peptide, and 1 is the cuvette path length in centimeters.

In vitro phosphatase assay. Stock solutions of lipid vesicles were prepared by extrusion. First
chloroform:methanol:water (1:2:0.8) solutions of 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
(PS) and 1,2-dioleoyl-sn-glycero-3-phospho-(1-myo-inositol-3,4,5-trisphosphate), (P1(3,4,5)P3)
(Avanti Polar Lipids) lipids were dried in a rotovap and left over a stream of nitrogen for 20
minutes. The lipids were suspended in reaction buffer (50 mM Tris, pH 8.0, 50 mM NacCl, 3
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mM DTT) to final concentrations of 75 uM for PI(3,4,5)P; and 375 uM for PS. Lipids were
passed through three rounds of freeze/thaw cycles then extruded through a Northern Lipids, Inc.
1.5 ml capacity extruder using a 100 nm polycarbonate filter. Reactions were initiated by
addition of vesicles (40 uM PI(3,4,5)P3) to the purified cytosolic fragment of Ci-VSP (0.5 uM),
incubated at 25°C. and stopped by addition of an equal volume of 100 mM NEM. Stopped
reactions were spun down and then 30 pl transferred to a 96 well plate followed by 60 pl of
malachite green reagent (BioMol Research Laboratories, Inc.). Color was developed for 30
minutes then the absorbance determined on a microplate reader at 650 nm. Phosphate
concentrations were determined by comparison to a standard curve of KH,PO, (BioMol
Research Laboratories, Inc.) in reaction buffer. C363S mutant proteins gave similar values as no
protein controls.

Confocal imaging. Oocytes were injected with RNA as for the voltage clamp fluorometry
experiments with co-injections of either G214C/D331A + LDR + CFInp or G214C/D331A +
LDR + CFInp D281A. Uninjected cells were also tested as a control. After 48 hours of
expression, oocytes were imaged with an Olympus FV1000 inverted confocal microscope in
ND-96 buffer using the 405 nm laser and emission range of 430-530 nm with a 20X objective.
Oocytes were imaged using Fluoview software (Olympus) at 1 minute intervals for 15 minutes
total with rapamycin addition after the first image acquisition.

Voltage Clamp Fluorometry. Voltage clamp fluorometry was performed as described
previously'’. Briefly, Xenopus laevis oocytes were injected with 50 nl mRNA at 0.02—1.2 pg/ul
depending on the experiment. Different RNA ratios were used for different co-injection
experiments: a 40:1 ratio for experiments co-expressing Ci-VSP and SHT2C receptors (total
RNA ~0.8 pg/ul), a 3:1 ratio for experiments co-expressing Ci-VSP and mGluR1a receptors
(total RNA ~0.7 pg/ul), and either a 4:1:1 or a 2:1:1 ratio for experiments co-expressing Ci-VSP,
LDR, and CFInp (either wild type or D281A, total RNA ~0.8-1.2 pg-ul). Cells were then
incubated in ND-96 (96 mM NaCl, 2 mM KCI, 1.8 mM CaCl,, 1| mM MgCl,, 50 mg/ml
gentamicin, 2.5 mM Na pyruvate and 5 mM HEPES, pH 7.6) at 18°C for 24-48 hours. Injected
oocytes were treated with a 1 mM solution of glycine maleimide®® to block native cysteines
before protein expression. A Nikon Diaphot inverted microscope with a 20X 0.75 NA
fluorescence objective (Nikon) was used with a Dagan CA-1 amplifier (Dagan Corporation),
illuminated with a 150 W xenon lamp and intensity was measured with a Hamamatsu HC120-05
photomultiplier tube. The amplifier, photomultiplier and Uniblitz shutter (Vincent Associates)
were controlled by the Digidata-1440 board and pClamplO software package (Axon
Instruments). Light was filtered through an HQ535/50 excitation filter, an HQ610/75 emission
filter and a Q565LP dichroic (Chroma Technology). Fluorescence signals were low pass filtered
at 2 kHz through an eight-pole Bessel filter (Frequency Devices).

