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Abstract

Faculty of Medicine
Dept. Biomedical Sciences (section Physiology)

Doctor of Philosophy

Optoelectrical Dynamics of Ion Channels and Subcellular Calcium
Nanodomains

by Roger GIMENO LLOBET

Neuronal networks are dynamic, with molecular components diffusing and rear-
ranging in specific cellular subdomains on timescales from milliseconds to hours.
Among all intracellular messengers, Ca?* ions generate versatile intracellular sig-
nals that control key functions in all types of neurons. Countless investigations have
used highly invasive electrophysiology or non-dynamic biochemical approaches to
study synapses and networks. Optogenetic approaches, combined with imaging
techniques, are revolutionary tools to excite specific live cells and detect the activity
of signaling molecules in populations of neurons. However, refinement of current
optical methods is needed, due to the lack of molecular or spatial specificity. This
refinement is particularly important for imaging Ca?* in neurons, since Ca?* sig-
nals exert their highly specific functions in well-defined cellular subcompartments.
Coupling of Ca?* signaling to membrane voltage occurs in Ca?* nanodomains where
Ca?* influx through voltage-gated Ca®* channels is located within 20-50 nm of BK K*
channels. Upon Ca2* entry, BK open in response to additive effects of Ca?* and volt-
age to limit neuronal excitability. Nevertheless, much remains to be known about
this process, since currently no sensors located specifically to these regions are avail-
able. Developing probes that provide bright readouts in vivo combined with ex-
tremely fast and high spatial resolution imaging systems is crucial to progress to-
wards our knowledge about neuronal networking.
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Chapter 1

Introduction

1.1 Large conductance voltage- and calcium- activated potas-
sium channels (BK; KCal.1; slo1)

Large-conductance voltage- and Ca?*-dependent K* (BK) channels are homotetrameric
proteins characterized by a large unitary conductance for K* and a unique sensitivity
to both membrane depolarization and intracellular Ca?* levels. BK channels (from
Big K*), also known as maxi-K (Latorre and Miller, 1983), exhibit the highest known
conductance for K*, of about 300 pS, close to the diffusion limit (Contreras et al.,
2013). The large conductance does not preclude a high K* selectivity. This channel
is also known as Slol, because is formed by four a-subunits encoded by the slol
gene (from slowpoke, the gene coding for BK in Drosophila). Each pore-forming
alpha subunit (Fig. 1.1A) is composed of three main structural domains: the voltage
sensing domain (VSD), the pore-gate domain (PGD) and the cytosolic domain (Cui,
Yang, and Lee, 2009) (Fig. 1.1B). The voltage-sensing domain is formed by trans-
membrane domains S1 to S4. The 54 helix has positively charged residues that drive
the segment towards the extracellular side upon membrane depolarization (Contr-
eras et al., 2013). The pore gate domain alters its configuration between open and
closed states in order to control the flux of K* ions. Finally, the cytosolic domain,
called the “gating ring”, senses Ca?* ions through specific Ca?* binding sites. This
domain is formed by two non-identical regulators of conductance for K* domains
(RCK1 and RCK2; (Giraldez and Rothberg, 2017). A high affinity Ca* binding site,
dubbed the “Ca’" bowl”, is located in the RCK2 domain, and comprises a sequence
of five aspartic acid residues. With a series of different mutations, some authors in-
ferred the existence of another Ca* binding site, located at the RCK1 (reviewed in
(Latorre et al., 2017)). Additionally the BK has an extra transmembrane segment, SO,
that is necessary in the modulation of channel properties by association of auxiliary
B-subunits (Contreras et al., 2013).

Activation of BK channels results from the complex synergy between the Ca®*
and voltage sensing domains. The open probability of the channel is modulated
allosterically by two stimuli: intracellular Ca?* concentration and membrane poten-
tial. Ca?* sensing and membrane potential sensing are independent processes. In
other words, the channel can be opened both by the effect of Ca?* at a fixed voltage
or by changes of membrane voltage in the absence of Ca2*. It is the combination
of both whar enhances the open probability. One of the most successful models to
describe this behavior is the Horrigan and Aldrich (HA) kinetic model (Horrigan
and Aldrich, 2002). Binding of Ca?* ions in the cytosolic domain or the sensing of
voltage by depolarization of the membrane in the voltage sensing domain generate

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1627512 Caddigo de verificacion: kOIBgUMu

Firmado por: Roger Gimeno Llobet Fecha: 25/10/2018 11:00:30
UNIVERSIDAD DE LA LAGUNA
Diego Alvarez de la Rosa Rodriguez 25/10/2018 11:52:58
UNIVERSIDAD DE LA LAGUNA
Teresa Giraldez Fernandez 25/10/2018 11:54:04
UNIVERSIDAD DE LA LAGUNA
Ernesto Pereda de Pablo 29/10/2018 13:01:03

UNIVERSIDAD DE LA LAGUNA

19/118



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada

N° registro: 2018/94643
N° reg. oficina: OF002/2018/89112
Fecha: 26/10/2018 12:15:56

2 Chapter 1. Introduction

NH, VSD PGD

S —)

Gating Ring

@ RCK1 Ca?* binding site M Ca?* bow!
a-subunit | # Mg?* and Ca?* binding site

1

'

Figure 1.1: BK channel structure. A) BK channel structure (5TJI, (Hite, Tao,
and MacKinnon, 2017)) showing the homotetramer of a-subunits (one a-
subunit is code-colored). B) Schematic representation of the BK a-subunit.
Three main structural domains relative to its function are identified: the volt-
age sensing domain (VSD), the pore gate domain (PGD) and the cytosolic do-
main, composed by to regulators of conductance for K* (RCK1 and RCK2).
The cytosolic domain, called the “gating ring”, senses Ca?* ions, through
specific Ca2* binding sites (black shapes).

conformational changes in the protein that are allosterically coupled to the pore gate
domain leading to the opening of the gate.

1.2 Role of BK channels in neuronal function

Neuronal networks are dynamical structures, driven by a complex orchestrated ac-
tivation of molecular components. Understanding the interplay between such com-
ponents is a fundamental topic in neuroscience. Among all intracellular messen-
gers, Ca®* ions generate versatile intracellular signals that control key functions in all
types of neurons. For example, in presynaptic terminals, Ca* influx triggers exocy-
tosis of neurotransmitter-containing synaptic vesicles. Postsynaptically, a transient
rise of the Ca®* level in dendritic spines is essential for the induction of activity-
dependent synaptic plasticity. In this context, BK channels couples to the Ca?* signal,
taking an essential role in a wide spectrum of processes regarding neuronal activity
(Contet et al., 2016).

BK channels are implicated in a large number of processes in the central nervous
system (Bock and Stuart, 2016; Contet et al., 2016; Kshatri, Gonzalez-Hernandez,
and Giraldez, 2018) (Fig. 1.2A). One fundamental role of BK channels in the nervous
system is its implication in neuronal excitability. BK channels located at the soma of
variety of neuronal cell types are key players in the repolarization after action po-
tentials (AP) (Bock and Stuart, 2016). In this sense, BK can shape the AP and modify
the firing rate. During the AP, local increases of Ca®* concentration caused by the
activation of voltage-dependent Ca®* channel (Cav) in combination with membrane
depolarization, induce BK activation and outflow of potassium ions. This consti-
tutes a negative feedback mechanism that rapidly hyperpolarizes the membrane.
Furthermore, BK channels located at the presynaptic terminals are implicated in the
regulation of neurotransmitter release (Contet et al., 2016). In the majority of cases
the influence of BK channels in the synaptic transmission is inhibitory (Contet et
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BK channels have a role
in dendritic excitability
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Figure 1.2: A) Role of BK in neuronal function. BK channels localize in the CNS and are implicated in
a large number of processes. Coupled to Ca2+ effectors, BK channels regulates excitability in dendrites
and AP propagation in the soma and along axons, and are involved in the regulation of neurotrans-
mitter release in the presynaptic terminals (Image source: www.cifar.ca, credit: Blake Richards Lab).
B) Ca2+ homeostasis. Ca2+ is increased within the cell from two different sources: extracellular Ca2+
mainly by Cav channels and internal reservoirs like endoplasmic reticulum (ER) or mitochondria. The
main proteins involved in the efflux of Ca2+ ions from the ER are ryanodine receptors (RyRs) and in-
ositol trisphosphate receptors (IP3-Rs). Ca2+ returns to the ER via the sarco/endoplasmic reticulum
Ca2+-ATPase (SERCA). The general pathways of Ca2+ involves the influx of Ca2+ by Cav channels
that directly activates the Ca2+-induced Ca2+ release (CICR), the release of Ca2+ from internal reser-
voirs (mediated by RyRs), and IP3-induced Ca2+ release (Figure adapted from ((Dong et al., 2006)).

al., 2016). APs arriving at the presynaptic terminal causes the influx of Ca?* ions
through Cav channels. Intracellular Ca®* initiates the exocitosis of vesicles contain-
ing neurotransmitters and at the same time couples with membrane depolarization
to activate nearby BK channels. Hyperpolarization caused by BK channels normally
down-regulates neurotransmitter release. Moreover, Ca?* entry meditated by Cav
channels is in fact modulated by the shape of the AP, which, as mentioned previ-
ously, is in turn shaped by BK channels (Contet et al., 2016). BK channels have
also been shown to have a role in dendritic excitability. In some neuronal types,
BK channels are involved in the regulation of the magnitude and duration of den-
dritic spikes, repolarizing the membrane potential thus preventing the initiation of
an AP caused by Ca?* dendritic spikes depolarization (Contet et al., 2016). In murine
myelinated cerebellar purjinke cells axons BK channels are localized at paronodal
junctions, exhibiting a regulatory mechanism supporting AP propagation (Hirono
etal., 2015). During circadian cycles, BK channels in neurons of the suprachiasmatic
nucleus dynamically couples to different Ca®* sources; during daytime L-type Ca®*
channels are the primary Ca* effectors, while at nighttime BK activation is due to
Ca?* release mediated by ryanodine receptors (RyR) (Whitt, McNally, and Meredith,
2017). Recent studies from our laboratory (Gomez et al., unpublished data) and the
Yan laboratory (Zhang et al., 2018) have shown that BK channels are functionally
and spatially coupled to NMDA receptors (NMDARs) in different brain regions. In
dentate gyrus granule cells, the influx of Ca?* provided by postsynaptic NMDARs
after glutamate binding induced BK activation and further regulation of synaptic
transmission (Zhang et al., 2018). Work from our laboratory further demonstrates
that NMDAR-BK complexes in somatosensory neurons are involved in control of
neuronal plasticity (Gomez et al., unpublished data).
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1.3 Ca’" homeostasis

Ca?* ions are the ever-present second messengers in cells, involved in a variety of
biological functions. Therefore, cytoplasmic Ca* levels are exquisitely regulated. In
general terms, Ca?* is increased within the cell from two sources: extracellular Ca?*
and internal reservoirs (i.e. endoplasmic reticulum (ER), sarcoplasmic reticulum
(SR) or mitochondria) (Bose, Cieslar-Pobuda, and Wiechec, 2015). The [Ca%*] in the
extracellular side is typically 1.2 mM, and the [Ca?*] in the cytosol 100 nM. The ER
is the main Ca?* store, where its [Ca?*]is 500 #M. The main proteins involved in the
efflux of Ca?* ions from the ER are ryanodine receptors (RyRs) and inositol trispho-
sphate receptors (IP3-Rs). Additionally, there is a continue leak of Ca?* ions through
the so-called leak channel. Ca?* returns to the ER via the sarco/endoplasmic retic-
ulum Ca2*-ATPase (SERCA) (Gleichmann and Mattson, 2011). The spatiotemporal
properties of Ca?* signaling are tightly controlled by a myriad of proteins, where
their intricate regulatory mechanisms and kinetics make regulation of Ca?* home-
ostasis a very complex process (Gleichmann and Mattson, 2011). The entry of CaZ*
from the extracellular source involves Cav channels, Ca?* release-activated channels
(CRAC) and Store-operated Ca?* channels (SOC). CRAC and SOC are channels lo-
cated in the plasmatic membrane that respond to increased cytosolic [Ca%*] caused
by depletion of internal stores (mainly ER). The activation of these channels permits
the entrance of Ca* ions from the extracellular side allowing the refill of the internal
stores and Ca?* signalling. The general pathways of Ca?* involves the influx of CaZ*
by Cav channels that directly activate the Ca?*-induced Ca®* release (CICR), the
release of Ca* from internal reservoirs (mediated by RyRs), and IP3-induced Ca2*
release (IICR). Some of the concepts are illustrated in Fig. 1.2B. The depletion of Ca®*
from the ER initiated by CICR and IICR is rapidly starts a mechanism the stromal
interaction molecule 1 (STIM1), localized in the membrane of the ER, drives SOCE
by SOC and CRAC activation (Sutherland, Pujic, and Goodhill, 2014; Gleichmann
and Mattson, 2011). STIMI1 utilizes Ca?* release-activated CaZ* channelsl (ORAI1)
to induce the ER Ca?* refilling. Furthermore, there is a another pathway besides
STIM1-ORAI1 involving transient receptor potential cation (TRPC) channels, where
STIM1 regulates the activation of certain TRPC channels (Hogan and Rao, 2015).

1.4 Physiological activation of BK in Ca®* nanodomains

A key feature of intracellular Ca* signaling is its complex spatiotemporal organiza-
tion. The time course, amplitude, and the local action site in well-defined cellular
subcompartments, are essential determinants for the function of intracellular Ca?t
signals. BK channels interacts with the Ca?* influx via voltage-dependent Ca?* (Cav)
channels, in spatially restricted domains called “Ca%* nanodomains”.

Since the Ca?* affinity of BK channels is relatively low (the intracellular concen-
tration of Ca?* required to activate the BK channel is 10 #M), the distance that sepa-
rates BK channels from Ca%* sources (Cav channels) needs to be minimum. [Ca?*] is
inversely proportional of the distance between Ca?* sources and Ca%* targets (Egger-
mann et al., 2012), being the [Ca?*] in the center of the nanodomain 100 uM (Fakler
and Adelman, 2008). Moreover, the BK response to an action potential (AP) needs
to be fast (<1 ms), as rise/decays dynamics after Ca?* influx are of the order of mi-
croseconds in a nanodomain (Fakler and Adelman, 2008). Coincidental membrane
depolarization (by the incoming AP) and Ca?* increase (from neighboring Cav) open
BK channels, leading to K* outflow and constituting a negative feedback on the
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Figure 1.3: Effect of Ca2+ chelators BAPTA and EGTA to Ca®* nan-
odomains. The fast Ca®*-binding kinetics of BAPTA in front of EGTA
allowed BAPTA to disrupt BK-Cav interactions that are farther than
10 nm. In contrast EGTA is able to buffer Ca®* at 100 nm from the
source. (Image From (Vivas et al., 2017)). Upper part: nanodomain
signal, where [Ca?*] raises up to 100 uM in the mouth of the source.

Ca?* signal regulating neurotransmission (Berkefeld et al., 2006). BAPTA and EGTA
Ca?* chelators can be used as biochemical tools to estimate the distance between
BK channels and their Ca?* sources (Berkefeld et al., 2006). Both chelators present
similar affinities for Ca?* but different association rates (BAPTA > EGTA) (Egger-
mann et al., 2012). If the distance between both channels within the complexes were
10-50 nm, outward BK-dependent currents would be recorded in the presence of
EGTA, but not in BAPTA (Neher, 1998; Augustine, Santamaria, and Tanaka, 2003).
If the distance between both channels is larger, Ca?* flowing through the neigh-
boring Ca?* source would be effectively captured by both chelators before reaching
BK, and no outward current would be observed (Berkefeld et al., 2006) (Fig. 1.3).
In these spatially restricted domains called “Ca®* nanodomains”, BK channels have
been proposed to be separated 10-50 nm from Cav channels (Contet et al., 2016). The
coupling between Ca>* effectors and Ca2* sensors in a nanodomain present several
functional advantages. Synapses in the mammalian CNS employs extensively Ca*
nanodomains for fast neurotransmitter release, as improves the speed and energy
efficiency of the process (Eggermann et al., 2012), while maintaining the temporal
precision in the information stream (Wang and Augustine, 2015).

Depending on the cellular distribution and subcellular localization, the associa-
tion of BK channels with diverse Cav partners can lead BK channels to regulate neu-
ral activity in different manners. Except the R-type (Cav2.3) channels, all Cav chan-
nel subtypes are spatially and functionally coupled to BK channels (Contet et al.,
2016). In presynaptic terminals, the influence of fast-activating P/Q- (Cav2.1) and
N-type (Cav2.2) on BK channels results on the shortening of the AP duration, and
reduces neurotransmitter release (Wu et al., 1999; Kulik et al., 2004). In the dendrites
and soma, the slow-activating L- (Cav1.2 and Cav1.3) and T-type (Cav3.2) channels
trigger BK channels regulating AP propagation (Engbers et al., 2013; Obermair et al.,
2004). In cerebellar neurons, activation of BK channels by T-type channels reduces
firing evoked in the synapses (Engbers et al., 2013). In hippocampal CA1 pyrami-
dal neurons, N-type and BK channels are forming complexes, but not with L-type
channels (Marrion and Tavalin, 1998). In cortical pyramidal neurons, association of
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N- and L-type channels with BK channels are found, both having an important role
in BK activation (Sun, Gu, and Haddad, 2003). In chromaffin cells, although N-type
channels and BK channels are spatially associated, L- and P/Q-type channels have
a larger influence in BK activation (Prakriya and Lingle, 1999).

1.5 Knowledge gap

Despite the well-established relevance of Ca** nanodomains for function of many
types of excitable cells, many questions remain about coupling of BK to Cav chan-
nels within the complexes, regarding structural and functional aspects (Vivas et al.,
2017; Eggermann et al., 2012). The core molecular determinants of BK in the nan-
odomain context (i.e. B-subunits that modulated properties of the channel) have
been elucidated in some cases, but not all. The spatial distribution and protein sto-
ichiometry in BK-Cav complexes are still not clear (Vivas et al., 2017). Apart from
the localized BK-Cav complexes, Ca?* effectors can transiently change its position,
altering BK-Cav complexes composition (Fakler and Adelman, 2008). The study
of these additional interactions between BK channels and effectors will unravel the
function of larger-scale Ca?* signaling networks (Fakler and Adelman, 2008). Other
actors and characteristics of the signaling process remain unknown. In practice, it
is not straightforward to correlate Ca?* signals to selective physiological responses
associated to them (Augustine, Santamaria, and Tanaka, 2003). Important consider-
ations have to be taken into account when studying Ca?* signaling in nanodomains.
In order to consider fluorescent Ca* indicators for nanodomain imaging studies, it
is crucial that such indicators achieve the proper temporal and spatial resolution.
Some indicators diffuse intracellularly, thus reporting space-averaged [Ca2*] and
lacking the high spatial resolution required to report Ca?* signals constrained to the
nanodomain (Tadross, Tsien, and Yue, 2013). Furthermore, Ca%* signals from nan-
odomains are at the edge of the detection limit for conventional light microscopy, as
fluorescent signals from nanodomains should be localized in areas of less than 1 ym
(Augustine, Santamaria, and Tanaka, 2003). Additionally, temporal resolution is also
crucial, as indicators must work in the millisecond to microsecond range to detect
the fast Ca?* signals. Finally, one important consideration to be taken into account
regarding the use of Ca®* indicators to study nanodomains is their potential as Ca®*
buffers. If the indicators are potent buffers, the dynamics of Ca?* in nanodomains
may be affected, altering the measured signals (Augustine, Santamaria, and Tanaka,
2003).

In summary, there is an evident need to develop and deploy new tools to study
Ca2* dynamics in nanodomains, which will undoubtedly provide unprecedented
insights on the cellular and molecular mechanisms underlying the processes related
to Ca?* nanodomains function.

1.6 Fluorescence

In 1845 Herschel first observed an unusual optical phenomenon that he described
as “an extremely vivid and beautiful celestial blue color” while watching a glass
full of water and quinine under the sunlight. Since then, the technology and uses
of fluorescence have progressed enormously (Lakowicz, 2011). Fluorescence tech-
nology is now used in a wide range of disciplines, taking an important role in
the biological sciences. Quinine was the first discovered fluorophore (Fig. 1.4A).
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Figure 1.4: A) Chemical structure of quinine. Fluorescenec is related to aromatic
groups. B) Fluorescence of Tonic water (containing quinine) when illuminated
with UV light.

The physical-chemical principle underlying fluorescence resides in the fact that aro-
matic molecules can be excited with electromagnetic radiation. The excited electron
rapidly returns to the ground state emitting a photon (fluorescence). Emitted pho-
tons usually have lower energy (longer wavelength) than excitation photons. The
average time between excitation and emission, termed fluorescent lifetime (7), is in
the order of 10~ s and is intrinsic to the fluorophore. In the case of Quinine firstly
observed by Herschel, ultraviolet light from the Sun excites the molecule, which
emits blue light when the molecule returns to the ground state (Fig. 1.4B). Aromatic
molecules can be excited with electromagnetic radiation. In the phenomenon of flu-
orescence, the excited electron rapidly returns to the ground state emitting a pho-
ton. Emitted photons usually have lower energy (longer wavelength) than excitation
photons. The average time between excitation and emission, termed fluorescent life-
time (1), is in the order of 107 s and is intrinsic to the fluorophore.

1.6.1 Jablonsky diagram

To illustrate the processes that take place between absorption and emission of a pho-
ton in fluorescent substances, Jablonsky diagrams are widely used. An example of a
typical absorption-emission process of a fluorophore represented in a Jablonski dia-
gram can be seen in Fig. 1.5. Following light absorption, an electron is excited from
the ground state (Sp) to a higher energy state (S1). For the molecule to be excited,
only certain wavelengths of light can be absorbed, related to the energy levels of the
molecule. The transitions between states are pictured as vertical lines. One pathway
to dissipate that energy is through vibrational relaxation, a non-radiative process,
indicated in the diagram as a dashed arrow descending across vibrational levels.
Another way is the emission of a fluorescence photon, illustrated as a vertical line
pointing to the ground state So. The energy lost in the vibrational relaxation causes
the emitted photon to have a lower energy and hence a higher wavelength than the
absorbed photon. This aspect of the fluorescence phenomenon, called Stokes shift,
is the reason why Herschel described as a “beautiful celestial blue color” the sunlit
solution containing quinine.
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Figure 1.5: Jablonsky diagram showing excitation
of a molecule from SO to S1 state by absorption of
a photon, relaxation by internal conversion and re-
turn to the ground state by emission of a fluores-
cence photon.

1.6.2 Forster Resonance Energy Transfer (FRET)

In the variety of processes that could drive an excited molecule to its ground state,
one is especially useful for the inter/intra-molecular protein study. This process is
Forster Resonance Energy Transfer (FRET), also known as fluorescence resonance
energy transfer or simply resonance energy transfer (RET). FRET is caused by a
non-radiative process (it does not involve the emission and absorption of photons)
that takes place when two dipolar molecules with similar resonance frequencies ex-
change energy when coupled in a dipole-dipole interaction. The transfer of energy
occurs between a molecule being in the excited state (called the donor, D) and a
molecule in the ground state (called the acceptor, A). For FRET to occur, some con-
ditions must be met:

e Molecules must be in a distance range of about 1 to 10 nm.

e Emission spectrum of the donor must overlap with absorption spectrum of the
acceptor (Fig. 1.6A).

o The relative orientation of the dipole moments of donor and acceptor must not
be perpendicular.

The most relevant physical property of FRET, of special relevance for the study
of molecular protein interactions, is that the efficiency of the energy transfer (E) is
inversely proportional to the sixth power of the distance between molecules, and is
related to the Forster distance (Rg) by

p—_ 1 1.1)

- 6
l+(1%0)

where r is the distance between donor and acceptor. The dependence of the en-
ergy transfer efficiency on distance can be seen in Fig. 1.6B. Because E is inversely
proportional to the sixth power of r, small changes in r are acutely reflected in
the transfer efficiency, converting FRET measurements into a “spectroscopic ruler”
(Stryer, 1978). As shown in Fig. 1.6B, Ry is the distance at which the energy transfer
is 50%, and E quickly fall to zero when r is greater than R,. Distances cannot be
measured outside the range r = 0.5Rg to r = 2R(. Ry can be predicted from the
spectral properties of donor and acceptor molecules. The related properties can be
seen in equation
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Figure 1.6: A) Spectral overlap (shaded area) between emission spectrum of donor
and absorption spectrum of acceptor molecules. B) Dependence of the energy
transfer efficiency on distance between molecules. Small changes in r are acutely
reflected in the transfer efficiency. Distances cannot be measured outside the range
r = 0.5Rg tor = 2Ry.

Ro =9.78 x 10°(1k>n~*QpJ(1))1/® (12)

where #? is the dipole orientation factor, n is the refractive index of the medium,
Qp is the quantum yield of the donor and J(A) is the overlap integral computing the
spectral overlap between donor emission and acceptor excitation. It is commonly
assumed that x> = 2/3, a value corresponding to random orientation of donor and
acceptor molecules by rotational diffusion.

FRET efficiency can be calculated experimentally by measuring the fluorescence
intensity of the donor when the acceptor is out of the energy transfer range (Fp) or
is within the range (Fpa). Fp and Fp states for fluorescence of the donor only and
fluorescence of the donor in the presence of acceptor respectively. The common way
of measuring E is with the ratio:

Fpa
E=1—-—- 1.
b (1.3)

If we are measuring lifetimes of donor instead of fluorescence, E can be calcu-
lated as:

E=1- P4 (1.4)
™D

where Tp and Tp4 are the lifetimes of the donor molecule under same conditions
as before.

1.6.3 Fluorescence Lifetime

The fluorescence lifetime corresponds to the time that a fluorophore remains in its
excited state before returning to the ground state by emitting a fluorescence photon
(Fig. 1.7A). Since emission is a random process, every excited fluorophore can emit a
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Figure 1.7: A) The fluorescence lifetime is a measure of how long a fluorophore
remains on average in its excited state before returning to the ground state by
emitting a fluorescence photon. B) Donor fluorescence and energy transfer are
competing processes; when FRET is occurring, the emission of the donor takes
place at shorter lifetimes.

photon with the same probability. Lifetime, thus, is a statistical average correspond-
ing to the amount of time the fluorophore remained in its excited state. Therefore,
a time distribution is observed, which can be described by an exponential function
corresponding to the decay of the excited state population.

n(t) = noexp(—t/7) (1.5)

where n(t) are the excited molecules at a given time t, nj the initial amount of
excited molecules and 7 the fluorescence lifetime. Since fluorescence intensity is
proportional to the number of excited molecules, Eq. 1.5 can be rewritten as

I(t) = Ipexp(—t/T) (1.6)

where I(t) is the fluorescence intensity at time ¢, Iy the initial intensity.

