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ABSTRACT
Calcineurin (Cn) is a highly conserved calcium-responsive phosphatase
that is crucial for many cellular pathways, especially those that control the
response to outside stimuli. Misregulation of Cn has been associated with
pathological conditions including cardiac hypertrophy, Down Syndrome, and
Alzheimer’s Disease. Previous studies of Cn and its downstream effectors have
largely relied on assays that lack single-cell or temporal resolution. Herein, I
describe my efforts to develop a fluorescent probe based on a truncated version
of the Cn-responsive transcription factor Crz1 and use it to investigate Cn-Crz1
activation dynamics in single cells in real time. Crz1 activates its own
transcription as well as transcription of Cn regulators, thus participating in
multiple feedback loops. The truncated version of Crz1 used for the probe does
not bind DNA and is therefore inert with regards to feedback. Using this probe,
I reveal a new phenomenon of Cn activity in the absence of stimulation named
“flickering.” Flickering is a low level of Cn activation that stimulates brief probe
translocation in steady-state conditions. I also use the probe to investigate
feedback loops involved in Cn regulation. The vacuolar calcium transporters
Pmc1 and Vcx1 are both necessary to maintain cytosolic calcium concentration
and prevent hyperactivation of Cn in both stimulating and non-stimulating
conditions. The putative Cn chaperone Rcn1p is needed for normal Cn activity
both before and after signaling. My studies present a new way to measure Cn
activation which can be applied to clinical and basic study of this crucial
signaling factor.
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CHAPTER ONE: INTRODUCTION

Calcium signaling and calcineurin regulation

1

CALCIUM SIGNALING
In order to survive, cells must be able to respond to their environment.
Living cells do not exist in a vacuum, and external conditions dictate much of
what goes on inside a cell. Cells need to sense the availability of nutrients, the
presence of neighbors, stimulation by growth factors, and many other
environmental cues. These extracellular stimuli need a way in which to signal
inside the cell in order to affect cell function as a whole. Furthermore,
extracellular stimuli need to be coupled to intracellular responses such as
metabolic changes or gene transcription. This is accomplished by the use of
second messengers, small molecules that activate signaling cascades. One of the
most important of these is calcium (Ca2+).
Concentration and localization of Ca2+ are the most tightly regulated of
any ion (Clapham, 2007). Ca2+ is essential to many cellular functions. It is used
as a second messenger by many different cell types in organisms from fungi to
mammals to regulate functions from cell division to cell death (Karlstad et al.,
2012).
Fungi use Ca2+ signals to respond to outside stimuli such as mating
pheromones, endoplasmic reticulum (ER) stress induced by anti-fungal drugs,
and changes in environmental conditions including pH level and nutrient
availability (Iida et al., 1990; Bonilla et al., 2002; Tisi et al., 2002; Heath et al.,
2004). In plants, Ca2+ regulates the activity of ion transporters; the response to
stresses from cold, excess salt, and insufficient water; the response to light; and
the circadian rhythm (White and Broadley, 2003; Drerup et al., 2013).
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In mammals, Ca2+ signaling controls a vast array of processes. In neuronal
synaptic spines, changes in cytosolic free Ca2+ concentration ([Ca2+]cyt) control the
formation or erasure of temporary memories by means of reversible, Ca2+dependent changes in protein phosphorylation, cytoskeleton remodeling, and
the trafficking and localization of AMPA receptors (Berridge et al., 2000; Berridge,
2011). High, short increases in [Ca2+]cyt, caused by the opening of Ca2+ channels in
the plasma membrane (PM) during an action potential, trigger neurotransmitter
release. Low, longer-term increases, caused by trains of action potentials without
time to return to resting [Ca2+]cyt between them, accelerate the recruitment of
vesicles to the membrane so that they are ready to be released (Neher and Sakaba,
2008). Both exocytosis and endocytosis at synaptic membranes require slightly
elevated [Ca2+]cyt (Igarashi and Watanabe, 2007). In addition, neuronal cell
survival after ischemic injury requires the action of both kinases and
phosphatases that are activated by Ca2+ signaling (Sasaki et al., 2011).
Ca2+ is required for muscle contraction in response to stimulation in a
process known as excitation-contraction coupling. An action potential causes the
opening of voltage-gated Ca2+ channels (VGCCs) in the PM, allowing a small
influx of Ca2+ to enter the cell from outside. The rise of [Ca2+]cyt in the space near
the membrane induces a larger influx from intracellular stores in the nearby
sarcoplasmic reticulum (SR) by opening the Ca2+-activated ryanodine receptor
(RyR) (Brochet et al., 2012). This Ca2+-induced Ca2+ release allows spatial
amplification of the signal that starts at the PM. The Ca2+ released from the SR
binds troponin C, which binds troponin I, allowing myosin to bind to actin and
thereby activating myosin-actin contraction (Bers, 2008; Nakamura et al., 2011).
3

Lysosomes are the organelles responsible for degradation of cellular
material sent for removal through endocytosis, phagocytosis, or autophagy.
They are also responsible for cellular processes such as PM repair, pathogen
defense, signaling, and cell death (Saftig and Klumperman, 2009). In order to
perform these and other functions, lysosomes must be able to fuse with one
another as well as with phagosomes and other vesicles containing material for
degradation (Coen et al., 2012). This fusion is triggered by Ca2+, and does not
happen when lysosomal Ca2+ homeostasis is disturbed, leading to loss of
lysosomal function (Bakker et al., 1997; Coen et al., 2012).
In the circulatory system, resistance to blood flow is determined by
properties of red blood cells, especially deformability and aggregation.
Deformability is the property of red blood cells that allows them to pass through
narrow capillaries without fragmenting. Ca2+ signaling is the main pathway red
blood cells use to regulate these properties. Mechanical stress causes Ca2+ influx,
which eventually leads to decreased deformability and an increase in
aggregation (Muravyov and Tikhomirova, 2012).
Cell cycle progression is dependent on Ca2+ oscillations at the G1/S
transition. These oscillations originate mainly in intracellular Ca2+ stores, with
some contribution from extracellular Ca2+. Blocking the channels that allow Ca2+
exit from stores, inositol 1,4,5,-trisphophate (IP3) receptors (IP3Rs) and RyRs,
slows cell proliferation and reduces the number of cells that progress to G2/M
phase in both embryonal carcinoma and adult stem cells (Resende et al., 2010).
In the mammalian oocyte, oscillations of [Ca2+]cyt occur at fertilization.
These oscillations are necessary and sufficient to allow embryo development;
4

microinjection of Ca2+ into an unfertilized oocyte induces cell division.
Unfertilized oocytes are arrested in meiosis II, and the arrest is maintained by the
cytostatic factor complex. Ca2+ oscillations activate calmodulin-dependent kinase
(CaMK) II, which inhibits the cytostatic factor complex and allows meiosis to be
completed. The oscillations also inhibit the activity of mitogen-activated protein
kinase (MAPK) signaling, which allows the pronucleus to form (Kashir et al.,
2012).
Changes in [Ca2+]cyt regulate transcriptional changes in myocytes, neurons,
and many other cell types (Schwaller, 2012). In neurons, over 300 genes have
been identified that are regulated by changes in [Ca2+]cyt. These genes are
regulated by a group of approximately thirty transcription factors (TFs),
including cyclic adenosine 3",5"-monophosphate (cAMP)-responsive element
binding protein (CREB), Elk-1, nuclear factor of activated T-cells (NFAT), and
nuclear factor kappa B (NF-#B). These TFs are all activated in the cytoplasm by
rapid increases in [Ca2+]cyt. They then translocate to the nucleus, where elevated
nuclear free Ca2+ concentration ([Ca2+]nuc), caused by long-term increases in
[Ca2+]cyt, maintains them in the activated state. The transcriptional repressor
downstream regulatory element antagonistic modulator (DREAM) can bind Ca2+
directly. When [Ca2+]nuc rises, DREAM binds Ca2+ and releases the DNA,
allowing transcription to proceed (Dolmetsch, 2003; Zaidi et al., 2004). These and
other mechanisms allow cells to alter their transcriptional profile in response to
stimulation.
These are only a few of the myriad of uses that cells have for Ca2+
signaling. Ca2+ is an extremely versatile messenger and fundamental to nearly
5

every cellular process. One of the enduring mysteries in the field that I will
address experimentally in this work is how Ca2+ signals are regulated in
cells. Some general background on [Ca2+]cyt control follows.

CALCIUM HOMEOSTASIS
Ca2+ is such an effective regulator of cellular processes because of how
tightly it is regulated. Cells can very precisely set the resting concentration of
Ca2+ in various compartments such that very small changes can be sensed and
responded to in different ways in each cellular location. Resting [Ca2+]cyt is kept
very low, in the range of 10-100 nM, which is up to 20,000-fold lower than the
extracellular concentration (Gennaro et al., 1984; Ingwall and Balschi, 2006;
Clapham, 2007). This gradient is maintained by buffering of the cytosol,
sequestration of Ca2+ in intracellular stores, and removal of Ca2+ through the PM,
along with control of flow into the cytosol (Gilabert, 2012).
Only one to five percent of Ca2+ ions entering the cytosol remain as free
Ca2+ ions contributing to [Ca2+]cyt. This is due to the rapid action of Ca2+ buffers,
which include ATP and other polyanions as well as Ca2+-binding proteins with
high capacity for Ca2+. These Ca2+ buffers also restrict the diffusion of Ca2+ ions,
reducing the spatial range as well as the amplitude of changes in [Ca2+]cyt
(Gilabert, 2012).
There are four major proteins that buffer cytosolic Ca2+: parvalbumin ($
and %), calbindin-D9k, calbindin-D28k, and calretenin. They are small proteins
containing multiple EF hand Ca2+-binding domains. These buffers have no Ca2+
bound at basal [Ca2+]cyt and are ready to bind Ca2+ whenever [Ca2+]cyt rises
6

(Schwaller, 2010). They all have multiple sites for Ca2+ binding and some show
cooperativity. They undergo little or no conformational change upon binding of
Ca2+ and most have no known interaction partners (Schwaller, 2012). The
different buffers show varying Ca2+ affinities and binding kinetics, allowing a cell
to fine-tune its cytosolic response to Ca2+ influx by expressing different amounts
of each buffer. The buffers are not redundant; each has its own distribution, and
[Ca2+]cyt dynamics will be disrupted if any one is absent (Schwaller, 2010). Along
with these proteins, small molecules can act as cytosolic Ca2+ buffers. The most
important is adenosine triphosphate (ATP), which rapidly binds Ca2+ and can
control its diffusion (Michailova and McCulloch, 2001; Montalvo et al., 2006).
While cytosolic Ca2+ buffers act quickly, their effects are limited. They
cannot remove Ca2+ from the cytosol and eventually saturate. In order to end
Ca2+ signals, Ca2+ is pumped out of the cytosol. Due to the fact that Ca2+ removal
from the cytosol moves Ca2+ against its concentration gradient, energy is
required for this process. P-type ATPase Ca2+ pumps use ATP as an energy
source to move Ca2+ ions across membranes (Brini and Carafoli, 2009). Ca2+
pumps act on a timescale of tens of seconds to move Ca2+ into intracellular
organelles, where it is stored for release in later signaling events (Gilabert, 2012).
The main sites of Ca2+ storage are the SR in muscle cells and the ER in all
other cells. The three-member family of pumps that operate in SR and ER
membranes is known as the sarco/endoplasmic reticulum Ca2+ ATPases
(SERCA). The action of SERCA is critical in maintaining proper ER and SR
function. SERCA is also found in the membrane of the Golgi along with another
two-member family of Ca2+ pumps, the secretory pathway Ca2+ ATPases (SPCA).
7

