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ABSTRACT

Neurotransmitter release is modulated by multiple regulatory mechanisms that control
several stages of synaptic vesicle (SV) exocytosis. At the final stage, SV fusion with the
presynaptic membrane requires calcium influx through voltage-gated calcium channels,
and regulatory mechanisms that alter the surface expression or conductance of calcium
channels have large effects on neurotransmitter release. To determine how these
mechanisms contribute to synapse-specific modulations of neurotransmitter release and
synaptic strength, we require a means to monitor presynaptic calcium transients at
individual synapses. Genetically encoded calcium indicators (GECIs), engineered
proteins that change their fluorescence emission properties upon calcium binding,
generally lack the sensitivity to measure such transients in response to isolated stimuli.
Therefore, we modified the GECI, GCaMP3, by altering its sensitivity for calcium. Our
results suggest the modified GCaMP-based presynaptically targeted GECls are excellent
tools to quantify presynaptic calcium transients at individual synapses in response to
isolated action potentials.
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CHAPTER 1 INTRODUCTION

1.1 CALCIUM SIGNALLING IN NEURONS

Calcium plays a vital role in the regulation of many essential cellular processes
and signalling events across a variety of tissues and organisms (Brownlee, 2000;
Clapham, 1995; Takahashi et al, 1999). Calcium is a universal second messenger
regulating many enzymes. However, persistent calcium elevation can lead to apoptotic
and necrotic cell death (Clapham, 1995). Therefore, the ion’s concentration is maintained
at very low cytosolic levels, ranging from 30 to 100 nM (Maravall et al, 2000; Nakajima
et al, 1993). In neurons, which contain high densities of voltage-gated calcium channels,
low basal calcium concentrations are achieved through a plethora of efficient calcium
buffering proteins, including parvalbumin, calretinin, and calbindin-D28K, and rapid
extrusion mechanisms (Celio, 1990; Baimbridge et al, 1993; Clapham, 1995; and
Edmonds et al, 2000). Such mechanisms include transporting Ca®" to the extracellular
space via high-affinity, low capacity plasma membrane Ca®" ATPase (PMCA) pumps as
well as low-affinity, high capacity Na"/Ca®" exchangers; intraorganellar storage of the
ions by means of smooth endoplasmic reticulum calcium (SERCA) pumps, and
mitochondrial Ca** uniporters (Bianchi et al, 2004; Clapham, 1995; Reuter and Porzig,
1995). The autonomous regulation of calcium influx in the cytosol by the ubiquitously
distributed calcium buffers and extrusion mechanisms causes calcium signalling to be
highly localized to subcellular compartments within neurons (Berridge, 1998). Moreover,
these spatially defined elevations of cytosolic calcium maintain their highest amplitude at
the point of entry, but quickly taper off to create diffusion gradients as the distance from

each source increases (Chad and Eckert, 1984). Furthermore, cytosolic calcium transients



arise from various extracellular and intracellular sources of influx and differ in their
contribution to the regulation of internal signaling processes and events depending on
their identity, location, and characteristics (Berridge, 1993; Clapham, 1995; Tsien and

Tsien, 1990).

Much is known about the various axonal, dendritic, and somatic sources of
calcium influx that lead to compartmentalized signaling in neurons. Along the plasma
membrane of axons, extracellular calcium enters the cytosol through N- and P/Q-type
voltage-gated calcium channels (VGCCs) in response to membrane depolarizing action
potentials (APs) (Catteral, 2000; Spafford and Zamponi, 2003; Jaffe et al, 1992). The
rapid influx of calcium through VGCCs forms spatially defined regions of calcium that
quickly diffuse from the mouth of the channels that are denoted as ‘calcium domains’
(Chad and Eckert, 1984). Each domain can be further characterized as being either a
‘microdomain’ or a ‘nanodomain’ depending on the degree of signal summation that
arises from clusters of open VGCCs or from single, isolated VGCCs, respectively (Kasai,
1993; Llinas et al, 1992). The concentrations of calcium within these domains reportedly
range from tens of nanomolar to hundreds of micromolar in value (Heidelberger et al,
1994; Roberts and Hudspeth, 1990; Llinas et al, 1992; Neher, 1998). As an example for
calcium signalling in micro- and nanodomains, presynaptic VGCCs are predominantly
located at the active zone to facilitate neurotransmitter release. The local Ca®" increase
through VGCCs at presynaptic specializations is detected by the synaptic vesicle
membrane glycoprotein, synaptotagmins. Since synaptotagmins have a low affinity for
calcium, synaptic vesicles have to be located within the calcium micro- or nanodomain to

undergo calcium-triggered exocytosis (Stidhof, 1995).



The cascade of events resulting in neurotransmitter release at presynaptic sites
facilitates synaptic communication with neighboring neurons and may activate another
source of calcium influx. The neurotransmitter glutamate, for instance, can bind to N-
methyl-D-aspartate-type glutamate receptors (NMDARS) in the postsynaptic membrane
to induce dendritic influxes of calcium (Berridge, 1998; Miiller and Connor, 1991). In
addition to the axonal and dendritic sources of calcium, intracellular calcium stores
within the extensive endoplasmic reticulum network represent another important source
of calcium that can have profound effects on shaping neuronal Ca** signals (Kostyuk and
Verkhratsky, 1994; Simpson et al, 1995; Garaschuk et al, 1997) (Figure 1). To
understand regulatory mechanisms in neurons that require calcium signalling, accurate
measurements of calcium transients in subcellular domains, micro- and nanodomains are

necessary.

1.2 MEASURING INTRACELLULAR CALCIUM TRANSIENTS
1.2.1 Electrophysiology

Several calcium measurement techniques have been implemented in various
neuronal preparations to ascertain information regarding synaptic transmission and the
functioning of neural networks. Electrophysiological methods provide measurements of
calcium conductances across the plasma membrane with excellent temporal resolution.
However, this technique is accompanied by several significant limitations.
Electrophysiological techniques generally have a poor spatial resolution, as this approach

integrates calcium conductances across the plasma membrane of electrotonically



accessible parts of the cell. In some instances, measurements of calcium conductances in
electrotonically well-isolated compartments of neurons can be made by patch-clamping
these structures directly (e.g. Stanley and Atrakchi, 1990; Schneggenburger et al, 1999).
However, this approach is limited to large, experimentally accessible subcellular
structures, often in specialized preparations, such as Calyx-type synapses. A second
limitation of electrophysiological calcium measurements is that not all sources of
cytosolic calcium transients can be measured. As electrodes for electrophysiology are
placed at the plasma membrane, calcium mobilized from other sources that do not contact
this membrane, such as intracellular stores, cannot be sampled. Experimental protocols
for conducting electrophysiological recordings are also very invasive in nature as they
impale the membrane of recording site of the cell of interest. Recordings with whole-cell
access often result in a ‘wash out’ effect, which is the dilution of the constituents of a
cell, such as proteins involved in calcium signalling and buffering, amongst others.
Another limitation with this technique is that in order to isolate a specific ion’s currents,
all other ionic currents must be inhibited. This requirement results in an unphysiological
environment that can skew the data recovered of the isolated current of interest. Finally,
electrophysiological recordings have been proven to be very difficult to perform in an in
vivo preparation due to the accessibility to cells of interest. Due to the drawbacks of these
methods, more effective techniques to measure isolated calcium transients were in need
of development so researchers could further expand their understanding of neuronal

calcium dynamics.



1.2.2 Synthetic Fluorescent Calcium Indicator Dyes

The use of fluorescent small molecule synthetic calcium indicator dyes has
addressed several limitations of electrophysiological approaches. These dyes report
information with high spatial resolution, can monitor different sources of calcium influx
concomitantly, do not require extensive pharmacology to isolate calcium conductances,
and are more easily applied in vivo. Therefore, indicator dyes have become widely used
over the last three decades to study questions of calcium signalling as well as to monitor
action potentials in neurons and cardiomyocytes (Higley and Sabatini, 2008; Rochefort et
al, 2008). These bright indicator dyes, which are mostly based on the calcium chelating
molecule bis-(o-aminophenoxy)-ethane-N,N,N’, N’-tetraacetic acid (BAPTA), an ethylene
glycol tetraacetic acid (EGTA) homologue, are photostable, and demonstrate large Ca*"
dependent fluorescence changes (Paredes et al, 2008). Furthermore, a multitude of dyes
have been generated ranging in their affinity for calcium, as their application as sensors
are only effective when utilized with calcium concentrations similar to their own
dissociation constant (Kg4). For instance, high affinity dyes can be applied to detect small
calcium transients with high sensitivity while low affinity dyes are not saturated by, and
are accurate reporters of, large calcium transients. Dyes that range in their affinity for
calcium include Fura 2, Fluo 3, Rhod 2, BTC, and Mag-fura 2, and have respective K4 of
224 nM, 400 nM, 1 pM, 7 uM, and 25 pM (Takahashi et al, 1999). Dyes such as these
allow researchers to select an appropriate calcium sensor depending on the type of

calcium environment under investigation.

Although the implementations of calcium dyes have further advanced our

understanding of neuronal processes underlying calcium signalling, several limitations



must be considered with this approach as well. First and foremost, the use of indicator
dyes to measure cytosolic calcium transients is often problematic in experiments probing
calcium transients in (1) discrete populations of cells in organized tissue or (2) at specific
subcellular locations in a single cell. Indicator dyes can be loaded into cells either
through a patch pipette or by bulk application of a membrane-permeable acetomethoxy
ester of the dye. When attempting to record calcium transients from discrete populations
of cells in a tissue slice or in vivo, the dye often has to be applied through a patch pipette
to permit the identification of cell type and prevent signal contamination. However, this
method has many of the drawbacks of conventional electrophysiology (difficulty to use in
vivo, invasive and prone to “wash out” artefacts, and limitation of recordings to a single
or few cells). Regardless of the loading method, synthetic indicators also lack the ability
to be easily targeted to specific subcellular locations, such as synaptic specializations, as
they become distributed throughout the cytosol or intraorganellar space upon loading
(Takahashi et al, 1999). This feature often prevents the efficient use of calcium dyes in
experiments probing calcium transients in micro- or nanodomains. Moreover, fluorescent
ion indicators that can readily traverse the membrane can compartmentalize in an
undesirable fashion (Takahashi et al, 1999). Many positively charged dyes, for example,
become trapped in mitochondria, preventing their effective use to measure cytosolic

transients (Steinberg et al, 1987; Malgaroli et al, 1987).

Synthetic indicators are also generally restricted to acute experiments due to issue
of cytotoxicity, photodamage and photobleaching, and leakage of the dye to extracellular
space from loaded cells (Takahashi et al, 1999; Becker and Fay, 1987; McDonough and

Button, 1989). Dye leakage is regulated in part by anion transport systems and is partially



dependent on the cell type. It is especially problematic in long-term experiments, during
which dye leakage can lead to progressive deterioration of the signal. Dye leakage may
also make it difficult to accurately compare signals measured at different times during a
long-term experiment, even when concentration changes are carefully monitored. Some
techniques can be employed to avoid dye leakage. They include conjugating the indicator
with membrane impermeable dextrans, inhibiting the ion transport systems, or
continuously loading the dye; however, these workarounds are invasive, may limit data
interpretation, and be potentially difficult or laborious depending on the preparation,
respectively (Di Virgilio et al, 1988; Di Virgilio et al, 1990; Schlatterer et al, 1992;

Munsch and Deitmer, 1995).

In summary, the use of synthetic indicator dyes has dramatically improved our
understanding of cellular calcium signalling in neurons as well as non-neuronal cells.
However, several limitations such as the inability to target dyes to specific cell
populations and subcellular compartments as well as dye compartmentalization and
leakage issues has restricted their use in some paradigms and led to the development of

genetically encoded calcium indicators (GECIs), which are discussed in the next section.