The decay of a excited molecule is described by a rate constant, I'. Other non-
radiative processes occur to drive the excited molecule to the ground state. Being
Knr the rate of non-radiative decay, lifetime is described as,

1

T:1"—|—Knr

1.7)

Lifetime of a fluorophore thus, will vary is a non-radiative process to decay
from the excited state is present. If conditions are met (see above), the excited flu-
orophores may undergo FRET to come to the relaxed state (Fig. 1.7B). When the
donor molecule is not under the influence of the acceptor molecule, I' > Knr. In
the presence of the acceptor molecule, the new pathway to decay increases rate Knr,
shortening the lifetime of the excited donor. Therefore, fluorescence lifetime mea-
surements can be used experimentally to evaluate changes in protein environment
or protein-protein interactions (Lakowicz, 2011).
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Figure 1.8: GFP structure. A) Protein structure (PDB: 1EMA) where the B-barrel
is represented as 11 B-sheets and the internal chromophore shown in stick rep-
resentation (figure adapted from (Frommer, Davidson, and Campbell, 2009)). B)
GFP chromophore unfolded/denatured conformation (left) and final fluorescent
conformation (right), where the absorption wavelength is shown for the deproto-
nated/protonated species. The black arrow “bs” synthesizes the mechanism for
intramolecular biosynthesis consisting in cyclization of the main chain, dehydra-
tion and a oxidation (figure adapted from (Frommer, Davidson, and Campbell,
2009).

1.6.4 Fluorescence Proteins

The discovery of the green fluorescent protein (GFP) from the bioluminiscent jelly-
fish Aequorea Victoria in the early 1960s (Shimomura, Johnson, and Saiga, 1962)has
transformed cell biology by providing an extensive library of probes that allowed to
non-invasively studying all kind of biological processes (Ai, 2015). The key factor of
such useful tool resides in its particular structure: a cylinder-like shell constituted by
11-stranded B-sheet polypeptide (B-barrel) that shields from the environment a in-
ternal fluorophore, generated spontaneously in an autocatalytic process and formed
of a serine, a tyrosine and a glycine (Frommer, Davidson, and Campbell, 2009). The
protein and the chromophore structure are shown in Fig. 1.8. The robust folding
of the GFP has made possible to attach it to target proteins and express the fused
proteins into cells (Tsien, 1998). The engineering of the GFP has raised a myriad of
fluorescent proteins with improvements in its intrinsic characteristics (i.e. efficient
temperature-dependent folding) and variations in its spectral properties, creating a
palette of color variants that enhanced the large number of potential applications
(Frommer, Davidson, and Campbell, 2009).

1.7 Ca?* sensors

As described in previous sections, Ca2* is an intracellular second messenger of great
physiological relevance (Clapham, 2007). Therefore, development of chemical tools
to measure intracellular Ca>* concentration has been crucial to advance our knowl-
edge about a large variety of physiological processes, including neuronal function
(Clapham, 2007). Available tools for Ca?* imaging mainly consist of two classes of
Ca?* indicators: Chemical Calcium Indicators (CCI) and Genetically Encoded Cal-
cium Indicators (GECI). CCI are chemically engineered fluorophores with a broad
range of Ca?* affinities, that have to be loaded into cells according to well estab-
lished experimental protocols. On the other hand, Genetically Encoded Calcium
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Indicators (GECI) are genetically encoded fluorophore-containing proteins, which
are expressed inside cells using gene transfer techniques such as transfection, virus-
mediated transformation or transgenesis. Both CCI and GECI have been success-
fully used as quantitative calcium sensors in vitro and in vivo.

One way to categorize Ca?* indicators is according to their Ca?* affinity. This
allows the researcher to choose the indicator more convenient to study a particular
physiological process.

The dissociation constant (Kd) is a equilibrium constant that relates the concen-
trations of free Ca2*, chelator and the chelator-Ca2* complexes, and is defined as

[Ca**] - [chelator]

Kd =
[chelator — Ca%*complex]

(1.8)

The Kd is the value in molar units where the fluorescence intensity is halfway be-
tween the basal fluorescence and the maximum fluorescence , corresponding to half
of the indicator molecules forming chelator-Ca?* complexes. Lower Kd values (in
the nM range) correspond to high-affinity Ca?* indicators (the indicator has a high
tendency to bind Ca®*). Low-affinity Ca?* indicators show high Kd values (in the yM
range or more). Experimentally, high-affinity indicators are generally used to mea-
sure [Ca?*] in the cytosol, whereas low-affinity indicators can be used in subcellular
organelles where [Ca?*] are higher. The optimum working range for an indicator
corresponds to [Ca%*] values between 0.1 and 10 times their Kd.

The absolute concentration of Ca?* is calculated experimentally using the for-
mula

F— Fmin

_— 1.9
qux - F ( )

[Ca**] = Kd

where the Kd is the dissociation constant, F,,;, is the fluorescence in absence of
Ca?*, Fuy is the maximum fluorescence obtained at saturated Ca?* levels ([Ca?*] >
10Kd) and F is the fluorescence at a given time.

If absolute values of [Ca®*] are not required or some of the parameters in Fig. 1.9
cannot be obtained experimentally (such as F,;,; or Fyay), the relative fluorescent
changes can be related to the changes in the [Ca?*] by

F—F
F,

AF/F = = A[Ca*] (1.10)

where F is the fluorescence at a given time and F, is the basal fluorescence before
the stimuli that lead the change in the fluorescence.

According to their spectral properties, calcium indicators can be classified in two
groups: single wavelength indicators or ratiometric indicators.

Single-wavelength indicators display a considerable change in fluorescence in-
tensity upon Ca?* binding (Fig. 1.9A), without varying their excitation/emission
spectra. Usually, the free indicator that is not bound to Ca?* exhibits a very weak
fluorescence, increasing the intensity as Ca* binds to the chelator. However, a ma-
jor drawback of these indicators is that in some instances, fluorescence intensity
changes occur that are not related to changes in Ca?* concentration. These intensity-
related artifacts can be due to the bleaching of the fluorophore, variations in probe
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Figure 1.9: Chemical Ca2+ indicators A) In single wavelength indicators a change in the
fluorescence intensity occur when Ca2+ binds to the molecule. In contrast, ratiometric in-
dicators can exhibit a emission spectral shift (B) or a excitation spectral shift (C). after Ca2+
binding.

concentration or changes in the acquisition conditions (such as sudden changes of
focus or in laser intensity).

Ratiometric indicators undergo Ca%*-dependent shifts in their emission or exci-
tation spectra (Fig. 1.9B and C). This behavior allows accurate quantification of Ca*
concentration by correcting intensity-related artifacts. The ratio between the two
fluorescence intensities is, in principle, independent of variations in sensor distri-
bution and concentration, and artifacts in the fluorescence intensity will affect both
channels in the same manner and can be removed.

The two classifications described above are applicable to both CCI and GECI.
The following sections describe specific characteristics of CCI and GECL

1.7.1 Chemical calcium indicators

As mentioned above, CCI are fluorescent molecules with the ability to chelate CaZ*
ions. The majority are based on the Ca?*-specific aminopolycarboxylic acid BAPTA
(1,2-bis(0-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid) (Fig. 1.10A). This chela-
tor, first reported by Tsien et al. in 1980 (Tsien, 1980), shows faster binding kinetics
and less pH dependence than ethylene glycol-N,N,N’,N’-teraacetic acid (EGTA, an-
other Ca?* chelator which is used in a wide range of biological experimental condi-
tions). Additionally, BAPTA shows higher selectivity for CaZ* ions over Mg?2+ ions,
which are present in the cytosol more than 4 orders of magnitude higher compared
to CaZt. After Ca?* binding, the CCI exhibit a change in the fluorescent properties,
either the fluorescence intensity or the excitation/emission wavelengths (i.e. Fura-2,
Fig. 1.10B).

The main advantages of CCI are the broad range of Ca?" affinities available and
the fast binding kinetics, allowing the recording of events with high temporal res-
olution. The main drawbacks include: 1) their low spatial resolution; 2) some CCI
exert a Ca?* buffering effect, particularly those with larger Ca?* affinities; 3) since
these indicators are generally highly charged molecules, they do not efficiently cross
the plasma membrane. To address this problem, indicators are normally introduced
in the cytosol by microinjection or making them permeant by masking the charged
carboxylic groups by forming acetoxymethyl (AM) esters (Whitaker, 2010). Once in
the cell, the ester bonds are cleaved by endogenous esterase enzymes, leaving the
indicator trapped inside the cell. If the incubation times are not optimized, the indi-
cator may permeate into intracellular organelles such as the endoplasmic reticulum
(ER) or mytochondria. The resting Ca®* concentration inside ER (250-600 M) is
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Figure 1.10: A) Chemical structure of BAPTA. The four carboxilic acid functional groups are
responsible of Ca2+ binding (source: Wikimedia Commons). B) Chemical Ca2* indicator Fura-
2. The excitation wavelength changes from 340 nm (free Ca2+) to 380 nm (Ca2+ bound). The
emission is unalterable at 510 nm (figure adapted from (Grienberger and Konnerth, 2012).

higher than the cytosol, hence the signal from the indicator inside the ER can mask
the signal from the indicator in the surroundings.

1.7.2 Genetically encoded calcium indicators

As mentioned above, GEClIs are based on genetically encoded proteins including a
fluorophore and Ca?*-binding domains. The general principle is that changes in the
conformation of these Ca?*-sensing domains after Ca>* binding alters the fluorescent
properties of the linked fluorophores.

The initial GECIs included FRET-based GECIs (Miyawaki et al., 1997)or single
fluorophore chimeras (Baird, Zacharias, and Tsien, 1999). Since then, GECIs have
been optimized enormously, improving signal strength, pH- and Ca?*- sensitivity,
expression efficiency or expanding the colored variants palette (Rose et al., 2014;
Whitaker, 2010).

FRET-based GECIs

FRET-based recombinant Ca?* sensors were the first to appear in the GECI fam-
ily. In 1997, Tsien described a construct concatenating Xenopus laevis calmodulin
and the myosin light chain kinase calmodulin binding peptide, M13, flanked by
two variants of the GFP (Miyawaki et al., 1997). Comparison of constructs with
different FRET pairs (cameleon-1 with BFP/GFP, cameleon-2 with EBFP/ EGFP! re-
vealed that the construct with ECFP/EYFP ( Yellow cameleon-2) showed the best
expression, SNR ratio and brightness. However, these benefits were at expenses of
lower FRET change and higher pH sensitivity. Calmodulin has two binding sites,
with apparent dissociation constants (Kd) of 70 nM in the high-affinity site and 11
uM in the low-affinity site. Mutations in either high-affinity site or low-affinity site
led to new variants of cameleon-GECIs cameleon-3 (Kd = 4.4 yM) and cameleon-4
(Kds of 83 nM and 700 uM). To overcome the problem with the pH sensitivity, two
mutations (V68L and Q69K) in the EYFP lowered the pKa from 6.9 to 6.1. Indica-
tors Yellow cameleon-2.1 and 3.1 (YC2.1 and YC3.1) benefited from these mutations,
suppressing the pH sensitivity above 6.9. Kds were 100 nM and 4.3 yM for YC2.1
and 1.5 uM for YC3.1. The substitution of the mutated EYFP with an improved
version called citrine (more resistant to quenching and photobleaching, and with
lower pKa) rendered cameleons YC2.3 and YC3.3. Changes in the dipole-dipole

1E in EGFP variants states for enhanced and it is an improved version of the fluorescent protein.
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orientation between ECFP and EYFP in order to maximize FRET efficiency were
achieved by changing the EYFP with a circularly permutated Venus (cpv)?. Indi-
cators with the cpv were denoted as the YCX.60 series, where YC2.60 had a Kd of
40 nM, YC3.60 had a Kd of 0.25 uM, and YC4.60 had K;s of 58 nM and 14.4 uM.
A schematic representation of YC3.60 can be seen in Fig. 1.11A. The properties dis-
played in vitro by calmodulin-based indicators are not always reflected in in vivo
experiments (Whitaker, 2010). This may be due to calmodulin binding to a wide
variety of target proteins (i.e. NMDA receptors or potassium channels). In order to
overcome this drawback, troponin C (TNC) has been used. Even tough TNC has a
very similar structure to that of calmodulin (the EF hand motifs are conserved, but
the linker between motifs is larger in TNC), it has a very specific cellular function.
The first approach was to concatenate TNC with CFP and citrine. This new sensor
mechanism led to the TN-X GEClIs series. TN-L15, where TNC was truncated at
residue 14 of the N-terminal had a Kd of 470 nM. TN-XL, with a circularly permuted
citrine, showed a Kd of 2.5 uM and a very fast response time.

Single fluorophore-based GEClIs

Camgaroos

In camgaroos, calmodulin is inserted between residues 145 and 146 of the B-barrel of
a EYFP. Upon Ca?* binding, calmodulin undergoes structural rearrangements that
alter the environment of the fluorophore, causing an increase in fluorescence inten-
sity. Camgaroo-1 had a K, of 7 uM. Camgaroo-2 had an improved basal fluorescence,
while its Ca?* binding properties remained almost the same (Whitaker, 2010).

Circularly-permutated GFP based GEClIs

A remarkable fact, first described by Baird ef al. (Baird, Zacharias, and Tsien, 1999)is
that the rigid B-barrel structure of GFP variants contains sites that tolerate circular
permutations. In a circular permutation, the former N- and C-termini of the pro-
tein are fused together and a new N- and C-termini created in another part of the
structure. In the case of a GFP, a breakpoint between residues 145 and 146 made
the fluorophore of the circularly permuted GFP (cpGFP) more accessible to protons,
thus changing its fluorescence properties (Fig. 1.11B). Allosteric coupling between a
variety of different ligand binding domains (LBD) and cpGFP has been exploited to
generate a variatey of biosensors, which can be optimized by changing the insertion
place in the LBD of interest and the longitude of linkers between the LBD and the
cpGFP (Nadler et al., 2016). The following sections present Ca?* sensors that have
been developed based on the concept of fusing Ca?*-binding protein domains circu-
larly permuted fluorescent proteins.

Pericams
The concatenation of calmodulin, M13 and a circularly permuted EYFP (cpEYFP)
started a family of cpYFP-based Ca?* indicators named pericams (Nagai et al., 2001).
Flash pericam, a single wavelength indicator, was optimized from the first pericam,
increasing its fluorescence change upon Ca?* binding (Kd of 0.7 #M). The protonated
form of YFP is non-fluorescent, but mutation of residue 203 results in the ability of
the protonated fluorophore to emit fluorescence. Introduction of this mutation in

2Venus is a yellow fluorescent protein that improved EYFP maturation, brightness and environ-
mental sensitivity.
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original N- and C-termini CaM

/ linked together

cpGFP

new N- and C- termini

Figure 1.11: Genetically encoded Ca2+ indicators (GECIs). A) Schematic representation of
Yellow Cameleon (YC). YC is a ratiometric Ca2+ indicator that consists of a concatenate of
calmodulin (CaM), the miosin light chain kinase calmodulin binding peptide (M13), and the
GFP variants CFP and YFP that forms a FRET pair. Without Ca2+ present, excitation of CFP
causes emission of CFP only. After Ca2+ binding the structure collapse closing together the
CFP and the YFP and causing FRET. Now excitation of CFP causes YFP emission and de-
creased CFP emission. B) GCaMP X-ray crystal structure, showing a circularly permutated
GFP (cpGFP) linked to CaM and M13. In a cpGFP, the original N- and C-termini of the for-
mer GFP are fused together, and new N- and C-termini are created in the B-barrel structure.
These new termini are linked to the proteins of interest (in this case to CaM and M13). C)
Schematic representation of GCaMP. CaM and M13 are linked to a cpGFP. When Ca2+ is
not bound, CaM and M13 are in a respective position that permits the contact of the inner
chromophore with the environment. In this situation the chromophore is protonated and
not fluorescent. After Ca2+ binding CaM and M13 moves closer causing the isolation of the
chromophore from the environment and permitting the fluorescene. Figure adapted from
(Frommer, Davidson, and Campbell, 2009).
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the flash pericam lead to the indicator ratiometric pericam, which excitation spec-
trum changed between de Ca?*-bound and unbound forms (Kd of 1.7 uM). Further
mutagenesis of ratiometric pericam led to inverse pericam, where the fluorescence
intensity decreased after Ca?* binding (Kd of 0.2 uM).

GCaMP
This family of sensors has become the most popular among the single fluorophores
Ca?* indicators. Instead of using cpEYFP like pericams, GCaMPs employ cpGFP.
The first GCaMP (Nakai, Ohkura, and Imoto, 2001)exhibited an improved signal-
to-noise ratio if compared with the existing indicators at that moment. However,
protein folding required temperatures below 37°C, and the signal was strongly de-
pendent of pH (as with camgaroos and pericams). The apparent Kd for Ca2* was
0.24 uM. Two point mutations that were known to enhance the temperature-related
folding of GFP led to GCaMP1.6 (Ohkura et al., 2005). Although these mutations
did not improve folding with temperature, they increased the brightness consider-
ably. The next member of the family, GCaMP2 (Tallini et al., 2006)was ~200 times
brighter than its predecessor, but with a similar fold-change between Ca”*-bound
and unbound states. The apparent affinity for Ca?* was 0.84 uM. Interestingly, the
thermal stability at 37°C was dependent of a plasmid leader sequence (RSET) that
was added to facilitate purification, linked to the M13 domain in the N-terminal.
The new indicator was structured as RSET-M13-cpGFP-calmodulin. To improve
Ca?* sensitivity, mutations in the calmodulin and the cpGFP were performed (Tian
et al., 2009). The resulting construct, GCaMP3, exhibit increased basal fluorescence,
increased dynamic range and higher Ca?* affinity (Kd = 0.66 uM). GCaMP crystal
structures guided targeted library mutagenesis on calmodulin, M13, and the link-
ers between the cpGFP and these domains. A battery of indicators, GCaMP5 5A,
5D, 5G and 5K (Akerboom et al., 2012), improved GCaMP3 in many aspects. Due
to the distinct properties of each GCaMP5 (apparent Kd for 5A is 307 nM, for 5D is
730 nM, for 5G is 460 nM and for 5K is 189 nM) the election of which member of
the GCaMP5 family to use should vary depending of the application. A new set of
GCaMP sensors, GCaMP6 family (Chen et al., 2013)improved the existing sensors
mainly by exhibiting higher sensitivity (higher than some commonly used chemi-
cal indicators such OGB1-AM). The authors focused mutagenesis approaches at the
cpGFP-calmodulin interface and additional sites on the M13-calmodulin interface
and calmodulin. GCaMP6f displayed faster (f) kinetics and a medium-high Ca?*
affinity (Kd = 375 nM), GCaMP6ém displayed intermediate (m) kinetics and a high
Ca?* affinity (Kd = 164 nM) and GCaMPés displayed slower (s) kinetics and a high
Ca?* affinity (Kd = 144 nM) (Rose et al., 2014). In order to study Ca*-related events
near the plasma membrane, a series of new constructs with a membrane-tethering
domain Lck (light chain kinase) were developed (Shigetomi et al., 2010; Shigetomi,
Kracun, and Khakh, 2010; Shigetomi, Patel, and Khakh, 2016). While Lck-GCaMP2
exhibited a Kd of 168 nM similar to the reported values for GCaMP2 (Tallini et al.,
2006), Lck-GCaMP3 exhibited a Kd of 153 nM, higher than the 660 nM reported
for GCaMP3 (Tian et al., 2009)3. More recently, a battery of new GCaMP sensors,
jGCaMP7, was developed in the Janelia Research Campus (Douglas S Kim, unpub-
lished). The jGCaMP7 family has improved GCaMP6 performance, with higher sen-
sitivity and faster kinetics. A schematic representation of a GCaMP indicator can be

3This difference can arise from the experimental procedures carried out to measure the apparent
Ca?* affinity. While all the Ky reported in the text were measured in vitro, on purified proteins, Lck-
GCaMP Kds were measured in vivo permeabilizing cells with detergent.
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seen in Fig. 1.11C.

Aequorin

The bioluminescent Ca?* indicator aequorin was first isolated from the luminescent
jellyfish Aequorea victoria by Shimomura et al. in 1962 (Shimomura, Johnson, and
Saiga, 1962). Aequorin is composed of two units, the apoprotein apoaequorin (en-
zyme) and the prosthetic group coelenterazine (substrate). The active form of ae-
quorin is generated by oxygen and the binding of apoaequorin and coelenterazine.
Ca?* ions binds to three specific binding sites and the protein undergoes a conforma-
tional change, converting via oxidation coelenterazine into excited coelenteramide.
When coelenteramide relaxes to its ground state it emits a fluorescence photon of
blue light (465 nm) (Grienberger and Konnerth, 2012). This process can be seen in
Fig. 1.12. Curiously, the jellyfish Aequorea victoria is capable to emit green ligth by the
association of aequorin with the green fluorescent protein (GFP), which acts as the
acceptor molecule of the FRET pair aequorea-GFP. Aequorins have been extensively
used to measure Ca”* concentration in a wide range of biological systems (Webb and
Miller, 2012; Webb, Karplus, and Miller, 2015) and have significant advantages, like
a high signal-to-noise ratio, a wide dynamic range (suited to measure [Ca?*] from
0.5 to 10 uM, where most Ca?* indicators are saturated), a low Ca®* buffering ef-
fect and the possibility of targeting it to specific intracellular compartments. On the
other hand, the major disadvantage is a low light emission, which makes it difficult
to obtain a good signal when imaging small domains with low concentration of the
indicator. Another drawback is the need to add coelenterazine separately when ae-
quorin is transfected. Originally, aequorin was isolated from the jellyfish and placed
inside the cells by microinjection, but after aequorin cDNA was cloned, constructs
encoding recombinant aequorin were employed (Brini et al., 1995).

coelanterazme
co,
acquorin ¢

- ca?

apoaequorin

light

Figure 1.12: Aequorin is composed of two units, apoaequorin (enzyme) and the prosthetic
group coelenterazine (substrate). The active form of aequorin (middle) is generated by oxy-
gen and the binding of apoaequorin and coelenterazine. Ca2+ ions binds to three specific
binding sites and the protein undergoes a conformational change, converting via oxidation
coelenterazine into excited coelenteramide. When coelenteramide relaxes to its ground state
it emits a fluorescence photon of blue light (465 nm). Figure adapted from (Jiang, Du, and
Li, 2016).
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1.8 BK-FRET as Ca?* sensors

1.8.1 Optimization of BK-FRET for Ca®* sensing in nanodomains

As mentioned in previous sections the study of Ca®* signaling in excitable cells is
a fundamental topic in neuroscience. Of significant interest is to understand the
intricate dynamics of Ca?* in subcellular nanodomains, and the molecular mecha-
nisms involved. BK channels are spatially and functionally coupled to Ca%* sources
in the nanodomain context, thus are perfect candidates as reporters of changes in
[Ca?*] restricted to nanodomains. Our group has been studying intensively the
complex structural rearrangements that BK channel undergo with Ca2* sensing. To
this end simultaneous studies of function and structural changes have been possi-
ble with the incorporation of state-of-the-art techniques such as patch clamp fluo-
rometry (PCF), a technique that simultaneously combines electrophysiological and
fluorimetric recordings. Previous work has been focused in randomly generate flu-
orescent tagged BK channels with insertions of GFP variants in specific sites of the
protein. This genetic high-throughput approach made it possible to obtain a library
of 20 fluorescent BK channel constructs, with GFP variants inserted in different loca-
tions of the gating ring that did not alter channels function (Giraldez, Hughes, and
Sigworth, 2005)(Fig. 1.13A and B). The fluorescent proteins inserted were the cyan
and yellow fluorescent proteins (CFP and YFP), an extensively used FRET pair.

1.8.2 Patch-clamp fluorometry studies in Xenopus laevis oocytes

Three of these constructs have been studied using PCF in membrane patches of
Xenopus oocytes (Miranda et al., 2013). The employed constructs had insertion of
fluorescent proteins in: 1) the 667 position, situated in the linker between the RCK1
and RCK2 (BK-667CY); 2) in the 860 position, near the Ca2* bowl in the RCK2 do-
main (BK-860CY), and 3) in the 901 position, adjacent to the Ca®* bowl (BK-901CY).
Heterotetramers containing a-subunits tagged with CFP or YFP at equivalent posi-
tions in different subunits within the tetramer were co-expressed in the oocytes, and
FRET signals and K* currents were simultaneously recorded from excised inside-out
patches, while the membrane voltage and the [Ca?*] were modified. After voltage
and [Ca2*] variations, the relative movement of the fluorophores was calculated as
variations in the FRET efficiency. The BK-FRET constructs reported BK activity in-
duced by voltage and Ca?* binding (BK-667CY), or only Ca?* binding (BK-860CY)
(Fig. 1.13C). Construct BK-901CY only showed small differences in FRET values
while varying [Ca?*] (Miranda et al., 2013; Miranda, Giraldez, and Holmgren, 2016).

1.8.3 Limitations

Extension of this experimental approach to mammalian cells has various limita-
tions. First of all, excised patches are much smaller, thus containing lower number of
channels which results in diminished fluorescence and current signals. While elec-
trophysiology is a powerful technique able to detect small currents with precision,
weak fluorescence signals could be a problem. Moreover, FRET changes usually
have limited signal variations (Tian et al., 2009), being a problem when signal-to-
noise ratio is low. In addition to the signal limitation is the required dual trans-
fection of CFP- and YFP-tagged subunits. Transfection of a single tagged-subunit
would be more convenient. This issue will be considered in more detail in Chapter
4: Section 4.1.
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Figure 1.13: BK-FRET. A) (up) Libray of fluorescent BK channels available in our laboratory. Yellow
and blue circles indicates YFP and CFP insertions in specific sites. Red arrows indicate constructs
that are expressed in the membrane following an inmunostaining protocol (Giraldez, Hughes, and
Sigworth, 2005). (bottom) Insertion sites of constructs that were characterized (Miranda et al., 2013);
magenta dot indicates 667 site (BK-667) and blue dot 860 site (BK-860), near the Ca2+ bowl (orange
asterisk). B) Normalized G-V curves shown for wild-type BK (WT, black) and seven representative
insertions; 829, 901 and 904 insertions exhibited altered G-V curves. C) G-V curves (upper panels) and
FRET efficiency (E-V) curves (lower panels) were determined simultaneously from patches at various
[Ca?*]. BK-667CY construct (left) reported Ca?* and voltage changes, while BK-860CY construct (right)
reported Ca?* changes. Data are code-colored according to [Ca®*]. Figures from (Giraldez, Hughes,
and Sigworth, 2005; Miranda et al., 2013).
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Chapter 2

Hypothesis and Objectives

2.1 Hypothesis

BK channels are physiological Ca?* sensors that can be optimized with molecular
biology techniques to measure specific Ca?* signals from subcellular nanodomains.