SERCA and SPCA are both subtype IIa P-type ATPases. SPCA has higher Ca2+
affinity than SERCA, allowing it to operate at even lower [Ca2+]cyt, but lower
capacity (Brini and Carafoli, 2009). Together these pumps maintain low basal
[Ca2+]cyt and protect against small fluctuations. They remove Ca2+ that is released
by the cytosolic buffers as [Ca2+]cyt returns to baseline after a signaling event.
The ER and SR regulate [Ca2+]cyt by acting as both a sink of excess Ca2+ and
a store of Ca2+ to be released when needed for signaling. Organellar Ca2+ buffers,
along with regulating protein folding and other ER/SR pathways, bind Ca2+ with
low affinity and high capacity, allowing the ER and SR to store Ca2+ and release it
quickly (Prins and Michalak, 2011; Gilabert, 2012; Schwaller, 2012). The total
[Ca2+] of these compartments is in the millimolar range, but the free Ca2+
concentration of the ER ([Ca2+]ER) is around 200-500 &M, which is still 1,000 times
higher than [Ca2+]cyt (Prins and Michalak, 2011; Gilabert, 2012). This allows for
quick mobilization of large amounts of Ca2+ when needed while maintaining
relatively constant [Ca2+]ER.
The most important buffer in the ER is calreticulin, which buffers up to
half of ER Ca2+ in non-muscle cells. Immunoglobulin binding protein (BiP) is
another ER Ca2+ buffer, responsible for about one quarter of the buffering
capacity of the ER. Calreticulin and BiP are also protein chaperones that ensure
the correct folding of proteins in the ER and require the high [Ca2+]ER for maximal
chaperone activity. The depletion of Ca2+ from the ER can lead to accumulation
of misfolded proteins and activation of the unfolded protein response (Prins and
Michalak, 2011).
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The SR is a specialized form of the ER found in muscle cells. Its primary
function is the storage and release of Ca2+ to regulate muscle contraction and
relaxation. The primary Ca2+ buffer in the SR is calsequestrin, which has a high
capacity for Ca2+ ions. In addition to controlling [Ca2+]SR by binding Ca2+ directly,
calsequestrin regulates Ca2+ release through the RyR Ca2+ channel in response to
changes in [Ca2+]SR. Another high-capacity SR Ca2+ buffer, the histidine-rich Ca2+
binding protein (HRC), also regulates RyR activity. In addition, it regulates
SERCA, thereby controlling Ca2+ transport both into and out of the SR (Prins and
Michalak, 2011).
Another organelle that can serve as both a sink and a source for large
amounts of Ca2+ is the mitochondria (Boyman et al., 2013). For small changes in
[Ca2+]cyt, efflux to the ER/SR and out of the cell is sufficient and mitochondrial
Ca2+ uptake accounts for approximately one percent of Ca2+ efflux, but when
[Ca2+]cyt rises to the micromolar range, the mitochondria play a major role in
buffering [Ca2+]cyt (Bers, 2008; Gilabert, 2012). Ca2+ enters the mitochondria
through a channel in the inner mitochondrial membrane known as the
mitochondrial Ca2+ uniporter which is highly selective for Ca2+ but has low
affinity, so little Ca2+ is passed at basal [Ca2+]cyt (De Stefani et al., 2011; Palty and
Sekler, 2012). Mitochondria are poised to take up large amounts of Ca2+ after a
signaling event by their close proximity to ER Ca2+ release sites (Saris and
Carafoli, 2005). When the Ca2+ concentration of the mitochondria rises, many of
the key enzymes of the mitochondrial matrix are activated. In this way,
processes of the mitochondria and the rest of the cell are linked, especially
supply and demand of ATP (Bers, 2008). To prevent mitochondrial Ca2+
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overload, which can lead to the activation of the mitochondrial permeability
transition pore and cell death, Ca2+ is extruded from the mitochondria by a cation
exchanger in the inner mitochondrial membrane that transports sodium (Na+) in
exchange for Ca2+ (NCLX) (Palty et al., 2012; Boyman et al., 2013).
Along with the organelles just discussed, other subcellular compartments
maintain luminal Ca2+ concentrations higher than the cytoplasm. These include
the Golgi apparatus, peroxisomes, lysosomes, and endosomes. For the latter
three of these, it is not known how or why these organelles maintain such high
luminal Ca2+ concentrations (Prins and Michalak, 2011). The Golgi, however, has
both Ca2+ pumps (SERCA and SPCA) and Ca2+ channels (RyR and IP3R) in the
membranes of various subcompartments, indicating that it participates in Ca2+
uptake and regulated release (Lissandron et al., 2010). The Golgi also has its own
set of Ca2+-binding proteins to regulate luminal Ca2+ concentration as well as
Ca2+-dependent enzymes such as the kexin family of proteases (Oda, 1992; Prins
and Michalak, 2011).
In addition to storing Ca2+ in the many organelles discussed above, cells
are able to remove excess Ca2+ entirely. There is another four-member family of
subtype IIb P-type Ca2+ ATPases in the PM, the plasma membrane Ca2+ ATPases
(PMCA), which has slightly lower affinity for Ca2+ than SPCA and operates as a
fine tuner of [Ca2+]cyt (Brini and Carafoli, 2009). In general, the pumps have high
affinity and low capacity for Ca2+. This means that they are important in
maintaining low [Ca2+]cyt in unstimulated cells but are quickly overwhelmed
when [Ca2+]cyt rises above baseline during a signaling event. When this happens,
10

a variety of Ca2+/cation antiporters (CaCAs) become active (Carafoli and Brini,
2000; Lytton, 2007)
CaCAs have a low affinity for Ca2+ compared to the pumps, so they
operate mainly when [Ca2+]cyt is high. CaCAs can transport a large number of
ions rapidly, however, so they can make quick adjustments to [Ca2+]cyt. The
requirement for energy to move Ca2+ against its concentration gradient is
overcome by coupling this energetically unfavorable process to the energetically
favorable movement of another ion down its concentration gradient into the
cytosol. In mammals, there are three families of CaCAs, two of which are found
in the PM: the three-member Na+/Ca2+ exchanger (NCX) family and the fivemember potassium (K+)-dependent Na+/Ca2+ exchanger (NCKX) family. The
single member of the Ca2+/cation exchanger (CCX) family is NCLX, which is in
the inner mitochondrial membrane and was discussed above. Along with Ca2+
pumps, PM CaCAs are critical in the maintenance of [Ca2+]cyt homeostasis and
recovery from perturbations (Clapham, 2007; Lytton, 2007; Palty et al., 2012).
Regulation of some of these important Ca2+ efflux pathways will be explored in
Chapter 4.

CALCIUM INFLUX
Cells maintain low [Ca2+]cyt for two reasons. The first is the cytotoxicity of
large amounts of free Ca2+ ions; if cells allow Ca2+ to accumulate in the cytoplasm,
they will die due to sustained activation of proteases, nucleases, and other
detrimental enzymes (Brini and Carafoli, 2009; Gilabert, 2012). The second
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reason is to be able to use controlled changes in [Ca2+]cyt to communicate
internally and regulate cellular processes.
A Ca2+ signaling event occurs when [Ca2+]cyt is allowed to rise locally or
transiently. Signaling is stimulated by triggers such as action potentials,
neurotransmitters, and growth hormones (Dolmetsch, 2003). In response to these
and other triggers, Ca2+ is allowed to passively flow down its concentration
gradient into the cytoplasm through Ca2+ channels in the PM and organellar
membranes. These channels are gated to allow Ca2+ to pass only under
conditions specific to each cell type.
As mentioned earlier, Ca2+ release from internal stores is a major
contributor to Ca2+ signaling events (Clapham, 2007). Signaling from the PM to
intracellular stores is accomplished by means of second messengers generated by
enzymatic modification of small molecules such as phosphotidylinositol 4,5bisphosphate (PIP2) and nicotinamide adenine dinucleotide (NAD) (Galione and
Chuang, 2012). Many cell types mainly use IP3-induced Ca2+ release from the ER
to generate Ca2+ signals (Thurley et al., 2012). The IP3R is activated by a signaling
cascade that begins with binding of any of a multitude of ligands to a G-proteincoupled receptor in the PM. The subunits of the receptor separate, and the G$
subunit activates phospholipase C, which cleaves PIP2 into diacyl glycerol (DAG)
and IP3. IP3 then diffuses into the cytoplasm and activates the IP3R at low [Ca2+]cyt
and high [Ca2+]ER (Skupin and Thurley, 2012). IP3 has a greater diffusion range
than Ca2+, allowing it to act as a global messenger beyond the limited spatial area
of [Ca2+]cyt elevation (Parys and De Smedt, 2012).
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Large-scale release of Ca2+ from the ER and SR is also induced by small
increases in [Ca2+]cyt caused by influx from either an intracellular store or outside
the cell. As mentioned above, this mechanism of Ca2+-induced Ca2+ release
(CICR) is important for amplification of small, local signals. While the IP3R is
sometimes involved, CICR relies mainly on the RyR, which is activated by
micromolar [Ca2+]cyt and cyclic adenosine diphosphate ribose, a metabolite of
NAD. A small rise of [Ca2+]cyt will cause the nearest RyRs to open, allowing Ca2+
to flow into the cytoplasm and increasing the amplitude and range of the [Ca2+]cyt
rise. This will cause more RyRs to open, thus generating a larger signal (Mackrill,
2012). Another mechanism for activation of RyRs is direct interaction with
VGCCs. Some VGCCs sense changes in PM voltage and instead of opening to let
Ca2+ flow through the PM they cause RyRs to open and allow Ca2+ into the
cytoplasm from internal stores (Berridge et al., 2000). RyRs close when [Ca2+]cyt
rises into the millimolar range (Lanner, 2012).
The most potent Ca2+-releasing messenger is nicotinic acid adenine
dinucleotide phosphate (NAADP), another metabolite of NAD. NAADP
activates two-pore channels (TPCs) in the membranes of acidic organelles such as
lysosomes. Like IP3Rs, TPCs are more sensitive to ligand activation from the
cytosol at high luminal [Ca2+]. TPCs are not targets of CICR, though they may
induce CICR by releasing Ca2+ to activate IP3Rs and RyRs. NAADP-stimulated
Ca2+ release may also regulate fission, fusion, and trafficking of lysosomes and
endosomes (Galione and Chuang, 2012).
Intracellular Ca2+ stores are limited, and they may not be sufficient to
generate the signals required in some cell types or they may run low in
13