1.2.3 Genetically Encoded Calcium Indicators

Another approach that has garnered significant attention over the last decade is
the use of GECls. These sensors have the potential to overcome the limitations of small-
molecule calcium indicators as they are expressible within genetically defined neuronal
populations through use of tissue-specific promoters (Hasan et al, 2004; Kuhn et al,

2012). The generation of transgenic mice or use of viral delivery methods allows fairly



convenient use of GEClIs in vivo. Used in this way, the expression of GECIs remains
relatively constant over time, allowing long-term experiments. This strategy allows the
ability to monitor the neuronal activity across multiple brain regions and cell types, with
examples including, neurons in the adult mouse retina (Borghuis et al, 2011), the
hippocampus (Dombeck et al, 2010), and the mouse somatosensory cortex (Mittmann et
al, 2011). Moreover, unlike small molecule-dyes, GECIs can easily be targeted to specific
subcellular domains by constructing chimeric proteins in which the GECI is tagged with
a cellular targeting sequence or fused to a protein that is targeted to a subcellular domain.
This approach has been utilized to image synaptic activity by tethering indicators to
synaptic vesicles (Dreosti et al, 2009), assessing mitochondrial calcium handling
(Filippin et al, 2005), and investigate localized calcium signals at the nucleus (Miyawaki
et al, 1997), endoplasmic reticulum (Palmer et al, 2004), Golgi (Griesbeck et al, 2001),
and the plasma membrane (Nagai et al, 2004; Shigetomi et al, 2010). Moreover, the
generation of various transgenic organisms incorporated with GECls has facilitated cell
specific expression of calcium sensors within tissues that are difficult to load with dyes
(Heim et al, 2007; Kerr et al, 2000; Reiff et al, 2005; Higashijima et al, 2003; Hasan et al,

2004. Ji et al, 2004).

GECIs are polypeptide calcium sensors comprised of one or two optical reporter
elements, such as green fluorescent protein (GFP) or its derivatives, conjugated with a
calcium binding protein, such as calmodulin (CaM) or troponin C (Romoser et al, 1997;
Miyawaki et al, 1997; Baird et al, 1999; Heim and Griesbeck, 2004; Mank et al, 2006).
They transduce calcium binding evoked structural changes of the sensor protein into an

observable fluorescence change of the attached fluorophore. The initial GECI detection



strategy pioneered by Roger Tsien, Atsushi Miyawaki, and colleagues, utilized
Forster/fluorescence resonance energy transfer (FRET) between two fluorophores. This
technique exploits the conformational change of the sensor domain upon Ca** binding to
alter the relative distance and orientation between the donor and acceptor fluorophores
resulting in the modulation of their emission spectra (Miyawaki et al, 1997; Knopfel et al,

2010; Palmer et al, 2006; Kotlikoff, 2007) (Figure 2A).

The first series of FRET based sensors designed by Miyawaki et al (1997), termed
‘cameleons’, were successfully expressed in the cytosol and endoplasmic reticulum of
HeLa cells, maintained K4 values of 11 puM and 70 nM and reported calcium
concentrations in the range from <10~ to >10™* M. They demonstrated two combinations
of donor and acceptor fluorophores which were blue or cyan fluorescent proteins fused
with enhanced green or yellow fluorescent proteins. These fluorophore combinations
exhibited excitation wavelength and emission ratios of 380-510/445 and 440-535/480
nm, respectively. Since their advent, the cameleons have been progressively modified to
decrease their pH sensitivity (Miyawaki et al, 1999; Griesbeck et al, 2001), improve their
dynamic range by exchanging the calcium binding component of the sensor (Heim and
Griesbeck, 2004), and optimize the interactions between the donor and acceptor, as well
as between calmodulin and its target binding peptide (Truong et al, 2001; Nagai et al,
2004; Palmer et al, 2006). Although not as bright as synthetic dyes, current derivatives of
the original cameleons are able to detect calcium transients in response to spike bursts or
even single action potentials in hippocampal slices (Wallace et al, 2008) as well as in

vivo in vertebrate and invertebrate preparations (Mank et al, 2008, Wallace et al, 2008).



1.3 GCAMP-BASED CALCIUM SENSORS

1.3.1 Development of GECIs Based on Circular Permuted GFP

In contrast to FRET-based sensors, which require continuous monitoring of
fluorescence at two different wavelengths, GECIs with a single optical element require
fluorescence measurements at only a single wavelength and are thus much easier to
employ (Figure 2C). Therefore, single fluorophore GECls are more frequently used. In
particular, GECIs of the GCaMP family are increasingly popular (Chalasani et al, 2007;
Dreosti et al, 2009; Dombeck et al, 2010; Mao et al, 2008) as they are currently the most
sensitive GECIs (Tian et al, 2009; Muto et al, 2011, Zhao et al, 2011a), Unlike FRET-
based calcium indicators, the most current generation of these sensors approach signal-to-
noise characteristics of small molecule indicator dyes. Since GCaMP-based GECIs have
been extensively utilized in this Masters project, their development and continuing

evolution will be summarized below.

The generation the GCaMP family of GECIs is based on the concept of circular
permutations to the GFP fluorophore, initially developed by Baird and Tsien (1999). This
permutation interchanges the amino and carboxyl regions of the enhanced GFP moiety
and reconnects the original termini with a short peptide spacer sequence, thus generating
new N and C termini (Figure 2B). The exchange still allows the GFP to fold correctly,
generate internal chromophores, and maintain the stability of their excited states (Baird et
al, 1999). Furthermore, the circular permuted GFP can tolerate the insertion of proteins

that profoundly affect the indicator’s fluorescence.
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Two research groups independently utilized the circular permutation approach to
generate the first generation of single wavelength fluorescent calcium indicators (Nagai
et al, 2001; Nakai et al, 2001). Their approaches were similar as each group incorporated
either a circularly permutated yellow fluorescent protein (termed pericams; Nagai et al,
2001) or a circularly permuted enhanced GFP (cpEGFP) (named GCaMP1; Nakai et al,
2001) with the new C terminus fused to CaM (of Homo sapiens) and N terminus with
CaM-binding M13 peptide, which was derived from chicken skeletal myosin light chain
kinase. The binding of free Ca** to CaM causes a conformational change magnified by
the M13 peptide, which performs as an actuator due to its preferential binding to the
calcium-bound form of CaM (Rhoads and Friedberg, 1997). In turn, this change
reorganizes the environment of the fluorophore resulting in a fluorescence intensity
increase that is a function of Ca”" concentration with reversible spectral properties (Nagai
et al, 2001). Although both sensors exploited the 144-145 fluorophore break identified in
the initial circular permutation studies, amino acids 145-148 are removed in GCaMP1
(Nakai et al, 2001). Moreover, GCaMP1 exhibited a higher K4 when used in cells,
resulting in an improved signal over background ratio (Nakai et al, 2001; Pologruto et al,
2004). However, limitations of the first generation of GCaMP1 included pH sensitivity
and required folding temperatures below 37°C (Nakai et al, 2001). Nonetheless, these
sensors exemplified the ability of single fluorophore indicators to measure cytosolic Ca*"

with relatively high signal strength characteristics at the time of their inception.
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1.3.2 Optimization of GCaMP Sensors

Since their advent, engineering an improved GCaMP indicator has been a priority,
as their initial properties, such as signal-to-noise ratio (SNR), transition kinetics,
fluorescent intensity, and photostability have lagged behind that of synthetic indicators.
As a result of dedicated efforts from multiple research groups, the initial GCaMP scaffold
introduced by Nakai et al (2001) has since been optimized to produce a sensor closer in

performance to that of dyes.

The first efforts to improve GCaMP1 were performed by Ohkura et al, (2005).
They utilized a site-directed mutagenesis approach to replace the amino acids Valine and
Serine with Alanine and Glycine at positions 163 and 175 within the cpEGFP,
respectively. The substitutions in the resulting variant, named GCaMP1.6, reduce steric
hindrance and provide more efficient chromophore formation of the GFP. Compared with
the original GCaMP, GCaMP1.6 exhibited a 40-fold increase in fluorescence, lower pH
sensitivity, slightly higher affinity, and higher selectivity for divalent cations similar in
radius to Ca*” (Ohkura et al, 2005). Furthermore, the alanine at position 206 was replaced
with Lysine (A206K) (Tallini et al, 2006) to prevent GFP dimerization (Zacharias et al,
2002). Following a PCR-based random substitution protocol performed on GCaMP1.6,
two more amino acid substitutions were identified to further increase brightness 6-fold
(Aspartic acid-180-Tyrosine and Valine-93-Isoleucine) (Tallini et al, 2006). However, of
more importance was the addition of an N-terminal 35-residue polyHis RSET linked to
the MLCK leader sequence (Methionine-Leucine-Cysteine-Lysine) to provide

environmental stability above 30°C. The resulting sensor was termed GCaMP2.

12



Although much improved compared to the original GCaMP1, GCaMP2 still
produced inferior signals to that of synthetic indicator dyes, not enabling their detection
of Ca®" transients during low firing rates within neurons. The X-ray determination of the
Ca®"-bound and Ca®’-free states of GCaMP2’s crystal structure (Wang et al, 2008;
Akerboom et al, 2009) significantly facilitated strategies for researchers striving to
modify GCaMPs signals to approach those produced by indicator dyes. Continuing with
the site directed mutagenesis approach, Akerboom and colleagues (2009) attempted to
further increase the brightness of the sensor, in addition to reducing the dimerization
observed in GCaMP2, utilizing these crystal structures. The M13 peptides of GCaMP2
were found dimerize to the CaM domain of another GCaMP leading to a possible
decrease in signal. The replacement of Aspartic Acid with the bulkier Tyrosine at
position 381 (D381Y), located on the flexible linker region of CaM which packs against
the cpEGFP opening, addressed this issue. However, of more importance, all mutations
investigated were performed on the GCaMP2-T116V (Threonine-116-Valine) template
due to this mutation’s noted ability to increase the wild type EGFP excited-state proton
transfer. This mutation resulted in a dynamic range increase (AF/F, = 8.4), and in turn,
successfully improved the SNR of the sensor (Akerboom et al, 2009). Although not all
pertinent mutations were kept in subsequent versions of GCaMP (i.e. D381Y), the
mutation sites identified in this study could not have been predicted without GCaMPs

structural data.

Tian et al, (2009) also utilized the data obtained by Akerboom et al, (2009) as
well as the previously discussed optimization studies to implement a protein structure-

guided mutagenesis combined with a rationalized library screening protocol. The result
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was the generation of GCaMP3. In addition to retaining the important T116V point
mutant, the generation of GCaMP3 contained amino acid substitutions of Asparagine-
363-Aspartic Acid (N363D or CaM N60D), which increased the fluorescence change for
small transients without affecting basal fluorescence, and Methionine-153-Lysine
(M153K) within the EGFP component of the sensor. Although the sensors kinetics were
similar to that of GCaMP2, the implementation of GCaMP3 resulted in a brighter GECI
for AP triggered responses within pyramidal neurons in cultured brain slices, exhibited
greater protein stability, SNR, and dynamic range properties than its predecessor.
Moreover, GCaMP3 had an increased affinity for calcium compared to GCaMP2 (Tian et
al, 2009). Upon testing GCaMP3s abilities by imaging neural activity across various in
vivo preparations such as worms, flies, and mice, the indicator exhibited the ability to
detect calcium transients triggered by single APs in the soma and proximal dendrites,
with faster kinetics, better SNR and photostability than previously reported FRET based
indicators D3cpV and TN-XXL (Tian et al, 2009; Wallace et al, 2008; Mank et al, 2008).
Furthermore, its use has reduced physiological defects during long-term overexpression
experiments previously experienced with previous generations of GECls (Garaschuk et

al, 2007) (see Figure 3 for overview of GCaMP optimization).

Many other research groups have produced significant data with the use of
GCaMP3. For example, specific applications of the sensor allowed calcium dynamics to
be observed in the optic lobe of walking Drosophila (Seelig et al, 2010), and in mouse
hippocampal neurons during virtual navigation (Dombeck et al, 2010). Thus, the
widespread application of GCaMP3 across many experimental paradigms illustrates the

importance of its generation for those interested in monitoring calcium dynamics.

14



While previous studies devoted to improving the sensitivity of GCaMP have
mainly focused on the cpEGFP domain of the protein, relatively little work has addressed
how mutations in the calcium-binding calmodulin component change the properties of
GCaMPs (with the exception of Tian et al’s (2009) CaM N60D, and Akerboom et al’s
(2009) mutation in the linker region, which did not show a significant effect on their
own). However, structure-function relationships of calmodulin itself have been

extensively studied.

1.3.3 The Structure and Functional Properties of Calmodulin

Calmodulin belongs to the ‘EF hand’ family of calcium binding proteins that is
highly conserved across species. This small acidic protein, which is of 148 amino acid
length, consists of two somewhat homologous (46%) globular domains that do not form
direct contacts between one another, separated by a flexible linker region (Starovasnik et
al, 1992; Sorensen et al, 2002; Kuboniwa et al, 1995; Faga et al, 2003). Each domain
contains two Ca®" binding sites called EF hand motifs (labelled numerically I through IV
from the N terminus) of o-helix-loop-a-helix conformation that sequester Ca*" in a
cooperative fashion amongst site pairs within their respective domains (Tsalkova and
Privalov, 1985) (Figure 4). The 12 residue loop region of each EF hand motif is
composed of six chelating residues arranged in a multidentate coordination shell that
either directly or indirectly bind calcium through glutamate, aspartate, or asparagine side
chains at positions 1, 3, 5, and 12, the mainchain carbonyl at position 7, and a bridging

water molecule that interacts with the amino acid at position 9 (Ye et al, 2005). These six
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residues are denoted as the +X, +Y, +Z, -Y, -X, and -Z (1, 3, 5, 7, 9, and 12) positions on

the axes of the near-octahedral shell (Figure 5).