2.2 Principal objective

The main goal of our study is the development of a battery of Ca?* sensors based on
the BK channel in order to study BK-Cav complexes formed in Ca?* nanodomains
to obtain novel information with unprecedented spatial and temporal resolution.

2.3 Specific objectives

2.3.1 Generation
o Generate sensors based on BK-FRET constructs employing variants of the green
fluorescent protein (GFP)
2.3.2 Characterization
e Spectral characteristics
e Ca®* dependence (pCa)
e pH dependence (pKa)
e Generation and characterization of mutants affecting Ca?* and voltage sensi-
bility fluorescent protein (GFP)
2.3.3 Optimization
e Expression and detection systems
¢ Non-conducting sensors

e Modification of the connecting linker sequences between BK channel and the
circularly permuted GFP (cpGFP)
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2.3.4 Validation
e Sensor performance in the physiological context (heterologous systems/neurons)

e Formation of complexes between BK-based sensors and voltage-dependent
Ca?* channels (Cav)

o Development of analysis systems to process superresolution data

2.3.5 Extension

o Study of the characteristics of isolated gating ring as a transferable sensor mod-
ule (i.e. coupled to other proteins of interest)
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Chapter 3

Materials and Methods

3.1 Cell culture and transfection

HEK293T cells (purchased from the American Type Culture Collection #CRL-1573)
or HeLa cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C and
5% CO2. Cells were split twice a week as follows. The confluent cells were incubated
with pre-warmed Tripsin (Sigma Aldrich). Detached cells were collected with 6 mL
of DMEM, transferred into a 15 mL Falcon tube and centrifuged at 1500 rpm for 5
min. The cell pellet was resuspended in 6 mL of DMEM and a 1:5 dilution of cells
plated in new flasks with fresh medium. Transient transfections of pcDNA3.1(+) and
pPBNJ13.1 expression plasmids were performed using jetPRIME (Polyplus transfec-
tion), 24h after splitting the cells. The transfection medium was changed after 6-12h
of transfection. The procedure for transfection and plasmid DNA, buffer and reagent
quantities were as described in manufacturer’s manual.

3.2 Molecular biology

3.21 BK-cpGFP subcloning

To generate the construct with the circularly permuted Green Fluorescent Protein
(cpGFP) insertion BK667cpG, construct BK667C was digested with AscI (New Eng-
land Biolabs) and the plasmid backbone isolated by gel electrophoresis and puri-
fied. To prepare the insert, the cpGFP was amplified by PCR using forward primer
F-cpGFP and reverse primer R-cpGFP (Table 3.1) and construct GluA2_391cpGFP,
where the cpGFP was bound to the glutamate receptor, as template (courtesy of
Dr. Andrew Plested, FMP, Berlin, Germany). PCR products were then resolved
by agarose gel electrophoresis, purified and digested with Ascl restriction enzyme.
Ligation with the vector backbone BK667 using the Quick Ligation Kit (NEB) pro-
duced an expression vector encoding the BK channel with an in-frame cpGFP inser-
tion in the 667 site, BK667cpG. To generate the BK860cpG, constructs BK860Y and
BK667cpG where digested with Ascl to obtain the vector and the insert respectively.
The products of the digestion were isolated by gel electrophoresis, purified and lig-
ated using the Quick Ligation Kit from New England Biolabs. Positive subclones
were confirmed by sequencing. Sequence of the BK channel showing the insertion
sites can be seen in Fig. 3.1.
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BK channel sequence
[ vso

MVHHHHHHDYKDDDDDALIIPVTMEVPCVSRGQRMWWAFLASSMVTFFGGLFIILLWRTLKYLWTVCCHC KT KPVDEKEE. 87

ISAQTL /VLVFALSIGALVIYFIDSSNPIESCQONFYKDFTLQIDMAFNVFFLLYFGLRFIAANDKLWFWLEVNSVVDFF 188

TVPPVFVSVYLNRSWLGLRFLRALRLIQFSEILQFLNILKTSNSIKLVNLLSIFT. TAAGFTHL WENFONNQALTYWECVYLLMVIMSTVG 289

RCK1
YGDVYAKTTLGRLFMVFFILGGLAMFASYVPEIIELIGNRKKYGGSY. IVVCGHITLESVSNFLKDFL IVFLHNISPNLELEAL 390

FKRHFTQVEFYQGSVLNPHDLARVKIESADACLILANKYCADPDAEDASNIMRVISIKNYHPKIRI ITQMLOYHNKAHLLNI PSWNWKEGDDAICLAELKL 491

GFIAQSCLAQGLSTMLANL! SFIKI! YY LSSAFVGLSFPTVCELCFVKLKLLMIAI ILINPGNHLKIQEG 592
. _________________________________________Nqyy |
TLGFFIASDAKEVKRAFFYCKACHDDITDPKRIKKCGCKRLEDEQPSTLSP] LMRHDP LLIPGNDQI YDST 689
GMFHWCAPKEIEKVI. VLSGHVVVCI. LIGLRNLVMPLRASNFHYHELKHIVFVGSIEYLKREWETLHNFPKVSILPGTPLSRADLR 790
_________________________________________Wq |
AVNINLCDMCVILSANQNNIDDTSLQODKECILASLNIKSMQFDDSIGVLQANS( ONSP ‘VHGMLRQPSITTGVNIPIT' 887
_________________________________________________________________________|
'VQFLDQDDDDDPDTELYLTQPFACGTAFAVSVLDSLMSATYFNDNILTLIRTL! EALIAEENAL TPQTLANRDRCRVAQLALLDGPFA 988
. _________________________________________________________________________|
DLGDGGCYGDLFCKALKTYNMLCFGIYRLRDAHLSTPSQCTKRYVITNPPYEFELVPTDLIFCLMQFDHNAGQSRASL IPST 1089
|

ANRONRPKSRESRDKQKYVQEERL 1113

cpGFP sequence

CL: Ii KANFKIRHNIEDGGVQLAYHYQONTP: LPDNHYLSTQSKL LLEFVTAAGITLGMDEL
TGVVPILVEL LTLKFICTTGKL! QCFSRY
IQERTI. IELKGI II JMCIRDSNSP

Figure 3.1: Sequence for BK667cpG and BK860cpG constructs, where the same cpGFP sequence (fluo-
rescent green) is inserted in the 667 position or the 860 position (blue aminoacids in the cpGFP sequence
are linkers). The secondary structure elements are indicated as color bars in the sequence; the voltage
sensing domain (orange), the pore gate domain (green), the RCK1 domain (blue) and the RCK2 do-
main (red). The grey region at the begining of the BK sequence are a His Tag and a Flag, and are not
counted in the amino acid numbering.

3.2.2 Generation of BK Ca?* mutants

The single Ca?* mutants D99A, D362/7A and 5D5A of constructs BK667cpG and
BK80cpG were created using QuikChange multi site-directed mutagenesis kit (Ag-
ilent Genomics). Forward primer F-D99A and the reverse primer R-D99A were
used to generate constructs BK667cpG-D99A and BK860cpG-D99A, forward primer
F-D362/7A and the reverse primer R-D362/7A were used to generate constructs
BK667cpG-D362/7A and BK860cpG-D362/7A, and forward primer F-5D5A and the
reverse primer R-5D5A were used to generate constructs BK667cpG-5D5A and
BK860cpG-5D5A. Sequences of all primers are showed in Table 3.1. To generate the
constructs containing the three mutations D99A, D362/7A and 5D5A (identified as
triple mutants or TM), three round of PCR combining forward primer of the first
mutation with reverse primer of the following mutation were performed (Fig. 3.2),
as described in (Liang et al., 2012). The PCR products were ligated with In-fusion
HD cloning from Takara. Positive subclones were confirmed by sequencing.
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Figure 3.2: Muli-site directed mutagenesis. For constructs
containing the three mutations D99A, D362/7A and 5D5A
three round of PCR combining forward primer of the first
mutation with reverse primer of the following mutation were
performed. PCR products were ligated with In-fusion HD
cloning. Image modified from (Liang et al., 2012).

3.2.3 Generation of BK Pore mutants

Pore mutant F315A, which uncouples voltage sensing from the pore domain, was
introduced in constructs BK667cpG and BK80cpG using QuikChange multi site- di-
rected mutagenesis kit (Agilent Genomics). Forward primer F-F315A and the re-
verse primer R-F315A (Table 3.1) were used to generate constructs BK667cpG-F315A
and BK860cpG-F315A. PCR products were ligated with In-fusion HD cloning from
Takara. Positive subclones were confirmed by sequencing.

3.24 Generation of BK isolated gating ring constructs

Plasmids expressing the isolated gating ring of BK channels were generated from
constructs BK667C, BK667Y, BK860C and BK860Y. These constructs, obtained in pre-
vious work by Giraldez et al. (Giraldez, Hughes, and Sigworth, 2005), are based
on the BK channel with CFP (C) or YFP (Y) insertions in specific sites of the chan-
nel (667 and 860 amino acidic positions), achieved using a transposon-based inser-
tion technique. We generated a total of eight gating ring constructs, two variants
of the gating ring length for each original construct. The two variants of the gating
ring lengths were selected from (Wu et al., 2010; Javaherian et al., 2011). Resulting
constructs were BKgr667C_j, BKgr667C_o, BKgr667Y_j, BKgr667Y_o, BKgr860C_j,
BKgr860C_o, BKgr860Y_j and BKgr860Y_o. The added _j and _o at the end of each
construct specifies the length of the gating ring, and stands for Jiang’s (Wu et al.,
2010)based gating ring (j_) and Olcese’s (Javaherian et al., 2011)based gating ring
(Lo). Length of _j constructs is 2991 bp and length of _o constructs is 2835 bp.
Forward primer F-BKgrl and reverse primer R-BKgrl amplified the gating ring of
Olcese’s based constructs. Forward primer F-BKgrl and reverse primer R-BKgr2
amplified the gating ring of Jiang’s based constructs. All primers had the restric-
tion sites Notl at 3" and HindIII at 5. Primer sequences can be seen in Table 3.1.
Mammalian expression vector pcDNA3.1(+) (Invitrogen) was double digested with
Notl and HindlII restriction enzymes. For the gating rings PCR was performed us-
ing a proof-reading thermostable DNA polymerase, Pfull Ultra (Agilent) follow-
ing the manufacturer instructions. Plasmid fragments and PCR products were then
resolved by agarose gel electrophoresis and purified with a commercial Kit (GE
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BK gating ring sequences

F-BKgrl (start)

ITELIGNRKK IVVCGHI LKDFLHKDRDDVNVEIVFLENISPNLELEAL 390
.________________________________________________________________________|
FKRHFTQVEFYQGSV] ARVKIESADACLILANK IMRVISIKNYHPKIRIITQMLQYHNKAHLLNIPSWNWKEGDDAICLAELKL 491
. _________________________________________________________________________|]
GFIAQSCLAQGLSTMLANLFSMRSFIKIEEDTWQKYY! LSSAFVGLSFPTVCELCFVKLKLLMIAT ILINPGNHLKIQEG 592
1 ; 7 I
TLGFFI. ‘FYCKACHDDITDPKRIKKCGCKRLEDEQPSTLSPKKK LMRHDP LLIPGNDQIL YDST 689
GMFHWCAPKETEKVILTRSEAAMTVLSGHVVVCI LI VMPL KHIVFVGSIEYLKREWETLHNFPKVSILPGTPLSRADLR 790
I —— & O ——
AVNINLCDMCVILSANONNIDDTSLODKECILASLNIKSMQFDDSIGVLOANSS ITTGVNIPIT 887
QF LI YLTQPFACGTAFAVSVL FNDNILTLI EALIAEENAL OLALLDGPFA 988
R-BKgrl ( o) R-BKgr2 (_j)

DLGDGGCYGDLFCKALKTYNMLCFGIYRLRDAHLSTPSQCTKRYVITNPPYEFELVPTDLIFCLMOFDH

1113
GFP variants (CFP / YFP)

Figure 3.3: Secondary structure of the human BK. The gating ring constructs BKgr667/860/C/Y_o
starts at amino acids IIE and ends at amino acids ALK . The other gating ring constructs
BKgr667/860C/Y_j starts at the same amino acids and ends at amino acids FDH. F-BKgr1, R-BKgrl
and R-BKgr2 are the primers utilized and can be seen in Table 3.1.

Healthcare Life Sciences). The purified PCR fragments containing the gating rings
were digested with NotI and HindIIl (New England Biolabs) restriction enzimes
and cloned into the pcDNA3.1(+) backbone with Fast-link DNA ligation kit (Epi-
centre). A volume of 2.5 il of the reaction was transformed into TOP10 competent
cells. A volume of 50 ul of the culture was spread in a LB agar plate with 100 mi-
crogr/ml ampicillin. Colonies were picked and the plasmids obtained by MINIprep
(Macherey-Nagel) sent to sequencing. Sequence of the BK gating ring constructs
showing the different lengths can be seen in Fig. 3.3.

3.3 BK-CpGFP characterization

To obtain the emission sprectum of cpGFP-based constructs, 24h after transfection,
HEK293T cells grown in 8 well LAB-TEK chamber slides were bathed with Stan-
dard Saline Medium (SSM, Table 3.2) and imaged in a Leica SP8 confocal micro-
scope equiped with a objective 63x Plan APO 1.4 NA oil. Wavelength profiles were
obtained with the module lambda-scan, where excitation wavelength was 488 nm
and the detection window set from 498 to 600 nm.

To obtain the G-V curves and representative currents for BK-cpG constructs and
for wild-type BK, After 24h of transfection, cells grown in glass bottom dishes (Ibidi)
were bathed with intracellular solution (IS, Table 3.2). Samples were imaged on a
NIKON Eclipse Ti-U microscopy, equipped with a Lumencor Spectra X LED with a
470 nm line, a 20x dry NA 0.40 objective, ET-EGFP (Chroma) filter cube and a iXon
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3.3. BK-CpGFP characterization 27

Table 3.1: Oligonucleotides used in the study.

Name Sequence

F-cpGFP TCATGGCGCGCCTCTGGTGAGCCAC

R-cpGFP TCAGGGCGCGCCAtGGGGGTTGTTAAA

F-D99A ACCTCCGTGAAGGCCTGGGCGGGGG

R-D99A CCCCCGCCCAGGCCTTCACGGAGGT

F-D362/7A TTCCTGAAGGCTTTTCTGCACAAGGCTCGGGATGACGTC

R-D362/7A GACGTCATCCCGAGCCTTGTGCAGAAAAGCCTTCAGGAA

F-5D5A GTTCAGTTTTTGGACCAAGCCGCTGCTGCTGCCCCTGATACAGAACTGTAC
R-5D5A GTACAGTTCTGTATCAGGGGCAGCAGCAGCGGCTTGGTCCAAAAACTGAAC
F-F315A GGACTGGCCATGGCTGCCAGCTACGTC

R-F315A GACGTAGCTGGCAGCCATGGCCAGTCC

F-BKgr1 CCTAAGCTTGCCACCATGATCATAGAGTTAATAGGAAACCGC

R-BKgrl TTAGCGGCCGCTCATTTCAGAGCTTTGCAGAACAGATC

R-BKgr2 TTAGCGGCCGCTCAGTGGTCAAACTGCATTAAGCAG

F-cpGFP_NSP  CCAGATAACAGCCCCCTGGTGAGCCACAACGTCTATATC
R-cpGFP_NSP  GTGCACTGGGCTGTTGGGGTTGTTAAAGTTGTACTCC

F-cpGFP_VVC CCAGATAACAGCCCCVVCVVCVVCCTGGTGAGCCACAACGTCTATATC
R-cpGFP_VVC TAACATCCCGTGCACVVCVVCVVCGGGGTTGTTAAAGTTGTACTCC
F-5'BK GTACCATGGTGCATCACCATCACCATCACG

R-5'BK GGGGCTGTTATCTGGAGAGGATC

F-3'BK_NSP AACAGCCCAGTGCACGGGATGTTACG

F-3BK_VHG  GTGCACGGGATGTTACGTCAACC

R-3'BK AGCTTTTCAAATGCTTCGCAATAC
F-pBN]J13 AGCATTTGAAAAGCTTACTAGTGATGCATATTCTATAG
R-pBNJ13 TGGTGATGCACCATGGTACCTGCAGGCGTACCTTC

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1627512 Caddigo de verificacion: kOIBgUMu

Firmado por: Roger Gimeno Llobet Fecha: 25/10/2018 11:00:30
UNIVERSIDAD DE LA LAGUNA

Diego Alvarez de la Rosa Rodriguez 25/10/2018 11:52:58
UNIVERSIDAD DE LA LAGUNA

Teresa Giraldez Fernandez 25/10/2018 11:54:04
UNIVERSIDAD DE LA LAGUNA

Ernesto Pereda de Pablo 29/10/2018 13:01:03
UNIVERSIDAD DE LA LAGUNA

45/118



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada

N° registro: 2018/94643
N° reg. oficina: OF002/2018/89112
Fecha: 26/10/2018 12:15:56

28 Chapter 3. Materials and Methods

Table 3.2: Saline and media used in the study.

Name Composition (mM)

Standard Saline Medium 145 NaCl, 1 KCl, 1 MgCl,, 10 Glucose, 10 HEPES, 5 Ca?* (pH7.4)

Intracellular Solution 80 KMeSO3, 60 N-Methylglucamine-MeSO3, 2 KC, 20 HEPES, 1 H-EDTA* (pH7.4)
Pipette Solution 135 KCl, 3.5 MgCly, 2 Nap ATP, 5 HEPES, 0.1 EGTA (pH7.4)

Lysis Buffer Microsomes  Intracellular Solution + 1.7% Sucrose (pH7.4)
Imaging Buffer 100 B-mercaptoethylamine (MEA), 0.56 mg/ml glucose oxidase,
34 pg/ml catalase, 50 Tris-HCI, 10 NaCl, 10% glucose (w/v) (pH8)

In the Intracellular solution, when [Ca?*]<100uM H-EDTA is present; for [Ca2*1>100 no
H-EDTA is added to the solution.

Ultra 888 EMCCD camera (Andor). Inside-out patches were excised from fluores-
cent cells and recorded using a patch clamp setup, consisting of an Axopatch 200B
amplifier and a Clampex software (Molecular Devices) to acquire the data, and a
Digidata 1550A with 1-channel HumSilencer (Molecular Devices) to digitalize the
records. Pipette solution is described in Table 3.2. All electrophysiology data was
analyzed with pCLAMP 10.6 software (Molecular Devices).

All data was processed with custom-made Python scripts to plot the figures.

3.4 Ionomycin-mediated Ca®>* loading
Imaging

24h after transfection, cells grown in 8 well LAB-TEK chamber slides were bathed
with Standard Saline Medium (SSM, Table 3.2). The samples were imaged on a
NIKON Eclipse Ti-S microscopy equipped with a Nikon LU-NV Laser Unit, a S Plan
Fluor 20x dry NA 0.45 objective, a ET-EGFP (Chroma) filter cube and a Hamamatsu
ORCA-Flash 4.0 CMOS camera. Images in 12-bit format with 1 Hz scanning fre-
quency were collected during a time-lapse. After about 1 minute from start, and
after verifying that the baseline fluorescence was stable, 15 yM ionomycin (Sigma-
Aldrich) was added into the well.

Experiments with carbachol has been performed as described, but sequential ap-
plications of 100 #M carbachol (Sigma-Aldrich), 15 uM ionomycin (Sigma-Aldrich)
and 1 mM H-EDTA (Sigma-Aldrich) were added to the cells.

Data analysis

Nikon nd? files were imported into Fiji (Image]2, NIH) with the Bioformats plugin.
Cells in the field were selected as Regions Of Interest (ROI), and the fluorescence in-
tensity of ROIs over the time course was obtained with the Time Series Analyzer
V3 plugin and saved in a txt file. The data from the fxt file was then analyzed
with a custom-build Python! program, in order to extract information relative to
the changes in the fluorescence intensity (AF/F, 7, t;,,), perform statistical analysis

1The programming language Python can be (and is frequently) used for scientific applications em-
ploying external libraries, mainly Numpy, Scipy and Matplotlib.
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3.5. Ca?*- and pH-titrations 29

and plot the results. Statistical analyses are also performed with Prism (Graphpad
Software).

To determine the characteristics of the fluorescence response, the fluorescence
intensity profiles over time of the selected ROIs were analyzed fitting the profiles to
a sigmoid function of the form:

Ymax — Ymin

x) = + Ymi 3.1

y(x) 1+exp(—(x—tin)/T Ymin G-

where Vu4x and Yy, are the maximum and minimum fluorescence intensity val-

ues, T is the slope of the curve and t; , the time where the fluorescence intensity is
halfway between y,,;; and Ypax.

Constructs displaying a biphasic shape in the fluorescence response where ana-
lyzed fitting a sigmoid in each phase. The same information as before was extracted
and identified with a subscript 1 or a subscript 2 to denote the first or the second
phase respectively.

3.5 Ca?-and pH-titrations

Generation of microsomes

After 24h-48h of transfection, HEK2913T cells grown in P-6 plates were washed
twice with PBS, scraped, and centrifuged at 1000 G during 5 minutes. Pellet was
resuspended in lysis buffer (Table 3.2) and 1 mM H-EDTA or 100 M Ca?* if it was
for Ca®* titration or pH titration respectively) and homogenized with a syringe and
a 25g needle. The homogenate solution was adjusted to 8% sucrose and centrifuged
at 1000 G during 10 minutes. Finally the supernatant containing microsomes was
recovered.

Imaging

The solution containing microsomes was imaged in a fluorescence spectrophotome-
ter (Cary Eclipse, Agilent). A volume of 3 ml was added from each condition to
fluorimeter cuvettes. In order to permeate all microsomes to Ca?* an H* ions, 5 min
before the experiment 15 yM ionomycin was added to the cuvette. Excitation was
set to 488 nm, and detection range to 510 &= 5 nm.

Ca?* titrations

For Ca?* titration experiments, different Ca?* concentrations ranging from Ca?* free
to 1 mM Ca?* were calculated using MaxChelator program (web.stanford.edu). Calcu-
lated amounts of Ca2* were added to the cuvette from a 0.1 M Ca%* stock (Calcium
Standard, Orion ionplus Application Solution, Thermo Fisher).

pH titrations

pH titrations were performed by adding fixed amounts of NaOH. The solutions con-
taining the microsomes were previously brought to an acidic pH of 4.30 with HCI.
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Figure 3.4: Calibration of pH with a pH-meter ; NaOH addi-
tions for pH-titration curves. We used three samples with the
same conditions as for the experiments (red dots) to calculate
the average pH values after each NaOH application.

With sequential additions of NaOH the solutions were progressively brought from
4.30 to 8.5-9. Extra samples were prepared in order to calculate the change in pH
by the addition of 3 ul of IM NaOH before the experiment in the fluorimeter. With
these replica samples the process was the same as in the experimental samples, but
instead of measuring fluorescence intensity the pH was measured using a pH-meter
(SevenEasy, Mettler Toledo) (Fig. 3.4). After three independent measurements, data
was averaged and used as the change in pH for each addition of NaOH.

Data analysis

Data was processed from txt files created by the Cary Eclipse module Kinetics. Each
file contained time and fluorescence intensity. The fluorescence was paired with the
calculated [Ca®*] or pH. The resulting distribution of data points was then fitted to
a sigmoidal dose-response equation

T—-B

y(x) = 1+ 10(log10(Kd)—x)ny +B 62

where T and B are the top and bottom intensity values, Kd is the x value when the
response is halfway between bottom and top and ny is the Hill slope and describes
the stepness of the curve. This analysis was performed using custom scripts written
in Python3. For pH-titrations, the fluorescent changes registered in the fluorimeter
were represented in a plot in function of the pH changes previously calculated with
the pH-meter.

3.6 Patch-clamp fluorometry

After 24h of transfection, cells grown in glass bottom dishes (Ibidi) were bathed with
intracellular solution (IS, Table 3.2). Samples were imaged on a NIKON Eclipse
Ti-U microscopy, equipped with a Lumencor Spectra X LED with a 470 nm line, a
20x dry NA 0.40 objective, ET-EGFP (Chroma) filter cube and a iXon Ultra 888 EM-
CCD camera (Andor). Inside-out patches were excised from fluorescent cells and
recorded using a patch clamp setup, consisting of an Axopatch 200B amplifier and
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a Clampex software (Molecular Devices) to acquire the data, and a Digidata 1550A
with 1-channel HumSilencer (Molecular Devices) to digitalize the records. Pipette
solutions is described in Table 3.2. Images of the membrane patch at the tip of the
pipette were collected in 8 bit format with 1 Hz scanning frequency. The record-
ings were synchronized with the amplifier using remote control through Digidata
TTL-Outputs (Tansistor-Transistor Logic), allowing simultaneous register of current
and fluorescence. All electrophysiology data was analyzed with pCLAMP 10.6 soft-
ware (Molecular Devices). Fluorescence data was analyzed with Image] Time Series
Analyzer V3 plugin.

3.7 BK-cpGFP linker optimization

As explained in the introduction, allosteric coupling between cpGFP and the biosen-
sor (in this case the BK channel) resulting in a change in fluorescence emission
can be improved by altering linker sequences between both modules (Nadler et
al.,, 2016). The BK860cpG sensors were therefore optimized by varying the length
and/or amino acid composition of the linkers between BK and cpGFP.

NSP optimization

The first optimization performed was to shorten the linkers between the BK and
the cpGFP (Fig. 3.5 middle). Forward primer F-cpGFP_NSP and reverse primer R-
cpGFP_NSP (Table 3.1) were used to amplify the cpGFP of construct BK667cpG con-
struct. BK was amplified from BK860cpG plasmid with forward primer F-5'BK and
reverse primer R-5'BK and forward primer F-3'BK_NSP and reverse primer R-3'BK.
The backbone pBNJ13.1 was amplified with forward primer F-pBNJ13 and reverse
primer R-pBNJ13. The purified PCR fragments were cloned together with In-fusion
(Clontech); all fragments overlapped 15 bd. A volume of 2.5 ul of the reaction was
transformed into TOP10 competent cells. All the culture volume was spread in a
LB agar plate with ampicillin. Colonies were picked and the plasmid obtained by
MINIprep (Macherey-Nagel) sent to sequence.