conditions of high signaling. To counter this, cells need a way to augment and
refill intracellular stores. This is controlled by a mechanism known as storeoperated Ca2+ entry (Gwack et al., 2007). When [Ca2+]ER is low, the
transmembrane proteins stromal interacting molecule (STIM) 1 and 2 form
aggregates in the ER membrane. These aggregates collect in the portion of the
ER membrane that is very close to the PM, where they stimulate Ca2+ influx
through the Orai Ca2+ channel, allowing for refilling of the ER Ca2+ store
(Karlstad et al., 2012). There is some evidence that another PM cation channel,
the canonical transient receptor potential (TRPC) channel, interacts with STIM
and Orai to participate in store-operate Ca2+ entry (Berna-Erro et al., 2012). TRPC
or other TRP channels in the PM may also interact with IP3Rs, providing yet
another mechanism to regulate this Ca2+ influx pathway (Ramsey et al., 2006).
TRP channels are a large, diverse group of cation channels found in both
the PM and intracellular membranes (Ramsey et al., 2006). They are permeable
to mono- and divalent cations, especially Na+ and Ca2+. Different channels have
different permeability ratios; some allow almost exclusively one ion through,
others are non-selective (Berna-Erro et al., 2012). Their modes of activation are as
diverse as their ion selectivities. They can be receptor-gated – activated by Gprotein-coupled receptors, receptor tyrosine kinases, and other ligand-activated
transmembrane proteins; ligand-gated – activated directly by the binding of a
ligand such as capsaicin, DAG, or inorganic ions; or activated by changes in
cellular conditions such as temperature or mechanical pressure (Ramsey et al.,
2006). Many are responsive to changes in [Ca2+]cyt (Su et al., 2009).
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Like TRP channels, other channels in the PM generate signals directly,
rather than through stimulation or refilling of intracellular Ca2+ stores. VGCCs in
the PM respond immediately to membrane depolarization by opening and
allowing very fast, high-capacity Ca2+ influx (Clapham, 2007). VGCCs are made
up of the pore-forming $1 subunit with some combination of %, $2', and (
subunits. There are multiple versions of each subunit, creating channels with a
variety of functional and regulatory properties (Siwek et al., 2012). The channels
open when a change in membrane potential causes a conformational change of a
positively-charged region that blocks the Ca2+ pore in the closed state (Karlstad et
al., 2012).
There are also a variety of other ligand-gated and receptor-activated
channels in the PM that play minor roles in Ca2+ influx in response to a variety of
stimuli (Berna-Erro et al., 2012). The effect of all of these Ca2+ influx pathways, so
varied in their localization and modes of activation, is a system for generating
Ca2+ signals that can be precisely regulated both spatially and temporally. This
gives cells the ability to use just one molecule, Ca2+, to code for a wide variety of
cellular responses (Siwek et al., 2012). In later chapters, I will experimentally
determine some parameters of this signal encoding.

CALCIUM SENSORS
Ca2+ in the cytosol affects cellular processes by interacting with thousands
of Ca2+-binding proteins (Clapham, 2007). One group of Ca2+-binding proteins
that is very important for effecting downstream responses is the cytosolic Ca2+
sensors. Like the cytosolic Ca2+ buffers, Ca2+ sensors bind Ca2+ rapidly and with
15

high affinity (Yáñez et al., 2012). Unlike buffers, however, sensors are present at
lower total concentrations in the cell, undergo larger conformational changes on
Ca2+ binding, and participate in Ca2+-dependent interactions with other proteins
(Gilabert, 2012; Schwaller, 2012).
Ca2+ sensors expand the effect of spatially and temporally restricted Ca2+
elevation by facilitating diffusion and remaining activated after a signal has
ended. There are four families of these cytosolic Ca2+ sensors: S100, neuronal
calcium sensor (NCS) proteins, calmodulin (CaM), and calcineurin (Cn)
(Clapham, 2007; Yáñez et al., 2012). The S100 and NCS families are important in
regulation of Ca2+ flux through pumps and channels, but they are expressed in
only some organisms or cell types (Schaub and Heizmann, 2008; Brini and
Carafoli, 2009; Nakamura et al., 2011; Schwaller, 2012).
CaM is highly conserved and is present in all cell types in all eukaryotic
organisms (Schaub and Heizmann, 2008; Yáñez et al., 2012). CaM contains four
Ca2+-binding EF hand domains in two cooperative pairs with different Ca2+
binding properties. Each of these domains binds one Ca2+ ion, for a total of four
bound ions. The cooperativity of the Ca2+ binding sites ensures that CaM will be
either fully bound to Ca2+ or completely empty the majority of the time (Schaub
and Heizmann, 2008). At basal [Ca2+]cyt, CaM is in its Ca2+-free apo form and
regulates a plethora of Ca2+-independent targets including the centrosome,
myosins involved in vesicle trafficking, and cytoskeletal components necessary
for endocytosis and metaphase spindle formation (Flory et al., 2000; Cyert, 2001;
Schaub and Heizmann, 2008). When [Ca2+]cyt rises during a Ca2+ signaling event,
CaM binds Ca2+ very quickly and undergoes a drastic conformational change
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that exposes hydrophobic surfaces and allows interaction with a different set of
targets than the apo form (Clapham, 2007; Faas et al., 2011). There are over one
hundred known Ca2+-dependent CaM target proteins, including PM ATPases,
NAD kinases, and myosin light chain kinase, regulating critical cellular processes
such as Ca2+ transport, cyclic nucleotide metabolism, muscle contraction, cell
cycle progression, changes in gene expression, and many others (Berridge et al.,
2000; Schaub and Heizmann, 2008). Because apo CaM is often prebound to its
targets in the absence of cytosolic Ca2+, it can modulate the activity of those
proteins on a millisecond time scale when [Ca2+]cyt rises (Schaub and Heizmann,
2008). CaM is enriched in cellular microdomains where Ca2+ influx leads to very
high local [Ca2+], contributing to the speed of the CaM response (Saucerman and
Bers, 2008).
Interestingly, Ca2+/CaM is involved in numerous negative feedback loops
on [Ca2+]cyt. Ca2+/CaM inhibits VGCC, IP3R, and Orai in a Ca2+-dependent
manner, stopping Ca2+ flow into the cytosol once [Ca2+]cyt has increased a certain
amount (Bers, 2008; Berna-Erro et al., 2012; Parys and De Smedt, 2012). In
addition, Ca2+/CaM increases the activity of PMCA, SERCA, and NCX, by either
direct or indirect means, speeding the return to basal [Ca2+]cyt (Carafoli and Brini,
2000; Clapham, 2007).
Ca2+/CaM regulates Ca2+-dependent transcription mainly through the
activation of a protein phosphatase and a family of protein kinases called
Ca2+/CaM-dependent kinases (CaMKs) (Schwaller, 2012). CaMKs have been
shown to regulate various TFs, including CREB, serum response factor (SRF),
activating transcription factor-1 (ATF-1), and myocyte enhancer factor 2 (MEF2).
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CaMKs also affect transcription by regulating nuclear localization of the Ca2+sensitive transcriptional repressor DREAM (Bers, 2008; Ronkainen et al., 2011).
In addition to regulating cellular processes by modulating transcription, CaMKs
also directly regulate ion fluxes through Ca2+, Na+, and K+ channels; axon
outgrowth; cell cycle progression; neurotransmitter release; memory
consolidation; fertilization; cell proliferation; and the immune response, all by
direct phosphorylation of targets involved in these processes (Maier, 2012;
Skelding and Rostas, 2012). Of particular interest is the CaMK feedback on
[Ca2+]cyt: positive feedback by activation of VGCC and RyR and negative
feedback by deactivation of the SERCA inhibitor phospholamban (Bers, 2008).

CALCINEURIN AND NFAT
The sole protein phosphatase regulated by Ca2+/CaM is calcineurin (Cn),
which is also a Ca2+ sensor itself. Ca2+/CaM binds Cn with higher affinity than it
binds CaMKs, allowing selective regulation and timing of Ca2+-responsive
signaling pathways (Saucerman and Bers, 2008). Like CaM, Cn is ubiquitously
expressed and highly conserved in all organisms, with over 50% identity in one
of its subunits between mammals and yeast (Rusnak and Mertz, 2000). Cn
comprises a tightly associated heterodimer of the catalytic CnA subunit and the
smaller regulatory CnB subunit. CnA contains the catalytic domain, a CnBbinding domain, and a Ca2+/CaM-binding autoinhibitory domain that binds to
and blocks the substrate-binding site of the catalytic domain in the absence of
Ca2+/CaM. Binding of Ca2+/CaM, but not apo CaM, displaces the autoinhibitory
domain and increases Vmax of CnA. CnB contains four EF hand domains that
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bind Ca2+, similarly to CaM. Unlike CaM, however, CnB can weakly bind and
activate CnA in the absence of Ca2+. Ca2+ binding to CnB increases its ability to
bind and activate CnA, lowering the Km of the enzyme. In order to be fully
functional, CnA requires the binding of both Ca2+/CaM and free Ca2+ to CnB; the
phosphatase is inactive at basal [Ca2+]cyt but activated during Ca2+ signaling
events (Wang et al., 2008; Li et al., 2009; 2011).
Cn is one of the crucial factors in the flow of information from the
initiators of Ca2+ signals to the effectors of cellular responses and has many direct
targets (Li et al., 2011). In neurons, Cn dephosphorylates and activates neuronal
nitric oxide synthase, increasing the production of nitric oxide, which regulates
synaptic plasticity and excitotoxicity (Groth et al., 2003). Synaptic vesicle
endocytosis in multiple types of neurons is triggered by Cn dephosphorylating a
required group of proteins known as dephosphins (Cousin and Robinson, 2001).
Endocytosis of synaptic vesicles is important both for recycling of membranes, to
reset the nerve terminal for further signaling, and for internalization of
neurotransmitter receptors, which allows for processes of neuronal plasticity
such as long term depression (Groth et al., 2003; Yamashita, 2012). Exocytosis of
synaptic vesicles under high-frequency stimulation also requires Cn (Kumashiro
et al., 2005). Cn dephosphorylates tubulin and microtubule-associated proteins
to promote microtubule growth and stabilization (Groth et al., 2003). Cn also
regulates Ca2+-mediated MAPK signaling by dephosphorylation of a scaffold
protein required for kinase activation (Li et al., 2011).
Cn has been shown to directly regulate the activity of Ca2+ transporters,
creating feedback loops. Cn physically interacts with at least one form of NCX
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and inhibits its activity in vivo (Katanosaka et al., 2005; Shigekawa et al., 2007).
This creates a positive feedback loop, preventing the ending of Ca2+ signals
before they have the required effect. Cn inhibits the L-type VGCC and some
ligand-gated channels, possibly through an intermediate, setting up a fast
negative feedback loop (Li et al., 2011; Reese and Taglialatela, 2011). Cn also
regulates the activity of other ion transporters, contributing to the general control
of ion homeostasis (Reese and Taglialatela, 2011). Some of this feedback will be
examined in later chapters.
In addition to its direct dephosphorylation targets, Cn regulates the
activity of another phosphatase, protein phosphatase 1 (PP1), through
dephosphorylation and inhibition of homologous PP1 inhibitors DARPP-32 and
inhibitor-1. PP1 then regulates ion transport, gene transcription, synaptic
transmission, cell cycle, and neuronal survival in a Ca2+-dependent way even
though it does not bind Ca2+. PP1 may regulate some of the same targets as Cn,
either in the same or opposite way, leading to complex regulation that is not fully
understood (Connor et al., 2000; Groth et al., 2003; Hurley et al., 2007).
Another major role of Cn is regulation of transcription. While Cn can
affect the activity of some Ca2+-regulated TFs such as CREB, its major direct
effector is the nuclear factor of activated T-cells (NFAT) family of TFs (Clapham,
2007). Though different NFAT genes are expressed in different cell types, they
are largely redundant (Padhan and Varma, 2010). Dephosphorylation of NFAT
by Cn leads to translocation of the Cn-NFAT complex to the nucleus and
activation of transcription (Rusnak and Mertz, 2000). Nuclear kinases GSK-3,
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CK1, and DYRK1a phosphorylate NFAT, leading to its export and reduction of
transcription of its targets (Müller et al., 2009).
Although first discovered in the immune system, Cn-NFAT signaling is
ubiquitous, controlling such processes as T-cell activation, differentiation of
muscle cells, memory formation, myelination, and development of the nervous
and cardiovascular systems (Crabtree and Graef, 2008; Kao et al., 2009; Padhan
and Varma, 2010; Shin et al., 2011). Due to the high affinity of Ca2+/CaM for Cn,
the Cn-NFAT pathway is sensitive to small changes in [Ca2+]cyt and is very
responsive to activating signals (Saucerman and Bers, 2008). Since NFAT is
regulated by phosphorylation, an extremely rapid reaction, its activation state
accurately reflects Cn activation and [Ca2+]cyt. Cn-NFAT signaling can be quickly
turned on and just as quickly turned off when stimulating conditions change
(Cyert, 2003; Dolmetsch, 2003). Complex feedback on [Ca2+]cyt is evident at the
transcriptional level: Cn-NFAT signaling upregulates the transcription of IP3R,
one member of the TRPC family, DYRK1a, some PMCA genes, and one NCX
gene while downregulating the transcription of one PMCA gene and another
NCX gene (Genazzani et al., 1999; Li et al., 2000; Shigekawa et al., 2007; Schwaller,
2010; Berridge, 2012). The physiological relevance of these contradictory
feedback loops is not fully understood, but will be probed experimentally in later
chapters.