Upon motif comparison, a high conservation of residues is observed across the
four binding sites of GCaMP3s CaM, especially in regards to aspartic acid at chelating
positions 1, 3, and 5 (with the exception of asparagine in motif III), glycine at position 6,
and glutamic acid at chelating position 12 (Wu and Reid, 1997) (see Figure 6 for EF

motif overlay).

The extensive investigation of CaM has been facilitated in large part by studies
utilizing directed mutagenesis techniques performed primarily on the EF hand residues to
further understand their Ca®" affinity properties. For example, protein studies of
Drosophila melanogaster CaM have revealed that the independent replacement of
glutamic acid with glutamine at chelating position 12 (-Z) in each of the four motifs
eliminates Ca”" binding affinity at that site (Maune et al, 1992). Moreover, a reduction of
calcium affinity was also observed within the EF motif of the same domain to
significantly reduce the calcium binding of the mutant protein compared to that of the
wild type protein (Maune et al, 1992). Synthetic peptide studies have also investigated
the effects of substituting amino acid residues at positions 3 (+Y), 5 (+Z) and 9 (-X) of
the EF motifs (Procyshyn and Reid, 1994a; Procyshyn and Reid, 1994b; Reid and
Procyshyn, 1995). Their results indicated that the replacement of aspartic acid at
positions 3 and 5 with asparagine reduces the calcium affinity of the EF motif containing
the point mutation. Furthermore, a separate protein study reported that even a very
conservative mutation (aspartic acid to glutamic acid) at conserved position 5 (+Z) of site

IV was also able to produce a drastic reduction in site affinity for calcium in addition to
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significantly reducing the calcium affinity of site III within the same domain (Wu and
Reid. 1997). Similar calcium affinity reductions were observed upon the independent
insertion of asparagine at position 9 of EF motifs III and IV for peptides performed by the
same research group as well (Procyshyn and Reid, 1994a). Thus, positions 3, 5, and 9
serve a major role in shaping CaMs calcium binding properties. However, position 12 of
each EF motif is elementary in maintaining not only each EF motifs calcium binding
capabilities, but also of the neighboring sites within the same domain. This last point
illustrates that coordination or cooperativity exists between EF motifs of the same domain

to affect the overall calcium affinity of CaM.

More recently, residues outside of the four EF hand motifs have been more
thoroughly explored. According to studies investigating the flexible interdomain linker
region, basic residues of arginine (CaM position 74), and lysine (CaM positions 75 and
77) were deemed critical for both stabilizing the apo-conformation of the N-terminal
domain and lowering its affinity for calcium (Faga et al, 2003; VanScyoc et al, 2002;
Sorensen et al, 2002) Furthermore, a mild increase in affinity of sites I and II was
observed when the position 74 arginine was replaced with the nonpolar alanine
(VanScyoc et al, 2002). This study conducted a second similar mutation on the linker
region closer to C-terminal EF motifs (CaM position 90) that resulted in a mild increase
in calcium affinity for sites III and IV, in addition to sites I and II. These results indicate
that not only can the overall affinity of CaM be tuned by targeting residues that are
distant to the binding loops, but the alteration of these residues can also affect the binding
capabilities of both domains concomitantly. Collectively, these studies show that

calmodulin cooperatively binds calcium with its four EF hand motifs and that its K4 is

17



exquisitely sensitive to mutations in these motifs, as well as to amino acid residue

exchanges in the linker between N- and C-terminal lobes of the protein.

14 OBJECTIVES OF THIS STUDY

GCaMP3 has been shown to be sensitive enough to detect calcium transients in
response to isolated APs in the somata and proximal dendrites of neurons (Tian et al,
2009). However, we have found that they are insufficient for the detection of action
potential-induced transients in smaller compartments, such as in axons, and presynaptic
varicosities. The inability to measure transients in these compartments of relatively
smaller volume arises because the number of GECI molecules per imaged area is much
lower than when somata or thick proximal dendrites are imaged. Therefore, the overall
signal and SNR are very much reduced. Moreover, the SNR of current GCaMP sensors
may also be insufficient to detect postsynaptic calcium transients in response to NMDA
receptor activation, which may also be smaller in amplitude than transients elicited by
somatic VGCC opening induced by action potentials. Therefore, the first objective of this
study is to increase the sensitivity of current GCaMP sensors to enable the
quantifiable detection of calcium transients that occur in smaller neuronal

compartments.

A number of strategies increase the sensitivity or SNR of a GECI such as
GCaMP3 for small calcium transients, some of which of have been utilized by previous
GECI optimization studies discussed above. The approach of increasing the dynamic

range [(Fmax-Fmin)/Fmin] of a sensor has already proven to be successful towards
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improving SNR (Akerboom et al, 2009; Tian et al, 2009). Also, an increase of the basal
fluorescence (Fpin) of the sensor while keeping the dynamic range constant has led to
increases in the sensitivity of the sensor (Ohkura et al, 2005; Tallini et al, 2006; Tian et
al, 2009). Finally, for the sensitive detection of small transients, the calcium affinity, i.e.
dissociation constant (Kq4) for calcium and the Hill coefficient, likely has large effects on
the sensitivity of the sensor. Previous mutations in the cpGFP, and to a small part in the
CaM regions, have led to small changes in the apparent Ky of the sensor (Ohkura et al,
2005; Tallini et al, 2006; Tian et al, 2009, Muto et al, 2011, Zhao et al, 2011Db).
However, it has not been systematically explored whether K4 and Hill coefficient of the
currently used sensor mutants are optimal for the detection of small calcium transients.
This affinity issue will be addressed by performing a mutagenesis screen of the CaM

domain, as outlined below.

Calcium concentrations are known to vary by more than 2 orders of magnitude in
many cells, including neurons (Clapham, 1995; Berridge, 1998). In comparison, current
GCaMP-based calcium sensors have a much narrower effective measurement range,
encompassing approximately one order of magnitude around their K4 for the ion. It is for
this reason that vast assortments of small-molecule indicator dyes exhibiting different K4
values, ranging from tens of nM (Quin2, Fura-2) to hundreds of uM (X-rhod 5N), have
been developed. Similarly, FRET-based GECIs with a variety of K4 values have also
been generated (Miyawaki et al, 1997; Palmer et al, 2006, Mank et al, 2008). In contrast,
current GCaMPs have fairly high calcium affinities and easily saturate with large calcium
transients (Tian et al, 2009; Zhao et al, 2011b). Therefore, the second objective of this

study was to create GCaMP variants with lower calcium affinities, between 2 — 20
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pM, to complement the existing GCaMPs and allow their use in applications where

high calcium transients are expected, such as in calcium nanodomains.

Similar to present GCaMPs, these lower affinity sensors to be generated should
have a larger dynamic range and therefore higher sensitivity than current FRET-based
sensors. Unlike some of the developed low-affinity FRET-based sensors (Miyawaki et al,
1997; Palmer et al, 2006), they should also have a high Hill coefficient that is similar to
that of high affinity GECIs to allow for the sensitive detection of calcium concentrations
in the micromolar range. In addition to optimized K4 values and Hill coefficient, the
lower susceptibility of GCaMPs to photobleaching and increased ease of use (single

wavelength imaging) should make them more desirable than FRET-based sensors.

To accomplish the two objectives outlined in this study, the calcium affinity of
GCaMP3 will be either increased or lowered by enhancing or interfering with calcium
binding of the four EF hand motifs of CaM through a series of site directed mutations.
These guided mutations will be chosen based on the previously mentioned structure-
function studies of calmodulin (Wu and Reid, 1997; Ye et al, 2005; Starovasnik et al,
1992; Maune et al, 1992; Gao et al, 1993) at calcium chelating positions 3, 5, 9, and 12 as
well as on select other residues in the EF motifs and the linker region connecting the N-
and C-terminal CaM lobe (Procyshyn and Reid, 1994; Sorensen et al, 2002; VanScyoc et
al, 2002; Faga et al, 2003). Mutant GCaMP3s will be expressed and purified from
bacteria to assess changes in their K4, Hill coefficient, and dynamic range. Finally, all
mutants with desirable changes will be expressed in neurons to assess their value as

calcium sensors in excitable cells.
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CHAPTER 2 MATERIALS AND METHODS

2.1 GENERATION OF GCAMP3 MUTANT CONSTRUCTS

A site directed mutagenesis approach was utilized to generate GECls with altered
calcium affinities. Amino acid residues that are highly conserved at positions 2, 3, 5, 9,
11, and 12 within the four calcium binding EF Motifs of CaM and the interdomain linker
region of CaM were targeted for amino acid substitution in attempts to alter GC3s

calcium affinity.

2.1.1 Primer Phosphorylation and Site Directed Mutagenesis PCR

Primer pairs were selected for the Site Directed Mutagenesis Polymerase Chain
Reaction (SDM PCR) protocol to exchange nucleotide base pairs that result in the
substitution of amino acid residues at desired locations within the calmodulin component
of GC3. Primers pairs to perform the mutagenesis were obtained from Integrated DNA
Technologies, Coralville, IA, USA. Primers were selected as follows (see Appendix A for
primer sequences). Either, primers that were largely complementary and contained the
desired mutation roughly in the middle of each primer were designed with the aid of an
online SDM PCR Primer selection tool (www.bioinformatics.org/primerx). Alternatively,
a primer pair was chosen in which one of the primers, either forward or reverse, had the
intended mutation located at the 5’ end and the other primer annealed to the GCaMP
cDNA region immediately abutting the site of the mutation. We encountered a higher
success rate with the second type of primer pair that includes the mutation at the 5° end of
one of the primers. Moreover, this type of primer pair providing more flexibility upon

designing additional mutations at the same site as only one extra primer was needed
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containing the desired mutation, whereas primer pairs containing the mutation roughly in
the middle required the design of an entirely new pair of primers to perform a different
mutation at the same site. Abutting primers with the mutation at the 5’ end of one primer
had to be phosphorylated for subsequent ligation of the blunt-ended PCR product into a
circular plasmid for successful transformation. For this purpose, an Eppendorf
Mastercycler personal PCR machine was utilized to phosphorylate each primer pair.
Oligonucleotides were phosphorylated with T4 Polynucleotide Kinase (PNK) (New
England Biolabs, Pickering, ON, CA) at 37°C for 1 h according to the manufacturer’s
instructions. Following primer phosphorylation, SDM PCR reactions were performed to
produce amplified plasmid DNA products containing the desired nucleotide substitutions
located within the CaM component of GCaMP3. The original template DNA used for
initial rounds of SDM PCR was pRSET(GCaMP3), courtesy of Loren Looger (Howard
Hughes Medical Institute, Ashburn, VA, USA). The PCR reactions were performed with
Phusion Hot Start High-Fidelity DNA Polymerase (New England Biolabs) according to
the manufacturer’s instructions with final primer, dNTPs, and Phusion DNA Polymerase
concentrations of 0.5 uM, 0.2 mM and 0.02 U/ul, respectively. Annealing temperatures
for the primers were determined depending on their sequence length and cytosine-
guanine composition. Following PCR, each sample was treated with 1 pl of the
restriction enzyme Dpnl (New England Biolabs) for 3h at 37°C as Dpnl digests
methylated DNA (the template plasmid DNA) to ensure the PCR product contains only

mutated plasmids.

Samples of nucleic acids (PCR products or DNA fragments during subcloning

procedures described below for the generation of GC3 constructs containing multiple
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mutations) were routinely separated according to their migration behaviour due to their
molecular size (kb) by agarose gel electrophoresis. Each sample was mixed with Orange
G loading dye (5:1 ratio) and loaded on a 1.5% preparative agarose gel made with 0.5%
TBE buffer (22.4 mM Tris Base, 22.4 mM Boric Acid, 0.5 mM EDTA pH 8.0).
Electrophoresis was performed using 0.5% TBE as the running buffer in an
electrophoresis cell connected to a PowerPac Basic Power Supply (Bio-Rad, Hercules,
CA, USA) for 30 min at 100V. Gels were then exposed to ultraviolet light and the desired
linearized DNA bands were excised and extracted using a QIAEX II Gel Extraction Kit
(Qiagen, Toronto, ON, CA) in accordance to the manufacturer’s instructions. Ligations
were performed for either 1 h at 24°C or overnight at 16°C with T4 DNA Ligase and 1X

DNA Ligation Buffer (New England Biolabs).