VVC optimization

The other optimization performed on BK860cpG sensor was the substitution of the
original linkers for three random amino acids encoded by the degenerate codon VVC
(where V=A/C/G) repeated three times between the cpGFP and the BK (Fig. 3.5
bottom). The forward primer F-cpGFP_VVC and the reverse primer R-cpGFP_VVC
(Table 3.1) were designed introducing three repetitions of the degenerate VVC codons
on both 5’- and 3’- ends of the amplified cpGFP template (Nadler et al., 2016). The
overlapping BK and cpGFP fragments were obtained, cloned and transformed as in
NSP optimization, except for the fragment of BK from 860 position to end of BK,
that was amplified with forward primer F-3’'BK_VHG and reverse primer R-3'BK
(Table 3.1). To randomly screen all the possible combinations, all the culture volume
was spread in LB agar plates with ampicillin. All colonies were picked, plasmids
were purified by MINIprep, and transfected into HEK293T cells in 96-well plates. To
determine the change in fluorescence AF/F, the 96-well plates were screened using
a Perkin Elmer Victor X multi-well plate reader before and after adding ionomycin
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Figure 3.5: In the BK860cpG (upper sequence), the linker
peptide sequences between BK channel (orange) and the
cpGFP (green) are a mosaic end (ME, purple) and an Ascl
or Ascl/Srfl reestriction sites (grey). The linkers LVSH and
FNNP (red) are the original linkers of the cpGFP. Optimiza-
tion BK860cpG-NSP (middle sequence): all the secuence be-
tween BK channel and the original linkers are removed. Op-
timization BK860cpG-VVC (bottom sequence): Between the
BK channel and the cpGFP are inserted three random amino
acids.

to each well. The constructs with higher AF/F were sequenced and used for further
characterization.

3.8 Whole cell patch-clamp and fluorometry

HEK293 cells were grown on poly-L-lysine coated coverslips and 24 to 48 h after
transfection whole cell currents (voltage-clamp configuration) or membrane poten-
tial (current-clamp configuration) were recorded at room temperature (25°C) using
an Axopatch 200B amplifier. Cells were perfused with an extracellular solution
(Standard Saline Medium, Table 3.2). Patch recording pipettes (3-6MQ) were filled
with Pipette solution (Table 3.2). The data were sampled at 5 kHz with a Digidata
1550A with 1-channel HumSilencer A /D converter (Molecular Devices) and filtered
at 2 kHz. HEK293 cells were voltage clamped at —60 mV and cells with a series
resistance>20M(2 or with more than 20% changes in series resistance during the ex-
periment were discarded. Data was recorded with pCLAMP 10.6 software (Molecu-
lar Devices). Simultaneously, and synchronized with the electrophysiology record-
ings through Digidata TTL-Outputs, cell fluorescence was imaged (3.3 Hz scanning
frequency) on a NIKON Eclipse Ti-U microscopy, equipped with a Lumencor Spec-
tra X LED with a 470 nm line, a 40x dry NA 0.65 objective, ET-EGFP (Chroma) filter
cube and a iXon Ultra 888 EMCCD camera (Andor). Micro-Manager Open Source
Microscopy Software was used for fluorescence data acquisition. All electrophysiol-
ogy data was analyzed with pCLAMP 10.6 software (Molecular Devices). Fluores-
cence data was analyzed with Image] Time Series Analyzer V3 plugin.
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3.9. Direct stochastic optical reconstruction microscopy 33

3.9 Direct stochastic optical reconstruction microscopy

Sample preparation

We used the following primary antibodies: mouse anti-BK (ab99046), rabbit anti-
Cav2.1a (ab32642) and anti-Cav2.3« (ab63705) from Abcam (Cambridge, United King-
dom). Secondary antibodies were goat anti-rabbit conjugated to Alexa Fluor 647
(A21245) or Alexa Fluor 488 (A11008), and goat anti-mouse conjugated to Alexa
Fluor 647 (A32728) or Alexa Fluor 488 (A11001) from Invitrogen (Oregon, US). Speci-
ficity of the primary antibodies was assessed by transfecting or not cDNA in HEK293T
and subsequent immunocytochemistry. Samples that were not labeled with primary
antibody but incubated with secondary antibody were evaluated as non-antigenic
controls in validation as well.

All steps during sample preparation were performed at room temperature. Cells
transfected with BK or BK860cpG and Cav2.1 or Cav2.2 were fixed for 10 min with
3%paraformaldehyde + 0.1%glutaraldehyde (Electron Microscopy Sciences, EM grade)
diluted in PBS. Cells were then reduced with 0.1 %NaBH4 in PBS for 7 min at room
temperature to mitigate cell auto-fluorescence. Next, cells were washed 3 times with
PBS (5 min per wash) and then permeabilized with 0.2 %Triton X-100 in PBS for 15
min. Afterwards, cells were blocked for 90 min with 10 %Normal Goat Serum (NGS)
supplemented with 0.05 %Triton X-100 in PBS and subsequently incubated with pri-
mary antibodies diluted in 5 %NGS + 0.05 %Triton X-100 in PBS for 60 min. Samples
were washed 5 times with 1 %NGS + 0.05 Triton X-100 in PBS for 10 min per wash.
After that, cells were incubated with secondary antibodies diluted in 5 %NGS + 0.05
%Triton X-100 in PBS for 60 min. Samples were washed again 5 times with 1 %NGS
+ 0.05 Triton X-100 in PBS for 10 min per wash and once with PBS for 5 min. Finally,
cells were post-fixed with 3 %PFA with 0.1 %glutaraldehyde for 10 min and rinsed 3
times with PBS, 5 minutes per wash. Samples were stored in PBS at 4°C until used.

Imaging (ASTORM)

Before the experiment, Imaging Buffer (Table 3.2) was added to the samples. STORM
imaging was performed on a Nikon N-STORM super-resolution system (Nikon In-
struments Inc.) with a Nikon Eclipse Ti inverted microscope equipped with a HP
Apo TIRF 100x oil NA 1.49 objective (Nikon). Reporter dyes Alexa Fluor-647 and
Alexa Fluor-488 were stimulated with the appropriate laser lines. Fluorescence emis-
sion was filtered with a 405/488/561/640nm Laser Quad Band filter cube (TRF89901;
Chroma) and collected by an ORCA-Flash4.0 V2 Digital CMOS camera C11440 (Hama-
matsu) at a frame rate of 50 Hz (20 ms exposure time). An additional lens was placed
into the detection path generating a final pixel size of 80 nm. All images were taken
in TIRF (total internal reflection fluorescence) mode to restrict laser illumination to
a thin sheet close to the plasma membrane in order to achieve a high signal-to-noise
ratio.

A total of 50000 frames (25000 per each channel) was acquired and used to gen-
erate the reconstructed images utilizing the NIS-Elements software (Nikon). Image
resolution was estimated using a method based on Fourier ring correlation as de-
scribed elsewhere [26] [27] and was determined to be 42 + 6 nm for Alexa Fluor
647 and 39 £ 7 nm for Alexa Fluor 488 emitter localizations. Reconstructed images
were filtered to remove background localizations, facilitating the display of protein
clustering using a density filtering procedure provided by NIS-Elements software.

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1627512 Caddigo de verificacion: kOIBgUMu

Firmado por: Roger Gimeno Llobet Fecha: 25/10/2018 11:00:30

UNIVERSIDAD DE LA LAGUNA

Diego Alvarez de la Rosa Rodriguez
UNIVERSIDAD DE LA LAGUNA

25/10/2018 11:52:58

Teresa Giraldez Fernandez
UNIVERSIDAD DE LA LAGUNA

25/10/2018 11:54:04

Ernesto Pereda de Pablo
UNIVERSIDAD DE LA LAGUNA

29/10/2018 13:01:03

51/118



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada

N° registro: 2018/94643
N° reg. oficina: OF002/2018/89112
Fecha: 26/10/2018 12:15:56

34 Chapter 3. Materials and Methods

Briefly, this filtering process permits to define the maximum neighborhood of lo-
calization (radius) as well as the minimum number of localizations needed to con-
stitute a cluster (count) in the rendered images. In our experimental conditions, a
density filtering of 60 nm radius with a count of 10 molecules was found to fit best
the clustering properties of the samples. The single localizations that did not meet
the requisites were considered as background noise and were eliminated from the
final images.

dSTORM data analysis

Superresolution images obtained by dSTORM were analyzed with custom made
scripts developed in Python. The details concerning script function and type of anal-
ysis performed is explained in Chapter 4: Section 4.9.1.

3.10 Isolated gating ring

FRET measurements using the acceptor photobleaching technique

To obtain FRET efficiencies, transfected HEK293T cells with the gating ring con-
structs were imaged in a Leica SP8 confocal microscope. Prior to imaging, cells
grown in 12 mm cover-slips placed in a P-12 plate were moved to an imaging cham-
ber (Warner Instruments) with Standard Saline Medium (SSM, Table 3.2) with 2 mM
Ca?*. FRET efficiencies were measured with the Acceptor Photobleaching (AB) tech-
nique, with the specific AB software module in the Leica SP8. To bleach the donor
molecule (YFP), 8 bleaching steps at 80% power of the 514 nm laser line were per-
formed in a selected region of interest (ROI). The software automatically outputs
information of the FRET efficiency and donor and acceptor pre- and post-bleach in-
tensities, as well as a FRET image with a custom look-up table (LUT) ranging from
0% to 100% FRET efficiency. FRET efficiency can be calculated using Eq. ??.

Fluorescence lifetimes: Time-Correlated Single Photon Counting (TCSPC)

A high-performance fluorescence spectrometer (LifeSpec II, Edinburgh Instruments)
was used for fluorescence lifetime measurements employing the time-correlated sin-
gle photon counting (TCSPC) technique. Transfected HEK293T cells with BKgr860CY,
ECFP and CGY constructs were grown in P-6 plates. After 24h of transfection, cells
were resuspended in Standard Saline Medium (Table 3.2) with 2 mM Ca?*, and 2 ml
of each construct placed in the spectrometer cuvettes. During the experiment, and
because of the absence of a magnetic mixer, several pauses were done to resuspend
the cells. For lifetime experiments with BKgr860CY construct, after the lifetime of
the donor was measured, 15 uM ionomycin was added to the cuvette, mixed, and
then the experiment was performed again. The samples were excited with a 405 nm
picosecond pulsed diode laser. The lifetime data were analyzed with the software
FAST (Edinburgh Instruments) and with custom-made scripts written in Python. All
lifetime decays were fitted to multi-exponential model using the expression,

I(t) = age™ /™ 4 gpe™t/™ (3.3)
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3.11. BK cryo-EM structure analysis 35

were I(t) is the fluorescence intensity at a given time t, 41 and a, are the initial
amplitudes (initial photon counts) of the two exponentials and 73 and T, are the
lifetimes of the two exponentials. The fractional contribution (f;) of each exponential
i =1,2is given by,

fi=a7 (34

and the average lifetime by,
T=fin+ o2 (3.5)

The efficiency of the energy transfer can be determined with eq.4. The distance r
between donor and acceptor molecules can be calculated by

-1/6
r = Ry <TLD - 1) (3.6)

For the FRET pair CFP-YFP the Forster distance is Rg =4.92 £ 0.10 nm (Patterson,
Piston, and Barisas, 2000).

3.11 BK cryo-EM structure analysis

We used the Aplysia Californica BK channel Cryo-EM structures deposited in the Pro-
tein Data Bank with accession numbers 5TJ6 and 5TJI (www.rcsb.org), corresponding
to the open state of the channel in the presence of 10 mM Ca?* and 10 mM Mg?*,
and the closed state of the channel in the presence of 1 mM EDTA. We used the pro-
gram Chimera (UCSF) to superimpose the two structures, using the match command
to specify the atoms of the two structures to pair. The superimposion of the two
conformations was aligned by their selectivity filters, pairing V277, G278 and F279
residues. After pairing the new positions of residues, structures were exported to
cif files containing the X, Y and Z positions of all the atoms. The distances between
the Ca for each residue between the structures were calculated with a home-made
script written in Python.

The resolved residue with the largest distance where we had a GFP variant in-
sertion was in amino acidic position 965 (BK965C was obtained in previous work
by Giraldez et al. (Giraldez, Hughes, and Sigworth, 2005). We subcloned the cpGFP
from construct BK667cpG into construct BK965C as described in Subsection 3.2.1.
Ca?* loading experiments with ionomycin of construct BK965cpG were carried out
as described in Section 3.4.
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37

Chapter 4

Results

4.1 BK-cpGFP constructs emission spectra and channel func-
tion

The requirement of having to transfect two plasmids (a CFP-tagged subunit and a
YFP-tagged subunit) has some disadvantages. Particularly, it restricts the experi-
mental conditions to heterologous expression systems. A major concern regarding
FRET donor and acceptor fluorophores being in separate subunits is the non-fixed
stoichiometry. After transfection of both CFP- and YFP-labeled subunits, the ratio
of donor and acceptor expression and tetramerization is no longer fixed, produc-
ing different tetramer donor-acceptor compositions and distinct contributions to the
measured FRET signal. The transfection stoichiometry used in previous FRET exper-
iments with the CFP- and YFP-labeled BK gating ring subunits was 3:1. In this way,
the expressed subunit combination with highest probability is 3CFP:1YFP, followed
by 1CFP:3YFP and 2CFP:2YFP; in these conditions, 0OCFP:4YFP nor 4CFP:0YFP com-
binations do not contribute to FRET efficiency (Miranda et al., 2013). Finally, the
limited signal intensity produced by these FRET constructs make it difficult to mea-
sure rapid variations in the Ca* concentrations in restricted subcellular domains in
which a good temporal and spatial resolution is needed (Tian et al., 2009). To over-
come these issues, we generated new fluorescent BK constructs using a circularly
permuted Green Fluorescent Protein (cpGFP). It has been demonstrated that Ca2*
indicators designed with cpGFP give much larger fluorescent changes than FRET-
based Ca?* indicators (Nakai, Ohkura, and Imoto, 2001; Nagai et al., 2001; Tian et
al., 2009). As described in Materials and Methods, we inserted a cpGFP into 667 and
860 sites of the BK channel (Fig. 3.1).

Fig. 4.1A shows representative images of the structures with the cpGFP close to
each insertion site. The fluorescence emission spectra (Fig. 4.1B) for BK667cpG and
BK860cpG showed no differences compared to the GluA2_391cpGFP, the construct
where the cpGFP was extracted (courtesy of Dr. Andrew Plested, FMP, Berlin, Ger-
many). This construct consists of an AMPA receptor with an insertion of a cpGFP.
Spectra of these constructs was slightly left-shifted compared to Lck-GCaMP3, a
cpGFP-based Ca?* probe. All of them are slightly left-shifted compared to the EGFP
(Fig. 4.1C).

Fig. 4.1D shows the G-V curves for BK667cpG (solid dots) and BK860cpG (white
dots) compared to the wild-type BK (grey shadow) for Ca?* concentrations ranging
from free Ca?* to 100 uM Ca?* (colors from black to red). The representative currents
in Ca?* free and 100 M Ca2* are shown in Fig. 4.1E. The electrophysiological prop-
erties of the constructs with the insertions are very similar to the wild-type channel.
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Figure 4.1: Initial characterization of cpGFP based constructs BK667cpG and BK860cpG. (A)
BK channel structures (5TJI) where the cpGFP insertions are closer to the 667 and 860 sites.
The dashed yellow line between RCK1 and RCK2 in BK667cpG indicated the non-resolved
residues that forms the linker between both domains. One subunit of the tetramer is colored
with the same code of colors that in fig. 1.1 and 4.1, where PGD: pore gate domain, VSG:
voltage sensor domain. (B) Fluorescence images of BK667cpG (top) and BK860cpG (bottom).
(C) Emission spectra for constructs BK667cpG (green), BK860cpG (blue), Lck-GCaMP3 (red),
GlurA2_391cpGFP (grey) and ECFP (dashed black). All the constructs based on the cpGFP
are slightly blue-shifted if compared to ECFP. (D) G-V curves for BK667cpG (solid dots) and
BK860cpG (withe dots) constructs, as well as for the wild-type BK channel (grey shadow)
were determined at various Ca2+ concentrations (black lines are Ca2+ free, blue are TuM
Ca2+, green are 10 uM Ca2+ and red are 100 uM Ca2+). (E) Representative currents in Ca2+
free and 100 uM Ca2+.
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4.2 Effect of ionomycin-mediated cell Ca** loading on BK-
cpGFP emission

The next step was to characterize the response of our cpGFP-based constructs to a
cytosolic Ca?* rise. In these experiments, intracellular [Ca?*] was increased using
15 uM ionomycin, an ionophore that causes the entrance of extracellular Ca®* inside
the cell (Erdahl et al., 1994). HEK293T cells transiently expressing BK667cpG or
BK860cpG were bathed with a medium containing 5 mM Ca?*, and fluorescence
intensity was recorded over time, before and after the drug was added to the bath.
In order to compare the responses, we also transfected a construct of the BK channel
with the yellow fluorescent variant instead of the cpGFP (BK860Y) as a negative
control and the construct from where we obtained the cpGFP, GluA2_391cpGFP.

A diagram of the experimental set-up can be seen in Fig. 4.2A. After 24h of trans-
fection, HEK293T cells grown in coverslips were placed in the imaging chambers
with Standard Saline Medium with 5 mM Ca2* (Table 3.2). The basal fluorescence
and the fluorescent changes after the addition of ionomycin added 60 s after starting
to register were recorded at 1 Hz frequency. Fig. 4.2B shows representative fluo-
rescent images at 0's, 75 s and 125 s. Fig. 4.2C shows the change in the fluorescence
intensity (AF/F) with time. After the ionomycin stimuli (black arrow), the increase in
fluorescence in the BK860cpG was near 4-fold higher than BK667cpG. As expected,
the construct BK860Y (BK channel with a YFP in the 860 position) did not show any
significant fluorescent change after addition of ionomycin. BK667cpG showed an
increase in the fluorescence intensity similar to GluA2_391cpGFP but significantly
smaller than BK860cpG.

Fig. 4.2D shows a comparison of the fluorescent changes between our cpGFP-
based constructs BK667cpG and BK860cpG and a cpGFP-based Ca®* probe, Lck-
GCaMP3. Lck-GCaMP3 is a construct based on the genetically encoded Ca?* sensor
GCaMP3 (Tian et al., 2009)with a membrane-tethering domain, Lck (Shigetomi et
al., 2010). It showed a 5-fold increase in fluorescence compared to BK860cpG, as
expected with an extremely optimized Ca®* probe.

In order to compare the responses of all constructs, we characterized the fluo-
rescent changes with tree parameters: AF/F as the change in fluorescent intensity
compared with an initial state previous to the stimuli, T as the slope and t;,; as the
time where the fluorescent response is halfway between the baseline and the maxi-
mum, counted from the addition of ionomycin. It is important to note that t; ,, does
not only reflect the process of change in fluorescence intensity of the cpGFP after the
rearrangements of the BK channel when Ca?* binds, but also the time that takes the
ionomycin to diffuse in the well and reach the cells. BK860cpG and Lck-GCaMP3
showed a biphasic fluorescence change after the stimuli. The kinetics of these two
phases are different and are identified as (subscript 1) and (subscript 2). This behav-
ior has been previously observed in the Ca?* sensor GCaMP (Baird, Zacharias, and
Tsien, 1999; Nakai, Ohkura, and Imoto, 2001).

The change in fluorescence AF/F is showed in Fig. 4.2E. BK667cpG exhibited a
AF/F =0.37 £ 0.01 (n = 21), similar to construct GluA2_391cpGFP with AF/F = 0.27
=+ 0.01 (n = 27). BK860cpG showed an improvement in the fluorescent change in
response to ionomycin compared to the BK667cpG construct, with a AF/F = 1.40
0.12 (n = 38). The GECI Lck-GCaMP3 showed a AF/F of 7.18 & 0.34 (n = 29). Finally,
the construct used as a negative control, BK860Y did not show any response to the
stimulus, with AF/F = 0.07 £ 0.01 (n=50). Fig. 4.2F and G represent the slope of
the fluorescent change T and the response time t;,,, with grey shadows indicating
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Figure 4.2: CaZt experiments with ionomycin. (A) Scheme of the experiment. Transfected HEK293T
are grown in cover-slips and moved to a imaging chamber with 5 mM Ca?* standard saline medium
24h after transfection to perform the experiment. We started registering the basal fluorescence emission

to check stability and bleaching,

to the chamber. (B) Representative fluorescent images of BK667cpG, BK860cpG and Lck-GCaMP3

constructs at time 0, 75 and 125

(C) and (D) Fluorescence intensity changes (AF/F) with respect to time (black arrows indicates the
addition of 15 muM ionomycin). Boxplots of (E) the fluorescent changes (AF/F), (F) te slope (7) of the
fluorescent traces and (G)) the response time (t;/;) from data of CaZt experiments with ionomycin.
Grey shadows indicates the two phases that exhibits fluorescent change in constructs BK860cpG and
Lck-GCaMP3, and are denoted in the labels as subscript 1 (first phase) and subscript 2 (second phase).
n = 21 for BK667cpG, n = 38 for BK860cpG, n = 29 for Lck-GCaMP3, n = 50 for BK860Y and n = 27 for
GluA2_391cpGFP. Data representing mean + SEM. Data are collected of more than three independent

experiments.

and at 60 s after the start 15 muM of ionomycin is added directly

s. The LUT is set to notice changes in the fluorescence intensity.
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Table 4.1: Characterization of the fluorescence variation in response to iono-
mycin of the constructs used in this study. Data is mean + SEM.

Constructs AF/F T t1/2 (s)

BK667cpG 0.35+0.02 4.90+0.54 50.60£3.65 23
BK860cpG (phasel) 087010 0434+0.09 691+£019 40
BK860cpG (phase2) 140 +£0.12 335+£033 3628+271 40
Lck-GCaMP3 (phasel) 4.85+£0.25 1.67 £0.16 1290+ 0.54 31
Lck-GCaMP3 (phase2) 7.20+0.34 5.09+£0.39 5342+212 31
BK860Y 0.07 £ 0.01 52
GluA2_391cpGFP 0.26 £0.01 3.114+0.25 3481 £3.63 29

=

the constructs that showed a biphasic fluorescent change. BK860cpG showed faster
kinetics in the two phases than Lck-GCaMP3 after the stimulus. It is remarkable
the response time of BK860cpG with t;,,1 = 6.91 & 0.19 s (first phase) and 1,52 =
36.28 & 2.71 s (second phase) compared to LcK-GCaMP3, with t1,,1 =12.90 £ 0.54 s
(first phase) and t1 52 = 53.42 & 2.12 s (second phase). All values are summarized in
Table 4.1.

To clarify if part of the increment in the fluorescence intensity that we are observ-
ing with the cpGFP-based constructs is due to changes in the environment (direct
interaction with elevated [Ca?*], change in pH) and not due to structural rearrange-
ments of the linked proteins we designed a control consisting in the expression of
isolated, soluble cpGFP. The isolated cpGFP coding sequence was amplified from
construct BK667cpG by PCR. Fig. 4.3A shows a map of the isolated cpGFP con-
struct. As expected, this construct wass localized in the cytosol (Fig. 4.3B). Ca*-
loading experiments with ionomycin using the same conditions as previous experi-
ments (5 mM extracellular Ca?* and 15 4M ionomycin) caused an increase in the flu-
orescence intensity comparable with what obtained with constructs BK667cpG and
GluA2_391cpGFP (Fig. 4.3C). The change in fluorescence intensity after application
of ionomycin is AF/F = 1.19 £ 0.02.

A LVSH B C

1.09

PcDNA3.1-cpGFP %
755 bp

6 1&0 2[;0
FNNP time (s)

Figure 4.3: Soluble cpGFP control. A) Map of the construct; the cpGFP conserves its original
linkers. B) Fluorescence image of transfected HEK293T cells. C) Changes in fluorescence
intensity after application of 15 M ionomycin (black arrow).
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42 Chapter 4. Results

4.3 BK Ca**-binding mutants

To confirm that the observed fluorescent response of constructs BK667cpG and BK860cpG
is due to the binding of Ca* in the cytosolic part of the BK channel, we mutated
specific Ca?* binding sites as described in the literature (Schreiber and Salkoff, 1997;
Schreiber, Yuan, and Salkoff, 1999; Xia, Zeng, and Lingle, 2002; Zhang et al., 2010;
Cui, 2010). First we mutated the Mg2+ and Ca2* low affinity binding site comprising
sites from two intracellular loops within the transmembrane region and the RCK1
domain (Cui, Yang, and Lee, 2009). This binding site can be altered by mutating
the aspartate in position 99 to alanine (D99A). Secondly, we mutated the high affin-
ity binding site located at the RCK1 domain. This binding site can be deactivated
by mutations of 362 and 367 positions, changing aspartates to alanines (D362/7A).
Finally, we mutated the high affinity Ca?* binding site known as the “CaZ* bowl”,
between positions 894-988, changing five aspartates to alanines (5D5A). The map
of the BK channel showing the positions of all mutations referred here can be seen
in Fig. 4.4A. In this study, we generated in total four BK667cpG construct mutants
and four BK860cpG construct mutants. Specifically, constructs BK667cpG-D99A and
BK860cpG-D99A contain the D99A mutation; constructs BK667cpG-D362/7A and
BK860cpG-D362/7A contain mutations D362A and D367A; constructs BK667cpG-
5D5A and BK860cpG-5D5A have the Ca?* bowl mutation; finally, constructs BK667cpG-
TM and BK860cpG-TM contain all three mutations (TM stands for Triple Mutants).

We carried out ionomycin experiments with all Ca** mutants. Fig. 4.4B rep-
resents fluorescent changes obtained after performing the same protocol shown in
preceding section, now with construct BK667cpG and its mutants. In general we
observed responses similar to those of BK667cpG in all mutants. In contrast, the
mutated constructs of BK860cpG exhibit a notably reduced response after addition
of ionomycin (Fig. 4.4C). The change in fluorescence intensity of all mutants is in-
deed comparable to that of BK667cpG and its mutants. This result is very significant
since it is in accordance with the hypothesis that, in the case of the BK860cpG con-
struct, the change in fluorescence intensity corresponds to specific sensing of Ca?*
by the BK channel binding sites. In contrast, the changes in fluorescence intensity
observed after ionomycin addition in the BK667cpG construct, as well as the vari-
ous Ca%* binding sites mutations and the AMPAR-cpG construct, may correspond
to unspecific effects of Ca?*, ionomycin, or other component in our experimental
conditions, which are acting either directly on the cpGFP or at other sites within
the proteins where it has been inserted, generating small increases in fluorescence
intensity.