REGULATION OF CALCINEURIN
While proper response to environmental conditions is vital to cell and
organism survival, inappropriate response is detrimental. Therefore, tight
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regulation of signaling cascades is critical. As already mentioned, Cn is subject
to multiple types of feedback regulation to fine-tune its activity.
Cn activity is dependent on, and therefore regulated by, [Ca2+]cyt through
Ca2+ activation of both CaM and CnB. Due to this dependence, Ca2+ channels and
pumps that control [Ca2+]cyt can be seen as regulators of Cn themselves. As
already discussed, Cn modulates the activity of multiple Ca2+ transporters,
affecting both influx and efflux, and thereby regulates its own activation. This
regulation is either fast, by dephosphorylation of the transporter or an
interacting protein, or slow, by regulation of transcription through NFAT.
Other transcriptional feedback loops exist through the Cn-NFAT pathway.
NFAT stimulates its own transcription, enhancing the effect of prolonged Cn
activation (Crabtree and Graef, 2008). NFAT also upregulates the transcription
of the regulators of Cn (RCAN) family of proteins, which binds the catalytic
domain of activated CnA and has complex effects on Cn activity (Davies et al.,
2007). In different experimental systems, RCANs were shown to have either a
stimulatory or inhibitory effect on Cn. It has been suggested that the conflicting
results can be partially explained by dose-dependent effect of RCAN on Cn; the
result of changing the level of RCAN depended on the starting level in each
experimental system (Shin et al., 2011). However, it has been shown that
phosphorylation state of RCAN also determines its effect on Cn (Mehta et al.,
2009). RCAN contains many phosphorylatable residues, and may serve to
integrate signaling inputs from multiple signaling pathways. Binding of RCAN
to Cn is regulated by phosphorylation at some of these sites (Jung et al., 2011).
High levels of partially-phosphorylated RCAN competitively inhibit Cn activity
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by preventing binding of other substrates, creating negative feedback through
the Cn-NFAT pathway (Mehta et al., 2009).
RCAN stimulation of Cn requires priming phosphorylation by MAPK
pathway kinases or DYRK1a, full phosphorylation by GSK-3, ubiquitination by
the SCFCdc4 ubiquitin ligase complex, and degradation by the proteasome.
Blocking any of these steps locks RCAN into an inhibitory interaction with Cn,
indicating that RCAN may normally effect positive feedback on Cn function as a
suicide chaperone for Cn maturation and reactivation (Hilioti et al., 2004; Kishi et
al., 2007; Mehta et al., 2009). In Chapter 5, I will present additional experiments
to support and modify this view. Interestingly, Cn dephosphorylates the residue
phosphorylated by GSK-3, reinforcing the negative feedback in the Cn-NFATRCAN pathway (Shin et al., 2011).
Cn opposes GSK-3 activity by dephosphorylation of its substrates, many
of which are cell-type specific. Cn also activates GSK-3 by direct
dephosphorylation. This would seem to set up a futile feedback cycle in which
Cn activates GSK-3 but prevents it having any effect. This may be resolved by
further cell-type specificity, with Cn activating GSK-3 only in cell types in which
they do not have overlapping targets (Kim et al., 2009).

MISREGULATION OF CALCINEURIN
Since Cn signaling is so conserved and so critical, it is unsurprising that
many pathological consequences have been linked to misregulation of this
pathway. Both increasing and decreasing Cn-NFAT signaling in the mouse
embryo caused pre-natal lethality, indicating the importance of precise
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regulation Cn activity (Müller et al., 2009; Uchida et al., 2010). In adult tissues,
defects of Cn signaling have been seen in, and implicated in the development of,
a range of diseases.
Alzheimer’s Disease (AD) has been described as resulting from a chronic
increase in basal [Ca2+]cyt, which is especially detrimental in the aging brain
where the balance of Ca2+-dependent pathways is already perturbed (Berridge,
2011; Reese and Taglialatela, 2011). This increase in neuronal [Ca2+]cyt leads to the
symptoms of AD in multiple ways, many of which require Cn. Memory
formation and storage is controlled by the balance of long-term potentiation
(LTP), which promotes short-term memory formation, and long-term depression
(LTD), which promotes short-term memory erasure after transfer to long-term
memory storage. LTP requires transcription activation by CREB, which is
inhibited by Cn (Reese and Taglialatela, 2011). In contrast, Cn facilitates LTD by
activation of PP1 (Berridge, 2011). Increased [Ca2+]cyt leads to increased Cn
activity, which favors LTD over LTP. This leads to premature erasure of shortterm memories before they can be transferred to long-term memory storage and
thereby to the cognitive symptoms of AD. Cn also stimulates
hyperphosphorylation of tau, an important microtubule-associated protein, so
that it no longer performs its necessary cellular functions and forms cytotoxic
aggregates (Yu et al., 2008). Although Cn can dephosphorylate tau under normal
conditions, upregulated Cn cannot, and tau becomes hyperphosphorylated,
possibly through the hyperactivation of GSK-3 by Cn (Yu et al., 2008; Reese and
Taglialatela, 2011). Hyperactive Cn further promotes neurodegeneration by
activation of the apoptotic protein BAD and through NFAT-dependent
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excitotoxic cell death (Reese and Taglialatela, 2011). Many of the morphological
changes that precede neuronal atrophy and degeneration can be blocked by Cn
inhibitors (Bezprozvanny, 2010).
Precise Cn regulation is critical in cardiac function. Congestive heart
failure, caused by the inability of the heart to meet increased pumping demands,
is caused by hypertrophy of the cardiac muscle (Berridge, 2012). Cn-NFAT
signaling is both necessary and sufficient for hypertrophy in the adult heart;
expression of constitutively active Cn induces hypertrophy in the absence of
pathologic stimulation and inhibition of Cn prevents hypertrophy under
stimulating conditions (Molkentin et al., 1998; Nakamura et al., 2011). In
contrast, in a mouse model of adult-onset dilated cardiomyopathy (DCM), the
third most-common cause of heart failure, deletion of Cn caused greater than
50% mortality in the first three weeks of life (Heineke et al., 2010). Further
investigation revealed elevated levels of cardiomyocyte death in Cn-deficient
DCM mice, indicating a protective effect of Cn. The symptoms of DCM were
reduced by mild overexpression of active Cn (Heineke et al., 2010).
Increased Cn-NFAT activity has been seen in kidney tissues of mouse
models of both types 1 and 2 diabetes, leading to renal hypertrophy and
misregulation of the extra-cellular matrix. Upregulation of RCAN1.4 has also
been seen in these tissues, and this upregulation is dependent on increased Cn
activity (Jang et al., 2011).
The genes for both RCAN1 and DYRK1a, which phosphorylates both
NFAT and RCAN, are located in the Down Syndrome (DS) critical region of
human chromosome 21. Trisomy of chromosome 21 causes DS, the symptoms of
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which include cardiac defects and early-onset AD features (Jung et al., 2011).
These symptoms can be attributed to a misregulation in Cn-NFAT signaling,
caused by overexpression of DYRK1a and RCAN1 from the extra copy of the
genes present on the trisomic chromosome (Hilioti et al., 2004; Jung et al., 2011).
Given the many severe effects of changes in Cn activity, it is important to
be able to directly measure the effects and activation state of Cn. Cn-dependent
processes have been probed by modulating Cn protein levels with genetic
overexpression and knockdown and modulating Cn activity with
pharmacological inhibition (Molkentin et al., 1998; Heineke et al., 2010; Jang et al.,
2011; Reese and Taglialatela, 2011). Activation state of Cn has been measured by
observation of the phosphorylation state of purified endogenous substrates,
phosphatase activity of purified enzyme on synthetic or purified endogenous
substrates, and transcript level of Cn-NFAT-regulated genes (Yu et al., 2008; Kim
et al., 2009; Nakamura et al., 2011). All of these methods are at least somewhat
indirect and do not look at Cn straightforwardly in living cells. In order to
directly study this important Ca2+ signaling factor, I have employed the model
organism Saccharomyces cerevisiae, baker’s yeast.