On the day of the experiment, cells were incubated in a high potassium solution (92 mM KClI,
0.75 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, pH7.5) with 12 uM tetramethylrhodamine-6-
maleimide (Invitrogen) for one hour on ice and in the dark. After extensive washing with ND-96,
the cells were stored in ND-96, in the dark and at 12°C until the time of the experiment.
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Recording solutions were either ND-96' (without the gentamicin or pyruvate) or NMG buffer
(110 mM N-methyl-D-glucamine (NMG) methanesulfonic acid (MS), 2 mM KMS, 2 mM
Ca(MS),, 10 mM HEPES, pH 7.5) to limit leak currents. In all experiments only cells with a
good control of voltage were analyzed and reported voltages and voltage steps were actual
measurements.

Cells were constantly perfused with ND-96' for co-injection experiments. For experiments with
SHT2C, an initial F-V protocol (t=0, voltage jumps from -150 mV to 200 mV in 10 mV
increments) was followed by perfusion of 5-10 uM serotonin (Sigma) for 10-40 s. The resulting
Ca’" activated CI” currents were monitored to confirm expression of the SHT2C receptor. Then at
t=5 minutes, a final F-V protocol was recorded. A similar protocol was used for experiments
with mGluR 1a, adding 100 uM glutamate. For experiments with LDR and CFInp, the initial F-
V protocol (t=0) was followed by perfusion of 0.5-1 uM rapamycin (Sigma) for 3-5 minutes then
by ND-96' until the final F-V protocol at t=10 minutes.

Electrophysiological measure of activity. Ci-VSP catalytic activity was measured indirectly by
detecting PI(4,5)P, via its activation of the inwardly-rectifying IRK1 R228Q K" channel
(IRK1Q) as described previously”. The R228Q mutation of IRKI1 was used to alter the
sensitivity of the channel for PI(4,5)P, into an observable range. A brief description of the
protocol is as follows: the cell was depolarized to 60 mV to turn Ci-VSP on until a steady state
current was established (~100 s). Then the cell was hyperpolarized to -100 mV to turn Ci-VSP
off until a steady state was re-established (~400 s) (Figure A1.8). The resulting change in
current between the on and off states of Ci-VSP was measured and expressed as percent activity.
Currents were leak subtracted by assuming a voltage-independent linear leak. Current was
measured at —100 mV after the test holding potential and leak was measured at +50 mV where
the IRK channels should be blocked by Mg”" and polyamines and the following equation applied
to calculate the leak subtracted (LS) current: I;i= I jpomv + 2Lisomv. The percent activity was
calculated as: Al/Imax =( L100mVv 1ast = I+60mv 1ast)/ L10omv 1ast. A similar protocol was used to test for
PI(4,5)P, depletion via activation of the SHT2C receptor, with IRK1Q serving as the PI(4,5)P,
reporter.

For these experiments, 50 nl of mRNA was injected into Xenopus laevis oocytes. Different RNA
ratios were used for the different experiments: a 10:1 ratio for experiments co-expressing Ci-
VSP and IRK1Q (total RNA ~0.9 pg /ul), a 4:1 ratio for experiments co-expressing IRK1Q and
SHT2C receptor (total RNA ~0.1 pg/ul) and a 2:2:1 ratio for experiments co-expressing LDR,
CFInp and IRK1Q (total RNA ~0.5 pug/pl). Cells were incubated in ND-96 at 18°C for 16-48
hours. The recording solutions contained 90 mM KMS, 3 mM Mg(MS),, 8 mM KOH, 10 mM
HEPES, pH 7.4. Other conditions were the same as for voltage clamp fluorometry.