Data representing AF/F, T and t; /, of all constructs are shown in Fig. 4.4D, E and
F, and values are summarized in Table 4.2.
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Figure 4.4: Ca’" experiments with ionomycin with constructs BK667cpG and BK860cpG
and its Ca?* binding sites mutants. A) Map of the BK channel showing the positions of
the three mutation clusters. Fluorescent changes in response to ionomycin (black arrow) for
BK667cpG and its mutants B) and for BK860cpG and its mutants C). Boxplots of fluorescent
variations AF/F D),slope 7 E) and response time t; /, F) are shown. For BK667cpG (green) n =
21, for BK667cpG-D99A (yellow, dotted line in (B)) n = 20, for BK667cpG-D362/7A (yellow,
dot-dash line in (B)) n = 10, for BK667cpG-5D5A (yellow, dashed line in (B)) n = 14, for
BK667cpG-TM (yellow, solid line in (B)) n = 7. For BK860cpG (blue) n = 38, for BK860cpG-
D99A (purple, dotted line in (C)) n = 9, for BK860cpG-D362/7A (purple, dot-dash line in
(C)) n = 16, for BK860cpG-5D5A (purple, dashed line in (C)) n = 11 and for BK860cpG-TM
(purple, solid line in (C)) n = 18. Data representing mean & SEM. Data are collected of more
than three independent experiments.
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44 Chapter 4. Results

Table 4.2: Characterization of the fluorescence variation in response to ion-
omycin of the Ca®* mutant constructs of BK667cpG and BK860cpG. Data is

mean + SEM.
Constructs AF/F T t1/2 (s) n
BK667cpG 0.354+0.02 4904054 50.60+3.65 23

BK667cpG-D99A 028 £0.01 4.45+054 47.63+£248 27
BK667cpG-D362/7A  0.35+0.02 594+1.01 47.75+449 22
BK667cpG-5D5A 032+£0.02 4444051 6851£3.02 16
BK667cpG-TM 029+£0.02 310+025 3999+£392 16
BK860cpG (phasel) 0.87+0.10 043 +£0.09 691+0.19 40
BK860cpG (phase2) 1.404+0.12 3.35+033 3628 £2.71 40
BK860cpG-D99A 027 £0.03 4.54+0.62 5531 £4.05 15
BK860cpG-D362/7A  0.36 +0.01 3.69 £0.35 4213 +1.58 50
BK860cpG-5D5A 025+0.02 8.64+0.81 53.02£337 18
BK860cpG-TM 0.34+004 8.03+119 59.66 432 13

44 BK-cpGFP: Ca?* affinity and pH dependence

Our experiments using ionomycin, including mutations of BK specific Ca?* bind-
ing sites, provide solid evidence that construct BK860cpG responds to specific Ca®*
binding to the channel by altering the fluorescence intensity of cpGFP. These re-
sults led us to the following questions: 1) What is the [Ca?*] affinity of the observed
fluorescent response? 2) How does the BKcpG constructs fluorescence depend on
cytosolic pH?

To this end we designed quantitative dose-response experiments where the Ca?*
concentration or the pH were varied. As described in the Methods section, we pre-
pared plasma membrane microsomes from cells transfected with the relevant con-
structs, which were permeabilized with ionomcyn to rapidly equilibrate changes in
pH or Ca?* concentration. Fig. 4.5A shows Ca2* titration of BK667cpG, BK860cpG
and Lck-GCaMP3 constructs. Data was fitted to monophasic sigmoidals, yielding
apparent dissociation constants (Kd) for BK667cpG of 427 nM, for BK860cpG Kd =
235 nM and for Lck-GCaMP3 Kd = 252 nM. Hill slopes (n15) are 7.3 for BK667cpG, 2.1
for BK860cpG and 1.8 for Lck-GCaMP3. The apparent Ca®* affinity and Hill slope
values of Lck-GCaMP3 differ from the values obtained in (Shigetomi et al., 2010),
where Kd = 153 nM and ny = 3.5. It is remarkable that the change in fluorescence
for BK667cpG decreases for small Ca?* increments, while for construct BK860cpG
increases. Interestingly, opposite direction in the FRET efficiency responses between
constructs BK667X and BK860X (X denotes the FRET pair or the cpGFP) have been
observed previously (Miranda et al., 2013).

pH titrations (Fig. 4.5B, black curves) revealed similar responses of constructs
BK667cpG and BK860cpG, showing a pKa of 7.5. For Lck-GCaMP3 the pKa was
7.8. As described previously (Campbell and Choy, 2001), at low pH the absorbance
peak of GFP-like species blue-shifts a around 390 nm. At alkaline environments, the
fluorescence increases due to ionization of the chromofore (Nagai et al., 2001). Data
presented in fig. 3.6B correspond to 100 uM Ca?*.

For comparative purposes, Fig. 4.5B shows all titration curves with AF/F as
a function of pCa or pH (Ca?*-titration curves in blue and pH-titration curves in

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1627512 Caddigo de verificacion: kOIBgUMu

Firmado por: Roger Gimeno Llobet Fecha: 25/10/2018 11:00:30

UNIVERSIDAD DE LA LAGUNA

Diego Alvarez de la Rosa Rodriguez
UNIVERSIDAD DE LA LAGUNA

25/10/2018 11:52:58

Teresa Giraldez Fernandez
UNIVERSIDAD DE LA LAGUNA

25/10/2018 11:54:04

Ernesto Pereda de Pablo
UNIVERSIDAD DE LA LAGUNA

29/10/2018 13:01:03

62/118



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2018/94643
N° reg. oficina: OF002/2018/89112
Fecha: 26/10/2018 12:15:56

4.5. Patch-clamp fluorometry (PCF) recordings of BK-cpGFP signals

45

BK860cpG Lck-GCaMP3
0.4
Kd 41
235nM 252 nM
0.2 1 &2
g
0.0
T T T 0 L T T T
10 7 4 10 7 4
pCa pCa
pCa pCa

A BK667cpG
0.00 o —= -
w
('™
<1-0.02 A
Kd I I
427 nM
-0.04 T T T
10 7 4
pCa
pCa
B 10 8 6 4
L L L L
Kd = 431 nM

0.6 1 pH=75

AFFF

0.3 A

0.0 | ————tom—o—o—

Kd =233 nM
pH=75

Figure 4.5: Sensibility of constructs BK667cpG (left panels), BK860cpG (middle panels) and
the positive control Lck-GCaMP3 (right panels) to Ca?t and pH. A) Ca*-titration curves;
BK667cpG exhibit a small decrease in the fluorescence for increasing [CaZ™]. On the contrary
BK860cpG increases the fluorescence with [Ca>]. B) Comparison of pH-titration curves
(black) and Ca2*-tirtation curves (blue). Changes in the fluorescence intensity (AF/F) are
indicated at the plateau of the curves. Variations in the fluorescence intensity are larger for

pH than for [CaZ*].

Table 4.3: In vitro characteristics of constructs BK667cpG, BK860cpG and Lck-

Kd = 249 nM
pH=78

GCaMP3.
Constructs Kd (nM) Hill coef. pKa AF/F(Ca**) AF/F (pH)
BK667cpG 427 7.3 75 -0.03+£0.01 0.67+0.03
BK860cpG 235 21 75 031£0.06 2.06+0.13
Lck-GCaMP3 252 1.8 78 380+026 6.26+0.50

black). In this way it is possible to identify the contribution due to variations of
Ca?* and pH to the total fluorescence. Our data show that changes in pH induce
larger changes in fluorescence intensity than [Ca?*]. Interestingly, these changes are
more pronounced in BK-cpGFP constructs than Lck-GCaMP3. For BK667cpG, the
response to incremental [Ca?*] is a small but consistent decrease of AF/F = -3% in
the fluorescence intensity, while there is a larger increase in the fluorescence (AF/F =
67%) for increasing pH. BK860cpG exhibited a increase in the fluorescence of AF/F =
31% for increasing [Ca2*], but a AF/F = 206% increase as pH increased. Lck-GCaMP3
showed a AF/F = 380% increase in fluorescence as [Ca%*] increased, and a AF/F =
626% increase due to alkalinization. All data is summarized in Table 4.3.

4.5 Patch-clamp fluorometry (PCF) recordings of BK-cpGFP

signals

Patch-Clamp Fluorometry (PCF) combines fluorometric and electrophysiological tech-
niques to simultaneously detect conformational fluorescence emission of labeled
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Figure 4.6: Representative patch-clamp fluorometry (PCF) experiments, showing syn-
chronously fluorimetric and electrophysiological recordings for Ca?* free and 100 M Ca?*.
The change in fluorescence intensity (AF/F, green) and tail currents (red) are shown in the
same plot. A) BK667cpG construct exhibited a small decrease in the fluorescence intensity
when BK was activated by 100 M Ca®*. B) On the contrary, BK860cpG showed an increase
in the fluorescence corresponding to the activation of the channel when [Ca?*] increased.
C) As a negative control we used BK860Y construct; no change in fluorescence intensity was
observed when the channels were activated by 100 uM Ca>*

subunits and ionic currents across the membrane. Our laboratory has mastered this
technique to study BK conformational changes (Miranda et al., 2013; Miranda, Gi-
raldez, and Holmgren, 2016). In this project, we took advantage of this approach to
measure simultaneous changes in the K* currents and fluorescence from BK667cpG
and BK667cpG sensors. An inside-out patch is excised from a fluorescent cell, al-
lowing the perfusion of different Ca?* concentrations (0 and 100 M) directly to the
patch with another micropipette, while varying membrane potential and recording
current permeating through BK. The membrane potential was varied from a resting
value of -60 mV to 100 mV, a potential where all channels will be opened, then to -80
mV, a potential where all channels will be closed and finally to -60 mV again. These
step-potential changes are repeated in 150 ms intervals. Current was measured at
the peak obtained during the repolarizing pulse, as previously described (Giraldez,
Hughes, and Sigworth, 2005). Representative recordings can be seen in Fig. 4.6.
Fig. 4.6A shows simultaneous recordings of fluorescence intensity (green) and K*
current (red) from patches expressing BK667cpG homotetramers. Ca?* concentra-
tion was alternatively changed between 0 and 100 M. Increased Ca”* concentra-
tions were correlated with activation of the BK and decreased fluorescence intensity
values (AF/F = -0.20). The constant loss of the fluorescence signal can be due to the
bleaching of the fluorophore. Fig. 4.6B shows the simultaneous fluorescence and K*
current recordings for BK860cpG, while changing [Ca?*] from 0 to 100 uM. Contrary
to BK667cpG, BK860cpG increased the fluorescence at high [Ca?*] (AF/F = 0.30). To
assess the specificity of the observed signals, construct BK860Y was used as a nega-
tive control (Fig. 4.6C). In this case no changes in fluorescence were observed after
changing Ca2* concentration.

4.6 Generation of BK-cpGFP pore mutants

In some situations it may be useful to have a non-conducting channel that does not
alter the ionic balance of the cell when over-expressed, while reporting changes in in-
tracellular calcium concentration. Therefore, we decided to generate non-conducting
variants of our BK-cpG sensors. Mutation of amino acid 315 in the S6 segment has
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Figure 4.7: Pore mutants (F315A) for BK667cpG and BK860cpG constructs. (A) Fluorescence images of
HEK293T cells transfected with pore mutant constructs. We can appreciate aclear distribution of the
labeled channels in the membrane. (B) Ca?* experiments with ionomycin. BK860cpG-F315A (pink)
did not show the typical response of BK860cpG (blue), but it shows a similar response to the construct
BK667cpG (green). (C) Boxplot of fluorescent changes (AF/F). (D left) G-V curves for BK667cpG-
F315A and BK667cpG (solid dots and grey shadow respectively) and (right) BK860cpG-F315A and
BK860cpG (solid dots and grey shadow respectively) constructs. Curves were determined at various
Ca?" concentrations (black lines are Ca2* free, blue are 1uM Ca2™, green are 10 uM Ca?*t and red are
100 uM Ca?*).

been described to produce important effects on gating and K* conductance (Wang
and Brenner, 2006; Carrasquel-Ursulaez et al., 2015). F315-mutated BK channels ex-
hibit alterations in voltage and Ca2* sensitivity, producing extremely right-shifted
G-V curves (Wu et al,, 2009). We mutated phenylalanine in position 315 to ala-
nine (F315A) to generate constructs BK667cpG-F315A and BK860cpG-F315A. When
transfected in HEK293T cells, we observed that transfected cells had a predominant
fluorescence distribution at the plasma membrane (Fig. 4.7A), when compared with
non-mutated BK667cpG and BK860cpG constructs (Fig. 4.7B). A possible explana-
tion for this difference could be due to the fact that over-expressed non-conducting
BK channels do not alter membrane resting potential, probably slowing down chan-
nel removal from the membrane.

Ionomycin Ca?*-loading experiments with these mutants are shown in Fig. 4.7B.
BK667cpG-F315A constructs showed similar responses in terms of fluorescent change
and shape of the response than non-mutated BK667cpG constructs. Surprisingly,
the construct BK860cpG-F315A showed diminished fluorescent responses than non-
mutated construct BK860cpG, comparable to those of BK667cpG.

Fig. 4.7C shows the ionomycine-induced changes in fluorescence intensity (AF/F)
for each construct. Fig. 4.7D shows the G-V relations for BK667cpG-F315A com-
pared to BK667cpG (gray shadow), and BK860cpG-F315A compared to BK860cpG
(gray shadow). Both F315A mutants right-shift G-V curves, greatly decreasing the
open probability at all [Ca?*]. This behavior has been reported previously in BK
channels carrying the same F315A mutation (Wang and Brenner, 2006).
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4.7 Whole cell electrophysiology and fluorimetric recordings

To extract information regarding membrane potential and ions flux from Ca?* ex-
periments with ionomycin we utilized simultaneously electrophysiology and fluo-
rimetric in whole-cell configuration. The parameters remained almost identical as
previous experiemnts; 5 mM cells bathed in 5 mM Ca?* SSM (Table 3.2) and appli-
cation of 15 yM ionomycin. The only variation was that in this case the intracellular
medium was homogenized with the pipette solution (Table 3.2) after the patch was
done. Representative experiments showing membrane voltaje and currents with si-
multaneous recordings of fluorescence intensity can be seen in Fig. 4.8. In the voltage
clamp configuartion (V-Clamp), with holding potential (V;) at -60 mV, application
of ionomycin caused hiperpolarizing currents in both constructs (Fig. 4.8A, solid red
curves). These currents are compatible with an efflux of K* ions caused by BK activa-
tion. Simultaneously, an increase in the fluorescence intensity is observed (Fig. 4.8A,
solid black curves). In order to determine if the currents observed were due to ac-
tivation of BK channels, we used paxiline, a K* channel blocker. As seen in fig.
Fig. 4.8A (dashed red curves), cells treated with paxiline did not show hiperpolar-
izing currents after application of ionomycin. Alternatively, depolarizing currents
can be seen probably due to the the entrance of Ca?* ions by the effect of ionomycin.
This suggests that that the hiperpolarizing currents observed in experiments with-
out paxiline could be the composition of the outward K* currents and the inward
Ca?* currents, where the net result was a positive hiperpolarizing current. Fluores-
cent changes in paxiline experiments were smaller if compared with experiments
without paxiline (Fig. 4.8A, dashed black curves).

We also carried out these experiments with our control construct Lck-GCaMP3
(Fig. 4.8A left). The current observed in both without paxiline and with paxiline was
a negative depolarizing current, probably due to the Ca* influx. The changes in the
fluorescence intensity were as usual for this construct, showing the biphasic shape.
In Fig. 4.8B and C can be seen the changes in the fluorescence intensity and current of
BK667cpG, BK860cpG and Lck-GCaMP3 for experiments without and with paxiline.

4.8 Sensitivity of BK-cpG sensors to different cellular Ca**
sources

As described in the introduction, cellular Ca%* signals can originate from various
extra- and intracellular sources. An essential step in development of novel Ca%*
sensors involves the characterization of sensitivity of such sensors to different Ca*
sources, which will help to determine the spatial specificity of the sensor response.
Experiments using ionomycin recapitulate the effect of external Ca?* sources on the
sensors signals. Additionally, we validated the response of our sensors BK667cpG
and BK860cpG to intracellular Ca?* sources by using carbachol, a non-selective ag-
onist of acetylcholine receptors. Stimulation of HEK293 cells by carbachol evokes a
fast increase in the cytoplasmic Ca?* concentration, originated by the release of Ca?*
from internal stores (Nakai, Ohkura, and Imoto, 2001; Ohkura et al., 2005). It is im-
portant to note that carbachol treatment does not alter internal pH. We transfected
HEK293T cells with constructs BK667cpG, BK860cpG. Additionally, we performed
experiments using Lck-GCaMP3 as a positive control.

Fig. 4.9A shows fluorescence recordings corresponding to transfected HEK293T
cells in response to different treatments. Addition of 100 M carbachol (CCH), 15
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Figure 4.8: Whole-cell electrophysiology with fluorometry recordings of HEK293T cells transfected
with BK667cpG, BK860cpG and Lck-GCaMP3. The K+ channel blocker paxiline was added in some
experiments to determine the role of BK in the currents obtained after application of ionomycin.
A) V-Clamp electrophysiologic (red) and fluorimetric (black) recordings after addition of ionomycin
(Iono). Experiments were 0.5 yM paxiline was added before the experiment are shown with dashed
lines. Holding potential was set to -60 mV. The hiperpolarizing currents observed in BK667cpG and
BK860cpG are abolished when paxiline is added, indicating that these currents are bue to BK activa-
tion. The depolarizing current remaining in paxiline experiments and in Lck-GCaMP3 probably is due
to influx of Ca* from the extracellular medium by the action of ionomycin. B) Changes in fluorescence
intensity (AF/F) of construcs. Experiments where paxiline was added are shown with grey bars. The
blocking of BK constructs by paxiline affects the fluorescence response, diminishing the increase in the
fluorescence intensity. C) Change in the current measured (Al) after application of ionomycin respect
initial current. Positive currents are hiperpolarizing currents. All data in B) and C) is represented as
mean + SEM, n = 8 for BK667cpG, n = 6 for BK667cpG with paxiline, n = 9 for BK860cpG, n = 4 for
BK860cpG with paxiline, n = 11 for Lck-GCaMP3 and n = 5 for Lck-GCaMP3 with paxiline.
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Figure 4.9: Behavior of BK667cpG and BK860cpG constructs to various Ca2+ sources. The fluorescent
changes of transfected HEK293T cells in response to different drugs are shown in A), where appli-
cations of 100 yM carbachol (CCH), 15 uM ionomycin (Iono) and 1 mM H-EDTA are indicated as
triangles in the top of the plot. The insert shows with more detail the response to CCH. B) Carbachol
and ionomycin AF/F values and the ratio Iono/CCH of each construct.

uM ionomycin (Iono) and 1 mM H-EDTA is indicated with a triangle symbol on
top of the plot. Carbachol induced small fluorescence peaks in both BK667cpG and
BK860cpG constructs as well as Lck-GCaMP (insert in Fig. 4.9A), with AF/F = 0.03
=+ 0.01 for BK667cpG, AF/F = 0.05 % 0.01 for BK860cpG and AF/F = 0.08 + 0.01 for
Lck-GCaMP3. After several minutes, addition of ionomycin caused higher increase
in the fluorescence intensity, with AF/F = 0.25 & 0.02 for BK667cpG, AF/F = 0.96 +
0.14 for BK860cpG and AF/F = 4.45 £ 0.22 for Lck-GCaMP3. Values obtained for
all constructs are lower than that obtained previously with only application of ion-
omycin. Addition of the chelating agent H-EDTA decreased the fluorescence under
basal levels in all constructs.

Fluorescent traces showed in Fig. 4.9A correspond to representative traces of
one experimental day. Maximum values of AF/F shown in Fig. 4.9B correspond
to averaged values from carbachol and ionomycin experiments performed in three
days (note different Y-axis scales). All data is summarized in Table 4.4.

To evaluate the quantitative relationship of recorded signals in all constructs
tested, we obtained the fluorescence response ratio between ionomycin and car-
bachol AF/F. Lowest ratio values were observed for construct BK667cpG, which
showed the lowest fluorescence change in response to ionomycin. Lck-GCaMP3
AF/F ratio increased considerably, since the response to carbachol remained low
whereas the response to ionomycin as the highest. Finally, BK860cpG constructs
showed intermediate AF/F ratios. The low increase in fluorescence intensity of Lck-
GCaMP3 to carbachol is intriguing, as it has been shown that previous versions! of
this GECI responded with greater fluorescence changes (AF/F = 0.8) to equal quan-
tities of carbachol in HEK cells (Nakai, Ohkura, and Imoto, 2001).

INote that the GECI employed in this study (Nakai, Ohkura, and Imoto, 2001), G-CaMP, was not
as optimized as the version that we are using, GCaMP3; additionally, data shown here correspond to
Lck-GCaMP3, which is localized at the plasma membrane.
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Table 4.4: AF/F and Ratio between ionomycin and carabachol peaks. Data is
mean + SEM.

Constructs AF/F (CCH) AF/F (IM) IM/CCH n

BK667cpG 0.03+£0.01 025+£002 854+£203 18
BK860cpG 0.05+£0.01 09 +014 18744+4.09 19
Lck-GCaMP3  0.08 £0.01 4454022 53.89+522 14

4.9 Expression of BK-cpG sensors in Ca?* nanodomains

In this study we have developed a potential Ca?* sensor based on the BK channel,
BK860cpG, which produces significant and measurable changes in fluorescence in-
tensity in response to physiological Ca?* concentrations.

The next validation step was to evaluate the ability of BK860cpG sensors to form
Ca?* nanodomains with voltage-gated calcium (Cav) channels. Previous results
(Berkefeld et al., 2006; Contet et al., 2016), including data obtained in our labora-
tory using superresolution microscopy?, show that wild-type BK channels (without
GFP insertions) form complexes with P and Q-type voltage-gated calcium channels
(Cav2.1), when co-transfected in heterologous expression systems like HEK293T
cells. In this study we used superresolution microscopy to evaluate the ability of
BK860cpG sensor to form nanodomains with Cav2.1 channels, as observed with the
wild-type BK. We used the superresolution microscopy technique called Stochastic
Optical Reconstruction Microscopy (STORM) which we have recently implemented
in our laboratory. Direct STORM (dSTORM) relies on the use of conventional carbo-
cyanine dyes that are able to reversibly switch between a fluorescent “on” and a dark
“off” state. Control of photoswitching can be achieved by varying thiol and oxigen
concentrations of the medium as well as varying laser intensity (Jensen and Cross-
man, 2014). In this way the number of “on” fluorophores is optimized, being most of
fluorophores in the “off” state and permitting the precise localization of individual
fluorescent molecules (Fig. 4.10A). Fig. 4.10B shows a simplified Jablonsky diagram
of the process. Excited “on” state molecules can relax to its ground state by emitting
a fluorescence photon, or can experience intersystem crossing to a dark triplet state.
Through redox reactions facilitated by specific medium, the molecule can progress
to a dark state, taking from milliseconds to minutes to non-radiatively relax to the
ground state by inverse redox reactions (Nahidiazar et al., 2016). After several cycles
of “on”, molecule localization, and “off” switching, a subdiffraction limit image can
be generated from calculated coordinates of each registered molecule.

4.9.1 Development of new scripts for ASTORM data analysis

STORM data analysis is not straightforward. The images obtained are not conven-
tional fluorescence images. Rather, representations in a 2-D plane of particle coor-
dinates (molecules list) are obtained. Each fluorescent molecule detected has a cor-
rected position in the image plane (Xwc, Ywc), whose accuracy is given by quality
parameters from the received signal, such as the number of photons obtained. In
this study, analysis of STORM data involved the generation of custom-made scripts
written in Python, which constituted part of this Doctoral Thesis work.

2Cerrada-Duefias et al. (2018), manuscripts in preparation.
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Figure 4.10: Concepts for STROM. A) Scheme illustrating the “on” and “off” and localization cycles;
(a) When all molecules are emitting at the same time, individual molecules can not be resolved. (b)
Stochastic activation and localization cycles. (c) A superresolution image can be reconstructed from
individual localizations (image source: Huang Lab, huanglab.ucsf.edu). B) Jablonsky diagram showing
molecular states of fluorophore blinking (image from (Nahidiazar et al., 2016)). C) NND; only the
distance of each particle (red dot) to its nearest neighbor (dashed red line) is saved. D) Identification
of dense regions by DBSCAN. Any point (x) in the data set that satisfies min_pts is marked as a core
point of the cluster. A point will be marked as a border point (y) if the number of neighbors is less than
min_pts but is reached by the eps parameter of a core point. Points that do not satisfy these requirements
are counted as noise (z).

We developed two different methods to analyze the data. The first analysis
method is the Nearest Neighbor Distance (NND), based on the k-Nearest Neigh-
bor (k-NN) algorithm. With this method we can infer the most frequent distance
between fluorophores. Secondly, we developed a script to perform cluster analysis.
This allowed us to find the most probable number of clusters (specifying some con-
strains) and to calculate their areas. To this end, we used the density-based spatial
clustering of applications with noise (DBSCAN) method. DBSCAN is a data clus-
tering algorithm that identifies high density clusters from low density clusters, and
handles very well noise points as outliers. The combination of these algorithms has
already been used by other authors for processing superresolution images (Zhang
etal., 2016).

The NND program uses the KDTree algorithm (Scipy library, scipy.spatial mod-
ule) to obtain a list of the distances for all the neighbors of each particle in the
molecules list. It computes three analyses: 647 to 647, where the distance between
each Alexa-647-labeled molecule and all of its Alexa647-labeled molecule neighbors
is measured; Alexa-488 to Alexa-488, and Alexa-647 to Alexa-488. Then, only the
distance of each particle to its nearest neighbor is saved (Fig. 4.10C). At this point
we have three arrays, 647 to 647, 488 to 488 and 647 to 488, which contain the NND of
each particle. NNDs are then distributed in a histogram to identify the most frequent
distances between particles. The flowchart of the program is shown in Fig. 4.11. The
script that performs the NND analysis is attached at Appendix A.

The other analysis carried out is a cluster analysis with the aim to identify, count
and calculate the areas of all possible clusters formed. This second analysis uses the
DBSCAN algorithm (scikit learn library, sklearn.cluster module), a data-clustering
algorithm that finds core points of high density and expands clusters from them.
Two parameters are required, eps (epsilon) and min_pts (minimum points). eps is the
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Figure 4.11: Flowchart of NND program
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maximum radius of the neighborhood of a point and can be inferred from the NND
analysis, and min_pts are the minimum number of neighbors that have to be inside
the eps radius. If a point has at least a number of neighbor points set by min_pts
inside eps radius is counted as a core point of the cluster. Points that are within the
eps radius of a core point but do not fulfill the min_pts requirement are counted as
border points of the cluster. Finally, points that neither a border point nor a core
point are noise (outliers) (Fig. 4.10D). The script that performs the Clusters analysis
is attached at Appendix B.

The progress of the program can be followed either by the flowchart (Fig. 4.12) or
the schematic representation of the variables involved (Fig. 4.13 and Fig. 4.14). This
representation pretends to help in the operations performed in the different vari-
ables obtained during the process, and represents a simple example of five particles
labeled wit Alexa-647 and five with Alexa-488 that forms one cluster of 647 only, one
of 488 only and one of 647 with 488. The minimum points to form a cluster (min_pts)
is set to three.