CALCINEURIN AND ITS UPSTREAM REGULATORS IN YEAST
The yeast Saccharomyces cerevisiae is a good model system for studying
Ca2+ signaling for many reasons. In higher eukaryotes, study of Cn is
complicated by gene redundancy, difficulty of genetic manipulation, complex
cultivation requirements, and expense. Yeast have much less redundancy in
cellular pathways, making determination of the role of a single factor much less
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complicated than in mammalian cells (Rodríguez et al., 2012). This comparative
simplicity also allows for relatively easy computational approximation of the
Ca2+ homeostasis and signaling systems (Cui et al., 2009b; Demaegd et al., 2013).
Many tools exist to facilitate genetic manipulation of yeast, including a
completely sequenced and well annotated genome with few introns, reliable
methods for genetic transformation and protein expression, and simple and
cheap cultivation (Goffeau et al., 1996; Ton and Rao, 2004; Müller and
Grossniklaus, 2010).
The basic components of the Ca2+ homeostasis and signaling systems are
highly conserved in yeast and mammalian cells and the systems operate
similarly. Most of the mammalian proteins involved have counterparts in yeast
(Cui et al., 2009b). This high level of conservation allows methods and
hypotheses developed in yeast to be applied to mammalian systems
(Müller and Grossniklaus, 2010). Study of the key factors of these systems,
especially Cn, can be expected to provide valuable insights into the operation of
these systems in higher eukaryotes (Miyakawa and Mizunuma, 2007).
Like mammalian cells, yeast maintain low [Ca2+]cyt, in the range of 100 nM
(Iida et al., 1990; Miseta et al., 1999). Yeast use an assortment of pumps and
exchangers similar to those in mammalian cells to maintain the Ca2+ gradient, but
the distribution of these Ca2+ transporters is somewhat different. Yeast do not
have any Ca2+-ATPases in the PM but have a pump of the PMCA family in the
vacuole membrane, called Pmc1 (Cunningham and Fink, 1994). The yeast
vacuole is an acidic storage and degradation oraganelle similar to the lysosome
of animal cells (Cunningham, 2011). The vacuole is the primary Ca2+ storage
27

organelle of yeast, containing millimolar concentration of Ca2+, but only
approximately 10 &M is free ions. The rest is buffered by inorganic
polyphosphate and cannot be released (Dunn et al., 1994). Yeast also have a
Ca2+-ATPase of the SPCA family called Pmr1 in the membrane of the Golgi
complex. Ca2+ in the Golgi is essential, as depletion leads to activation of stress
response pathways (Cunningham, 2011). Pmc1 and Pmr1 are redundant for an
essential function, clearing Ca2+ from the cytosol, and a strain lacking both
pumps is inviable in standard growth conditions (Cunningham and Fink, 1994).
The relative contribution of the two pumps seems to vary by assay conditions,
but they are necessary for long-term growth in high extracellular [Ca2+] ([Ca2+]ex)
(Cunningham and Fink, 1994; Tang and Liu, 2010).
In contrast to mammalian cells, yeast do not have a SERCA pump and do
not use the ER as a significant store or source of Ca2+ (Cronin et al., 2002).
[Ca2+]ER is 10 &M, which is more than ten times lower than mammalian cells
(Bonilla et al., 2002; Cyert and Philpott, 2013). However, Ca2+ in the ER is still 100
times higher than [Ca2+]cyt and is necessary for essential functions (Cunningham,
2011). Spf1, a P-type ATPase of the broadly conserved but uncharacterized
subtype V, has been identified in the ER membrane of yeast (Cronin et al., 2002).
While studies of Spf1 have been unable to identify its substrate, it has been
shown to be necessary for cell wall integrity, protein trafficking, ER enzyme
function, proper protein stability and folding, transmembrane protein insertion
fidelity, and ER membrane composition (Suzuki and Shimma, 1999; Cronin et al.,
2000; Tipper and Harley, 2002; Vashist et al., 2002; Ando and Suzuki, 2005;
Krumpe et al., 2012). Although Spf1 does not show Ca2+ transport activity, Spf1
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function partially overlaps that of Pmr1 and some SPF1 knockout phenotypes
can be suppressed by raising [Ca2+]ex, indicating a role for Spf1 and the ER in Ca2+
homeostasis (Cronin et al., 2000; 2002; Vashist et al., 2002; Sørensen et al., 2012).
Mitochondria do not play a role in Ca2+ homeostasis in yeast (Cyert and Philpott,
2013).
Although the yeast genome does not contain homologs of the NCX or
NCLX families of Na+/Ca2+ exchangers, yeast do have uncharacterized homologs
of the CCX family of cation/Ca2+ exchangers that have been termed Ccx1 and
Ccx2 (Cai and Lytton, 2004; Lytton, 2007). In Chapter 2, I will show that
knockout of CCX1 and CCX2 does not affect activation of Cn-Crz1 in the
conditions tested. More active in yeast is the CAX family proton (H+)/Ca2+
exchanger Vcx1, which is localized to the vacuole membrane (Cunningham and
Fink, 1996; Pozos et al., 1996). Vcx1 is responsible for maintaining low basal
[Ca2+]cyt and removing Ca2+ from the cytoplasm immediately after a shock with
high [Ca2+]ex, though the vacuolar Ca2+ store is maintained mainly by Pmc1
(Miseta et al., 1999; Cui et al., 2009a). Lastly, a member of a novel family of
putative H+/Ca2+ exchangers in the Golgi membrane, termed Gdt1, is essential
for maintaining Ca2+ in the Golgi in absence of Pmr1 (Demaegd et al., 2013).
In yeast, [Ca2+]cyt rises in response to a variety of physiological stimuli
including mating pheromones, high environmental pH, ER stress, depletion of
Ca2+ in the secretory pathway, and a variety of anti-fungal drugs as well as
changes in [Ca2+]ex (Locke et al., 2000; Bonilla et al., 2002; Bonilla and
Cunningham, 2003; Roberts et al., 2012). Yeast do not have homologues of IP3Rs
or RyRs and the ER does not have a role in Ca2+ release. The most reliable pool of
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Ca2+ for signaling is the vacuole, which releases Ca2+ through Yvc1, a homologue
of mammalian TRPC channels (Bonilla and Cunningham, 2002; Zhou et al.,
2003). Yvc1 is activated by mechanical force and high [Ca2+]cyt, releasing Ca2+ by
a CICR mechanism in response to osmotic upshock and hydrogen peroxide
(Zhou et al., 2003; Su et al., 2009; Popa et al., 2010).
Ca2+ also enters from outside the cell in response to the majority of the
physiological stimuli mentioned above. Influx is primarily through two PM
channels with different Ca2+ affinities known as the high-affinity Ca2+ influx
system (HACS) and the low-affinity Ca2+ influx system (LACS) (Muller et al.,
2001; 2003). HACS comprises Cch1, Mid1, and Ecm7, which are homologous to
the VGCC subunits of mammals (Martin et al., 2011). HACS is activated in
response to mating pheromone by the transcription factor Ste12 (Muller et al.,
2001). HACS is also activated by MAPK in response to depletion of Ca2+ in the
secretory pathway in a process analogous to store-operated Ca2+ entry in
mammalian cells (Locke et al., 2000; Cunningham, 2011). HACS is not needed
for a response to elevated [Ca2+]ex and is unaffected by the concentration of
magnesium (Mg2+) (Locke et al., 2000; Cui et al., 2009a). Like HACS, LACS is
stimulated in the response to mating pheromone, and may be physiologically
more important in this condition. The components of LACS have not yet been
fully identified, but Fig1 has been shown to be required for LACS activity along
with a group of genes involved in polarized growth and cell fusion during
mating (Muller et al., 2003). There is evidence for other Ca2+ influx pathways,
both inhibited and unaffected by Mg2+, including a glucose-induced Ca2+ influx
pathway (Bonilla et al., 2002; Cui et al., 2009a; Bouillet et al., 2012).
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As in mammals, CaM is the primary sensor for Ca2+, though yeast CaM
only binds three Ca2+ ions due to a deletion in one EF hand domain. CaM is
localized to the spindle pole body throughout the cell cycle and has roles in
polarized growth, mitosis, vesicle fusion, and endocytosis. Ca2+/CaM activates
the CaMKs Cmk1 and Cmk2, which are involved in stress responses, and Cn
(Cyert, 2001).
Yeast Cn has many targets and regulates Ca2+ homeostasis, stress
responses and signaling, and the G2/M transition of the cell cycle (Cyert, 2001).
Cn controls [Ca2+]cyt through regulation of both influx and efflux. Cn inhibits
HACS after stimulation by direct dephosphorylation and inhibits Vcx1 through
an unknown mechanism (Cunningham and Fink, 1996; Locke et al., 2000; Muller
et al., 2001). This sets up two different types of feedback loops. Cn inhibition of
HACS is a simple negative feedback loop whereby a Ca2+ signal is quickly ended
once the downstream pathway has been turned on in response (Muller et al.,
2001; Bonilla and Cunningham, 2003). Cn inhibition of Vcx1 is delayed relative
to the initiation of a Ca2+ stimulus and Vcx1 activity keeps [Ca2+]cyt low. This
generates a double negative feedback loop which allows for bistability in the
system, thereby preventing small perturbations in [Ca2+]cyt from activating Cn
spuriously as well as preventing dissipation of large signals before the proper
response has been initiated (Cui et al., 2009a; Cunningham, 2011). Ccx2 may be
inhibited by Cn; the nature of the feedback loop thus created would depend on
the physiological role of Ccx2. The unidentified Ca2+ influx pathways in the PM
are also predicted to be feedback inhibited by Cn, similarly to the regulation of
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HACS (Cui et al., 2009b). Cn regulation of and by Pmc1 and Vcx1 will be
addressed further in Chapter 4.
Cn affects multiple signaling pathways and stress responses through
dephosphorylation of its targets. The direct targets of Cn include Slm1 and Slm2,
an essential gene pair that regulates the actin cytoskeleton, mediates the response
to heat stress, and is involved in sphingolipid signaling and metabolism; Frt1
(also called Hph1), an integral ER membrane protein which is activated by Cn in
response to high pH; and its own regulators Rcn1 and Rcn2, which will be
discussed below (Heath et al., 2004; Bultynck et al., 2006). Cn is required to
prevent cell death by the inhibition of reactive oxygen species accumulation in
stressed cells; to mediate tolerance to high pH, cell wall damaging agents, and
excess cations in the environment; for viability during prolonged exposure to
mating pheromone; and in response to a variety of other stresses (Cunningham
and Fink, 1994; Cyert, 2001; 2003; Zhang et al., 2006; Cyert and Philpott, 2013). In
response to these stresses, Cn can inhibit the G2/M cell cycle transition by
upregulating the activity of the checkpoint kinase Swe1 (Miyakawa and
Mizunuma, 2007).
As in mammals, Cn also affects cellular processes in yeast through
transcriptional regulation. The S. cerevisiae genome does not contain a homolog
of the NFAT TFs, but it does have an analogous Cn-dependent TF known as Crz1
(Cyert, 2003). A region of Crz1 has weak similarity to the NFAT proteins,
indicative of its very similar mechanism of regulation by Cn (Cyert, 2003;
Miyakawa and Mizunuma, 2007). When Crz1 is dephosphorylated by Cn, a
nuclear localization signal is unmasked that directs Crz1 to the nucleus. Once
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there, Crz1 binds a DNA sequence known as the Cn-dependent response element
(CDRE) in the promoters of target genes (Matheos et al., 1997; Stathopoulos and
Cyert, 1997; Stathopoulos-Gerontides et al., 1999). Crz1 has approximately one
hundred transcriptional targets involved in ion transport, cell wall maintenance,
lipid metabolism, vesicle trafficking, and signaling (Yoshimoto et al., 2002; Hilioti
et al., 2004). Notable among these are the PMC1 and PMR1 genes encoding the
Ca2+ pumps (Matheos et al., 1997). Their transcriptional upregulation by Cn
creates slow negative feedback loops that keep Ca2+ signals from continuing
indefinitely. Crz1 also upregulates its own transcription in a slow positive
feedback loop that favors the persistence of signals that reach the threshold for
prolonged Crz1 activation (Matheos et al., 1997).
Yeast have one canonical member of the RCAN family and one divergent
member, called Rcn1 and Rcn2 respectively (Mehta et al., 2009). The genes for
both yeast RCANs are upregulated by Crz1 (Mehta et al., 2009). As in mammals,
Rcn1 stimulates Cn activity when phosphorylated by the GSK-3 family kinase
Mck1, ubiquinated, and degraded by the proteasome (Hilioti et al., 2004; Kishi et
al., 2007; Mehta et al., 2009). Inhibition of any of these steps prevents Cn
activation, as does overexpression of Rcn1 (Mehta et al., 2009). Rcn2 lacks the
motifs that have been shown to be required for Cn stimulation and probably acts
solely as a feedback inhibitor (Mehta et al., 2009). Chapter 5 will include
experiments that address the nature of Cn-Rcn1 feedback.
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MEASUREMENT OF CALCINEURIN
Considering the importance of proper function of the Cn pathway and the
clinical possibilities offered by selective manipulation of Cn activity,
understanding the endogenous regulation of Cn is crucial. In order to determine
how its activity is regulated, Cn activity must be measured in vivo.
To date, Cn activity has usually been measured indirectly. Growth or
death assays can be done in conditions that require Cn for growth or survival,
such as high [Ca2+]ex and treatment with anti-fungal drugs. By testing single- and
multiple-gene knockouts in these conditions, genes can be identified that modify
Cn activity. While a lot can be learned from these assays, one major drawback is
that cell growth and survival are susceptible to the confounding effects of strain
background, culture media, and non-specific consequences of genetic
manipulation and drug treatment (Dudgeon et al., 2008).
Another commonly used assay for Cn activity uses the lacZ gene, which
produces the enzyme %-galactosidase, under control of the Cn-dependent
transcription factor Crz1. By transforming yeast cells with a plasmid carrying the
lacZ gene behind a CDRE sequence, %-galactosidase will be produced in
proportion to Cn activation and then its enzymatic activity can be measured
(Stathopoulos and Cyert, 1997). The amount of %-galactosidase activity, as
determined by the conversion of a clear substrate to a colored product, is
assumed to correlate to Cn activity. While this assay is useful for measuring Cndependent transcription, it does not directly measure Cn activity and the readout
depends on mRNA translation and enzymatic activity. Another method to look
at Cn-dependent gene transcription that does not depend on translation and
34