Data Analysis. Kinetic and steady-state traces were analyzed using Igor Pro and Microsoft Excel
software. Kinetic traces were fit with double exponential equations. Steady-state voltage
dependent traces were fit with Boltzmann equations. Data were normalized to the amplitude of
the Boltzmann fits and the error bars indicate the standard error of the mean. Statistical
significance was determined using the student's t test. Confocal images were analyzed using
MatLab software.
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Figures Tables and Legends
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Figure Al.1. Linker and catalytic site mutants reduce or abolish activity. a) Cartoon of Ci-
VSP domains. The VSD consists of 4 helices, S1-S4. Q208 and G214 in the S3-S4 external loop
are sites of cysteine substitution and attachment of the environmentally sensitive fluorophore
TMRM (red asterisks). The sixteen amino acid linker (black) connects S4 of the VSD to the PD
(purple). It contains 3 conserved basic residues (+): K252, R253, R254. Two conserved catalytic
site residues, D331 and C363, shown in the PD. b) Alignment of human PTEN with Ci-VSP:
(Top) PTEN N-terminus and VSD-PD linker of Ci-VSP; (Bottom) Active site residues. Identical
residues highlighted (gray), arrows mark Ci-VSP residues mutated in this study. ¢) Activity of
full-length Ci-VSP in oocytes measured from voltage dependence of IRK1Q current in cells also
expressing Ci-VSP. Average data for IRK1Q alone (n=26) or IRK1Q coexpressed with G214C
(n=9); G214C/K252Q (n=10); G214C/R253Q (n=8); G214C/R254Q (n=6); G214C/C363S
(n=6); G214C/D331A (n=6). Al/lnx was calculated from steady-state current of active Ci-VSP
(+60 mV) versus inactive Ci-VSP (-100 mV) (Materials and Methods & Supp. Figure. 2). d) In
vitro malachite green activity assay with PS/PI(3,4,5)P; vesicles and the cytosolic fragment of
Ci-VSP, containing amino acids 240-576, 256-576 or mutations (in linker or PD). Constructs
identified in cartoons on right as in (a) with PD in light purple. All error bars are =+ SEM.
Asterisks indicate statistically significant differences using the student's t test,* = p<0.05; *** =
p<0.001.
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Figure A1.2. Mutations of PD catalytic site alter VSD motion. a) Representative fluorescence
traces during a step from hp = -80 mV to +200 mV in G214C* (black), G214C*/C363S (blue)
and G214C*/D331A (purple). The catalytic site mutations alter S4 AFon and AFopr motions,
with more dramatic slowing of the AFopr motion. Traces normalized to the maximal fluorescence
change. Voltage trace reports actual voltage recorded during acquisition. b) Normalized F-Vs.
Same colors and hp as in a). Data fit to single Boltzmann equations (see Materials and Methods,
Table Al.1). Catalytic site mutants negatively shift F-V. Error bars (mostly smaller than
symbols) are + SEM, n > 9. ¢) Cartoon depicting influence of mutations at catalytic site of PD on
VSD motion detected by TMRM (asterisk) attached to G214C, at the outer end of S4.
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Figure A1.3. Linker charge neutralization eliminates effect of catalytic site mutations on
VSD meotion. a) Representative normalized fluorescence traces evoked by step from hp = -80
mV to +200 mV. G214C*/K252Q (black, same as in Supp. Figure 5.), G214C*/C363S/K252Q
(blue), G214C*/D331A/K252Q (purple), G214C* (gray, from Figure. 2) and G214C*/D331A
(pale red, from Figure. 2). b) F-Vs fit to single Boltzmann equation, with symbol size indicating
+ SEM, n >10. Same colors and hp as in (a). K252Q eliminates both the slowing of AFopr (2) and
the shift of F-V (b) caused by C363S and D331A catalytic site mutations. Data fit to single
Boltzmann equations (see Supp. Table Al.1).
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Figure Al.4. Linker mutations alter late component of VSD motion. a-d) Representative
Q208C* fluorescence traces evoked by steps from hp=-80 mV to -150 mV (black), 0 mV (gray),
+100 mV (red) and +200 mV (blue) in wild type, Q208C* (a) and the three linker mutations:
Q208C*/R254Q (d) e-h) F-V relationships
measured at the peak of the second upper component for wild type (Q208C*) and the linker
mutants normalized by component from -150 mV to 0 mV. Wild type (Q208C*) from (e)
superimposed for comparison in (f-h) as gray line. Linker mutants diminish amplitude of late
fluorescence increase component and shift its voltage dependence to the right. Data fit to single
Boltzmann equations (Table Al.1), error bars are = SEM, n >8.