2.1.2 Generating GCaMP3 Constructs with Multiple Mutations

Several of the GC3 constructs generated contained more than one amino acid
substitution to achieve larger shifts in the calcium affinity than observed for the
individual mutations. To obtain constructs with multiple mutations, two different
approaches were implemented. The first approach involved performing additional rounds
of SDM using DNA templates of GC3 variants that contained amino acid substitutions
introduced by previous rounds of SDM PCR. The second approach involved subcloning
mutation containing inserts of GC3 into a different GC3 construct having different
mutations (outside of the insert region). This approach utilized unique target sites for the
restriction enzymes Pstl located between EF motifs I and II of CaM (CaM Q49), Clal at
the Isoleucine located in position 2 of EF motif IV (CaM 1130), and Xhol located 5’ of

the cpEGFP component of GC3. Therefore, separate digestions were designed for
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mutation combination by selecting two of the three restriction enzymes for each digestion
depending on the location of the mutations. Inserts containing mutations were excised
with the respective restriction enzymes (New England Biolabs) that encompass the
desired mutations of separate GC3 DNA templates. For example, to generate a GC3
construct that contains both the D24N and E104Q CaM mutations, Pstl and Clal
restriction enzymes would be selected as D24N is located 5° of Pstl and 3’ of Clal while
E104Q is located 5’ of Clal and 3’ of Pstl, resulting in two separate inserts from their
respective GC3 templates that each contain a mutation. After digestion, the inserts were
combined by ligating the excised fragments together with T4 DNA Ligase (New England

Biolabs).

2.1.3 Transformation of Plasmid DNA Obtained from SDM PCR and Subcloning

To verify the success of SDM PCR and subcloning protocols used to obtain
mutated GC3 constructs, we first transformed each ligation into electrocompetent
bacteria with the use of a Micropulser Electroporator (Bio-Rad). Electrocompetent E. coli
(Top Ten - Invitrogen, Burlington, CA, USA) were prepared using a high efficiency
competence protocol according to Bio-Rad’s instructions. Aliquots (100 pl) of the
bacteria were inoculated with 1 ul of plasmid DNA solution (0.2 pg/ul), pipetted into an
electroporation cuvette (Scientific USA, Ocala, FL, USA) and placed within the capacitor
of the electroporator. The bacterial solutions with plasmids were electrically stimulated to
transfer the DNA into the bacteria. Following electroporation, the bacteria were
incubated in LB (Luria-Bertani) medium (Becton, Dickinson and Company, Sparks, MD,
USA) for 30 min at 37°C and gentle agitation. The plasmid containing bacteria were then

plated onto antibiotic selective LB agar for overnight incubation at 37°C. The GC3
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construct used during SDM and subcloning protocols was propagated in a pRSET vector

containing a gene for carbenicillin/ampicillin antibiotic resistance.

2.1.4 Isolation of Small Amounts of Plasmid DNA from E. coli for Sequence
Verification

Individual colonies from antibiotic selective LB agar plates were used to create
starter cultures for the purpose of isolating small amounts of DNA (10-25 pg) employing
an alkaline lysis protocol modified from Birnboim and Doly (1979). Briefly, bacterial
pellets from small (2 ml) overnight cultures in antibiotic selective LB media were
resuspended in 250 pl of P1 buffer (50 mM Tris-HCIL, pH 8.5, 10 mM EDTA, 100 pg/ml
RNase A) and transferred to a microcentrifuge tube. To lyse the bacteria, 250 ul of P2
buffer (200 mM NaOH, 1% SDS w/v) was added to the tubes, gently mixed and left to
stand for 5 min before 350 ul of the neutralization P3 buffer (3.0 M potassium acetate,
pH 5.5) was added, mixed, and placed on ice for 10 min to precipitate the genomic DNA
and cellular debris. After centrifugation for 15 min at 14 000 rpm (24104 x g) and 4°C in
a tabletop centrifuge, the supernatant was transferred to a clean microcentrifuge tube and
0.7 volumes of isopropanol was added to precipitate the plasmid DNA. Another high
speed centrifugation was then performed for 30 min and the supernatant decanted. The
DNA pellet was then washed with cold 70% ethanol and centrifuged a final time at high
speed for 5 min. The resulted pellet was air dried and resuspended in 50 pl of 10 mM

Tris-HCI pH 8.
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2.2 GCAMP3 VARIANT CONSTRUCT VERIFICATION

To verify ligations performed in subcloning protocols, diagnostic digests were
performed using two unique sites located in the GC3 mutant variants. The restriction
digest was subjected to gel electrophoresis and the ligation was deemed successful if the
linearized bands resembled that of an original template GCaMP3 construct digested
concomitantly. In order to verify the presence and identity of mutations, the reading
frame, and nucleotide sequence of altered GCaMP3 constructs from subcloning and SDM
PCR procedures, 100 ng of each sample was sent to Macrogen (Seoul National
University College of Medicine, Seoul, Korea) for nucleotide sequencing. The reverse
complement primer pET-24a (5’- GGGTTATGCTAGTTATTGCTCAG-3") was used to
sequence pRSET(GC3) constructs by initiating sequence reading 3’ of the calmodulin

component of GC3.

2.3 IN VITRO ASSESSMENT OF GCAMP3 VARIANTS

2.3.1 Protein expression

To examine the altered calcium affinities of our GC3 constructs, we prepared
them for protein expression by first transforming each plasmid DNA into
electrocompetent BL21 E. coli bacteria that contain a T7 RNA polymerase gene under
control of the IPTG- (Isopropyl-beta-D-thiogalactopyranoside) inducible lac promoter.
Starter cultures were created by selecting single bacterial colonies from LB agar plates
for the inoculation of 2 ml of LB media containing a 0.1 pg/ml of Carbenicillin (Gold

BioTechnology Inc., St. Louis, MO, USA). These starter cultures were incubated on a
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shaker overnight at 37°C. The following morning, bacterial cultures were transferred to
200 ml of LB medium containing 0.1 pg/ml of Carbenicillin and incubated on a shaker at
37°C until the bacterial culture reached an ODggy of 0.5-0.8. The cultures were then
induced for protein expression with 0.5 uM IPTG (Gold BioTechnology Inc.) and
incubated on a shaker at 24-28°C for 14-18 h. Bacterial pellets (15 min centrifugation at
5000 rpm (3075 x g) at 4°C) were resuspended in 4 ml of nickel nitriloacetate (Ni-NTA)
Binding Buffer (300 mM NaCl, 50 mM Na,HP04, 10 mM imidazole, pH 8.0), and placed
on ice for 1 h with 1 mg/ml of lysozyme (Worthington Biochemical Corporation,
Lakewood, NJ, USA) for bacterial cell wall degradation. The remainder of the protocol
was performed at 4°C. Bacteria then underwent high frequency sonication in four 30 sec
bursts with a 30 sec cooling period between each burst to disrupt the cell membrane
followed by centrifugation at 14000 rpm (24104 x g) for 30 min to pellet the cellular
debris. The supernatant containing our proteins of interest was decanted to new
Eppendorf tubes in which 200 pl of Ni-NTA His-Bind resin (Novagen, Madison, WI,
USA) per 1 ml of lysate was added and placed on a shaker for 1 h to allow our for
chelation of His-tagged proteins. The loaded Ni-NTA resin was then transferred to Poly-
Prep Chromatography Columns (Bio-Rad, Hercules, CA, USA) and allowed to settle.
Upon lysate flow through, 8 ml of Ni-NTA Wash Buffer (300 mM NaCl, 47.5 mM
NayHPO04, 2.5 mM NaH,P04-2H,0, 20 mM imidazole, pH 8.0) was applied. To elute the
His-Tagged GC3 proteins from the resin, 1 ml of Ni-NTA Elution Buffer (300 mM NaCl,
47.5 mM NayHPO0q4, 2.5 mM NaH,P04-2H,0, 250 mM imidazole, pH 8.0) was added to
the columns. The purified proteins were then collected and concentrated with Amicon

Ultra-0.5 ml Centrifugal Filter Units (10K MW cutoff) (Millipore, Billerica, MA, USA)
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using the protocol provided. In brief, proteins were added to the centrifugal filter units
and spun at 14000 rpm (24104 x g) for 3 min. They were then re-buffered by adding 500
ml of KME buffer (0.1 M KCl, 0.03 M MOPS Buffer, 0.005 M EGTA, pH 7.2) and
subjected to ultrafiltration until the volume was reduced to 70 pl. This procedure was
repeated five times, thus diluting any small-molecule contaminants approximately
10,000-fold. A final collection spin was performed at 1000 rpm (123 x g) for 2 min.
Protein concentrations were quantified using the Pierce BCA Protein Assay Kit (Thermo

Scientific, IL, USA) according to the manufacturer’s instructions.
2.3.2 Calcium Titration Assay

An in vitro calcium titration assay was performed to determine calcium affinity,
Hill coefficient, in vitro dynamic range and basal fluorescence of our mutated constructs.
In all assays, we included GCaMP3 for comparison. Titration solutions used for this
assay contained 0.01, 0.03, 0.05, 0.10, 0.20, 0.316, 0.50, 1.00, 2.00, 3.16, 5.62, 10.0,
20.0, 31.6, 56.2, 100, 316, and 5000 uM of free Ca’" and were created by mixing the
calcium-free and calcium containing buffers of the EGTA-Based Calcium Calibration
Buffer Kits purchased from Biotium (Hayward, CA, USA) or Invitrogen. Since EGTA
has a pK, of 6.9 at a pH of 7.0, EGTA-based calcium buffers are ideally suited to
maintain concentrations of free Ca®" in the 10 nM — 10 pM range. Total calcium
concentrations needed to achieve the desired free calcium concentrations were calculated
according to Bers et al., 2010 using the MaxChelator calculation tool available online
(http://maxchelator.stanford.edu). All titration solutions were utilized when measuring
the low calcium affinity GC3 mutants while only solutions ranging between 0.01 and

10.0 uM of free calcium were utilized to assess the high calcium affinity GC3 mutants.
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Purified proteins of each GCaMP3 mutant variant were added to the calcium titration
solutions in a small volume (2.5 pl per 50 pl) to a final protein concentration of 25 pg/ml
in triplicates on a black 96-well plate to minimize background fluorescence during
readings. Fluorescence recordings for each assay were measured using excitation and
emission wavelengths of 488 nm and 518 nm, respectively, on a Fluoroskan Ascent FL
plate fluorescent plate reader (Thermo Electron Corporation, Gormley, ON, Canada) or a
BMG LABTECH FLUOstar Omega fluorescent plate reader (Fisher Scientific, Ottawa,
ON, CA) courtesy of Dr. Brent Johnston (Department of Microbiology and Immunology,
Dalhousie University) and Dr. Chris Sinal (Department of Pharmacology, Dalhousie

University), respectively.

2.3.3 Determination of K,, Hill Coefficients, Dynamic Ranges, and Basal
Fluorescence of GCaMP3 Variants

Data obtained from the in vitro calcium titration analysis were utilized to
determine the average calcium dissociation constants (Kg), Hill coefficients, dynamic
ranges, and basal fluorescence for GCaMP3 and GCaMP3 mutant variants. For each
assay performed with a GCaMP variant, the normalized fluorescence was calculated as (F
— Fiin)/(Fmax — Fmin), plotted against the calcium titration solutions (pKCa2+) and fitted
with a sigmoidal curve. The graphs depicted in Figures 7-12 and 14-16 represent
averages of these curves for all assays performed on a certain GCaMP variant. For the
determination of Ky the log (F — Fuin)/(Fmax — F) was plotted against the log c(Ca’"). A
linear regression analysis was then performed to calculate the x-axis intercept,

corresponding to the Ky of the construct analysed (Tables 1-3), and the slope,
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corresponding to the Hill coefficient. Averages and standard errors of affinity constants

and Hill coefficients calculated for each assay are given in tables 1-3.

The dynamic range for each construct was individually calculated for each assay
performed for the constructs as the maximum fluorescence observed divided by the
minimum fluorescence observed [(Fmax-Fmin)/Fmin]. An average of the dynamic range
value reported for each assay performed per construct indicated the average dynamic
range observed for each construct (Tables 1-3). The basal fluorescence of each GC3
mutation variant was simply calculated as the minimum fluorescence of each mutant
subtracted by the minimum fluorescence of the wild type GCaMP3 run concomitantly
within the same assay. The average basal fluorescence was then calculated for each GC3

mutant construct and reported in tables 1-3.

2.3.4 Statistical Analysis of Calcium Titration Data

A statistical analysis was performed to determine if the Ky, Hill coefficient,
dynamic range, and basal fluorescence significantly differed for each mutational
construct from that of GCaMP3. The GC3 mutations that resided in the same EF motif
position were included alongside the GCaMP3 control construct in separate
ANOVA/Tukey HSD tests to determine significance (p-values) (Table 1). For mutations
in the interdomain linker, we individually compared a set of mutations of basic residues
at the N-terminus of the linker (R74A, K75G, K77G), acidic residues in the middle part
of the linker (D80OR, E84R) and a mutation at the C-terminus of the linker, close to EF
motif III (R90G, Table 2). To determine the significance of reported values for the

combination mutants, these constructs were again tested with three different
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ANOVA/Tukey HSD tests that included the high calcium affinity GC3 variants, the low
calcium affinity double mutation variants, and the low calcium affinity triple and
quadruple variants, respectively. The GCaMP3 control constructed was included in each

of these statistical tests for combination mutants for comparison (Table 3).