enzymatic activity is gene microarrays (Laviña et al., 2012). These have been
used to test for effects of the disruption of other pathways on the activation of
Cn.
Aside from the specific drawbacks for each of these assays, they all lack
resolution in observing both individual cell variability and change over short
time scales. These assays measure large populations of cells. This is a problem if
certain subpopulations of cells, such as older cells or newly budded cells,
respond differently to given conditions. The measurements obtained from these
assays are averages, which can be skewed by even a few outliers. These assays
also measure only a specific time point or points and cannot be used for
observing immediate responses. A probe is needed that allows for observation
of single cells in real time.
Live imaging of Cn-dependent signaling in yeast has been done using
multiple independently constructed fluorescent Crz1 fusion probes
(Stathopoulos-Gerontides et al., 1999; Wiesenberger et al., 2007; Cai et al., 2008;
Laviña et al., 2012; Bodvard et al., 2013). In standard culture conditions, the
fluorescence is primarily cytoplasmic. Addition of CaCl2 to the growth medium
causes the majority of the visible probe in nearly all of the cells to synchronously
translocate to the nucleus within 15 minutes at high concentrations of
extracellular Ca2+, with a slightly longer delay at low concentrations. After a
characteristic dwell time, the signal returns to the cytoplasm.
Despite the obvious utility of these probes for study of Cn, only one group
has used fluorescently tagged Crz1 to examine the dynamics of the Cn-Crz1
transcriptional system in response to Ca2+ stimulation. Cai et al. observed Crz135

GFP in cells responding to high [Ca2+]ex for extended time courses. Under
prolonged stimulation, the cells exhibited unsynchronized all-or-none “bursts”
of Crz1-GFP nuclear localization that had not previously been observed. This
prolonged response to stimulation indicates that the regulation of Cn activity is
more complicated than a simple on/off switch. Coexpression of a cell-cycle
phase marker with Crz1-GFP showed no evidence of cell-cycle regulation and no
correlation between bursts in mother and daughter cells. These bursts were
eliminated by the Cn inhibitor FK-506, indicating that they are dependent on Cn
signaling. However, coexpression of a probe for [Ca2+]cyt revealed that while
some of the bursts coincided with transient spikes in [Ca2+]cyt, most did not.
Surprisingly, only the frequency of the bursts was increased by increasing
[Ca2+]ex, while the amplitude and duration of these bursts were unaffected by
Ca2+ concentration.
Based on these observations, Cai et al. proposed a model of Cn signal
encoding that utilizes frequency modulated (FM)-coordination of Crz1 nuclear
localization. This would allow scaled transcriptional responses from different
promoters at all levels of stimulation. Measurement of Crz1-driven fluorescent
protein expression from a variety of both synthetic and natural promoters
demonstrated that all of the gene products exhibited identical Ca2+ dependence
curves when normalized, providing experimental support to this model. This
coordination of gene expression allows for maintenance of constant ratios of
upregulated proteins at all levels of expression. In this manner, cells could
ensure that all subunits of a multimer protein complex are present at the correct
stoichiometry at all levels of expression. Msn2, another stress-response
36

transcription factor, showed similar behavior, suggesting that this model of how
external signals are interpreted by the regulators that control transcription
factors may apply to many pathways in the cell. Broader application of this
principle is further implied by frequency encoding seen in cytoplasmic Ca2+
waves in mammalian systems (Berridge et al., 2000).
While they thoroughly discussed the impact of FM-coordinated Crz1
localization bursts, the investigators paid little attention to the origin and
regulation of these bursts. Fluorescently tagged Crz1 is an ideal system for
studying the complex regulation of Cn in live cells in real time, as begun by Cai
et al. In Chapter 2, I will explore some of the factors that affect the shape of the
transcriptional response curve to stimulation. I will then, in Chapter 3, introduce
a newly developed feedback-inert fluorescent probe of Cn activity. Based on
observations made using this probe, I will describe a new phenomenon I have
termed “flickers” in unstimulated cells. In Chapters 4 and 5, I will use this new
probe to address other aspects of Crz1 nuclear localization and Cn signaling.
The experiments described in later chapters greatly increase understanding of Cn
regulation and signaling at the single cell level.
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CHAPTER TWO: EXPLORING THE ROLE OF
CYTOSOLIC CALCIUM REGULATION IN
CALCINEURIN-DEPENDENT GENE EXPRESSION
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INTRODUCTION
The calcium (Ca2+)-regulated phosphatase calcineurin (Cn) is a crucial
factor in the flow of information from the initiators of Ca2+ signals to the effectors
of cellular responses and has many direct targets that effect the response to Ca2+
(Li et al., 2011). In addition to acting through these immediate effectors, Cn also
regulates gene expression by controlling the nuclear localization of the nuclear
factor of activated T-cells (NFAT) family of transcription factors (TF) in
mammals and the analogous Crz1 TF in yeast (Matheos et al., 1997; Clapham,
2007). These TFs regulate many genes over a wide range of stimulation
intensities (Cyert, 2003; Shin et al., 2011).
Previous studies have investigated how expression from individual Crz1responsive promoters varies in response to changes in stimulation intensity or
Crz1 expression (Matheos et al., 1997). Some of the promoters studied showed
linear increases in transcription in response to increasing external calcium
chloride (CaCl2) concentration ([CaCl2]ex) while others showed exponential
increases. Total transcription, as measured by %-galactosidase activity assays,
also varied widely between promoters.
In order to determine what contributes to the variation in responses to
identical stimuli, two artificial promoters comprising one or four tandem repeats
of the Cn-dependent response element (CDRE) were directly compared. In this
chapter, I show that repeats of the Crz1-binding region increase the probability
of binding and activation but do not change the shape of the response curve.
I then investigated the role of maintenance of cytosolic Ca2+ equilibrium in
the shape of the transcriptional response curves. Yeast cells use vacuolar Ca2+
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transport to regulate cytosolic Ca2+ equilibrium. The Ca2+ ATPase Pmc1 and the
proton (H+)/Ca2+ exchanger Vcx1 have distinct roles in regulating cytosolic Ca2+
concentration ([Ca2+]cyt) (Cunningham and Fink, 1994; 1996). PMC1 transcription
is upregulated by Cn-Crz1 signaling, closing a negative feedback loop in which
Cn-Crz1 activates Pmc1 and Pmc1 inhibits Cn-Crz1 (Matheos et al., 1997). VCX1
is not transcriptionally regulated by Cn-Crz1, but Vcx1p is inhibited by Cn
through an unknown mechanism, which creates a double negative feedback
loop; Cn and Vcx1 inhibit each other, potentially leading to bistability in the
system (Cunningham, 2011). Vcx1 suppresses noise in Cn-Crz1 signaling by
maintaining [Ca2+]cyt below the threshold of Cn activation in the face of small
perturbations. Only large changes in [Ca2+]cyt can activate Cn, which then inhibits
Vcx1 to allow [Ca2+]cyt to remain high. This is effectively a positive feedback loop
because Cn promotes its own continued activation. Simultaneously deleting
both vacuolar Ca2+ transporters leads to higher [Ca2+]cyt in response to addition of
CaCl2 to the medium and therefore increases the baseline noise in the system
(Miseta et al., 1999). It would also cause more activation of Cn by turning the
positive feedback to a constitutive “on” state and by eliminating negative
feedback through Pmc1p. This would lead to more activation of the Cn-Crz1
pathway, due to increased noise and greater activation of Cn.
The experiments with the 1X and 4X-CDRE promoters were repeated in
pmc1! vcx1! deletion strains. These experiments suggested that misregulation
of [Ca2+]cyt led to changes in the gene expression response and that the differently
sensitive promoters responded differently.
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MATERIALS AND METHODS
Yeast strains, plasmids, and media
All yeast strains were derived from parental strain W303-1A by standard
transformations and mating crosses. Cells were grown in rich YPD or synthetic
complete (SC) media, prepared as described (Sherman et al., 1986).
CCX1 (YJR106W) was knocked out by Longtine PCR of the pFA6akanMx6 plasmid using primers CCX1 - F11 and CCX1 - R11 to replace the coding
region with the gene for G418 resistance (Longtine et al., 1998). CCX2 (YDL206W)
was knocked out by Longtine PCR of the pFA6-natR plasmid using primers
CCX2 - F11 and CCX2 - R11 to replace the coding region with the gene for
nourseothricin (nat) resistance. The PCR products were transformed into yeast
strains K665 and K632 using standard transformation techniques and selected on
appropriate drugs. Proper knockout was confirmed by PCR of genomic DNA
using primers flanking the coding regions. Candidates with appropriately sized
bands were mated to create strains TAY001-016.
Strains TAY001, 004, 013, and 016 were transformed with plasmids
pAMS342 and pAMS366 using standard transformation techniques and selected
on SC-URA. These plasmids carry the lacZ gene, which codes for the %galactosidase enzyme, under control of a promoter containing one or four
tandem copies of the CDRE (Stathopoulos and Cyert, 1997).
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Table 2-1. Yeast strains used in Chapter 2.
Strain Name Genotype

Source

K665

pmc1::TRP1 vcx1!