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Figure A1.5. PI1(4,5)P, depletion alters VSD motion in manner dependent on the VSD-PD
linker. a) SHT2C receptor activation by serotonin (activates conversion of PI(4,5)P, into IP; and
DAG by phospholipase C) shifts the F-V of the catalytic site mutation G214C*/D331A to the
right and decreases the steepness. F-Vs before (black) and 5 min after addition of 10 pM
serotonin (red). b, ¢) Rapamycin-induced membrane localization of the lipid phosphatase CFInp
(converts PI(4,5)P; into PI(4)P) shifts the F-V of the catalytic site mutation G214C*/D331A to
the right and decreases the steepness (b), and decreases the amplitude and shifts to the right the
late component of fluorescence increase of wild type Q208C* (¢). F-Vs before (black) and 5-10
min after (blue) addition of 1 puM rapamycin. d) Catalytic site mutation, G214C*/D331A, was
not affected by SHT2C receptor activation in presence of K252Q linker mutation. F-Vs before
(black) and 5 min after (red) addition of serotonin. F-V of G214C*/D331A with a wild type
linker and no SHT2C activation shown for comparison in gray. e, f) Rapamycin-induced
PI(4,5)P, depletion by activation of CFInp has no detectable effect in G214C*/D331A/K252Q
(e), and a small effect in the linker mutants Q208C*/K252Q (f) compared to wild type Q208C*
(¢). F-Vs before (black) and 5-10 min after rapamycin (blue). (F-V of G214C*/D331A in gray
for comparison in e and F-V of Q208C* in gray for comparison in f). Error bars are =+ SEM, n
>9. Data fit to single Boltzmann equations (see Tables A1.2 & A1.3).
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Figure A1.6. Model of linker regulation and coupling in Ci-VSP. Left) At negative voltage
the VSD is in a resting state and the linker is distorted into a non-functional state. Middle) At
positive voltage the VSD is in an activated conformation and the linker relaxes into the positive
regulatory state that is necessary for activity of the isolated PD in vitro. PI(4,5)P, stabilizes the
activated state, possibly by interacting with the linker. Right) The depletion of PI(4,5)P, by Ci-
VSP activity leads to a destabilization of the activated state and uncoupling of the VSD from the
phosphatase, thus turning the enzyme off even though the membrane is still depolarized.
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Figure Al.7. Resting level fluorescence indication of protein expression. Protein surface
expression levels assessed from cell membrane fluorescence at the holding potential of -80 mV
due to TMRM attached to G214C (G214C*) in wild type, linker mutants and catalytic site
mutants. Y-axis is PMT voltage needed to bring fluorescence baseline at the holding potential to
the same output level for cells expressing G214C* (n=20), G214C*/C363S (n=11),
G214C*/D331A (n=16), G214C*/K252Q (n=8), G214C*/R253Q (n=11) and G214C*/R254Q
(n=11). Equal PMT voltages (i.e. equal fluorescence intensities) indicate similar surface
expression levels of the mutants and wild type proteins.
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Figure A1.8. Catalytic mutants eliminate voltage dependent changes in IRK1Q current.
Single cells expressing either IRK1Q alone, IRK1Q with G214C, G214C/C363S or
G214C/D331A were tested for Ci-VSP activity. After reaching a steady IRK1Q current while
holding at +60 mV (to activate Ci-VSP, not shown), the holding potential was switched to -100
mV (to deactivate Ci-VSP) and brief (50 ms) voltage ramps were given once every 10s (left) to
test for the inwardly rectifying IRK1Q current. The protocol was repeated 40 times to reach a
steady state IRK1Q current. Shown are the currents evoked by the 40 voltage ramps as the
channel recovers from the PI(4,5)P, depletion due to the Ci-VSP activity induced by the original
depolarization. IRK1Q alone and the two catalytic mutations did not show any change in the
magnitude of the IRK1Q current, consistent with a lack of Ci-VSP activity, whereas IRK1Q +
wild type Ci-VSP with the G214C mutation for TMRM attachment (but not labeled) showed a
marked increase in the IRK1Q current over time.
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Figure A1.9. Circular dichroism (CD) spectra of the recombinant, purified C-terminal
cytosolic fragment of Ci-VSP. CDs on proteins consisting of only the phosphatase (starting at
amino acid 256) or the linker + phosphatase (starting at amino acid 240) with a wild type (WT)
sequence, or with mutations in the linker or phosphatase catalytic site (see Figure. 1d for cartoon