24 ASSESSMENT OF GCAMP3 VARIANTS IN NEURONS
2.4.1 Primary Cell Culture of Hippocampal Neurons

Dissociated hippocampal cell cultures were used for the neuronal assessment of
the sensitivity of GCaMP3 variants. Hippocampi were dissected from E18 Sprague-
Dawley rat embryos (Charles River, Wilmington, MA, USA) and incubated for 15 min
with 0.03% trypsin (Sigma, St. Louis, MO, USA). Trypsinized hippocampi were then
dissociated using a fire-polished pasteur pipette. Cells were diluted in Neurobasal
medium (Invitrogen) supplemented with 1% (v/v) B-27 (Invitrogen) 0.5 mM glutamine,
25 puM glutamate, and 5% Fetal Calf Serum (Invitrogen). The harvested dissociated
hippocampi were then plated on 12-mm glass coverslips coated with 0.1% (w/v) poly-L-
lysine (Peptides International, Louisville, KY, USA) at a density of 3-6x10°/cm® and
incubated at 5% CO, and 37°C. Four hours after plating, the medium was replaced with
serum-free Neurobasal media supplemented with 1% B27 and placed back into the

incubation chamber until transfection.
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2.4.2 Subcloning GCaMP3 Calcium Affinity Variants into a Vector for Neuronal
Protein Expression

GCaMP3 mutant constructs of interest from the in vitro portion of this project
were prepared to determine if alterations in the affinity of calcium binding of GCaMP3
leads to changes in the sensitivity and saturation of the sensor in neurons. The mutation
containing inserts of the GC3 variants to be tested were subcloned from the pRSET
vector (used for the in vitro analysis) and inserted into pE vectors containing a
cytomegalovirus (CMV) promoter to enable protein expression in neurons. Mutation
containing inserts from the GCaMP3 variant constructs were excised and the vector
construct pE(GC3) digested with the restriction enzyme BsrGI, which has two sites
enclosing the CaM component of GCaMP3 (one site residing within the cpEGFP and the
second site located 3’ of CaM EF motif IV). After 1 h digestion times at 37°C, the
pE(GCaMP3) was dephosphorylated with 2 ul Calf Intestinal Phosphatase (CIP, New
England Biolabs) for 30 min to suppress re-ligation of vector not containing inserts. The
digestion products were separated by agarose gel electrophoresis and the DNA fragments
of interest were purified with the QIAEX II Gel Extraction Kit as described above. The
insert and vector fragments were ligated with T4 DNA Ligase for either 1 h at 24°C or
overnight at 16°C as described above. To verify the ligations, diagnostic digests similar
to those described above were performed. The constructs that ligated successfully were
further verified with nucleotide sequencing performed by Macrogen utilizing the reverse

complement primer pE1600 (5’-TACATTGATGAGTTTGGACAAACCAC-3’).

GCaMP3 variant constructs in the pE vector were verified by nucleotide

sequencing and amplified for transfection of dissociated hippocampal cell cultures.
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Briefly, 100 ng of each construct was transformed into electrocompetent E. coli bacteria
and plated on antibiotic selective agar plates. Single colonies were selected for
inoculation of 2 ml of LB media containing 0.1 pg/ml of Kanamycin (Gold
BioTechnology Inc.) (the pE vector encodes a gene rendering bacteria Kanamycin
resistant) and grown for 8 h at 37°C before being transferred to 500 ml of LB media also
containing 0.1 pg/ml of Kanamycin for overnight incubation at 37°C. The bacterial
pellets obtained from overnight cultures were subjected to a Plasmid Maxi Prep
(Invitrogen) protocol, which includes the alkaline lysis of bacteria and subsequent
purification of the plasmid DNA using anion exchange chromatography and precipitation

with isopropanol.

2.4.3 Transfection of pE(GCaMP3) Constructs

Dissociated hippocampal cell cultures were transfected with the plasmid DNA of
GCaMP3 mutation variants 10-17 days after plating utilizing a calcium phosphate
precipitation transfection protocol as the neurons form synapses approximately two
weeks after plating. For each culture dish (60 mm diameter), which contained five
coverslips, separate precipitation mixes were prepared with 80 ug of a plasmid containing
the cDNA of one of each GCaMP3 mutant variant per transfection and 0.25 M CaCl,. In
a subset of experiments, 80 pug of a plasmid encoding tdTomato-Bassoon was included in
this mix to allow for the identification of presynaptic active zones, The precipitation
mixes were slowly added to a second solution containing (in mM) 274 NaCl, 10 KCl, 1.4
Na,HPOs, 15 D-glucose, 42 -(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes),
pH 7.10, vortexed and kept at room temperature for 20 min to allow for precipitate

formation. The mix was then applied to culture dishes in which the conditioned medium
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had been replaced by Minimal Essential Medium (MEM) (Invitrogen) containing 1%
(v/v) B27 (Invitrogen). The cell cultures were incubated at 5% CO, and 37°C with the
precipitate mix for 3—4 h and then washed three times with a buffer containing (in mM)
144 NacCl, 3 KCl, 2 MgCl,, 10 Hepes, pH 6.70. The last wash was replaced with original
conditioning medium in which the cultures were maintained (Neurobasal with 1% B27)
and incubated at 5% CO; and 37°C until used for fluorescence imaging 2—3 days after

transfection.

2.4.4 Stimulation and Cellular Imaging

Coverslips with transfected dissociated hippocampal cell cultures were mounted
in a stimulation chamber with platinum electrodes placed 0.5 cm apart from one another.
The coverslips were bathed in an Hepes buffered saline (HBS) solution containing (in
mM) 124 NaCl, 3 KCl, 2 CaCl,, 1 MgCl,, 10 Hepes, and 5 D-glucose adjusted to pH
7.30, and supplemented with 10 uM 6,7-dinitroquinoxaline-2,3-dione (DNQX) and 50
uM 2-amino-5-phosphonovaleric acid (APV) to block NMDA-type and AMPA-type
glutamate receptors for current elimination. The stimulation chamber was then mounted
on a heated microscope stage platform (Warner Instruments, Hamden, CT, USA) of an
Nikon TE2000 inverted epifluorescence microscope equipped with a 60X oil immersion
objective (1.4 numerical aperture), a Smart shutter controlled by a Lambda 10-2 control
unit (Sutter Instruments, Novato, CA, USA), and fluorescence filter sets (Semrock,
Rochester, NY, USA). For imaging of GCaMP3 variants, we used a 470/22 nm excitation
filter, a dichroic with 500-800 nm transmission band, and a 525/50 nm emission filter.
For the visualization of tdTomato-Bassoon, a 556/20 nm excitation filter, a dichroic with

584-679 nm transmission band and a 590/20 nm barrier filter were employed. Images
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were acquired with a Hamamatsu ORCA CCD camera. 2X2 binning was used to allow
full-frame imaging at an acquisition rate of 10 Hz. The acquisition was controlled by
IPlab software (Scanalytics, Fairfax, VA, USA). Experiments were performed at 35 =+
2°C. At the onset of an experiment, we searched for a field in which axons exhibited
GCaMP fluorescence. We then used a Stimulus Isolation Unit (Warner Instruments) to
apply 1 ms squared bipolar current pulses yielding fields of approximately 10 V/cm
between the electrodes of the stimulation chamber. Image acquisition and stimulation was
synchronized using a Master-8 stimulator (A.M.P.L., Jerusalem, Israel). In each
experiment, we delivered, in that order, 4 stimuli and 2 at 40 Hz, repeated 5 and 10 times,
respectively, 20 stimuli at 0.5 Hz, as well as stimulus trains of 2 s at 2.5, 5, 10, 20, 40,
and 80 Hz and acquired 12 (isolated stimuli), 15 (stimulus bursts with 2 or 4 action
potentials) or 60 frames starting 300 ms (3 frames) before stimulus onset. After each
stimulus train, we waited 1 min before beginning the next stimulation episode. After the
experiment, we verified that GCaMP baseline fluorescence remained stable for the entire

duration of the experiments

2.4.5 Image Analysis

Acquired images were analyzed using [IPLab and IgorPro programs. Image stacks
were aligned to correct for small field shifts during acquisition and background-
subtracted. For each field, maps of stimulus induced changes in fluorescence intensity
were generated by subtracting an average of three frames taken before the stimulation
from an average of three frames following stimulation. Regions of interest were selected
for analysis that displayed ‘hotspots’ of calcium influx along axons, which were

presumably presynaptic specializations. In a subset of experiments, tdTomato-Bassoon
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was also expressed to detect active zone cytomatrices, which allowed us to confirm the
location of presynaptic specializations. To quantify GCaMP3 fluorescence intensity, 36-
pixel segments were placed over the 6 ‘hotspots’ of calcium influx deemed the strongest

responses.

The maximum change in fluorescence, AF, for isolated stimuli and stimulus bursts
of 2 and 4 action potentials was calculated by subtracting the average baseline
fluorescence Fy (the average of first three frames) from the fluorescence obtained 200 ms
following stimulus onset. These values were divided by the baseline fluorescence and the
resulting relative change in fluorescence AF/F, expressed as percentage in tables 4 - 6.
Graphs of the change in fluorescence (calculated as [(F — Fpin)/Fmin]) vs time were plotted
for single experiments (Figures 18A-B and 24A-C) and experiment averages (Figures
18E-F, 21A-E, and 25A-C). Error bars for average experiments represent the standard
error calculated for the change in fluorescence at each time point. The fluorescence
change in response to the 2 second stimulus trains at varying frequencies was calculated
in two ways. For an average of experiments, fluorescence changes were normalized to 1
to indicate sensor saturation and calculated as [(F — Fuin)/(Fmax — Fmin)]- The maximum
fluorescence increase reported for each experiment for each 2 sec train stimuli frequency
is depicted in Tables 4 and 6. Graphs indicating the average degree of sensor saturation in
response to 2 second stimulus trains at varying frequencies were plotted as [(F —
Fiin)/(Fmax — Fmin)] vs time (Figures 19A-B and 23A-C). To depict single experiments,
fluorescence changes were calculated slightly different. For single experiments, the
change in fluorescence per time point was calculated as [(F — Fpin)/Fmin)] and graphed

(Figures 18C-D and 24D-F).
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The basal fluorescence, dynamic range, and SNR were also calculated for each
GCaMP variant assessed in neurons. The basal fluorescence was determined by
averaging the pre-stimulus fluorescence in the six regions of interest selected in each
experiment for all stimulus paradigms involving isolated stimuli as well as stimulus
bursts of two and four APs. This minimum fluorescence per pixel, indicated in tables 4 —
6, was calculated by dividing the average with the total area of the ROIs selected (216
pixels). The dynamic range was calculated by subtracting the basal fluorescence
measured from the largest response obtained to a stimulus train at 40 or 80 Hz, and
dividing this value by the basal fluorescence. The average dynamic range found across all
experiments of the same construct is indicated in Tables 4 — 6. The SNR was calculated
by dividing the fluorescence increase obtained 100-200 ms following the stimulation by
the standard deviation of the fluorescence signal before stimulation (the first three images
acquired for each stimulus paradigm) [(Fmax — Fmin)/SDpre-stim]. Signal-to-noise ratios,
averaged across experiments for each stimulus paradigm, are indicated in Figures 20, 22,
and 26. The decay rate (tau) was also calculated to provide an indication as to how fast
the sensor unbinds calcium. For the calculation of the decay time constant, we fitted the
fluorescence decay of transients elicited by bursts of 4 stimuli at 40 Hz with an
exponential starting with the frame obtained 200 ms after stimulus onset and ending with
the last frame recorded. The resulting tau values of each experiment within the same

construct were averaged and indicated in Tables 4 and 5.