In practice, the first part of the Cluster program reads the .txt file outputted by the
STORM Nikon software (molecules list), and splits the molecule list in 647-labeled
particles, 488-labeled particles, and all particles (647 + 488), saving its X and Y cor-
rected positions (Xwc, Ywc). Arrays containing the particles coordinates (2) are cre-
ated and named chl_data (647 molecules only), ch2_data (488 molecules only) and
ch3_data (all molecules, 647 and 488). The number of particles for each array is
printed (3). Then DBSCAN algorithm is applied to each array setting eps and min_pts
values (4). The output are arrays where all the particles are related to clusters that are
identified by a number, being -1 noise particles (not pertaining to any cluster) and 0,
1,2, ..., the number that identifies the cluster (5). From these arrays the number of
clusters (6) is calculated directly by the largest cluster identifier number. The num-
ber of clusters for each array is printed (7). The number of particles conforming each
cluster is also calculated (8). Custer identifiers obtained in (5) are applied to coordi-
nates arrays (2) to generate new arrays (9) containing only particles forming clusters,
sorted by identifier. To calculate the area of the clusters, the custom function Area
has been defined at the beginning of the program, and it will be called in the next
step (10). This function takes the positions of the vertices of the cluster given by the
ConvexHull algorithm (scipy library, scipy.spatial module). The ConvexHull finds
the smallest convex polygon that contains all the points that forms the cluster, iden-
tifying core points and vertices (10). The output are new arrays (11) containing the
calculated areas of the clusters, for each channel (areas_chl, areas_ch2, areas_ch3).
Its important to note that areas_ch3 contains areas of clusters formed by 647-labeled
molecules only, 488-labeled molecules only, and clusters formed by both. Clusters
formed by 647 or 488-labeled molecules only have to be subtracted from areas_ch3 to
obtain the correct number of 647-488 clusters. We found that the best way to address
this was to identify clusters by number of particles and area, as a variation in any of
them will be indicative of a 647-488 cluster. In this way new arrays were created (12)
identifying the clusters by number of particles and area (chX_counts, areas_chX).
Clusters of chl with same number of particles and area as ch3 were eliminated from
ch3, and same as for ch2 with ch3 (13). To find these identical elements the Python’s
functioin intersection is used, that searches for common elements within arrays. Fi-
nally, a new array named ch3_new only containing 647-488 clusters was generated
(14). At this points the values were stored in csv files and plotted in a histogram.

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1627512 Caddigo de verificacion: kOIBgUMu

Firmado por:

Roger Gimeno Llobet Fecha: 25/10/2018 11:00:30

UNIVERSIDAD DE LA LAGUNA

Diego Alvarez de la Rosa Rodriguez
UNIVERSIDAD DE LA LAGUNA

25/10/2018 11:52:58

Teresa Giraldez Fernandez
UNIVERSIDAD DE LA LAGUNA

25/10/2018 11:54:04

Ernesto Pereda de Pablo
UNIVERSIDAD DE LA LAGUNA

29/10/2018 13:01:03

7217118



Universidad de La Laguna
Oficina de Sede Electréonica

N° registro:

Entrada
2018/94643

N° reg. oficina: OF002/2018/89112
Fecha: 26/10/2018 12:15:56

4.9. Expression of BK-cpG sensors in Ca?* nanodomains

55

Clusters

molecules list

df_647 (Xwc, Ywc)
(1) df_488 (Xwc, Ywc)
df_647_488 (Xwc, Ywc)

1
1
1
1

ch1_data e ———
(2) ch2_data

- ch3_data

l

DBSCAN
(4) (eps., min_pts)

- -p

1
1
1
1
1
! (8)

1 ch1_counts

ch2_counts
ch3_counts

- - -

clusters_ch1

clusters_ch3

-
©
-

- - chl ch3

db1_labels
(5)|  db2_labels print
db3_labels == ===="/ 10of particles / (3)
T 0
1
1 (6)| dbin_clusters_

L print
AL o o dosers / (7)

T

chl_areas
ch2_areas
ch3_new_areas

Delete
chl ch3 of ch3
ch2 ch3 of ch3

Intersection

ch2 ch3

1
1
1
=»| clusters_ch2 1
1
1

Combination
ch1 (ch1_counts, areas_ch1)
ch2 (ch2_counts, areas_ch1)
ch3 (ch3_counts, areas_ch1)

11 -
l (10) (11)
areas_ch1
-
areas_ch3
Start/End Input Output Process

Custom Function

Main Secondary
Flow  Flow

Legend

O | |

It

(14)

(13)

(12)

Figure 4.12: Flowchart of Clusters program. The numbers between parenthesis indicates steps of the

program that are described in the text and in Fig. 4.13 and Fig. 4.14.
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Figure 4.13: This figure continues in the next page.
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Figure 4.14: Description of the process for Clusters script, showing the operations in the variables for
a simple example. The example consist in a field where five 647-labeled particles and five 488-labeled
particles forms three clusters: one 647 only, one 488 only, and one composed by 647 and 488 particles.
The numbers between parenthesis indicates steps of the program that are described in the text.

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1627512 Codigo de verificacion: kOIBgUMu

Firmado por:

Roger Gimeno Llobet
UNIVERSIDAD DE LA LAGUNA

Fecha: 25/10/2018 11:00:30

Diego Alvarez de la Rosa Rodriguez
UNIVERSIDAD DE LA LAGUNA

25/10/2018 11:52:58

Teresa Giraldez Fernandez
UNIVERSIDAD DE LA LAGUNA

25/10/2018 11:54:04

Ernesto Pereda de Pablo
UNIVERSIDAD DE LA LAGUNA

29/10/2018 13:01:03

75/118




Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2018/94643

N° reg. oficina: OF002/2018/89112

Fecha: 26/10/2018 12:15:56

58 Chapter 4. Results

4.9.2 Controls for analysis scripts
controll: Simple configuration

We first checked the analysis scripts by creating very simple clusters, manually
adding 647- and 488-labeled particles with (x,y) coordinates ranging from 0 to 9
(Fig. 4.15A), and setting the DBSCAN parameters eps and min_pts to obtain the de-
sired number of clusters previously calculated. The particles are set in the plane in
a way that changing the eps parameter alters the final number of clusters obtained
(Fig. 4.15A vs Fig. 4.15E). We considered that a cluster would be constituted by min-
imum 3 particles fixing min_samples to 3. If we set eps to 1, the furthest particles
of 647 and 488 that are in the upper left corner and the middle right are not close
enough to form a cluster between them (Fig. 4.15A, black arrows), and application
of the algorithm will raise 3 clusters in 647 and 2 in 488 (Fig. 4.15B and C respec-
tively). Clusters are connected with a dashed line, and particles that do not belong
to any cluster are single dots. The final number of 647 and 488 clusters will be 2, con-
taining 5 and 10 particles (Fig. 4.15D). Transparent clusters in 647 and 488 (Fig. 4.15D
and H) are removed clusters that are only composed by 647 or 488 particles. Another
situation will occur if we set eps to 2, because the furthest 647 and 488 particles in
the upper left corner and the middle right will be within the eps value (Fig. 4.15E,
black arrows). After running the algorithm we will obtain 2 clusters in 647, 2 in 488
and a final number of 2 clusters of 647 and 488 clusters, but now containing 6 and
17 particles. Now the single 488 dot counted before as noise is part of the upper left
cluster, and the 647 only cluster in the upper right part removed before has joined
the cluster below (Fig. 4.15H).

A 647 and 488 particles 647 (=1, min_s=3) 488 (e=1, min_s=3) 647 & 488 (¢=1, min_s=3)
9 9 9 9
8 - X 8 - 8 8
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Figure 4.15: Control for STROM analysis scripts consisting in hand-written coordinates forming
known clusters, in order to obtain the expected results. A) Field of coordinates; the distance eps (€)
value is set to 1 and the minimum points min_pts (min_s) to 3. B) Clusters found for the red labeled
dots. C) Clusters found for the green labeled dots. D) Clusters formed by red-green dots (colored in
blue); only red and only green are excluded (transparency). E) Same distribution of points but noe
setting eps = 2. F) and G) same as for B) and C). H) With this values of eps, the upper left cluster reaches
the green dot located at the bottom of the cluster, forming a new cluster. Similar situation for the upper
right cluster, that reaches the bottom cluster, forming a new bigger cluster.
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control2: Rotation of a channel

The next control was to corroborate if the results obtained analyzing the ASSTORM
data were due to the formation of complexes between the labeled proteins and not
due to random co-localization of the fluorophores. The over-expression of the target
proteins in the cell and the possible inmunostaining artifacts can cause the fluo-
rophores to be close enough to be counted as clusters. An extended practice is to
rotate the image of one channel, thus changing the relative position between labeled
proteins without altering the co-expression or the labeling itself (Clifford M. Babbey,
Nahid Ahktar, Exing Wang, Carlos Chih-Hsiung Chen, Dunn, and W., 2006; Ken-
neth W. Dunn, Malgorzata M. Kamocka and McDonald, 2011). We used one of the
molecules list from the co-transfection of BK860cpG and Cav2.1 to generate the im-
ages of the localizations (Fig. 4.16A), where the BK860cpG is labeled with Alexa 488
(green dots) and Cav2.1 with Alexa 647 (red dots). The NND analysis gave a most
frequent distant between BK860cpG and Cav2.1 of 60 nm, Fig. 4.16C) and the clus-
ter analysis yielded 218 Cav2.1 clusters, 145 BK860cpG clusters and 271 BK860cpG-
Cav2.1 clusters. A histogram representing the distribution the cluster’s area (in #m?)
of each of the three kind of clusters (Cav2.1 only, BK860cpG only and clusters formed
by BK860cpG and Cav2.1) related to the percentage of clusters in respect to the to-
tal amount of clusters (Cav2.1 plus BK860cpG plus BK860cpG-Cav2.1) is showed in
Fig. 4.16D left. With the same molecule list, the positions of BK860cpG particles are
modified rotating the field 90° clockwise and applying a vertical flip (Fig. 4.16B).
This is the effect of performing a roll of the coordinates, and was accomplished with
the roll function of the Python’s numpy package. The new configuration of Cav2.1
and BK860cpG particles is analyzed again. In this case, the NND analysis gave a
most frequent distant between BK860cpG and Cav2.1 of 150 nm with a second peak
at 375 nm, with a substantial reduction in the number of counts (Fig. 4.16C). The
cluster analysis yielded the same number of Cav2.1 alone and BK860cpG alone clus-
ters, but now finding only 25 BK860cpG-Cav2.1 clusters. The associated histogram
(Fig. 4.16D right) clearly shows that the number of clusters obtained in the original
data was not the result of chance but a clear association between proteins.

4.9.3 BKB860cpG construct colocalize with Cav2.1 channels in heterolo-
gous expression systems

We co-transfected HEK293T cells with BK860cpG and Cav2.1, and BK860cpG and
Cav2.3. BK860cpG was labeled with Alexa 488 and Cav2.1 with Alexa 647. dASSTORM
imaging was carried out in Imaging Buffer (Table 3.2). dSSTORM imaging of HEK293T
visualized spatial association between BK860cpG and Cav2.1 (Fig. 4.17A). This situa-
tion was less frequent when BK860cpG was co-transfected with Cav2.3 (Fig. 4.17B).
To quantify the data obtained, we used the two types of analysis previously de-
scribed. NND analysis (Fig. 4.17C) revealed a colocalization consistent with a inti-
mate assembly for BK860cpG and Cav2.1, with a sharp peak in the nearest neighbor
localization distances of ~25 nm . For BK860cpG and Cav2.3 co-transfection a much
broader peak was observed at ~50 nm. This results are in tune with the results ob-
tained in other experiments co-transfecting wild-type BK with Cav2.1 (Fig. 4.17D),
where the nearest neighbor localization distances were ~24 nm for BK-Cav2.1 and
~45 nm for BK-Cav2.3.

Cluster analysis was performed setting eps = 20 and min_pts = 10. The per-
centage of clusters in function of cluster area (in #m?) is shown in Fig. 4.17E and
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Figure 4.16: Control for STROM analysis scripts, consisting in the rotation of one of the images. A)
Real STORM image of BK (488, green) and Cav (647, red) co-transfection. B) The BK image is rolled
(90° rotation and flipped). C) NND analysis performed before (blue) and after (orange) the roll. Before
the roll a sharp peak 60 nm was observed. After the roll the distribution is completely different, with
smaller peaks in 150 and 375. D) The cluster analysis revealed a large number of clusters formed by 647
and 488 molecules in the original image. After the roll, the number of 647 only and 488 only clusters
increased, as the number of 647-488 largely decreased. This kind of control indicates that the observed
results in the original image are not due to a random distribution of points.
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Figure 4.17: STORM experiments with BK860cpG and Cav2.1 or Cav2.3. Super-
resolution images of co-transfection of BK860cpG and Cav2.1 (A) and BK860cpG
and Cav2.3 (B) in HEK293T cells. ¢) NND analysis of BK860cpG with Cav2.1
(yellow) and BK860cpG with Cav2.3 (blue). D) NND analysis of wild-type BK
with Cav2.1 (green) and wild-type BK with Cav2.3 (black). E) Cluster analysis of
BK860cpG-Cav2.1 complexes. Clusters formed by Cav2.1 only are shown in red,
by BK860cpG only in green, and by both BK860cpG and Cav2.1 in yellow. F) Clus-
ters formed by Cav2.3 only are shown in maroon, by BK860cpG only in orange,
and by both BK860cpG and Cav2.3 in blue.

F for the co-transfections of BK860cpG-Cav2.1 and BK860cpG-Cav2.3 respectively.
BK860cpG-Cav2.1 have a similar amount of Cav2.1 (red) and BK860cpG (green)
only clusters at ~9%. There is a considerable fraction of clusters formed by both
BK860cpG and Cav2.1 (yellow) at ~6%. The peaks of the distributions points that
the majority of clusters have ~1 um? of area. On the other hand, the situation when
BK860cpG is co-transfected with Cav2.3 (Fig. 4.17F) is quite different. The percent-
age of Cav2.3 (maroon) and BK860cpG (orange) only clusters is larger if compared
to that of Fig. 4.17E (~12% in comparison to ~9%), indicating that there are less
clusters formed by both, as can be seen from the dramatically reduced distribution
of BK860cpG-Cav2.3 clusters (blue), near 1.5%. The obtained distributions strongly
suggest that when BK860cpG is co-transfected with Cav2.1 both proteins localize in
close proximity, with a distance between them of 25 nm, forming a considerable
number of clusters with a cluster area of ~1 ym?.
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410 Distance analysis for generation of additional BK-cpGFP
Ca?* sensors

A library of 22 functional BK fluorescent channels, with insertions of GFP variants
in different places of the BK is available in our laboratory (Giraldez, Hughes, and
Sigworth, 2005). Recently, structures of the full BK with bound (10 mM Ca?*/ 10
mM MgCa?*) and unbound (1 mM EDTA) Ca2* have been resolved (Xiao Tao, Hite,
and MacKinnon, 2017; Hite, Tao, and MacKinnon, 2017).

In this study we reasoned that the combination of our BK fluorescent constructs
library with the recent extensive structural data could allow us to obtain novel BK-
based Ca?* sensors. We carefully studied the cryo-EM structures positioning our FP
insertion sites previously obtained (Giraldez, Hughes, and Sigworth, 2005), hoping
to make an educated guess to identify the best sites in BK to insert cpGFP. The idea
was to identify regions undergoing major structural changes (thus ideal to insert
a cpGFP) by quantifying the distance between sites in the Ca**-bound and Ca?*-
unbound structures. The sites studied were those obtained in our previous study,
which were permissive for insertion of fluorescent proteins (Giraldez, Hughes, and
Sigworth, 2005). For this purpose, we superimposed the bound/unbound CaZ*
structures and compared the distances within sites containing GFP insertions in the
library (Fig. 4.18A). We used the software Chimera (UCSF) to superimpose the struc-
tures. From (Hite, Tao, and MacKinnon, 2017)we aligned the structures relative to
their selectivity filters, pairing V277, G278 and F279 residues with the match com-
mand.

Fig. 4.18B shows the distance separating the specific residues Ca in the Ca%*-
bound and —unbound structures. It is important to note that the structures include
large regions where the structure could not be resolved (Xiao Tao, Hite, and MacK-
innon, 2017; Hite, Tao, and MacKinnon, 2017), including the regions containing the
860 and 667 sites studied in this Thesis. In Fig. 4.18B, residues which were solved in
the structure are shown in blue. Sites corresponding to GFP insertions are labeled in
red.

The existence of unsolved structural regions in the available structures made it
impossible to calculate changes in distance between sites in constructs BK667cpG
and BK860cpG, since the 667 and 860 positions were not resolved in the structures
(blank spaces). However, we can calculate a rough estimate of the change in dis-
tance between the non-resolved sites by using the closest solved position. For the
BK667cpG construct, that position is amino acid 6853. The change in distance be-
tween sites 685 for the Ca2*-unbound vs. Ca®*-bound structures is 8.7 A. In the case
of the BK860cpG, the closest structure-solved position is amino acid 884. The change
in distance between the available structures is 6.3 A. These calculated distances in-
dicate larger rearrangements in the BK-667cpG construct than in the BK-860cpG,
therefore predicting larger fluorescence intensity changes in the former. However,
the results obtained in ionomycin-mediated Ca®* loading experiments seem not to
match our predictions. In fact, BK860cpG is the construct showing the larger change
in fluorescence intensity. Although preliminary, this analysis shows that there is not
a strict correlation of the distance a specific residue moves apart upon Ca?* activa-
tion of BK with the structural rearrangements that are sensed by the cpGFP.

3Note that position numbers are from human BK (h). Resolved full BK structures are in the gastro-
pod mollusk Aplysia Californica (ac). Correspondence of mentioned positions are h685 — ac707, h874 —
ac884 and h965 — ac975.
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Figure 4.18: Study based on the resolved BK Cryo-EM structures to determine the best postions to
insert the cpGFP. (A) The structures with boun/unbound Ca2+ were superimposed usig Chimera. All
the Cu distances of the same residues between structures were calculated (insert). (B) Distance that
moves each residue versus residue position. In blue all the residues, in red positions were we have our
GFP variants insertions. Blank spaces are zones of the structure not resolved. Yellow arrow indicates
residue 965, the candidate to generate the new construct, BK965cpG. (C) Ionomycin-mediated loading
Ca2™ experiments to test the new construct. BK965cpG produced a similar response to BK667cpG.

To further confirm this idea, we studied the effect of inserting cpGFP into the 965
site, which showed a large distance change between sites in the Ca?*-unbound vs.
Ca®*-bound structures, 7.3 A(yellow arrow).

We subcloned the cpGFP into the existing construct BK965CFP (Giraldez, Hughes,
and Sigworth, 2005), resulting in construct BK965cpG, where the cpGFP is inserted
in the 965 amino acid position. Fig. 4.18C shows the fluorescent changes in response
to ionomycin for BK965cpG, compared with BK860cpG and BK667cpG. BK965cpG
showed a AF/F similar to BK667cpG, but with a slightly faster kinetics. Therefore,
as will be further discussed in other sections, this approach (taking solely distance
changes into consideration) cannot be used to predict useful insertion sites for sen-
sor generation. More comprehensive analysis is needed, including other factors such
as amino acid orientation or other environmental effects from neighboring residues,
which may influence the rearrangements that eventually lead to measurable changes
in cpGFP fluorescence.

4.11 The gating ring as a transferable Ca**-sensitive molecu-
lar module

In this study we have generated Ca?* sensors based on the BK channel. Recent in-
vestigations carried out by our group have demonstrated that there are remarkably
large rearrangements of the gating ring upon Ca®* binding in intact BK channels,
much larger than the rearrangements predicted by existing X-ray structures of the
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Table 4.5: Gating ring constructs of fluorescent BK-FRET pairs.

Constructs Insertion  GFP FRET Length

site variant pair (bp)
BKgr667C_j 667 CFP  BKgr667Y_j 2991
BKgr667Y_j 667 YFP  BKgr667C_j 2991
BKgr860C_j 860 CFP  BKgr860Y_j 2991
BKgr860Y_j 860 YFP  BKgr860C_j 2991
BKgr667C_o 667 CFP  BKgr667Y_o 2835
BKgr667Y_o 667 YFP  BKgr667C_o 2835
BKgr860C_o 860 CFP  BKgr860Y_o 2835
BKgr860Y_o 860 YFP  BKgr860C_o 2835

isolated gating ring (Miranda et al., 2013). The modular nature of this protein, in-
cluding a gating ring structure containing all Ca?* binding sites, led us to propose
that the isolated gating ring may act as a Ca®*-sensing module, which could be at-
tached to other proteins, providing them with Ca?*-sensitivity.

In this Thesis, we tested this hypothesis by generating two constructs based on
the available information about the isolated gating ring. The first construct (BKgr667
/860C/Y_j)was created based on the available crystal structure of the entire cyto-
plasmic region of the human BK channel in a Ca%*-free state (Wu et al., 2010). This
study of an isolated part of the gating ring provided the first glimpse of two possible
gating-ring conformations of BK channels. The second construct generated in this
Thesis (BKgr667/860C/Y_o) was done following the work by Javaherian ef al., in
which they isolated the gating ring for biochemistry studies. All generated gating
ring constructs with its FRET partners can be seen in Table 4.5. Specifically, this work
functionally probed the metal-sensing properties of the human BK gating ring un-
der physiologically relevant conditions (Javaherian et al., 2011). The authors demon-
strated that the BK gating ring operates as a selective chemo-mechanical coupler that
transduces the free energy of ligand binding into mechanical work that ultimately
activates the channel. Both constructs generated in this Thesis (BKgr667/860C/Y_j
and BKgr667/860C/Y_o) differed in their length, one containing a larger portion of
the 56-RCK1 linker than the other (Fig. 3.3). In addition, our isolated BK gating ring
included the cyan and yellow variants of the green fluorescent protein (CFP/YFP)
inserted at residue 667 (located in the linker between RCK1 and RCK2), or at the 860
site (RCK2 domain).

4.11.1 FRET efficiency - Acceptor Photobleaching studies of isolated flu-
orescent gating rings

Heterotetramers formed by isolated gating rings with CFP or YFP insertions at the
equivalent positions within the tetramers were co-transfected to ideally achieve a
3CFP:1YFO stoichiometry in HEK293T cells (Fig. 4.19A left and B left). In these
experiments, FRET efficiency (E) (Fig. 4.19C) was obtained by the Acceptor Pho-
tobleaching (AB) technical approach. This technique consists on bleaching the ac-
ceptor fluorophore (Fig. 4.19B right) with a high intensity laser beam, and measur-
ing the change between acceptor intensities before and after bleaching the acceptor
(Fig. 4.19A). These experiments were performed in basal Ca?* concentration con-
ditions, without applying any stimuli. In these conditions, based on our previous
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work (Miranda et al., 2013), we expected that constructs with CFP/YFP insertions at
the 667 position would not produce FRET, since the 667 sites are too far apart. On
the other hand, the fluorophores inserted at 860 positions should be close enough to
produce FRET in basal Ca?* conditions.
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Figure 4.19: Acceptor Photobleaching experiments with gating ring construct BKgr860CY _o, carried
out with a Leica SP8 confocal microscope. Transfection into HEK 293 cells was done co-transfecting
constructs expressing CFP (BKgr860C_o) and constructs expressing YFP (BKgr860Y_o), with an sto-
ichiometry of 3:1 of CFP:YFP. (A) Images of CFP detection before and after photoblaching. The red
dashed polygon indicates the region selected for bleaching. Note the increase in fluorescence intensity
in the bleached region. (B) Images of YFP detection before and after photoblaching. (C) FRET image
with LUT of pseudocolors, ranging from 0% FRET efficiency (purple) to 100% FRET efficiency (pink).
FRET efficiency of the ROI was 37%, nearly the maximum efficiency that CFP-YFP pair can reach.
(D) FRET efficiency is showed for each isolated gating ring construct obtained using Acceptor Photo-
bleaching technique. Constructs with the insertion in the 667 position didn’t showed a considerable
FRET efficiency as expected in this Ca2+ free state. BKgr860CY_o construct showed FRET efficiency
about 14%. However, the asymmetric distribution of the results suggests that there is some point in
the protein formation that leads to a non-working gating ring complex. In the other hand Jiang’s 860
construct didn’t showed a consistent FRET efficiency. It seems that the difference in the length of
the aminoacidic chain is determinant in the gating ring formation. Controls are: not transfected cells
(NT), simultaneous transfection of only ECFP and only EYFP plasmids (C/Y) and a positive FRET
control CGY, a cytosolic plasmid formed by the ECFP and the EYFP linked by Glycines. n = 8 for
BKgr667CY_o, n = 8 for BKgr667CY_j, n = 47 for BKgr860CY_o, n = 18 for BKgr860CY_j, n = 8 for C/Y
and n = 16 for CGY. All plasmids have been transfected in HEK293 cells and FRET experiments in the
confocal microscope Leica SP8 have been done after 24 hours.

Fig. 4.19D summarizes the FRET efficiencies obtained for the gating ring con-
structs and the controls used in this study. In non-transfected cells, E is near zero
when the mean E value of the entire cell is computed. However, it is important to
mention that the acceptor photobleaching method can introduce some artifacts in the
determination of the FRET efficiency, probably due to some small movement of the
sample between the pre-bleach and the post-bleach images. This can be observed in
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Fig. 4.19C, were cells that are not bleached (outside the red dashed-line area) display
some FRET efficiency in the border or inside the cell (i.e. the red colored spot in the
cell at the bottom of the image). A negative control consisting in the co-transfection
of a CFP and YFP where fluorophores are not interacting was used (C/Y construct)
rendering an E value of 1.12 & 0.51 %.

Constructs with insertions in the 667 site, BKgr667CY_o and BKgr667CY_j showed
slightly larger FRET efficiency values of E = 4.00 = 0.91 % and E = 3.12 & 0.83 % re-
spectively. For construct BKgr667CY _o this difference was statistically significant (P
< 0.01), indicating some degree of interaction between fluorophores.

The construct BKgr860CY_o showed a FRET efficiency value of E = 14.01 4= 1.83
%. Surprisingly, construct BKgr860CY_j did not show FRET efficiency values signif-
icantly different from the C/Y negative control (E = 2.52 £ 0.55 %). Interestingly,
the BKgr860CY_o construct corresponds to the longer isolated gating ring construct
studied by the Olcesse group (Javaherian et al., 2011), where functional experiments
were carried out. However, the wide distribution of the results may suggest the
existence of various protein conformations, probably including non-working gating
ring complexes.

The major problem performing acceptor photobleaching in basal Ca?* conditions
as the method to quantify FRET between fluorophores is that we do not obtain in-
formation about the Ca?*-bound configuration of the isolated gating rings. We de-
signed an AB experiment to measure both Ca?*-bound and unbound configurations
of the isolated gating rings, by using ionomycin to increase the Ca?* concentration
in the cytosol. We performed AB in transfected cells in one half of the field (half
left part of the coverslip); we then added 15 yM ionomycin in the medium, and
performed AB in the other half of the field (half right part) (Fig. 4.20A).