representations of constructs). The spectra indicate that the mutants Ci-VSP proteins are well
folded.
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Figure A1.10. In vitro malachite green activity assay with soluble substrate. Assay using 1P,
as a soluble substrate shows that linker-less phosphatase domain has no activity (i.e. is
indistinguishable from the catalytically dead reactive cysteine mutant control). Result shows that
lack of activity of linker-less phosphatase domain in extruded 100 nm vesicles of PS +
PI(3,4,5)P; (Figure. 1d) is not due to a loss of targeting to the vesicles, but to a loss of ability to
catalyze. This result distinguishes Ci-VSP from PTEN, whose PBM Ci-VSP (linker homolog)
mutants retain activity in IP4, but lose activity in PI(3,4,5)P; vesicles due to loss of lipid
association®.
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Figure Al.11. Neutralization mutations of conserved basic residues in VSD-phosphatase
linker alter VSD motion. a) Representative normalized fluorescence traces evoked by step from
hp = -80 mV to +200 mV. G214C* (black, from Figure. 2); G214C*/K252Q (green);
G214C*/R253Q (orange); G214C*/R254Q (magenta). b) F-Vs fit to single Boltzmann equation
(Table Al.1), with symbol size indicating + SEM, n >10. Same colors and hp as in a). Of the
three neutralization mutations, R254Q has the most obvious effect on S4 motion, slowing the S4
AForr () and shifting the F-V (b).
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Figure A1.12. Linker charge neutralization diminishes effect of catalytic site mutations on
VSD motion. a) Representative normalized fluorescence traces evoked by step from hp = -80
mV to +200 mV. G214C*/R253Q (black, same as Supp. Figure. 5), G214C*/C363S/R253Q
(blue), G214C*/D331A/R253Q (purple), G214C* (gray, from Figure. 2) and G214C*/D331A
(pale red, from Figure. 2). b) F-Vs fit to single Boltzmann equation (Table Al.1), with symbol
size indicating + SEM, n >10. Same colors and hp as in a). R253Q diminishes, but does not
completely reverse the effects of the C363S and D331A mutants on the AFogr (a) and F-V (b).
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Figure A1.13. Charge neutralizations alter late stage rearrangement of VSD motions. a)
Superimposed Q208C* fluorescence traces (from Figure. 4) in response to step from -80 to +200
mV for wild type (black), K252Q (green), R253Q (orange), R254Q (magenta). Expanded time
axis shows that the early fluorescence components, an increase and a decrease, are the same for
wild type and the mutants, and that only a later component of fluorescence increase is affected,
with its amplitude attenuated by the mutants. b) Linker neutralization mutations decrease the late
component as measured for steps to +200 mV. Data quantified from +200 mV points from F-V
plots in Figure. 4. Error bars are + SEM, n> 8. * = p <0.05; ** =p <0.005.
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Figure Al1.14. PI(4,5)P, depletion induced by activation of the SHT2C receptor and the
rapamycin system, as measured by IRK1Q. a) PI(4,5)P, depletion in oocytes co-expressing
IRK1Q and SHT2C is elicited by addition of 10 uM serotonin (black, n=9), but not control
buffer (gray, n=11), at the time marked by the arrow. IRK1Q current was evoked by a short (50
ms) voltage ramp from -100 mV to +50 mV, once every 10s. The Al/I,,.x Was calculated from the
leak subtracted steady-state current at -100 mV in cells that retained stable rectification
throughout the protocol. Error bars are £ SEM. b) PI(4,5)P, depletion elicited by 1 uM
rapamycin (black bar) in a representative oocyte co-expressing IRK1Q with LDR and CFInp (the
rapamycin system) held at a constant voltage of -100 mV. IRK1Q current decreased by >90%.
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Figure A1.15. PI(4,5)P, depletion triggered by two receptors that activate PLC. a)
Monitoring successful activation of PLC. Current trace at holding potential = -80 mV shows
activation of endogenous calcium-activated chloride channel following addition of serotonin to a
cell expressing SHT2C. SHT2C activation of the PLC pathways results in an increase in
intracellular calcium leading to the activation of the chloride channel. Chloride channel
activation served in SHT2C and mGluR1a experiments to ensure that PLC was activated. b)