2.4.6 Statistical Analysis of Neuronal Data

Statistical analysis was performed to determine if the results for each stimulus

paradigm was significantly different for the GCaMP3 variants compared to GCaMP3.
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Two-tailed unpaired T-tests were performed to compare the maximum fluorescence
responses to small bursts of stimuli and trains of stimuli at varying frequencies, dynamic
range, and decay rates of the high -calcium affinity GCaMP3 variant
GC3 _K21A K77G N97D with GCaMP3 and the significance (P-value) is reported on
Table 4. Additional two-tailed T tests were performed to compare the SNR and basal
fluorescence of GC3 K21A K77G N97D and GCaMP3 in response to small bursts of
stimuli (Figure 20 and Table 4, respectively). ANOVA/Tukey HSD tests were performed
to compare the maximum fluorescence increases in response to small stimulus bursts,
trains of stimuli, and dynamic ranges between the low calcium affinity GCaMP3 variants
GC3 _D24N _E104Q and GC3 D24N D60N_E140Q and GCaMP3. The significance for
these tests is reported on Table 6. Finally, another series of ANOVA/Tukey HSD tests
were performed to compare the SNR and basal fluorescence of two more treatment
groups to GCaMP3 (GC3 K21A, GC3 N97D, and GC3 K21A N97D; and
GC3 D24N _E104Q and GC3 D24N D60ON E140Q) in response to small bursts of

stimuli (Tables 5 and 6, and Figures 22 and 26, respectively).
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CHAPTER 3 RESULTS

3.1 IN VITRO CHARACTERIZATION OF GCAMP MUTATIONS

3.1.1 Single Point Mutations in EF Motifs

We set out to identify single point mutations introduced within the EF motifs of
CaM that either increase the calcium affinity of the GECI to generate a more sensitive
sensor for low calcium concentrations in the range of 100 to 200 nM, or decrease CaMs
calcium affinity for the engineering of GCaMP variants that allow the accurate
measurement of large calcium concentrations in the range of 2 to 20 uM. In the following
section, I will describe the effect of substituting various EF motif position residues on the
calcium affinity, Hill coefficient, and dynamic range of GCaMP, measured in calcium
titration assays with bacterially expressed and purified protein. I will begin with the most
severe mutations (position 12), followed by the less severe (positions 3 and 5) to more
ambiguous positional mutations (positions 9, 2, and 11). A schematic illustration
overlaying the four EF motifs of CaM shown in Figure 6 indicates the position in which

each single mutation has been performed.

3.1.1.1 Position 12 Mutations of GCaMP3

Glutamic acid is present at chelating position 12 of each of CaMs four calcium
binding EF motifs of wild type GCaMP3. A protein study that individually mutated each
of these residues to glutamine of Drosophilia melanogaster CaM independently, revealed
that point mutations at this position abolished calcium binding of the EF motif (Maune et

al, 1992). Therefore, we generated four separate point mutation constructs with the same
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substitution to investigate their potential for reducing the calcium affinity of GCaMP3,
named GC3 E31Q, GC3 E67Q, GC3 E104Q, and GC3 E140Q. Calcium titration
analysis of each construct revealed that these single mutations have the greatest effect of
any EF motif position tested as all four of these point mutants significantly reduced the
calcium affinity of GCaMP3 (p<0.01, see Table 1 and Figure 7). Furthermore, these
mutants provided information regarding the relative importance of each EF motif in terms
of overall calcium affinity and binding cooperativity of the GECI. The reduction of
calcium affinity was relatively moderate for position 12 mutations in the C-terminal
domain of CaM, being the lowest for the mutation E104Q in EF motif Il (Kq= 1.1 pM)
and slightly stronger for the corresponding mutation E140Q in EF motif IV (K4 = 3.5
uM). The Hill coefficients and dynamic ranges of position 12 mutants in EF motifs III
and IV (GC3 E104Q and GC3 E140Q) were similar to that of GCaMP3. In contrast,
mutations of EF motif position 12 in the N-terminal domain of CaM had much more
pronounced effects. The homologous mutation in EF motif I, E31Q, resulted in an
approximately 32-fold reduced calcium affinity (K4 =13.5 uM) as well as a more than
two-fold reduced cooperativity of calcium binding (Table 1 and Figure 7). The
substitution of glutamate 12 in EF motif II, E67Q, led to changes in the binding
cooperativity that were insufficiently described using the Hill equation. The major
fluorescence change in this mutant occurred between 30 uM and 100 uM. Moreover, the
cooperativity of calcium binding in the E67Q construct was even more strongly reduced
than in GC3_E31Q (Table 1). Moreover, GC3 E31Q and GC3_E67Q showed a severely
reduced dynamic range (2.6 and 4.0 compared to 9.1 for GCaMP3, p<0.01). In summary,

these data demonstrate that the mutations E104Q and E140Q are ideal to lower the
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affinity of GCaMP indicators while maintaining the dynamic range and cooperativity of
GCaMP3. Our results also indicate that, in the context of GCaMP, position 12 mutations
in the N-terminal domain of calmodulin are less desirable, lowering the dynamic range

and cooperativity of calcium binding.

3.1.1.2 Position 3 Mutations of GCaMP3

Calcium interacts with the carboxylate group of aspartic acid located at position 3,
a conserved residue across CaMs four EF motifs of wild type GCaMP3. A study
investigating structure/function relationships of EF motif III using small peptides
encompassing this motif revealed that the calcium affinity of this loop decreased when
aspartic acid was replaced with asparagines (Procyshyn and Reid; 1994). Therefore, four
separate constructs containing this point mutation substituting aspartic acid with
asparagine in each of the four EF motifs were generated to determine if the same effect
would be observed in GCaMP3. These constructs were named GC3 D22N, GC3_ D58N,
GC3 D95N, and GC3 DI131IN. A calcium titration analysis revealed varying results
amongst this set of mutations. The D22N mutation produced significant decreases in
calcium affinity, resulting in an affinity constant of 1.25 uM (p<0.01, see Figure 8). In
contrast, the D9SN and D131N mutations exhibited only marginal decreases in calcium
affinity, while the DS8N exhibited only a marginal increase in calcium affinity (Table 1
and Figure 8). Hill coefficients, dynamic ranges, and basal fluorescence were similar to
that of wild type GCaMP3 for each mutation with the exception of D22N, which
exhibited a significantly reduced Hill coefficient and basal fluorescence (p<0.05) (Table

1). In summary, due to its significantly reduced Kg4, the D22N mutation of EF motif I may
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be a useful mutation to lower the calcium affinity in GCaMP constructs designed to

prevent saturation at intermediate calcium concentrations.

3.1.1.3 Position 5 Mutations of GCaMP3

Position 5 of calmodulin’s EF binding motifs is relatively conserved, being
mostly occupied by an aspartic acid. Synthetic peptide studies performed on this calcium
chelating site have revealed that the independent replacement of aspartic acid with
glutamic acid within EF motif III and IV distorts the binding cavity due to its longer side
chain, resulting in a significant reduction of calcium affinity (Reid and Procyshyn, 1995).
We attempted to address whether the replacement of aspartic acid with asparagine (the
third most frequently found residue at this site across calcium binding proteins; Marsden
et al, 1990) at this position would lower the calcium affinity of CaM for the generation of
a GCaMP variant that does not saturate at intermediate calcium concentrations. To
accomplish this, we generated three separate GCaMP3 constructs with point mutations at
position 5 of EF motifs I, I, and IV (the motifs containing aspartic acid at this
coordination site), and named them GC3 D24N, GC3 D60N, and GC3 D133N. The
D60N mutation reverses the point mutation performed by Tian et al (2009) in their
generation of GCaMP3. We have tested GC3_D60N as the effect of this mutation has not
been assessed in isolation. In addition, we mutated an asparagine at position 5 in the third
EF motif to an aspartate with the intent to create a GCaMP3 variant with higher calcium
affinity (GC3_N97D). However, upon calcium titration analysis, only the D24N and
D133N mutations had significant shifts in calcium affinity with a K4 of 1.31 and 1.12
uM, respectively (p<0.01) (see Figure 9). For the D60N mutant only a marginal decrease

in calcium affinity was noted (Table 1). In contrast, the N97D mutant slightly, but not
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significantly, increased the calcium affinity of GCaMP3 (Table 1). All four mutant
constructs exhibited similar Hill coefficients that were not different from GCaMP3.
However, cooperative binding was marginally attenuated for the D24N mutant (Hill
coefficient 1.62 + 0.04 compared to 2.26 = 0.07 for GCaMP3), reminiscent of the
significant reduction observed for the D22N at position 3 in the same EF motif. Dynamic
ranges of the position 5 mutations were not significantly different to that of wild type
GCaMP3. However, the baseline fluorescence of the D24N, N97D, and D133N was
significantly decreased (see Table 1). In summary, the D24N and D133N mutations of EF
motif [ and IV may be useful to lower the calcium affinity in GCaMP constructs designed

to prevent saturation at intermediate calcium concentrations.

3.1.1.4 Position 9 Mutations of GCaMP3

The position 9 coordination site is less conserved across EF motifs of CaM than
positions 3 and 5 due to the fact that the complexation of calcium at this position occurs
via a bridged water molecule. A synthetic peptide model study indicated that when a
native serine residue is replaced in this position, the calcium affinity of the loop is
somewhat reduced (Procyshyn and Reid; 1994). Therefore, with the intention of
increasing GCaMP3s calcium affinity, we generated a point mutant to replace the aspartic
acid of EF motif II with serine, named GC3 D64S. Furthermore, we substituted the
serine of EF motif III with aspartic acid, generating GC3 _S101D, to achieve the opposite
result. In addition to these two point mutations, we also inserted an aspartic acid into
position 9 of EF loop I to generate GC3 T28D as another attempt to reduce the calcium
affinity of the loop. Upon performing a calcium titration analysis, we found that changes

in this position had more subtle effects on calcium binding of GCaMP3. When
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differences in calcium affinity of all position 9 mutants and unmutated GCaMP3 were
tested by ANOVA, we found no significance (Table 1). However, the T28D displayed a
clear trend towards lower affinity (Kgq 651 + 40 nM) whereas the D64S and S101D
mutants had a slightly increased affinity relative to GCaMP3 (320 + 31 and 355 + 13 nM,
respectively) (see Figure 10). Furthermore, the Hill coefficients and dynamic ranges did
not differ significantly from that of GCaMP3, although these values trended towards
being lower for the D64S mutation. The only significant difference discovered amongst
these three GCaMP3 variants were their lower basal fluorescence values. In summary,
mutations performed on position 9 of the EF motifs, with the possible exception of the
T28D mutant, do not appear to be useful for the engineering of GCaMP3 variants with

higher or lower calcium binding affinity.

3.1.1.5 Position 2 Mutations of GCaMP3

Positively charged lysine residues at EF motif position 2 may electrostatically
interact with calcium, lowering the calcium affinity or slowing calcium binding.
Alternatively, these residues may interact with negatively charged residues at positions 1,
3 and 5 with unknown effects on the stability of the apo- and calcium-bound states of
CaM and its calcium affinity. Initially, we mutated lysine at position 2 of the first EF
motif to the nonpolar alanine residue (K21A) to determine if this mutation would
increase the calcium affinity of GCaMP3. We also mutated a similar lysine at position 2
in the third EF motif (K94A). Upon performing a calcium titration analysis, both mutant
constructs were found to marginally increase the calcium binding affinity of GCaMP3
(Figure 11). Although differences in the Hill coefficient between GCaMP3 and its K21A

and K94A mutants were not significant (ANOVA p=0.16), there was a clear trend of
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K21A towards a higher Hill coefficient. In fact, a t-test performed before examining the
K94A mutant suggested a significantly increased calcium binding cooperativity of the
K21A mutant. Such an increase in the Hill coefficient may be desirable for the detection
of small calcium transients. While the K21A construct also exhibited a slightly, but not
significantly, increased dynamic range, the K94A construct was very similar to GCaMP3
in this property (Table 1 and Figure 11). Moreover, opposite trends were observed for the
baseline fluorescence of the K21 A mutant (lower) and K94A mutant (higher) (see Table
1). In summary, mutations at position 2 showed interesting properties for the construction
of a GCaMP with higher sensitivity, such as trends towards an increased Ky and higher

Hill coefficients

3.1.1.6 Position 11 Mutations of GCaMP3

The increase in affinity observed from replacing lysines with alanine at position 2
of CaMs EF motifs I and III led us to investigate if the substitutions of other charged
residues in EF motif positions that are not directly involved in the chelation of calcium
also affect the calcium affinity of GCaMP3. We thus mutated two charged residues at
position 11 in EF motif I and IV, K30 and E139, to alanine. A calcium titration analysis
performed on these new constructs showed promising results as both mutations
marginally increased GCaMP3s affinity for calcium (see Figure 12 for curve traces).
GC3 K30A also had a marginally increased Hill coefficient, whereas that of
GC3 EI39A were similar to that of GCaMP3.The dynamic ranges and baseline

fluorescence of these mutants were similar to GCaMP3 as well (see Table 1).
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3.1.2 Linker Mutations of GCaMP3

Point mutations were also performed within the flexible interdomain linker region
of CaM as basic amino acid residues of the linker have shown to be critical for stabilizing
the apo- conformation of the N-terminal domain EF motifs and thus lowering their
affinity for calcium (Faga et al, 2003; VanScyoc et al, 2002). Initially, we generated three
constructs, named GC3 R74A, GC3 K75G, and GC3 K77G, and then a fourth
construct, GC3_R90G, towards the end of our studies, in an attempt to increase
GCaMP3s calcium binding capabilities. Conversely, we also inserted two basic residues
at positions 80 and 84 of the linker, generating two more linker constructs GC3 D80R
and GC3_ER84R to determine if these mutations have the potential to decrease the overall
calcium binding affinity of GCaMP3 (see Figure 13). A calcium titration analysis
produced the results we predicted for all but one of these mutant constructs. The
mutations of R74A, K75G, and K77G significantly increased GCaMP3s affinity for
calcium (see Figure 14A, Table 2). The Hill coefficient also significantly increased for
the K75G mutation, while trending towards higher cooperativity values for R74A and
K77G. The dynamic ranges for K75G and K77G constructs were similar for that of
GCaMP3 (Table 2). In contrast, the dynamic range for the R74A construct was
significantly lower, decreasing by approximately 40% relative to GCaMP3. The R90G
mutation resulted in only marginal increases in GCaMP3s affinity for calcium, Hill

coefficient, and dynamic range.