Kyle Cunningham

K634

pmr2::HIS3 MAT!

Kyle Cunningham

TAY001

WT

this study

TAY004

ccx1::G418 ccx2::NAT

this study

TAY013

pmc1::TRP1 vcx1!

this study

TAY016

pmc1::TRP1 vcx1! ccx1::G418 ccx2::NAT this study

All strains are isogenic derivatives of strain K601/W303-1A (MATa ade2-1 can1100 his3-11,14 leu2-3,112 trp1-1 ura3-1).

Table 2-2. Primers used in Chapter 2.
Primer Name
CCX1 - F11

Sequence
TACTCGTTCATCCTCTCCACATACGGCCGTACACAA
GCAACAATAACACAATAATacatggaggcccagaataccc
CGGCGCCAGATAAATGTCACAAAAACAAATTTTTC

CCX1 - R11
GGGAGGCACTCTTGCAAGCTcagtatagcgaccagcattcac
CTCCTTACCTTTATTTGTAAATGCTACTCTTCATTTA
CCX2 - F11

CCX2 - R11

TCAAATTTTTTAAAGCAGacatggaggcccagaataccc
TGTTAATATATTTATTATAGCTTGTATATAAAAAAT
GAAATCTTGATTTATTAAAcagtatagcgaccagcattcac
Capitalized regions are sequences immediately up- and down-stream of the
gene. Lowercase regions match the plasmid template for PCR.
42

Table 2-3. Plasmids used in Chapter 2.
Plasmid Name

Description

Source

pAMS342

1X-CDRE-lacZ

Stathopolous and Cyert (1997)

pAMS366

4X-CDRE-lacZ

Stathopolous and Cyert (1997)

"-galactosidase activity assays
The transformed strains were grown overnight at 30°C in 2 mL SC-URA in
a 24-well dish with aeration. OD600 of a 1:10 dilution was measured in a Genesys
5 spectrophotometer (Spectronic Insruments). All cultures were diluted back to
an OD600 of 0.3 in 5 mL SC-URA. Cultures were grown at 30°C with aeration for
90-150 minutes. Equal densities of cells were harvested and resuspended in
5/3X YPD supplemented with 8.33 mM succinic acid (YPDS). 200 &L of cells
were added to 1 mL of 5/3X YPDS and 800 &L of CaCl2 dilution to a final volume
of 2 mL in a 24-well dish. The range of final concentrations for CaCl2 was 0 and
0.4 to 400 mM in 11 dilutions. Final concentration of succinic acid was 5 mM.
Cells were grown in CaCl2 at 30°C with aeration for 4 hours. Cells were
harvested, permeabilized, substrate was added, and reactions were stopped as
described, with volumes scaled down to a final volume of 1.5 mL (Guarente,
1983). Reaction times were shorter for the 4X promoter than the 1X. Cell density
of untreated cultures was measured by optical density at 650 nm and of the final
supernatants at 405 nm using a Thermomax microplate reader
spectrophotometer (Molecular Devices). The SOFTmax Pro software was used.
Miller units (MU) were calculated using the following formula:
MU = (OD405 -blank)/((OD650 -blank) * reaction time [min]) * 1000
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Statistical analysis
Experiments were conducted in triplicate starting with three randomly
selected overnight cultures. Each replicate was normalized to its maximum
expression value. Normalized expression curves were linearly interpolated to
calculate the CaCl2 concentrations for 50% of maximum expression (EC50) and
10% of maximum expression (EC10).
Expression and EC means were compared with an unpaired, two-sample
t-test with equal variance using the Matlab (Mathworks) ttest2 function.
Differences in expression or concentration were called significant for p-values
below 0.05.
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RESULTS
Promoter repeats increase gene expression at low calcium concentrations
Gene expression was measured using the 1X-CDRE-lacZ and 4X-CDRElacZ reporter gene constructs in WT. The lacZ gene codes for the %-galactosidase
enzyme, which converts a clear substrate into a yellow product whose
concentration can be measured optically. Concentration of the enzymatic
product correlates to concentration of the enzyme which is dependent on Crz1driven gene expression. The range of [CaCl2]ex tested was chosen to cover from
close to baseline to extreme stimulation. This range allowed for accurate
measurement of both basal and maximal gene expression and determination of
the concentration that caused half maximal (50%) expression (EC50). Although
the 4X-CDRE-lacZ reporter had 21 times higher maximum expression than the
1X-CDRE-lacZ reporter, after normalization to the maximum at 200 mM CaCl2 it
can be seen that both reporters have similar levels of basal expression, ~0.6-0.8%
of maximum (Fig. 2-1). The EC50 and EC10 for the 4X reporter were both lower
than for the 1X, the EC10 by two-fold, indicating that the curve is shifted to the
left. This means that the 4X reporter is more sensitive to raising [CaCl2]ex. This
shift is significant at [CaCl2]ex from 1.5 to 25 mM. At higher [CaCl2]ex, where the
values are above the EC50, the curves converge on maximal expression. Thus,
when the probability of Crz1 binding to the promoter is low, in low stimulation,
CDRE repeats measurably increase binding probability. When that probability is
already high, in high stimulation, the repeats do not have an effect.
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Figure 2-1. Promoter repeats increase gene expression at low calcium concentrations.
WT strains carrying 1X-CDRE-lacZ or 4X-CDRE-lacZ plasmids
were treated with varying concentrations of CaCl2 and then %galactosidase activity was measured. Expression was normalized
to the maximum of each replicate and then averaged. 0 mM
CaCl2 was plotted at 0.20 mM because of the log scale. Symbols
are means of 3 replicates and error bars represent standard
deviation. * = p<0.05 ** = p<0.01
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The Ccx1 and Ccx2 proteins do not affect gene expression coordination
The CCX1 and CCX2 genes encode putative Ca2+ exchangers that are
homologous to the CCX family of exchangers present in mammals, but they have
not yet been characterized in yeast. Because they may facilitate transport of Ca2+
into or out of the cytoplasm, or both, they were hypothesized to have an effect on
CDRE-lacZ reporter gene expression. To test this, ccx1∆ ccx2∆ double knockout
mutants were created and transformed with the reporter plasmids. The
normalized values for gene expression of the ccx1∆ ccx2∆ strains are almost
identical to those for the WT strains (Fig. 2-2). This confirmed the effect of the
different promoters while ruling out a role for Ccx1p and Ccx2p in regulating the
noise, sensitivity, or gene expression coordination in these conditions.
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Figure 2-2. The Ccx1 and Ccx2 proteins do not affect gene expression coordination.
ccx1∆ ccx2∆ strains carrying 1X-CDRE-lacZ or 4X-CDRE-lacZ
plasmids were treated with varying concentrations of CaCl2 and
then %-galactosidase activity was measured. Expression was
normalized to the maximum of each replicate and then averaged.
0 mM CaCl2 was plotted at 0.20 mM because of the log scale.
Symbols are means of 3 replicates and error bars represent
standard deviation. ** = p<0.01 between 1X and 4X with WT and
ccx1∆ ccx2∆ combined for each promoter. No significant
differences were seen between WT and ccx1∆ ccx2∆ strains.
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Knocking out vacuolar calcium transport increases gene expression
To test whether vacuolar Ca2+ transporters Pmc1p and Vcx1p have a role
in regulating Crz1-dependent gene expression, pmc1∆ vcx1∆ double mutants and
ccx1∆ ccx2∆ pmc1∆ vcx1∆ quadruple mutants were created and transformed with
the reporter plasmids. Treatment of the 1X-CDRE-lacZ strains with the broad
range of [CaCl2]ex used above showed that the mutant strains were shifted to the
left relative to the WT and ccx1∆ ccx2∆ strains, similar to the difference between
the 1X- and 4X-CDRE-lacZ in WT (Fig. 2-3 A). This indicates that Pmc1p and
Vcx1p do have a role in regulating Crz1-dependent expression: they reduce
sensitivity by maintaining cytosolic Ca2+ equilibrium. This is in agreement with
results seen in other studies.
The 4X-CDRE-lacZ pmc1∆ vcx1∆ double and quadruple mutants were also
shifted to the left relative to controls and relative to the 1X-CDRE-lacZ strains,
but to a larger degree than the 1X strains (Fig. 2-3 B). As with the WT strains, no
significant differences were seen between pmc1∆ vcx1∆ and ccx1∆ ccx2∆ pmc1∆
vcx1∆ strains with either promoter. The change in EC10 between the promoters
was approximately four-fold and normalized basal expression was almost twice
as high in 4X-CDRE-lacZ pmc1∆ vcx1∆. This indicates that in addition to causing
a gain in sensitivity to CaCl2, knockout of Pmc1p and Vcx1p causes increased
basal Cn-Crz1 activity.
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Figure 2-3. Knocking out vacuolar calcium transport increases gene expression.
WT and pmc1! vcx1! strains carrying (A) 1X-CDRE-lacZ or (B)
4X-CDRE-lacZ plasmids were treated with varying
concentrations of CaCl2 and then %-galactosidase activity was
measured. Expression was normalized to the maximum of each
replicate and then averaged. 0 mM CaCl2 was plotted at 0.20 mM
because of the log scale. Symbols are means of 3 replicates and
error bars represent standard deviation. * = p<0.05 ** = p<0.01