SHT2C receptor activation by serotonin (to activate conversion of PI(4,5)P; into IP; and DAG by
phospholipase C) shifts to right and decreases the steepness of the F-Vs of wild type G214C*,
with normal phosphatase activity. F-Vs before (black) and 5 min after addition of 10 puM
serotonin (red). ¢, d) Representative fluorescence traces evoked by steps from hp = -80 mV to 0
mV then to +150 mV before returning to hp for oocytes co-expressing G214C*/D331A with
SHT2C (c) or G214C*/D331A with mGluR1a (d). Shown are traces before and after addition of
10 uM serotonin or 100 uM glutamate, respectively, at indicated times. The +150 mV step was
used to normalize the total AF because it is at the top of the F-V (see panel d). The fluorescence
at 0 mV (in the steep part of the F-V before activation of the receptors) is seen to decrease after
serotonin or glutamate induced PI(4,5)P, depletion. e) The F-V of G214C*/D331A is shifted
after addition of glutamate in cells co-expressing mGluR1a, which activates the PLC pathway.
F-Vs before (black) and 5 min after (lavender) addition of glutamate. Data fit to single
Boltzmann equations. G214C*/D331A before Glu: V= 13.4 + 0.3, slope= 16.1 + 0.2, n=8;
G214C*/D331A after Glu: V;,=19.3 + 0.4, slope=19.8 + 0.3, n=8).
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Figure A1.16. Chemically inducible translocation of CF-Inp constructs. a) Confocal images
of oocytes co-expressing G214C/D331A, LDR and either the active CFInp (bottom) or the
catalytically dead CFInp D281A mutant, before (left) and after (right) addition of rapamycin.
Rapamycin induces localization to the plasma membrane of both the active CFInp and the
catalytically dead CFInp D281A mutant. Yellow boxes mark regions of interest containing the
plasma membrane. b) Quantification of membrane fluorescence for cells co-expressing
G214C/D331A, LDR and either active CFInp (n=5) or CFInp D281A (n=5), before and after
addition of rapamycin. ¢) F-V relations of G214C*/D331A for cells co-expressing the rapamycin
system proteins, LDR and the catalytically dead CFInp D281A. F-Vs before (black) and 10 min
after (gray) addition of rapamycin. Data fit to Boltzmann equations. No change in the F-V was
observed when the catalytically inactive CFInp D281A was used instead of catalytically active
CFInp (see Figure. 5). (G214C*/D331A before rapamycin: Vi,= 17.8 + 0.3, slope= 17.6 +
0.3, n=8; G214C*/D331A after rapamycin: V= 16.0 + 0.5, slope= 19.3 + 0.4, n=8). Error
bars are + SEM.
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Figure A1.17. PI(4,5)P, depletion alters the VSD motions of active Ci-VSP. a) Rapamycin-
induced membrane localization of the lipid phosphatase CFInp (to convert PI(4,5)P, into PI(4)P)
shifts to right and decreases the steepness of the F-Vs of wild type G214C*. F-Vs before (black)
and 5-10 min after (blue) addition of 1 puM rapamycin. Data fit to single Boltzmann equations
(see Tables A1.2 & A1.3). Error bars are + SEM, n >9. b) Representative fluorescence response
of wild type Q208C* in response to a single depolarizing step to +200 mV before (black) and 10
min after (blue) addition of 1 uM rapamycin.
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Figure A1.18. PI(4,5)P; regulation in VSP with no catalytic mutation is still mediated by
the VSD-phosphatase linker. a) K252Q linker mutant in the active G214C* Ci-VSP was not
affected by SHT2C receptor activation to induce PI(4,5)P, depletion. F-Vs before (black) and 5
min after (red) addition of serotonin. F-V of G214C* with a wild type linker and no SHT2C
activation shown for comparison in gray. (G214C* and G214C*/K252Q F-Vs overlap). b, ¢)
Rapamycin-induced PI(4,5)P, depletion by activation of CFInp has a blunted effect compared to
wild type Q208C* (gray) in the linker mutants, Q208C*/R253Q (b) and Q208C*/R254Q (¢). F-
Vs before (black) and 5-10 min after rapamycin (blue). Error bars are + SEM with n >9. Data fit
to single Boltzmann equations (see Tables Al1.2 & A1.3).
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Table Al.1. Effect of catalytic and linker mutations on VSD motion, as gauged by F-Vs
measured from TMRM attached to two cysteine substitution sites outside S4. Values of
parameters from single Boltzmann fits to the entire fluorescence vs. voltage (F-V) relation of