Constructs in which an acidic residue in the linker region was substituted by a
basic residue displayed variable effects. The mutation of D8OR was found to significantly

decrease calcium affinity while maintaining similar a similar Hill coefficient and
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dynamic ranges compared to GCaMP3 (Figure 14B, Table 2). Moreover, both constructs
significantly increased the basal fluorescence of GCaMP3 (Table 2). In contrast, the
mutation E84R had no noticeable impact on the calcium affinity of GCaMP3, nor
differed in dynamic range. However, the Hill coefficient of this mutant (h = 3.02) was
significantly higher. In summary, the significant increase in K4 without a noticeable
difference in dynamic range for the K75G and K77G mutations suggests these two
GCaMP3 variants may be useful for measuring small calcium transients. Furthermore, a
combinatorial approach for engineering a GCaMP3 calcium sensor that includes these
two linker mutations alongside other EF motif mutations that trended towards higher
calcium affinities, such as K21A and K94A (position 2), may have additive effects to
create a higher affinity GCaMP3 variant more suitable for measuring smaller calcium
transients. The D8OR mutation may also be useful for measuring lower calcium

concentrations due to its significantly lower K4 value.

3.1.3 Generation of GCaMP Variants with High Calcium Affinity Using a
Combinatorial Approach

The first aim of this study was to generate a GCaMP variant with a substantially
higher calcium affinity (100 to 200 nM) relative to GCaMP3. Single mutations in the EF
motifs did not yield to significant increases in Ky although several did exhibit trends
towards higher calcium affinity. Although single mutations in the linker region did
significantly increase calcium affinity, they did not reach the desired K4 of our aim.
Furthermore, although not significant, several single mutations in the EF motifs did
exhibit trends towards increasing calcium affinity. This led us to pursue a combinatorial

approach in which we combined multiple mutations, both within EF motifs and in the
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interdomain linker region, to engineer GCaMP3 variants with larger increases in calcium
affinity. Of the mutations tested in the initial phase of the project, three mutations
appeared especially promising for such an approach. The asparagine to aspartate
substitution at position 5 in EF motif III, N97D, was predicted to have increased calcium
affinity and indeed resulted in a marginal increased Ky relative to GCaMP3. Similarly,
the first linker mutation we characterized, 77G, displayed a significantly increased
calcium affinity with an essentially unchanged dynamic range. Finally, a mutation at
position 2 in the first EF motif, K21A, showed not only a marginal increase in Kg4, but in
addition a slight increase in its Hill coefficient, a property that may be desirable to
increase the sensitivity of a high affinity GCaMP variant. For these reasons, we
proceeded to generate a GCaMP3 wvariant with all of the above mutations,
GC3 _K21A K77G_NO97D. Toward the end of my studies, we generated two more
combination constructs that included the K75G that also exhibited a significant increase
in calcium affinity in addition to a significantly higher Hill coefficient,
GC3 K21A K75G N97D and GC3 K21A K75G _K77G N97D. A calcium titration
analysis of these constructs revealed that our prediction was in fact true. The calcium
affinities were significantly increased relative to wild type GCaMP3 yielding a K4 values
of 201.7 £ 9.6, 1755 + 124, and 176.6 = 165 nM (K21A K75G _N97D,
K21A K77G N97D, and K21A K75G _K77G N97D, respectively) (Table 3, and see
Figure 15 for relative shifts in affinity for each construct compared to one significant
component, K77G). The Hill coefficients and dynamic ranges of each construct were
similar to that of GCaMP3 with the exception of the quadruple mutant which trended

towards a lower dynamic range (Table 3). However, the basal fluorescence of each
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combination construct was significantly reduced. In summary, these three constructs
proved to be our best sensors for increasing GCaMP3s calcium affinity as each of them

may be useful for monitoring small calcium transients.

3.1.4 Generation of GCaMP Variants with Low Calcium Affinity Using a
Combinatorial Approach

The second aim of this Masters project was to generate GCaMP variants with
lower calcium affinity that allow the accurate measurement of larger calcium transients
that saturate GCaMP3. None of the GCaMP variants generated by single amino acid
substitutions had affinities in the of 10 uM range while maintaining a Hill coefficient or
dynamic range to that was comparable to GCaMP3. We proceeded to combine amino
acid substitutions with significantly lower calcium affinities and unaltered Hill
coefficients and dynamic ranges. The glutamate to glutamine substitution at position 12
in EF motifs III and III, E104Q and E140Q, resulted in significant increases in K4 relative
to GCaMP3 while maintaining similar Hill coefficients. Moreover, the position 5
mutations of aspartate to asparagine in EF motifs I and II, D24N and D60ON, also
significantly and marginally reduced the calcium affinity of GCaMP3, respectively.
Therefore, we initially created two series of double mutation constructs (and E104Q
series and E140Q series) combining both position 5 mutations of the N-terminal domain
with position 12 mutations of the C-terminal domain (GC3 D24N E104Q,

GC3_D60N_E104Q and GC3_D24N_E140Q, GC3_D60N_E140Q).

The 104Q series of mutations (Figure 16A) significantly reduced the calcium
affinity of GCaMP3 yielding K4 values of 2.7 + 0.08 and 1.9 + 0.15 pM (for

D24N _E104Q and D60N_E104Q, respectively). Although the dynamic ranges for the
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104Q series was significantly higher than GCaMP3, their basal fluorescence were
significantly lower in addition to the Hill coefficient for the D6ON E104Q double mutant
being significantly lower as well (Table 3). However, this E104Q series did not achieve
calcium affinities low enough to measure larger calcium transients (10 — 20 pM) without

concerns of saturating the sensor.

In comparison to the E104Q series constructs, the respective constructs in the
E140Q series displayed an even lower calcium affinity (Figure 16B), exhibiting Ky
values 0f 9.7 + 0.3 and 3.5 + 0.3 uM for the D24N_E140Q and D60N_E140Q mutations,
respectively. This series of double mutations maintained similar Hill coefficients to
GCaMP3 and significantly higher dynamic ranges, although also displayed significantly
lower basal fluorescence properties, similar to those in the E104Q series (Table 3). These
data of the two position 12 series indicate that the D24N of EF motif I and E140Q of EF

motif IV have the largest impact on reducing the calcium affinity of GCaMP3.

More recently, we generated two more combinatorial GCaMP3 constructs that
added additional mutations to the GC3_D24N E140Q construct in an attempt to engineer
a GECI to measure calcium concentrations without saturating in the range of 10 — 20 uM
(GC3_D24N D60N_E140Q and GC3 D24N D60N D95N E140Q). The position 3
D95N mutation of EF motif III was included in this series as it marginally decreased the
calcium affinity of GCaMP3 while maintaining the sensors Hill coefficient and dynamic
range. Upon calcium titration analysis, these two constructs significantly reduced the
calcium affinity of GCaMP3 (Figure 16B), resulting in K4 values lower than that the
E140Q series (12.6 =+ 0.3 and 11.6 = 0.7 uM for D24N D60N _E140Q and

D24N D60N _D95N_E140Q, respectively). Furthermore, they both maintained a similar
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Hill coefficient to that of GCaMP3. Moreover, the GCaMP3 D24N D60N_E140Q
construct displayed a significantly higher dynamic range (Table 3). A notable difference
between these two constructs was in their basal fluorescence. The basal fluorescence of
the quadruple mutation construct was similar to that of GCaMP3 while the triple

mutation construct exhibited a significantly lower value (Table 3).

In summary, the combinatorial approach was successful for engineering GCaMP3
variants with appropriate calcium affinities to measure large calcium transients or
concentrations in the range of 10 — 20 uM without concerns of sensor saturation. The
most viable constructs for this purpose were GC3 D24N D60N E140Q and

GC3_D24N D60N D95N_E140Q.

3.2 CHARACTERIZATION OF GCAMP MUTATIONS IN CULTURED HIPPOCAMPAL
NEURONS

GCaMP3 mutant constructs of interest from the in vitro portion of this project
were further investigated to determine if alterations in the affinity of calcium binding of
GCaMP3 lead to changes in the sensitivity and saturation characteristics in neurons.
Therefore, due to our lab’s interest in the mechanisms involved in neurotransmitter
release regulation, selected constructs were transfected into dissociated rat hippocampal
cell cultures and axonal calcium transients were measured, rather than somatic or
dendritic calcium transients as performed by previous studies that attempted to improve
the sensitivity of GECls. The fluorescent responses of the GCaMP3 variants selected
were observed at presynaptic localizations in response to isolated stimuli and stimulus

trains and compared to fluorescent responses of GCaMP3.
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3.2.1 Detection of Presynaptic Calcium Transients in Neurons

Dissociated hippocampal cell cultures were transfected with either GCaMP3 or
variants thereof. In a subset of neurons, the active zone cytomatrix protein Bassoon,
tagged with the red fluorescent protein tdTomato, was also transfected to identify the
location of presynaptic specializations. Whereas tdTomato-Bassoon localization was
restricted to presynaptic specializations (Figure 17A), GCaMP3 and its variants were
distributed throughout the cytosol (Figures 17B). With the high affinity GCaMP variant
GC3 21A|77G|97D, and to some extent with the unmodified GCaMP3, we observed
spatially confined calcium transients in response to isolated stimuli. These “hotspots” of
calcium influx overlapped with clusters of the presynaptic active zone cytomatrix protein
Bassoon, which indicates that calcium influx in axons is largely restricted to presynaptic
specializations (Figure 17C). Upon repetitive stimulation (20 stimuli at 20 Hz), an
increase in calcium could also be observed in the axonal shaft (Figure 17D), indicating
the diffusion of calcium out of presynaptic varicosities. These experiments suggest that
presynaptic calcium transients can be measured with the high calcium affinity GCaMP3
mutant. Moreover, it is possible to measure calcium transients at individual synapses as
long as they are sufficiently spaced apart, preventing diffusion of calcium from nearby
synapses. Subsequently, we utilized this ability to measure presynaptic calcium transients
for the comparison of the GC3 with our engineered high and low calcium affinity

variants.
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3.2.2 GCaMP Mutants with Higher Calcium Affinity

The triple mutations construct GC3 K21A K77G N97D, which exhibited a
significant increase in calcium affinity while maintaining a similar Hill coefficient and
dynamic range to that of the control GCaMP3 upon in vitro calcium titration analysis,
was tested in neurons and compared to that of wild type GCaMP3. Of most importance,
this triple mutant construct proved to be significantly more sensitive than GCaMP3 for
detecting calcium in neurons. The fluorescence change (AF/F) for the triple mutant was
3.7 fold larger than GCaMP3 in response to isolated action potentials. Furthermore, it
displayed roughly two-fold and 1.7 fold increase in fluorescence in response to bursts of
2 and 4 stimuli at 40 Hz, relative to GCaMP3 (unpaired two-tailed T-Test; see Figure
18A, B, E, and F, and Table 4). In addition, the SNR for this construct was 4.4-, 2.3-, and
1.5-fold higher than GCaMP3 in response to isolated and small bursts of 2 and 4 stimuli
at 40 Hz (p<0.01 for isolated and 4 stimuli, p<0.05 for 2 stimuli, unpaired two-tailed T-
Test, Figure 20) and displayed a 44% increase in basal fluorescence (p=0.01, unpaired,
two-tailed T-Test; Table 4). The AF/F was also significantly higher for the triple mutant
construct in response to 2 second trains of stimuli at 2.5, 5, 10, and 20 Hz (unpaired two-
tailed T-Test) (Figure 18C and D, and Table 4). Furthermore, unlike the results from the
in vitro analysis, the dynamic range of this triple mutant was significantly higher than
that of GCaMP3 by approximately 20% when tested in neurons (unpaired two-tailed T-

Test) (Table 4).