An schematic representation of the expected behavior of BKgr667CY_o,j and
BKgr860CY_o,j constructs after the addition of ionomycin can be seen in Fig. 4.20B.
The increase in the cytosolic [Ca?*] after addition of ionomycin will cause a struc-
tural rearrangement in the isolated gating rings. The fluorophores in the BKgr667
constructs will come closer and an increase in the FRET efficiency is expected. On
the other hand, fluorophores in the BKgr860 constructs will move apart, causing a
decrease in the FRET efficiency. In the scheme, sole emission of CFP represents a no-
FRET situation, while emission of both CFP and YFP represents a FRET situation.
The isolated gating ring constructs are represented as black cylinder cartoons with
the inserted FRET pairs (cyan and yellow sphere cartoons representing CFP and YFP
fluorophores). A black cross inside the cartoon represents the Ca?* binding site CaZ*
bowl. Ca?* ions are represented as orange dots (to simplify, the Ca?* binding site in
the RCK1 domain is not represented).

Fig. 4.20C shows the FRET efficiency obtained for each gating ring construct and
the negative control C/Y obtained in these experiments. Isolated gating rings with
FP insertions in the 667 site produce small increments in the E, as expected. How-
ever, these changes are not statistically significant. On the other hand, the construct
BKgr860CY_o displayed a decrease in E after the addition of ionomycin. However,
construct BKgr860CY_j did not show statistically significant changes in E. The neg-
ative control C/Y remained unchanged after ionomycin. Data is summarized in
Table 4.6.
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Figure 4.20: Acceptor Photobleaching experiments with gating ring constructs, where ionomycin is
added between registries. (A) Schematic representation of a coverslip with transfected cells. The field
is virtually divided in two parts (half left and half right). Acceptor photobleacing is performed first
in basal conditions in the half left of the coverslip. Then 15 yM ionomycin is added to the medium.
After 30s, acceptor photobleaching is performed in the half right in order to avoid bleaching a bleached
cell. (B) Schematic representation of the isolated gating ring constructs (black cylinder cartoons) with
the inserted FRET pairs (cyan and yellow sphere cartoons representing CFP and YFP fluorophores).
A black cross inside the cartoon represent the Ca2+ binding site Ca2+ bowl, and Ca2+ ions are repre-
sented as orange dots (to simplify, the Ca2+ binding site in the RCK1 domain is not represented). The
dashed arrow indicates the expected behavior of BKgr667CY_o,j and BKgr860CY_o,j constructs with
the addition of ionomycin. The increase in the cytosolic [Ca2+] after addition of ionomycin will cause a
structural rearrangement in the isolated gating rings. The fluorophores in the 667 constructs will come
closer and an increase in the FRET efficiency is expected. On the other hand, fluorophores in the 860
constructs will move apart, causing a decrease in the FRET efficieny. In the scheme, emission of CFP
only represents a no-FRET situation, while emission of both CFP and YFP represents a FRET situa-
tion. (C) FRET efficiency of each gating ring construct and the negative control C/Y for the basal Ca2+
situation before addition of ionomycin and the Ca2+-binded situation (dark colors) after addition of
ionomycin. The arrows between both situations represents the change in FRET efficiency (JE). Isolated
gating rings with insertions in the 667 site have small increments in the E as expected. However the
changes are not statistically significant. Construct BKgr860CY_o displayed a considerably decrease
in the E after the addition of ionomycin, in tune with the expected results. Construct BKgr860CY_j
showed a not statistically significant small increase in E. Negative control C /Y remained almost un-
changed after ionomycin. Labels in the X axis identifies the situation before the ionomycin (names
of the constructs), and the situation after ionomycin (names of the construct with IM). Bars and erros
represent mean + SEM, and are 4.00 + 0.91 % for BKgr667CY_o, 4.50 + 0.98 % for BKgr667CY_o IM,
3.12 4 0.83 % for BKgr667CY_j, 4.50 + 1.78 % for BKgr667CY_j IM, 9.50 + 3.59 % for BKgr860CY _o,
5.25 £ 2.04 % for BKgr860CY_o IM, 1.62 & 0.65 % for BKgr860CY_j, 2.00 & 1.15 % for BKgr860CY_j IM,
1.12 + 0.51 % for C/Y, 1.25 + 0.56 % for C/Y IM, and n = 8 for all the constructs.
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Table 4.6: FRET efficiencies (in %) of gating ring constructs and negative con-
trol C/Y applying Acceptor Photobleaching technique before and after (IM)
addition of ionomycin. n= 8.

Constructs E (%) E (IM) (%)

BKgr667CY_o 4.00 £0.91 4.50 £+ 0.98
BKgr667CY_j 3.12+£0.83 4.50 £1.78
BKgr860CY_o 9.50 £3.59 5.25+2.04
BKgr860CY_j 1.62+£0.65 2.00+1.15
c/Y 1124+ 051 1.25£0.56

4.11.2 Lifetime measurement: Time-Correlated Single Photon Counting
(TCSPC)

In this study we also aimed to explore another approximation to measure FRET us-
ing our constructs, based on the fluorescence lifetime (see introduction). A common
problem of intensity-based methods to detect FRET is that can be influenced by flu-
orophore concentration due to different expression levels, background fluorescence
and bleaching (Ahmed et al., 2016). The fluorescence lifetime of a fluorophore that
is not affected by non-radiative processes is an intrinsic property, which can be al-
tered by changes in the neighboring environment. FRET efficiencies can be precisely
measured by monitoring the change in the fluorescence lifetime of the donor fluo-
rophore, which is altered when donor and acceptor suffer variations in their relative
distance.

In this study we have measured the fluorescence lifetimes of our gating ring
constructs used a high-performance fluorescence spectrophotometer and the Time-
Correlated Single Photon Counting (TCSPC) technique. All the lifetime decays are
fitted to bi-exponentials. When FRET is occurring, the decay curves exhibit a bi-
exponential behavior, composed by a first phase of shorter lifetime corresponding
to the quenched donors, and a second phase of longer lifetime corresponding un-
quenched donors. In principle, for an isolated molecule like the CFP alone, the de-
cay is mono-exponential, but the complex environment of the cell alters the decay
times, and it is best fitted by a bi-exponential.

We used various controls in our experiments. Firstly, we transfected HEK293T
cells with the CFP alone. Additionally, we transfected a positive control consisting
on a construct where the CFP (donor) and a YFP (acceptor) are linked by a glycine
linker, close enough to do FRET (Miranda et al., 2013). Fig. 4.21A shows the fluores-
cent lifetimes obtained for both constructs. We can appreciate that in the construct
that FRET takes place (CGY), the fluorescence lifetime of the donor (tp) is notably
lower than the CFP alone, with 7y = 0.60 ns and 1, = 2.22 ns for both exponentials,
and 71 = 1.10 ns and 7, = 3.37 ns for the ECFP alone (Fig. 4.21B). Fluorescent lifetimes
as well as fractional intensities can be seen in Table 4.7. Values for CGY are similar
to those obtained by other authors (Staruschenko et al., 2004).

Fig. 4.21C shows results corresponding to TCSPC experiments using the con-
structs BKgr860CY in HEK293T cells. As explained in the Methods section, the life-
time of the donor was measured after re-suspending the cell preparation in 2 mM
Ca?*, and then again after adding ionomycin to the same cuvette. We expected a
shorter lifetime in the first measurement, as the BKgr860CY construct is doing FRET
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Figure 4.21: Time-correlated single photon counting experiments (TCSPC), carried out in a fluores-
cence spectrophotometer. (A) Fluorescence decay times for donor of CGY (blue) and CFP (orange)
constructs. As expected, the donor molecule in the construct CGY that is doing FRET, have shorter
lifetimes than the CFP alone (B). (C) Fluorescence decay times for donor of gating ring construct
BKgr860CY, before (blue) and after (orange) the addition of ionomycin 15 M. (D) Due to a bad signal-

to-noise ratio the exponentials could not be fitted properly and no apparent differences are seen. The
decay times are fitted to bi-exponentials (Eq. 3.3).

in basal conditions. After the addition of the ionomycin, Ca?* from the extracellular
medium will permeate the membranes of the cells, binding to the BK and causing
the separation of donor and acceptor molecules, increasing in this way the donor’s
lifetime. Unfortunately, due to the low signal of the sample, the decays could not be
fitted accurately, being impossibly differentiate lifetimes adequately (Fig. 4.21D).

Table 4.7: Multi-exponential analysis of fluorescence intensity decays.

Constructs D/DA  f1 (%) T1(ms) f,(%) T2(ms) T(ns) E(%) r(nm)
ECFP D 18.67 1.10 81.53 3.37 2.95
CGY DA 23.45 0.60 76.54 2.72 2.22 25 5.92

For the CGY construct, FRET efficiency (E) and distance between donor and acceptor
fluorophores (r) are shown.
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Chapter 5

Discussion

There is a clear need to develop sensors able to report rapid Ca2* concentration
changes in subcellular nanodomains regulating neuronal excitability and neurotrans-
mission. The BK channel is an ideal candidate as a Ca* sensor, since it naturally
responds to physiological variations of this ion, restricted to the appropriate subcel-
lular localizations. Previous work from our laboratory had developed fluorescently
labeled BK channels that report Ca?* changes as variation in FRET efficiency (Mi-
randa et al., 2013), setting the ideal background for generating such tools. How-
ever, some improvements need to be made. On one hand, our constructs have the
advantage of being GECI, thus warranting specific protein labeling. However, em-
ploying BK-based FRET Ca?" sensors is not ideal. First, our genetically encoded
(FP fusions) FRET-based constructs did not render high fluorescence levels when
expressed in heterologous systems like HEK293T cells. CFP expression was very
weak, even using a 3CFP:1YFP transfection stoichiometry. The limited signal in-
tensity changes produced by FRET constructs makes it difficult to measure rapid
variations in the Ca?* concentrations in restricted subcellular domains where a good
temporal and spatial resolution is needed (Tian et al., 2009). Secondly, if our future
goal involves the expression of BK sensor in vivo, co-transfection (or co-infection)
of the donor-labeled (CFP) and acceptor-labeled (YFP) BK subunits clearly reduces
the experimental feasibility. In this context, fixing transfection quantities of donor
and acceptor would not imply that the final donor/acceptor ratio is maintained in
the BK tetramers, but rather a wide range of donor-acceptor proportions is present,
generating a mixed FRET signal.

To overcome these issues, we took advantage of one of the most used and power-
ful single-wavelength fluorescent probes, the circularly permuted GFP (cpGFP). Cir-
cularly permuted fluorescent proteins (Baird, Zacharias, and Tsien, 1999)have been
extensively used in combination with other Ca?*-sensing proteins as Ca”* indica-
tors (Nagai et al., 2001). However, to implement a cpGFP in our constructs we have
to take into account that the mechanism for which a cpGFP alters its fluorescence
is totally different compared to FRET. The fluorescence of a cpGFP is modified by
varying the positions of the N- and C-termini, i.e., by opening or closing the GFP
barrel gap through movements of the amino acid chains linked to the N- and C-
termini located at the barrel. Thus, cpGFP would mainly report structural changes
within the same subunit. In contrast, changes in the fluorescence emission due to
FRET are caused by the relative movement of donor and acceptor, which are located
in equivalent positions of adjacent subunits within the tetramer. Therefore, FRET
relays in an inter-subunit relative movement. Keeping this in mind, insertion of a
cpGFP in the BK channel sequence is an empiric process, where the movements that
caused that FRET pairs to move closer or apart from each other may or may not al-
ter the distance between cpGFP linkers to produce the changes in the fluorescence
intensity of the cpGFP. This is evidenced by the fact that our in silico study with BK
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structures in the open and closed conformations did not yield useful predictions re-
garding productive cpGFP insertion sites.

Our first attempt to test if our cpGFP-based constructs BK667cpG and BK860cpG
were able to report changes in Ca2* concentration varying the fluorescence signal
consisted in increasing the intracellular [Ca?*] with ionomycin (Fig. 4.2). To achieve
the maximum change in fluorescence we used an ionomycin concentration of 15
uM and a 5 mM extracellular Ca®* solution. In response to ionomycin, construct
BK667cpG construct showed a fluorescence increase of 40% and construct BK860cpG
an increase of 140%. In comparison, a fully optimized Ca?* sensor like Lck-GCaMP3
displayed a 700% increase. It is important to remark the myriad of optimizations
that a GECI like GCaMP3 has suffered; in its beginnings (Nakai, Ohkura, and Imoto,
2001) former G-CaMP exhibited a increase in the fluorescence intensity of 400% in
similar experiments (10 M ionomycin, 2 mM [Ca%*]e, HEK293 cells). Our initial
results, obtaining a construct that is showing a 140% fluorescence intensity increase
previous to any optimization is very promising, with strong potential to become a
useful Ca?* sensor.

Although the experimental approximation is not the optimum to infer kinetics
of the fluorescence responses -many factors like diffusion of ionomycin in the well
have an impact on the final time, BK860cpG exhibits a faster response compared to
Lck-GCaMP3 (t and t; /5, Fig. 4.2F and G).

In order to clarify the mechanism of the change in fluorescence obtained in iono-
mycin experiments, we designed a construct containing cytoplasmic cpGFP. In Ca%*
experiments with ionomycin repeating the same parameters (15 #M ionomycin and
5 mM extracellular [Ca?*]), the isolated cpGFP displayed a AF/F of 118.95 & 1.77 %
(Fig. 4.3C). This increase in the fluorescence intensity is due to deprotonation of the
cpGFP by alkalinization of the cytosol due to ionomycin (Miiller et al., 2013), as this
construct lacks any Ca?* sensing domain. The increase in fluorescence is comparable
to that of BK860cpG construct, and larger to that of BK667cpG construct. However,
the fluorescence response did not exhibit a biphasic behavior like BK860cpG or Lck-
GCaMP3, thus apparently the change in fluorescence observed in the first phase of
construct BK860cpG can be attributable to the Ca?* sensing mechanism of the BK
channel (or a combination of both). Regarding BK667cpG construct, what could be
the reason that its change in fluorescence intensity is smaller compared to that of
the isolated cpGFP? A reasonable explanation is that the response of the BK667cpG
to Ca?* is a decrease in the fluorescence intensity, not an increase. The combina-
tion of a decrease in the fluorescence of BK667cpG to Ca®* with the increase of the
cpGFP by alkalinization of the pH could lead to a overall reduced increment in the
fluorescence.

Experiments with high doses of ionomycin are not adequate to elicit the real re-
sponse to Ca* of BK-cpGFP constructs, as changes in the pH markedly interferes in
the BK-mediated signal. To this end, experiments where precise changes in [Ca?*]
are applied directly to the sensing mechanism of the constructs while controlling
the pH are needed. Ca®*- and pH-titrations are the initial steps to characterize the
dependence to Ca?* and pH of our constructs; after characterization, patch-clamp
fluorometry (PCF) experiments were relevant because key factors such as [Ca®*],
pH and membrane voltage are controlled.

Ideally, Ca?* sensitivity from the BK-based Ca?* sensors should arise from the
specific BK Ca?* binding sites. This would imply that the sensor would work within
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the physiological range of Ca®* concentrations typical of a Ca?* nanodomain. We
addressed this question is by mutating the specific Ca?* binding sites in the various
BK-cpG constructs. Specifically, we designed four mutants for each BK cpGFP-based
construct: a mutant of the Mg?* and Ca®* binding site in the transmembrane site
(D99A), a mutant of the RCK1 binding site (D362/7A), a mutant of the RCK2 high-
affinity site Ca?* bowl (5D5A) and a mutant containing the three mutations. We
repeated the Ca?*-loading experiments with ionomycin but using the Ca** mutants
(Fig. 4.4).

The most remarkable result is observed in construct BK860cpG, where all of its
Ca?* mutants showed a significantly reduction in the fluorescence intensity (Fig. 4.4C),
as well as a critical slowdown in its kinetics. This result evidences that the mech-
anism which BK860cpG construct reported changes in the Ca* concentration is
through Ca®* binding in specific binding sites. Presumably, binding of Ca?* ions
induce structural rearrangements that are transmitted to the B-barrel by movement
of the N- and C-termini of the cpGFP, leading to an increase in the fluorescence
intensity. The remaining smaller change in fluorescence observed in the mutants
seems to be an indicative that a distinct effect other than this mechanism explained
above causes the increase in fluorescence, possibly due to direct effects of Ca®* on
the cpGFP or, alternatively, due to ionomycin-mediated changes in intracellular pH.

Interestingly, the second phase of the response of BK860cpG in ionomycin ex-
periments shows some similarities with the response of BK667cpG and some of
BK667cpG and BK860cpG mutants. Gutierrez et al. (Gutiérrez et al., 1999)described
that application of high doses of ionomycin to LNCaP cells caused a biphasic re-
sponse in the fluorescence ratio of fura-2. In a different experiment using thapsigar-
gin (a sarco/endoplasmic reticulum Ca?* ATPase (SERCA) inhibitor) and varying
the extracellular Ca?* concentration the authors determined that the first phase of
the biphasic change in fluorescence was due to release of Ca?* from intracellular
stores and the second phase was due to the entrance of extracellular Ca2*. It makes
sense to attribute the first phase in the BK860cpG response to structural rearrange-
ments upon Ca?* binding in the BK, as the intracellular [Ca?*] is in the range of
action of the channel. After this event, BK channels are saturated hence no increase
in the fluorescence intensity of the cpGFP is possible through the BK mechanism. In
the second phase the alkalinization of the pH (due to the transport of H* ions to the
extracellular medium by ionomycin (Miiller et al., 2013) causes the deprotonation of
the cpGFP fluorophore and an additional increase in the fluorescence signal. Since
the response of BK667cpG is small and the responses of BK667cpG and BK860cpG
Ca?* mutants are also small or abolished, the increase in the fluorescence intensity
detected with these constructs in ionomycin experiments can have the same expla-
nation as with the second phase of the response of BK860cpG.

Many variables remain unknown in Ca?* experiments with ionomycin. Which is
the sensitivity to Ca?* ions of constructs BK667cpG and BK860cpG and how are its
fluorescence responses? Which sensitivity to pH has these constructs and of what
magnitude? First, the generation of a control construct based on a cpGFP expressed
alone, to test if the change in the environment of the fluorophore after addition of
ionomycin can lead to changes in the fluorescence apart from the structural changes
in the B-barrel gap caused by the new N- and C-termini. The other strategy is to vary
the Ca?* concentration and pH in a controlled way. For this we used an approach
that consists in the generation of fragments of plasmatic membrane (microsomes)
with the attached fluorescent BK channels in suspension, allowing us to vary the
Ca?* concentration and the pH of the medium with precision. The method that we
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used to have the channels in contact with the medium is the creation of “micro-
somes” from transfected cells, disrupting the cells and isolating them from cell de-
bris by differential centrifugation. After cell disruption, plasmatic membranes with
the attached labeled BK channels formed vesicle-like aggregates that we named mi-
crosomes’. The fraction of microsomes with channels enclosed inside are permeated
to Ca?* and H* ions adding ionomycin in the solution before the experiment.

Physiological variations of Ca?* (ranging from Ca?" free to 1 mM Ca?*) induced
opposite responses of BK667cpG and BK860cpG (Fig. 4.5A). While fluorescence of
BK860cpG construct increase with increasing Ca?* concentrations (Kd = 235 nM, ny
= 2.1), BK667cpG construct displays a small decrease in the fluorescence signal for
increasing Ca?* concentrations (Kd = 427 nM, ny = 7.3). Hill coefficient (ny) for BK
channel is known to range from 1.5 to 6 (Cui, Yang, and Lee, 2009). This coefficient
is a measure of cooperative association in binding processes, being a positive co-
operativity indicative of the number of binding sites. An ny = 2.1 for BK860cpG
suggests that the observed fluorescence signal is reporting binding of the nearest
binding site, the Ca?* bowl. For construct BK667cpG, a ny = 7.3 can imply that the
fluorescence signal observed is reporting both RCK1 and RCK2 binding sites. This is
consistent, as the cpGFP in this construct is inserted in the linker between RCK1 and
RCK2 domains. Apparently the true response of construct BK667cpG (a decrease in
fluorescence after Ca®* binding) in Ca* experiments with ionomycin was masked
due to an artifact increase in the fluorescence, maybe related to the cpGFP itself as
mentioned before. However, it is remarkable the fact that responses of Bk667cpG
and BK860cpG are opposite. This result is in agreement with previous experiments
with BK667CY and BK860CY constructs, where using patch-clamp fluorometry the
fluorescence signals were opposite (Miranda et al., 2013).

Regarding to BK667cpG construct, we have to take into account the dependence
in the fluorescence signal that showed preliminary BK667CY construct with voltage
(Miranda et al., 2013). As reported, some Ca2*-driven conformational changes that
are sensitive to voltage are detected by fluorophores inserted at the 667 site. Our
approximation with the microsomes lacks voltage information and control. One as-
sumption is that transmembrane voltage in microsomes is near zero, because when
the microsome self-assembled, the medium that remained at the inner part of the
microsome was the same of the outside. This bias in the voltage can be the reason
why BK667cpG construct exhibits such a small decrease in the fluorescence intensity.

We have to take into account the strong pH-dependence of cpGFP based con-
structs. The small BK667cpG signal is unidentifiable if the fluorescent signal varies
due to pH. In the case of BK860cpG construct, the composition of both signals (due
to Ca?* binding to BK and due to deprotonation of cpGFP) can be seen. A tight
control of the pH will be crucial. In this sense co-transfection with a genetically en-
coded pH sensor (GEP], i.e. superecliptic pHluorin, (Lin and Schnitzer, 2016)) can
be convenient.

In relation with the microsomes procedure that we used, it has to be mentioned
that the apparent Ca?* affinity and Hill slope values of Lck-GCaMP3 (Kd = 153 nM
and ny = 3.5) differ from the values obtained in (Shigetomi et al., 2010). The variation
in the values obtained could be due to the different methods employed. Shigetomi
et al. used an in vivo procedure consisting in permeabilize the transfected cells with
Triton X-100 and subsequent addition of buffered solutions.

IThe term microsomes is usually used to describe the artifactual vesicles formed in vitro from the
endoplasmic reticulum after disruption of eukaryotic cells.

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1627512 Caddigo de verificacion: kOIBgUMu

Firmado por:

Roger Gimeno Llobet Fecha: 25/10/2018 11:00:30

UNIVERSIDAD DE LA LAGUNA

Diego Alvarez de la Rosa Rodriguez
UNIVERSIDAD DE LA LAGUNA

25/10/2018 11:52:58

Teresa Giraldez Fernandez
UNIVERSIDAD DE LA LAGUNA

25/10/2018 11:54:04

Ernesto Pereda de Pablo
UNIVERSIDAD DE LA LAGUNA

29/10/2018 13:01:03

92/118



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada

N° registro:

2018/94643

N° reg. oficina: OF002/2018/89112
Fecha: 26/10/2018 12:15:56

Chapter 5. Discussion 75

Using patch-clamp fluorometry (PCF) we have measured in inside-out patches
changes in the fluorescence intensity related to Ca* binding while controlling the
membrane potential (Fig. 4.6). PCF experiments supported what we have obtained
in Ca2*-titrations: BK667cpG and BK860cpG exhibit opposite responses during ac-
tivation of the channel. It is interesting to note that while the AF/F of BK860cpG is
similar to that obtained in Ca2*-titrations (0.30 in PCF, 0.31 in Ca2*-tirtations), values
for BK667cpG significantly differs (-0.20 in PCF, -0.03 in Ca*-tirtations). As previ-
ously described (Miranda et al., 2013), BK construct with GFP variants inserted in
the 860 position (BK860CY) reported BK activity induced by Ca?* binding, while in-
sertions in the 667 position (BK667CY) reported BK activity induced by Ca?* binding
and voltage.

The data obtained in PCF experiments contrasted with Ca?*-titrations suggests
that, while in the BK860cpG construct the reported changes in fluorescence are only
due to Ca?* binding, in the BK667cpG construct the shift of the membrane potential
to +100 mV is sensed in the 667 position, and these structural rearrangements poten-
tiate the ones caused by the binding of Ca?* ions, increasing the separation between
the linkers of the cpGFP and causing a reduction in the fluorescence intensity.

We have to take into account that our sensor is indeed a ionic channel. A rele-
vant problem when over-expressing ionic channels is that the ionic balance of the
cell can be altered; for example, overexpression of voltage-gated K* channel Kv1.1
in the murine CNS lead to a dysregulation of the rectifier K* currents altering the
action potentials and causing a hyperexcitable network response (Sutherland et al.,
1999). Hence it will be useful to have a non-conducting BK Ca?* sensor adapted
to report Ca?* dynamics without altering the electrical balance of the cell. It has
been described (Wang and Brenner, 2006; Carrasquel-Ursulaez et al., 2015) that the
mutation F315A located in the S6 segment (pore domain) have critical effects in the
channel’s conductance. The first aspect to highlight is that transfected HEK293T cells
with pore mutant constructs BK667cpG-F315A and BK860cpG-F315A is that the dis-
tribution of the channel is clearly located in the plasmatic membrane (Fig. 4.7A), a
part of distributed in internal reservoirs. Apparently, mutated channels can accu-
mulate in the membrane as are not causing a dysregulation the that evoke the cell to
maintain the homeostasis removing the channels from the membrane. Curiously, in
Ca?* experiments with ionomycin, the mutated construct BK860cpG-F315A did not
show the increase in the fluorescence intensity that showed the non-mutated con-
struct BK860cpG. Both mutated constructs displayed changes in the fluorescence
similar to that of BK667cpG, suggesting that the part in the response in BK860cpG-
F315A regarding to BK binding is annulled with F315A mutation. This result is in-
teresting because it has been argued (Wu et al., 2009)that the changes in voltage and
Ca?* sensitivity that causes this mutation evidence that the mutated residue can take
part in the allosteric transmission between the voltage sensor domain (VSD) and the
pore gate domain (PGD). Since the Ca?* sensing domain is allostericaly coupled to
the VSD and the PGD (Horrigan and Aldrich, 2002), it could be a link between this
mutation and the Ca?* sensing mechanism, as shown with the abolished BK860cpG
typical biphasic response that BK860cpG-F315A displayed. Electrophysiological ex-
periments (Fig. 4.7D) showed G-V curves significantly shifted to positive voltages,
indicating that K* conduction is abolished at physiological Ca®* concentrations and
changes in the membrane potential.