(G214C* and to only the late increasing AF component evoked at the most positive voltages (>

+100 mV) in Q208C*.

Protein Vin (mV) slope n

G214C* 59.3+1.1 31.2+1.0 9
G214C*/C363S 555+04 245+04 13
G214C*/D331A 124+0.2 17.1+0.2 10
G214C*/K252Q 75.0+£0.6 35.6£0.6 12
G214C*/R253Q 74.7+0.5 39.8+0.6 11
G214C*/R254Q 542 +1.1 462+ 1.1 11
G214C*/C363S/K252Q 729 +0.7 37.6 £0.7 12
G214C*/D331A/K252Q 78.7+0.4 33.3+04 13
G214C*/C363S/R253Q 69.1 £0.5 382+0.6 12
G214C*/D331A/R253Q 55.0+0.2 25.1+0.1 12
Q208C* 1499 +1.2 173+ 1.4 10
Q208C*/K252Q 1659+1.2 150+1.5 12
Q208C*/R253Q 169.0+ 0.4 109+04

Q208C*/R254Q 166.8 +1.5 11.6 +1.7
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Table Al1.2. PI(4,5)P; depletion by PLC (activated via the SHT2C receptor) alters the F-V
of G214C*, and the effect is blunted by linker mutation K252Q. Midpoints and slopes of F-V
relations in cells expressing wild type (G214C*) and mutant versions of Ci-VSP along with the
SHT2C receptor, before (-) and after (+) addition of serotonin to deplete P1(4,5)P,.

Protein (-) serotonin (+) serotonin
Vin (mV) slope Vin (mV) slope n
G214C* 63.3+0.5 26.4+0.5 68.2+0.8 329+0.8 15
G214C*/D331A 59+0.3 182+£0.2 29.6 0.6 263+0.6 10
G214C*/K252Q 76.0+ 1.1 32.1+1.0 71.3+0.9 329+£09 12
G214C*/D331A/K252Q 74.0+0.8 31.9+0.8 68.3+0.7 328+0.7 11
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Table A1.3. PI(4,5)P; depletion by the rapamycin system alters the F-Vs of G214C* and

Q208C*, and the effect is blunted by linker mutations. Midpoints and slopes of F-V relations
in cells expressing wild type (G214C* or Q208C*) and mutant versions of Ci-VSP before (-) and
after (+) rapamycin induced recruitment to the membrane of the CFInp phosphatase.

Protein (-) rapamycin (+) rapamycin
Vin (mV) slope Vin (mV) slope n
G214C* 593+1.1 31.2+1.0 68.1+0.7 37.3+0.7 9
G214C*/D331A 124+0.2 17.1+£0.2 23.1+£0.6 24.1 £0.6 10
G214C*/D331A/K252Q 642+1.0 345+1.0 63.0+0.7 349+0.7 8
Q208C* 1499+12 173+14 1689 £3.1 92+29 10
Q208C*/K252Q 1659+12 150+1.5 162.7 £ 1.1 109+1.2 12
Q208C*/R253Q 169004 109+04 162.7 £ 1.8 9.1+1.8
Q208C*/R254Q 1668+15 11.6+1.7 162.2+£2.0 82+2.0
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