Due to GC3_K21A K77G_N97D having an increased affinity for calcium, it is
conceivable that this GCaMP3 variant is saturated at lower calcium concentrations than

its parent GECI and thus unable to provide accurate, nearly linear measurements at
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intermediate calcium concentrations. To investigate this possibility, we plotted relative
fluorescence changes, normalized to the maximum fluorescence change ([F-Fin]-[Fmax-
Fiin]) for 2 second stimulus trains at 2.5, 5, 10, 20, and 40 Hz. A statistical analysis
indeed revealed a higher degree of receptor saturation at all frequencies examined. For
example, the degree of saturation was approximately 15-17% higher for the triple mutant
than GCaMP3 in response to 2 second trains at 5 and 10 Hz (Table 4). Furthermore,
although the saturation of the triple mutant and GCaMP3 remained approximately linear
to upwards of 2 second train stimuli of 20 Hz, the triple mutant achieve roughly 90%
receptor saturation at 20 Hz, while GCaMP3 required 40 Hz to reach similar saturation
levels (Figure 19A and B). While differences in sensor saturation between GCaMP3 and
GC3 K21A K77G N97D are significant, they are relatively mild and should not
interfere with the use of this sensor to assess calcium transients in response to action
potential burst frequencies and durations normally encountered in cortical neurons. In
summary, these results indicate that GC3_K21A K77G_N97D, which has a significantly
higher K4 for calcium, exhibits a significantly higher sensitivity for small calcium
transients than GCaMP3 when used in neurons. Moreover, this triple mutant variant
showed significantly higher saturation values in response to trains of stimuli at multiple

frequencies and maximized at a lower frequency than GCaMP3.

As described in the in vitro analysis, the point mutation K77G significantly
increased the calcium binding affinity of GCaMP3 while K21A and N97D showed only
marginal increases in K4. Following our finding that GC3_K21A K77G_N97D exhibits a
greater sensitivity for small calcium transients, we sought to determine the relative

contribution of each of its mutations to the increased SNR of this triple mutant or if their
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combination was required when applied to neurons. The three constructs of GC3_K21A,
GC3 K77G, and GC3 N97D were thus transfected individually into neurons to
investigate their relative fluorescence changes in response to stimuli compared to that of
wild type GCaMP3. Surprisingly, we discovered that the K21A mutation provided a
larger contribution towards improving the sensitivity of GCaMP for calcium detection
rather than K77G. In response to small bursts (2 and 4) of stimuli, GC3 K21A
significantly increased the AF/F signals (41 + 8% and 105 + 12%, respectively) for
calcium detection compared to GCaMP3 (AF/F = 14 + 2% and 40 + 5%, respectively)
(see Figure 21A, B, and C). For isolated stimuli, AF/F was increased three-fold over
GCaMP3, although this increase was not significant (Table 5). SNRs for isolated stimuli,
as well as bursts of 2 and 4 action potentials, was marginally increased as well (Figure
22). Moreover, only K21A resulted in a significant increase in dynamic range compared
to that of wild type when stimulated by 2 second trains of varying frequencies ranging
from 2.5 to 80 Hz (ANOVA analysis) (Table 5). In contrast, and N97D were not different
from that of GCaMP3 in response to isolated stimulation as well as bursts of 2 and 4
stimuli upon an ANOVA analysis (Figure 21A and D, and Table 5). Furthermore, the
SNR and basal fluorescence of mutations K77G and N97D were similar to GCaMP3

(Figure 22 and Table 5).

Interestingly, the significant increase in K4 was noted for K77G but not for K21A
(258.8 and 356.9 nM, respectively) from the in vitro analysis. Therefore, the impact of
the K21A in the triple mutant construct might be of more importance for other reasons
than its affect on calcium affinity. To explore this possibility, we investigated how

alterations in the kinetics of GCaMP3 due to its mutations may lead to an increase in
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sensitivity to calcium transients elicited by isolated APs and small bursts of stimuli.
Therefore, we determined the decay rates of K21A, K77G, and N97D and compared
them to that of GCaMP3 (the Hamamatsu ORCA CCD camera used limited our ability to
determine the binding kinetics of calcium transients as its acquisition rate was slower
than the fast rise times of calcium transients). We discovered that from the maximal AF/F
in response to a 4 stimuli burst, the fluorescence signal of K21A mutant decayed
approximately twice as fast as GCaMP3. In contrast, no significant difference was
observed for N97D, while K77G trended towards a slower decay upon an ANOVA
analysis (Table 5). In comparison, the decay rate of the triple mutation was marginally
smaller than that of GCaMP3 (Table 4). Furthermore, we also transfected neurons with
another construct comprised of two of these mutations, K21A and N97G to determine if
the presence of all three mutations was required to produce the significant sensitivity
increase observed with the triple mutant construct. The GC3 K21A N97D construct
showed similar fluorescence increases to isolated action potentials as well as 40Hz bursts
of 2 and four action potentials than the triple mutant also containing 77G (Figure 21E and
Table 5). Moreover, for this mutant, we also observed only a marginally reduced decay
rate and a dynamic range that was very similar to that of GCaMP3 (Table 5). In
summary, this analysis suggests that the K21A is of most importance in increasing the

sensitivity of the GC3 21A 77G 97D.

3.2.3 GCaMP Mutants with Lower Calcium Affinity

Two of the significantly decreasing calcium affinity mutant constructs,
GC3 D24N_E104Q and GC3 _D24N D60N_E140Q, were selected to investigate if their

decreased calcium affinity leads to more linear fluorescence increases in response to large
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calcium transients in neurons. These two mutant constructs were selected over the other
in vitro tested constructs as they exhibited the reduced calcium affinities of 3 and 12.5
uM, respectively, approximately 6- and 30-fold lower than GCaMP3, and similar to
many low-affinity calcium indicators in use. The response of each mutant construct to 2
second stimulus trains at 2.5, 5, 10, 20, 40, and 80 Hz was assessed to determine if these
GCaMP3 combination mutants would be good candidates to measure larger calcium
transients or calcium concentrations more accurately than with GCaMP3. Upon plotting
saturation curves for each reduced calcium affinity mutant sensor, we discovered that
both sensors were not as easily saturated by larger calcium transients as they reported
larger transients in a more linear manner than GCaMP3. Both mutant sensors revealed a
decrease in sensitivity with significantly lower AF/F responses to 10 and 20 Hz stimuli
(38 and 23% lower for GC3 D24N E104Q, and 49 and 52% lower for
GC3 _D24N D60N _E140Q, respectively), while D24N D60N E140Q was also
significantly less sensitive in response to a 40 Hz stimulus (by 30%) upon an ANOVA
analysis (Figure 24D, E, and F, and Table 6). It should also be noted that, although not
significant, both sensors reported marginal sensitivity decreases relative to GCaMP3 in
response to a 2 second train stimulus at 5 Hz (Table 6). In addition, while GCaMP3
became mostly saturated in response to a 20 Hz stimulus (86 + 2%), the D24N_E104Q
and D24N D60N_E140Q constructs only saturated upon a 40 and 80 Hz stimulus,
respectively (Figure 23A, B, and C and Table 6). Interestingly, D24N _E104Q had a
significantly higher dynamic range (24% increase) when tested in neurons even though
neither of the two sensors differed from the wild type control in this regard in vitro (Table

6). We also investigated the response of these two mutant sensors to a single stimulus and
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bursts of 2 and 4 stimuli. While the 24N 104Q construct displayed fluorescence
responses to isolated action potentials as well as bursts of two and four action potentials
that were very similar to GCaMP3, the D24N D60N_E140Q trended towards much
reduced responses with AF/F values that were approximately 7-fold lower for bursts of
two APs and about 3-fold lower for bursts of four APs (Figures 24A, B, and C; 25A, B,
and C). In addition, although the basal fluorescence of both low calcium affinity mutants
were similar to GCaMP3 in neurons, the SNR of the triple mutant was significantly
reduced in response to bursts of 2 and 4 stimuli by approximately 10- and 6-fold,
respectively (ANOVA/Tukey HSD) (Figure 26 and Table 6). However, due to the low
number of experiments performed, with the exception of the SNR analysis, these data did
not reach significance in an ANOVA analysis (Figure 19A, B, C, 20A, B, and C, and
Table 6). In summary, both mutant sensors GC3 D24N E104Q and
GC3 _D24N D60N _E140Q are less easily saturated by larger calcium transients in
neurons and can be utilized to accurately measure larger calcium transients than

GCaMP3.
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CHAPTER 4 DISCUSSION

4.1 GENERATION OF GCAMP VARIANTS WITH A LARGER RANGE OF CALCIUM
AFFINITY

In this study, we succeeded to design GCaMP-based GECIs with a broad range of
calcium affinities. The first aim was to generate a GCaMP variant with an increased
sensitivity to detect lower calcium concentrations or transients in the range of 100 to 200
nM. The second aim of this study was to optimize GCaMP3 for the measurement of large
calcium transients by reducing its affinity for calcium to 2 to 20 uM to avoid sensor
saturation. A calcium titration analysis was used to investigate the altered calcium
affinities, Hill coefficients, dynamic ranges, and basal fluorescence of all engineered
GCaMP3 variants with the most promising constructs selected to assess their
performance in cultured hippocampal neurons. The findings of the neuronal data indicate
that both aims of the study were achieved. We successfully generated one construct,
GC3 K21A K77G_N97D, which is significantly more sensitive than GCaMP3 and is
able to detect calcium transients at presynaptic specializations in response to single
stimuli when tested in neurons. Moreover, we engineered two GCaMP variants,
GC3 24N 104Q and GC3 D24N D60ON_E140Q, which exhibit a significantly lower
sensitivity for calcium binding, allowing us to accurately measure larger calcium

concentrations without concerns of sensor saturation.

4.1.1 High Calcium Affinity Sensor

Our extensive mutagenesis screen of calmodulin led us to identify several

mutations in the interdomain linker that increased the calcium affinity significantly, as
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well as mutations in the EF motifs that marginally elevated the K4 of GCaMP3 for
calcium. While none of the EF motif mutations alone resulted in a large shift of the
calcium association constant, the combination of several of these mutations led to the
generation of a GCaMP variant with the desired high affinity for calcium. The
effectiveness of this high affinity GCaMP3 variant, GC3 K21A K77G N97D, was
substantiated by both an in vifro calcium titration analysis testing and its functional
capabilities in neurons. The calcium titration analysis indicated that this high affinity
construct exhibited a significantly increased calcium affinity of 179 = 15.1 nM compared
to GCaMP3 (419 £ 23.9 nM) which is within the desired range of between 100 and 200
nM. Most importantly, however, the K21A K77G N97D sensor, when expressed in
neurons, significantly increased GCaMP3s response for single stimuli as well as small
bursts of 2 and 4 stimuli. For isolated action potentials, the AF/F was increased three- to
fourfold relative to GCaMP3, leading to a large increase in SNR of the sensor for small
calcium transients. In summary, the creation of GC3_K21A K77G N97D achieved the
first goal of creating a GCaMP variant with higher sensitivity that is suitable to report

small calcium transients induced by single action potentials.

The in vitro and neuronal assessment of the individual components of
GC3 _K21A K77G_NO97D suggested that the most relevant parameter for constructing a
variant with higher sensitivity may not be the calcium affinity conferred by each
mutation. In isolation, the K77G was the only mutation of the three to provide a
significant increase in calcium affinity upon in vitro calcium titration analysis. However,
in contrast to K77G and N97D, K21A was the only mutation to exhibit a significant AF/F

increase in response to small calcium transients elicited by burst stimulation in
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presynaptic specializations of hippocampal neurons. A possible explanation for the
significantly increased AF/F responses of the K21 A mutant in neurons could be that its
dynamic range was significantly higher than its parent GECI when tested in neurons
which contrast the similar reported dynamic ranges of K77G and N97D compared to
GCaMP3. However, the increase in the dynamic range is relatively small and unlikely to
account for the much larger increase in AF/F in response to presynaptic calcium
transients elicited by isolated action potentials or small action potential bursts.
Alternatively, it is possible that the K21 A mutation alters the calcium binding kinetics of
GCaMP. Faster calcium binding would likely lead to an increase in sensitivity of the
sensor to fast calcium transients. The 21 A mutation removes a positively charged lysine
from EF motif I that may cause some electrostatic repulsion of calcium ions which may
slow down calcium binding to this site. While we were not able to measure the rise time
of the calcium signal in neurons directly (the acquisition rate of our CCD camera was too
low), we did measure the decay kinetics and found a significant increase in the decay
time constant of the K21A mutant. This finding may indicate that the calcium binding
kinetics may indeed be altered by this mutation. Therefore, the significant increase in
sensitivity exhibited by GC3 K21A K77G _N97D may result from not only the higher
dynamic range or combination of the significantly increased calcium affinity properties
of K77G and the marginal increase in K4 of the K21A and N97D mutants, but may also

be due to altered binding kinetics of K21A.

4.1.2 Low Calcium Affinity Sensors

The effectiveness of the low calcium affinity sensors were also substantiated by

both in vitro and neuronal data. In calcium titration experiments, GC3 D24N_E104Q and
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GC3 D24N D60N _E140Q displayed significantly reduced the calcium affinities
compared to GCaMP3 with Ky values of 2.7 = 0.07 and 12.6 + 0.28 uM, respectively.
Furthermore, the dynamic ranges of these sensors were also significantly higher than
GCaMP3, which presumably could aid in the accurate detection of larger calcium
transients. The results of the neuronal data for these constructs corresponded to the in
vitr