To support ionomycin-mediated experiments with information about membrane
voltage and current, we repeated these experiments in an electrophysiological setup.
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Whole cell configuration was used to measure changes in the membrane or currents
of all the cell, while fluorescence emission was simultaneously recorded. Initially,
hiperpolarizing currents caused by the activation of BK channels after application of
ionomycin were linked to the increase in the fluorescene intensity in both BK667cpG
and BK860cpG constructs (Fig. 4.8). Nevertheless, although addition of the K* chan-
nel blocker paxiline caused the depletion of the hiperpolarizing currents, increases
in the fluorescence intensity were still seen in both constructs. These depolarizing
currents, probably due to the entrance of extracellular Ca?* were observed in this
situation, suggests that the electroneutral transport caused by ionomycin (two CaZ*
ions to the intracelular side for one H+ to the extracelular side) causes the alkalin-
ization of the cell and the subsequent increase in the fluorescene of the cpGFP by
deprotonation. One point for we do not have explication yet, is that the fluorescent
signals obtained for BK667cpG and BK860cpG do not match with values obtained
in previous experiments (Fig. 4.2); while the increase in BK667cpG is larger than ob-
tained in previous ionomycin experiments, for BK860cpG the increase do not reach
the what previously obtained.

The validation of our sensors BK667cpG and BK860cpG to internal Ca?* sources
utilizing carbachol did not yield the expected signals (Fig. 4.9). Release of Ca>* from
internal stores after carbachol application increase the cytosolic Ca?* concentration
0.7 - 1 uM (Mayerhofer et al., 1992; Mountjoy et al., 2001). Taking into account the
results obtained in Ca?*-titrations (Table 4.3), we expected to obtain changes in the
fluorescence intensity up to ~0.23 for BK860cpG and ~2.79 for Lck-GCaMP3. The
obtained changes are far from the expected values (AF/F = 0.05 & 0.01 for BK860cpG
and AF/F =0.08 + 0.01 for Lck-GCaMP3). Studies carried out with a earlier version
of GCaMP3, G-CaMP (Nakai, Ohkura, and Imoto, 2001), revealed a AF/F = 0.8 af-
ter application of carbachol in HEK293 cells. Although Lck-GCaMP3 construct has
been modified to localize at the membrane, not a huge difference in the AF/F is ex-
pected for sensing Ca?* from internal stores (i.e. for GCaMP3 application of 100uM
ATP leaded to a AF/F = 3.2 (Chen et al., 2012),and for Lck-GCaMP3 application of
30uM ATP leaded to a AF/F = 2.7 ). The fact that both Lck-GCaMP3 and BK860cpG
had such small responses suggests that the problem could be related to carbachol.
We are planning to repeat these experiments in the future but with verified stocks of
carbachol.

One fundamental question of our work was if the BK860cpG sensor was able
to couple with Cav channels forming Ca?* nanodomains. In our experiments we
tested the sensor with Cav2.1 channel, because it is known that BK channels and
Cav2.1 channels are spatially and functionally coupled forming nanodomains in
neurons and when reconstituted in heterologous expression systems (Contet et al.,
2016; Berkefeld et al., 2006; Fakler and Adelman, 2008). As a negative control, we
used Cav2.3 channels for the co-expression with BK860cpG sensor as it has been
described that do not couple with BK channels (Berkefeld et al., 2006). To analyze
the data obtained with the dSTORM technique we developed our own programs.
Although there are specialized software to process SMLM data in the web (ie. a
repository, mainly focused in localization tasks, can be found in www.epfl.ch/smim/,
most of them are not free or are written in proprietary programming languages like
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MATLAB (Mathworks). We developed our programs in Python programming lan-
guage (Python Software Foundation), open-source and with a strong community-
based developmental model to be accessible to anyone. These post-processing pro-
grams focus on two tasks to quantify the data obtained from dSTORM: a nearest-
neighbor localization distance analysis to determine the most common distance be-
tween labeled-proteins, and a clustering analysis to characterize the spatial asso-
ciation of these proteins. The results obtained (Fig. 4.17) suggests that our sensor
BK860cpG forms nanodomains with one of its Ca?+ effectors, Cav2.1 channels, situ-
ation that can not be reproduced with our negative control Cav2.3. The NND and
clusters analysis (Fig. 4.17C and D) showed that BK860cpG-Cav2.1 complexes, when
co-transfected in HEK293T cells, forms a substantial number of spatially restricted
clusters of ~1 ymz, where its constituents are separated ~25nm between them, re-
sults compatible with Ca?* nanodomains. With the co-transfection of BK860cpG-
Cav2.3 we do not obtain such tight coupling.

The recent publication of BK full cryo-EM structures with bound (10 mM Ca?*/
10 mM Mg?*) and unbound (1 mM EDTA) Ca* (Ta02017; Hite, Tao, and MacK-
innon, 2017) permitted us explore our BK fluorescent constructs library (Giraldez,
Hughes, and Sigworth, 2005)to obtain new candidates to Ca?* sensors. The approx-
imation that we used to infer the best sites in the BK to insert a cpGFP was straight-
forward; quantify how does residues move between the Ca?* bound/unbound con-
figurations. From the positions that we had GFP insertions we selected site 965,
because of the resolved residues it suffered the largest movement (Fig. 4.18B, yellow
arrow). Unfortunately positions 667 and 860 were not resolved in the structure. Our
first attempt tho check the potential of the new construct BK965cpG did not provide
the expected response. BK965cpG exhibited a change in the fluorescence intensity
after the addition of ionomycin comparable at BK667cpG (Fig. 4.18B). As we have
previously demonstrated, this change in the fluorescence is due to the effect of alka-
linization over the cpGFP itself. We were looking at a response that in magnitude
exceeded that of BK860cpG. From this unsuccessful analysis we can extract some el-
ements: 1) This study its simplistic; other variables involved in the rearrangements
of a structure such as rotations are not taken into account. 2) Although the study of
a protein structure has contributed to important findings and improvements (Aker-
boom et al., 2009), in many cases it is an empirical process (Ast et al., 2017). 3) The
resolved cryo-EM structure may have been fixed in a state that it is not the most ad-
equate. It is possible that in intermediate steps of the full rearrangement the move-
ment of some residues is larger. Having a photography of the initial state (Ca?* free)
and the possible final state (10 mM Ca®*) may not provide all the necessary informa-
tion.

After the publication of the resolved structure of the cytosolic Ca?*-sensitive do-
main of the BK channel by Wu et al. (Wu et al., 2010), studies carried out by Javahe-
rian et al. (Javaherian et al., 2011)with a slightly shorter version of isolated cytosolic
domain demonstrated that the isolated gating ring suffers conformational changes
upon Ca?* binding. Therefore, the isolated gating ring is a self-assembled struc-
ture that preserves the molecular mechanisms capable of transduce the Ca%* signal
into structural rearrangements. From previous work carried out in the laboratory
(Miranda et al., 2013), BK channels with GFP variants inserted in specific sites re-
ported changes in Ca?* concentration via changes in FRET due to structural rear-
rangements. The study used constructs had GFP variants inserted in two positions
of the gating ring (position 667 between RCK1 and RCK2, and 860 in RCK2 near the
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Ca2* bowl). With this in mind, we hypothesized that isolated gating rings of our la-
beled constructs could be employed as transferable modules that could be attached
to a specific protein of interest, being able to report changes in the Ca?* concentra-
tion of the protein environment by changes in fluorescence. Furthermore, we could
advance in the knowledge of the unclear molecular and biophysical processes of BK
Ca”* modulation by studying isolated gating rings.

The first experimental approach was to corroborate if the labeled gating ring
structures were constituted correctly (Fig. 4.19). To this end we used a technique,
Acceptor Photobleaching (AB) FRET, which allowed us to obtain information of the
formation of the structure and the relative position of the inserted fluorophores. As
it was published in previous work (Miranda et al., 2013), BK constructs with the flu-
orescent proteins inserted in site 667 (between RCK1 and RCK2 domains) showed
no FRET efficiency (E) in basal Ca* conditions (free Ca?*), but reporting an increase
in E when Ca?* concentration was increased. On the other hand, BK constructs
with the fluorescent proteins inserted in site 860 (in the RCK2, near the Ca* bowl)
showed a basal (E) in free Ca?*, and decreased the E when Ca?* concentration was
increased. Taking this into account, applying the AB technique in transfected cells
and in physiologic Ca?* concentrations in the cytosol, we expected to obtain no E
for 667 gating ring constructs and a considerable E for 860 constructs. Interestingly,
BKgr860CY_j did not show a significant E, while BKgr860CY_o did, even though
showing a wide spread in E values. This is an interesting result, because (Wu et al.,
2010) based construct was employed in structural studies, while (Javaherian et al.,
2011)based construct was employed in functional studies. One drawback of crystal-
lographic studies is the non-physiological environment where proteins are studied.
Another, is that the arrangement of the resolved structure may only be reporting one
possible conformation of the protein, but maybe are the intermediate conformation
the ones that are more relevant in terms of function. On the other hand, the iso-
lated gating ring structure from (Javaherian et al., 2011)has been tested in functional
studies, where structural rearrangements have been confirmed with physiological
changes of cations (Ca?* and Mg?*). It appears that the extra 18 amino acids that the
j construct has make a difference in terms of basal gating ring conformation. In any
rate, taking into account the wide spread of E of construct BKgr860CY_o, it is possi-
ble that the correct folding of the isolated gating ring does not occur in some cases.
Interestingly, in the gating ring constructs with the insertions in the 667 site both
constructs showed a small FRET efficiency above the negative control, consisting in
soluble CFP and a YFP transfected together. With this construct no E is expected,
because both are separate proteins that move freely and are not interacting specifi-
cally. The higher value of E in construct BKgr667CY_o was statistically significant
compared to C/Y (E =4.00 & 0.91 % for BKgr667CY _o, E =1.12 £ 0.51 % for C/Y, P
= 0.01). This small amount of E may indicate that the isolated gating ring structure
in basal Ca?* concentrations may be rearranged in such a way that the fluorophores
are closer than in the full BK protein.

The next step was to perform an experiment that would provide us information
about the structural rearrangements of the isolated gating rings in the presence of
Ca?* ions (Fig. 4.20). We planned to continue using the AB technique but changing
the intracellular [Ca%*] at some point during the experiment with the application
of ionomycin. For construct BKgr860CY_o, the decrease in the E after addition of
ionomycin (from E = 9.50 £ 3.60 % to E = 5.25 + 2.04 %, E = —4.2 %) was the proof
that this isolated gating ring is functional and is able to detect changes in the Ca?*
concentration. However the widespread in its E could mean that the protein is not
always folding correctly.
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Although intensity-based FRET studies have been extensively used to report in-
teractions between fluorescent labeled proteins, some artifacts could appear when
measuring FRET efficiencies. During a FRET experiment, the fluorescent proteins
can change its fluorescence intensity not only due to energy transfer but also due
to specific photo-physical properties such as photo-conversion or photobleaching
(Tramier et al., 2002). In contrast, determination of donor fluorescent lifetimes has
considerable advantages over FRET techniques. Fluorescent lifetime is not affected
by the possible artifacts that lead to changes in the fluorescent intensity because it
is not a intensity-based method to detect FRET. To overcome these issues and sup-
port the results obtained with FRET experiments with ionomycin (Fig. 4.20), we at-
tempted to measure the FRET phenomena in our BKgr860CY_o construct by the
changes in the fluorescent lifetime of the donor molecule (Fig. 4.21). To simulate the
non-FRET and FRET states of the donor molecule in the BKgr860CY_o construct, we
first measured the lifetime of a CFP (expressed alone in the cell), and then we mea-
sured the CFP lifetime of a tandem construct formed by a CFP and a YFP linked by
glycine residues in a fixed position (CGY), a construct where the fluorescent proteins
are in an intramolecular FRET situation (Fig. 4.21A). Although the fluorescence de-
cay lifetime of single molecules of CFP can be fitted to a mono-exponential (Tramier
et al., 2002), we found that a bi-exponential was a better fit, in agreement with pre-
vious studies (Duncan et al., 2004). Lifetime measurements of the donor molecule of
the CGY construct yielded shorter lifetimes when quenched in the presence of the
acceptor molecule (Fig. 4.21B). The average lifetime for ECFP alone (7p) was 2.95 ns,
and the average lifetime for the CFP linked with the YFP, CGY (1p,4) was 2.22 ns.
These values match with values of ECFP and CGY obtained elsewhere (tgcrp = 2.9
ns and 7¢gy = 2.3 ns, (Fujiwara and Cieslik, 2006)). With the obtained lifetimes FRET
efficiency in the CGY construct is E = 0.25 and the distance r between the donor
and the acceptor in the CGY construct is r = 5.92 nm. We assumed Ry = 4.92 nm
(Patterson, Piston, and Barisas, 2000) in Eq. 3.6. Unfortunately, donor fluorescent
lifetimes determined for the BKgr860CY _o construct in basal Ca?* conditions (with-
out ionomycin, FRET positive in AB experiments) and after Ca?* binding (addition
of ionomycin, no-FRET situation in AB experiments) were un-resolvable due to the
bad signal-to-noise ratio (Fig. 4.21C) that made impossible a proper fit of the lifetime
decays (Fig. 4.21D).

Results obtained came to the conclusion that generated BK667cpG and BK860cpG
constructs exhibit fluorescent responses that are Ca2+-dependent, in physiological
[Ca?*]. We have to take into account that the pH-dependence for these constructs is
large, due to the circularly permuted GFP (cpGFP). pH have to be tightly controlled
in order to discern responses of constructs due to Ca%+ binding. In this sense, fluo-
rescent signals due to Ca* binding for BK667cpG are too small; we will focus our
next steps in construct BK860cpG. The fluorescent responses to Ca®* displayed by
BK860cpG are promising, since no optimizations have been made in this construct
yet. Moreover, this construct form complexes with Cav2.1 channels in a similar way
that wild-type BK channels do. We have demonstrated this coupling with superreso-
lution experiments, contrasting the obtained results with a known negative associa-
tion with Cav2.3 channels. Construct BK860cpG provides an excellent starting point
to develop a sensor capable to report changes in Ca?* dynamics in nanodoomains.
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81

Fluorescence signals observed from BK667cpG and BK860cpG sensors are Ca?*-

Both BK667cpG and BK860cpG sensors respond to physiological [CaZ*].

e Changes in the pH can mask the fluorescent signals of sensors due to Ca?*

binding.

e The generated sensors form complexes with voltage-dependent Ca?* channels

similar to those formed with BK channels.

Construct BK860cpG have potential to become a Ca?* sensor in Ca?* nanodomains.
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84 Appendix A. NND program code

Calculo de la distancia minima de cada particula con su vecino mas cercano (nearest
neighbor distance, NND) para 647, 488 y 647-488.

Instrucciones:

Poner en una misma carpeta los archivos de molecule lists .txt y este script.

Se crearan 3 archivos .csv con los NND para cada particula de todos los molecule

lists del 647, el 488 y el 647 con el 488. Los archivos se nombran como
'archivo'_NND_647.csv, 'archivo'_NND_488.csv y 'archivo'_NND_647-488.csv respectivamente.
El histograma generado se guarda como 'archivo'_NND_hist.pdf

#===MODIFICAR=======
# Nombre archivos csv
archivo = 'hola’

# Histograma

Bins = 15
label647 = 'Cav2.1'
label488 = 'BK'

label647_488 = 'Cav2.1 + BK'
#:

# Cargar MOULOS- === - - - s mm oo
import os

import pandas as pd

from scipy import spatial

import numpy as np

import matplotlib.pyplot as plt

import scipy.stats as stats

from matplotlib.ticker import FuncFormatter

# Leer archivos-------ccmmmmmmmm e
list_ml = (glob.glob("*.txt"))

# Extraer coordenadas X, Y corregidas de la lista de moleculas, separadas por canal
mins_chl ]
mins_ch2 = []

[1

mins_ch3

for item in list_ml:
print(item)
df = pd.read_csv(item, sep="
df_647 = df.loc[df['Channel Name'] == 647]
df_647 = df_647[['Xwc', 'Ywc']].copy()
df_488 = df.loc[df['Channel Name'] == 488]
df_488 = df_488[['Xwc', 'Ywc']].copy()

"

# Valores 647 -> chl, 488 -> ch2

chi_data = df_647.values

ch2_data = df_488.values

]
# chl: 647

for 1 in range(len(chl_data)):
1lista = [chl_data[1]]
distance,index = spatial.KDTree(llista).query(chl_data)
distance = distance[distance != 0]
mins_ch1.append(min(distance))

Figure A.1: Nearest Neighbor Distance program (pagel/2)
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# ch2: 488

for 1 in range(len(ch2_data)):
1lista = [ch2_data[1]]
distance,index = spatial.KDTree(llista).query(ch2_data)
distance = distance[distance != 0]
mins_ch2.append(min(distance))

# ch3: 647+488

for 1 in range(len(chi_data)):
1lista = [chi_data[i]]
distance,index = spatial.KDTree(llista).query(ch2_data)
mins_ch3.append(min(distance))

max(mins_ch1))
max(mins_ch1))

print('valor minimo particulas 647:
print('vValor maximo particulas 647:
print('valor minimo particulas 488:', max(mins_ch2))
print('vValor maximo particulas 488:', max(mins_ch2))
print('valor minimo particulas 647 con 488:', max(mins_ch3))
print('valor maximo particulas 647 con 488:', max(mins_ch3))

# GUArdaAr @ CSV- === === em e eeeaan
np.savetxt(archivo+"_NND_647.csv", mins_ch1l, delimiter=",")
np.savetxt(archivo+"_NND_488.csv", mins_ch2, delimiter=",")
np.savetxt(archivo+"_NND_647-488.csv", mins_ch3, delimiter=",")

# HUStOgrama--------cmcmmm e e

total = mins_chil+mins_ch2+mins_ch3

plt.hist(mins_ch1, bins=Bins, alpha=0.5, label=1abel647,
weights=np.ones_like(mins_ch1) / len(total))

plt.hist(mins_ch2, bins=Bins, alpha=0.5, label=1abel488 ,
weights=np.ones_like(mins_ch2) / len(total))

plt.hist(mins_ch3, bins=Bins, alpha=0.5, label=1label647_488,
weights=np.ones_like(mins_ch3) / len(total))

plt.xlabel('Distance (nm)")

plt.ylabel('Number of counts (%)")

formatter = FuncFormatter(lambda y, _: str(y * 100) + '%")
plt.gca().yaxis.set_major_formatter(formatter)
plt.legend()

plt.savefig(archivo' NND_hist.pdf', bbox_inches='tight')
plt.show()

Figure A.2: Nearest Neighbor Distance program (page2/2)
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i

Calculo de la cantidad y tamano de clusters de marcaje 647, 488 y combinacion 647-488
Instrucciones:

Poner en una misma carpeta los archivos de molecule lists .txt y este script.

Se crearan 3 archivos .csv con todas las areas de todos los molecule lists del 647,
el 488 y el 647 con el 488. Los archivos se nombran como 'archivo'_areas_647.csv,
'archivo'_areas_488.csv y 'archivo'_areas_647-488.csv respectivamente. El histograma
generado se guarda como 'archivo'_areas__hist.pdf

#===MODIFICAR===
# Parametros DBSCAN
epsilon = 1

minimum_samples = 3

# Nombre archivos csv
archivo = 'hola'

# Histograma

Bins = 15
label647 = 'Cav2.1'
label488 = 'BK'

label647_488 = 'Cav2.1 + BK'

# Cargar MOAULOS - - === == == s s e e e e
import os

import glob

import pandas as pd

import numpy as np

import matplotlib.pyplot as plt

from sklearn.cluster import DBSCAN

import itertools

from scipy.spatial import ConvexHull

from matplotlib.ticker import FuncFormatter

# Definir fuNClONeS------ - o m o e
def Area(vertices):
n = len(vertices) # of corners
a=0.0
for 1 in range(n):
j=(i+1)%n
a += abs(vertices[i1][0] * vertices[j][1]-vertices[j][0] * vertices[i1][1])
result = a / 2.0
return result

# Leer archivos---------ommm oo
list_ml = (glob.glob("*.txt"))

# Extraer coordenadas X, Y corregidas de la lista de moleculas, separadas por canal
chl_areas = []

ch2_areas = []

ch3_areas = []

ch3_new_areas = []

for item in list_ml:

print(item)
df = pd.read_csv(item, sep=" ")

Figure B.1: Clusters program (pagel/4)
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df_647 = df.loc[df['Channel Name'] == 647]
df 647 = df_647[['Xwc', 'Ywc']].copy()
df_488 = df.loc[df['Channel Name'] == 488]
df_488 = df_488[[ 'Xwc', 'Ywc']].copy()

df_647_488 = df[['Xwc', 'Ywc']].copy()

# Valores 647 -> chl, 488 -> ch2, 647+488 -> ch3
chi_data = df_647.values
ch2_data = df_488.values

ch3_data = df_647_488.values
5] 23 0
# Chl: 647

print('Number of particles 647:', len(ch1l_data))

db1l = DBSCAN(eps=epsilon, min_samples=minimum_samples,
metric="euclidean').fit(ch1l_data)

db1_labels = db1l.labels_

dbin_clusters_ = len(set(dbi_labels)) - (1 if -1 in dbl_labels else 0)

print('Number of clusters in 647: %d' % dbin_clusters_)

labels_ch1 = db1.labels_

chi_counts = np.bincount(labels_chi[labels_ch1>=0])

# Ch2: 488

print('Number of particles 488:', len(ch2_data))

db2 = DBSCAN(eps=epsilon, min_samples=minimum_samples,
metric='euclidean').fit(ch2_data)

db2_labels = db2.labels_

db2n_clusters_ = len(set(db2_labels)) - (1 if -1 in db2_labels else 0)

print('Number of clusters in 488: %d' % db2n_clusters_)

labels_ch2 = db2.1labels_

ch2_counts = np.bincount(labels_ch2[labels_ch2>=0])

# ch3: 647+488

print('Number of particles 647 + 488:', len(ch3_data))

db3 = DBSCAN(eps=epsilon, min_samples=minimum_samples,
metric="'euclidean"').fit(ch3_data)

db3_labels = db3.labels_

db3n_clusters_ = len(set(db3_labels)) - (1 if -1 in db3_labels else 0)

labels_ch3 = db3.labels_

ch3_counts = np.bincount(labels_ch3[labels_ch3>=0])

# Calculo de las areas de 10S CluSterS--------mmmmmmm oo
# chl
clusters_chl = [chi_data[db1l_labels == 1] for i1 in range(dbin_clusters_)]
areas_chl = []
for i,item in enumerate(clusters_ch1):

points = np.array(clusters_chi[i])

hull = ConvexHull(points)

A = hull.points

B = hull.vertices

ixgrid = np.ix_(B)

AA = A[ixgrid]

areas_ch1.append(Area(AA))

# ch2
clusters_ch2 = [ch2_data[db2_labels == 1] for 1 in range(db2n_clusters_)]
areas_ch2 = []
for i,item in enumerate(clusters_ch2):
points = np.array(clusters_ch2[1])

Figure B.2: Clusters program (page2/4)
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hull = ConvexHull(points)
A = hull.points

B = hull.vertices

ixgrid = np.ix_(B)

AA = A[ixgrid]
areas_ch2.append(Area(AA))

# chl ch2
clusters_ch3 = [ch3_data[db3_labels == 1] for 1 in range(db3n_clusters_)]
areas_ch3 = []
for i,item in enumerate(clusters_ch3):
points = np.array(clusters_ch3[i])
hull = ConvexHull(points)
A = hull.points
B = hull.vertices
ixgrid = np.ix_(B)
AA = A[ixgrid]
areas_ch3.append(Area(AA))

# Nueva identificacién de cada cluster por (n° particulas, drea)-------------cceeenon-

xchl = chl_counts
ychl = areas_ch1
xch2 = ch2_counts
ych2 = areas_ch2
xch3 = ch3_counts
ych3 = areas_ch3
chl =[]

for combination in itertools.zip_longest(xchl, ych1):
ch1.append(combination)

ch2 =[]

for combination in itertools.zip_longest(xch2, ych2):
ch2.append(combination)

ch3 =[]

for combination in itertools.zip_longest(xch3, ych3):
ch3.append(combination)

# Eliminar de ch3 (647+488) los clusters que sean identicos en chl (647) y ch2 (488)-

# el nuevo ch3 con las substraciones sera ch3_new

delete_chich3 = list(set(ch1l).intersection(ch3))

delete_ch2ch3 = list(set(ch2).intersection(ch3))

index_elim_chich3 = []

for item in delete_chich3:
index_elim_chich3.append(ch3.index(item))

for index in sorted(index_elim_chlch3, reverse=True):
del ch3[index]

index_elim_ch2ch3 = []

for item in delete_ch2ch3:
index_elim_ch2ch3.append(ch3.index(item))

for index in sorted(index_elim_ch2ch3, reverse=True):
del ch3[index]

# Nuevo ch3 (647+488) que sélo contiene clusters formados por chl (647) con ch2 (488)
xch3_new = [x[0] for x in ch3]

ych3_new = [x[1] for x in ch3]

print('Number of clusters in 647 + 488: ', len(ych3_new))

Figure B.3: Clusters program (page3/4)
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# Vectores que contienen sélo las areas
chl_areas.extend(ychl)
ch2_areas.extend(ych2)
ch3_new_areas.extend(ych3_new)

# Cambiar unidades de las areas de nm a um y guardar a archivos CSV-------=====seeeemmmn-

chi_areas[:] = [x / 1000000 for x in chl_areas]
ch2_areas[:] = [x / 1000000 for x in ch2_areas]
ch3_new_areas[:] = [x / 1000000 for x in ch3_new_areas]

np.savetxt(archivo+"_areas_647.csv", chl_areas, delimiter=",")
np.savetxt(archivo+"_areas_488.csv", ch2_areas, delimiter=",")
np.savetxt(archivo+"_areas_647-488.csv", ch3_new_areas, delimiter=",")

# Histograma----------=cccececccncccccccccccncrncccncecerrccecnercncnrcccaceoecnceoon-

areas = chl_areas+ch2_areas+ch3_new_areas

plt.hist(chl_areas, bins=Bins, fc='red', alpha=0.5, label=label647,
weights=np.ones_like(ch1l_areas) / len(areas))

plt.hist(ch2_areas, bins=Bins, fc='green', alpha=0.5, label=1label488,
weights=np.ones_like(ch2_areas) / len(areas))

plt.hist(ch3_new_areas, bins=Bins, fc='yellow', alpha=0.5, label=1label647_488,
weights=np.ones_like(ch3_new_areas) / len(areas))

formatter = FuncFormatter(lambda y, _: str(y * 100) + '%")
plt.gca().yaxis.set_major_formatter(formatter)
plt.xlabel('Cluster area (pm?2)', fontsize=14)
plt.ylabel('Clusters (%)', fontsize=14)

plt.legend()

plt.savefig(archivo'_areas_hist.pdf', bbox_inches='tight")
plt.show()

Figure B.4: Clusters program (page4/4)
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