A
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DISCUSSION
Activation of Cn by stimulation with high [CaCl2]ex causes different
promoters to be transcribed at different levels in response to varying intensities
of stimulation. In order to investigate what aspect of promoter architecture
might contribute to these differences, I compared gene expression from two
different artificial promoters, 1X-CDRE and 4X-CDRE, comprising one and four
repeats of the minimal Crz1-binding region. I found that the 4X promoter had
much higher expression at all levels of stimulation. When normalized, the
curves were very similar in shape with the 4X curve shifted to the left, indicating
that the larger changes in curve shape seen in other experiments are due to more
than simple changes in binding probability.
Another group recently looked at normalized gene expression from a
variety of Crz1-responsive promoters (Cai et al., 2008). They saw identical
response curves for all synthetic and most natural promoters tested without any
significant shift in sensitivity. From this, they constructed a model of frequencymodulated gene expression coordination. Based on this model, they postulated
that expression from all Crz1-activated genes would be proportional at all levels
of stimulation. While this would seem to contradict my results and previous
work, the normalization used by Cai et al. may have led to misleading results.
They did not see expression level out at maximum so they may have been
normalizing to the middle of the true curve. Additionally, they normalized to
their observed maximum and minimum instead of just the maximum. Further,
they only tested higher concentrations of CaCl2, where I saw overlapping curves,
and not the lower range where I saw a shift. Though their model is interesting
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and potentially useful if accurate, these differences in experimental methods lead
me to doubt that their model is complete.
One drawback of both the CDRE-lacZ reporter that I used and the CDREYPF fluorescent reporter used by Cai et al. is that both of these systems measure
folded protein, which is multiple steps removed from gene transcription. RNA
microarrays or other more direct means of measuring gene expression would be
better suited to accurately determining the shape of the Crz1-expression
response curve in yeast.
Using the CDRE-lacZ reporter genes in the ccx1∆ ccx2∆ double knockout
mutants showed no effect of knocking out these genes, indicating that Ccx1p and
Ccx2p do not have a significant role in regulating Crz1p activation through
control of Cn, calmodulin, or [Ca2+]cyt. These unstudied putative proteins are
homologous to the CCX family of Ca2+ exchangers in mammals (Lytton, 2007).
My findings suggest that Ccx1p and Ccx2 do not participate in Ca2+ influx or
efflux, even in the absence of vacuolar Ca2+ transporters Pmc1p and Vcx1p.
Further characterization of these proteins is needed to determine what role they
do play in the cell.
In contrast to Ccx1p and Ccx2p, I found that Pmc1p and/or Vcx1p has a
large effect on Crz1p activation. Knocking them both out increased sensitivity of
the cells to CaCl2 and changed the shape of the response of the 4X-CDRE
promoter. The increased sensitivity is expected from the effect of these mutants
on [Ca2+]cyt (Miseta et al., 1999). The change in shape of the 4X response curve
could be caused by elimination of feedback on Cn-Crz1 through either Pmc1p or
Vcx1p. Pmc1p is part of a negative feedback loop through Cn-Crz1, the
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elimination of which could increase the long-term level of Crz1 in the nucleus.
On the other hand, Vcx1 is part of a double negative feedback loop with Cn,
which could be understood as a positive feedback loop of Cn on itself in the
presence of elevated [Ca2+]cyt (Cunningham, 2011). Deleting VCX1 could lower
the [Ca2+]cyt threshold for Cn activation, thereby activating the positive feedback
at lower [CaCl2]ex and increasing expression from the more sensitive promoter.
Experiments with pmc1! and vcx1! single mutant strains are needed to
differentiate the effects of Vcx1p and Pmc1p.
In order to more fully examine the Cn-dependent transcriptional
response, and how it differs in varying conditions, more-direct examination of
Crz1 is needed. In the next chapter, I will attempt to directly observe Crz1
activation using a newly developed GFP-Crz1(!ZF) that fails to bind DNA and
activate transcription.
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CHAPTER THREE: DEVELOPMENT OF AN INERT
PROBE FOR CALCINEURIN ACTIVITY
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INTRODUCTION
In the previous chapter, I examined Cn-Crz1-dependent gene expression
in response to a variety of conditions. I found that repeats of the core Crz1binding promoter sequence increased sensitivity to external calcium chloride
(CaCl2) without changing the shape of the response curve, while eliminating
vacuolar calcium (Ca2+) transport dramatically increased expression at low
stimulation. In order to more closely study these differences, I sought to observe
Cn activation of Crz1 directly.
In order to do this, I developed an imaging protocol that uses a probe
constructed from a fluorescent protein and modified Crz1. Crz1p induces
transcription of both positive regulators of Cn activity, such as Rcn1, and
negative regulators, such as the Ca2+ transporters Pmr1 and Pmc1, and even
induces its own expression. As a result, the presence of full-length Crz1 within
the probe could affect its own readout and complicate determining the effect of
any one input on the system.
To study Cn localization without all of the above feedback, I deleted the
C-terminus of the protein, which contains the three zinc finger (ZF) domains that
bind DNA. The probe was expressed from a strong constitutive promoter to
ensure that the signal in all cells was above autofluorescence background. I
imaged this probe in a microfluidic flow chamber that constrains the cells to the
plane of focus and I tracked individual nuclei by tagging a histone with a red
fluorescent protein, mCherry. The microfluidic flow chamber provided for
constant replenishment of the media over time and rapid switching between
low- and high-Ca2+ media during imaging.
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Using this inert probe and imaging system, I saw immediate,
synchronized translocation of the probe to the nucleus in most cells in a field in
response to the addition of CaCl2-supplemented medium. The probe returned to
the cytoplasm asynchronously after a dwell time that correlated to external CaCl2
concentration ([CaCl2]ex). I also saw brief flashes of partial nuclear localization of
the probe, which I have termed “flickering,” in unstimulated cells growing in
constant conditions. In wild-type (WT) cells in unsupplemented medium, I saw
occasional flickers, generally lasting for five to twenty minutes. In strains lacking
the vacuolar transporters Pmc1 and Vcx1, flickers were higher and more
frequent. In strains lacking endogenous Crz1 and the Cn regulator Rcn1, flickers
were lower and less frequent. This indicates that Cn is active in resting
conditions and its activation is regulated by some of the same factors that
regulate the response to calcium stress, as will be seen in later chapters. In this
chapter, I characterize the new probe and imaging system and I analyze noisy
basal signaling for the first time.
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MATERIALS AND METHODS
Yeast strains, plasmids, and media
All yeast strains were derived from parental strain W303-1A by standard
transformations and mating crosses. Cells were grown in rich YPD or synthetic
complete (SC) media, prepared as described (Sherman et al., 1986).
Plasmid pEG760 containing full-length N-terminal-tagged GFP-CRZ1 and
URA3 selection was obtained from the Grote lab (Johns Hopkins University).
The DNA-binding domain was removed by cutting with XhoI and SalI and
recircularizing the plasmid, now called pSM_232. This created a C-terminal
truncation at residue 420. When cut with BclI, the plasmid integrated into the
genome at the SSO2 locus, inserting URA3 and GFP-CRZ1(!ZF). The cut
plasmid was transformed into yeast strain K1357 using standard transformation
techniques and selected on SC-URA to create strain SM099. Proper integration
was confirmed by microscopy.
Strains SM099 and TKY276 were mated according to standard techniques
to create the full panel of mutants with all combinations of pmc1!, vcx1!, crz1!,
and rcn1!, and GFP-CRZ1(!ZF), strains TAY061-124.
The cut plasmid was transformed again into yeast strain K1421 using
standard transformation techniques and selected on SC-URA to create strain
SM101. Proper integration was confirmed by microscopy. This new strain was
needed because the previous strains had RCN1 knocked out with the HIS3
marker, but this marker was needed for the histone tagging. Strains with the
ADE2 marker were used instead.
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Histone H2B was C-terminally tagged with mCherry by Longtine PCR of
the pFA6a-mCherry-codon-optimized plasmid, carrying the HIS3 gene for
selection, obtained from the Wendland lab, using primers HTB2 - F-mCherry and
HTB2 - R11 (Longtine et al., 1998). The PCR product was transformed into yeast
strains SM101 and TAY070 using standard transformation techniques and
selected on SC-HIS to create strains TAY125 and TAY126. Proper tagging was
confirmed by microscopy.
Strains TAY125 and TAY126 were mated according to standard
techniques to create the full panel of mutants with all combinations of pmc1!,
vcx1!, crz1!, and rcn1! containing GFP-CRZ1(!ZF) and HTB2-mCherry, strains
TAY127-158.
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Table 3-1. Yeast strains used in Chapter 3.
Strain

Genotype

Source

K1357

pmc1::LEU2 vcx1! crz1::G418 MATa

Sohum Mehta

K1421

pmc1::LEU2 vcx1! crz1::G418 rcn1::ADE2

Sohum Mehta

MATa
TKY276 rcn1::HIS3 MAT!

Kingsbury and
Cunningham (2000)

SM099

pmc1::LEU2 vcx1! crz1::G418

Sohum Mehta

GFP-CRZ1(!ZF)::URA3 MATa
SM101

pmc1::LEU2 vcx1! crz1::G418 rcn1::ADE2

Sohum Mehta

GFP-CRZ1(!ZF)::URA3 MATa
TAY061 WT MATa

this study

TAY063 pmc1::LEU2 MATa

this study

TAY069 GFP-CRZ1(!ZF)::URA3 MATa

this study

TAY070 GFP-CRZ1(!ZF)::URA3 MAT!

this study

TAY071 pmc1::LEU2 GFP-CRZ1(!ZF)::URA3 MATa

this study

TAY077 crz1::G418 MATa

this study

TAY085 crz1::G418 GFP-CRZ1(!ZF)::URA3 MATa

this study

TAY125 pmc1::LEU2 vcx1! crz1::G418 rcn1::ADE2

this study

GFP-CRZ1(!ZF)::URA3 HTB2-mCherry::HIS3
MATa
TAY126 GFP-CRZ1(!ZF)::URA3 HTB2-mCherry::HIS3
MAT!
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this study

TAY127 GFP-CRZ1(!ZF)::URA3 HTB2-mCherry::HIS3

this study

MATa
TAY129 pmc1::LEU2 GFP-CRZ1(!ZF)::URA3

this study

HTB2-mCherry::HIS MATa
TAY131 vcx1! GFP-CRZ1(!ZF)::URA3

this study

HTB2-mCherry::HIS3 MATa
TAY133 pmc1::LEU2 vcx1! GFP-CRZ1(!ZF)::URA3

this study

HTB2-mCherry::HIS3 MATa
TAY135 crz1::G418 GFP-CRZ1(!ZF)::URA3

this study

HTB2-mCherry::HIS3 MATa
TAY137 pmc1::LEU2 crz1::G418

this study

GFP-CRZ1(!ZF)::URA3 HTB2-mCherry::HIS3
MATa
TAY141 pmc1::LEU2 vcx1! crz1::G418

this study

GFP-CRZ1(!ZF)::URA3 HTB2-mCherry::HIS3
MATa
TAY149 pmc1::LEU2 vcx1! rcn1::ADE2

this study

GFP-CRZ1(!ZF)::URA3 HTB2-mCherry::HIS3
MATa
TAY157 pmc1::LEU2 vcx1! crz1::G418 rcn1::ADE2

this study

GFP-CRZ1(!ZF)::URA3 HTB2-mCherry::HIS3
MATa
All strains are isogenic derivatives of strain K601/W303-1A (ade2-1 can1-100 his311,14 leu2-3,112 trp1-1 ura3-1).
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Table 3-2. Primers used in Chapter 3.
Primer Name
HTB2 – F-mCherry

Sequence
TGCCGTCTCCGAAGGTACTAGGGCTGTTACCAAAT
ACTCCTCCTCTACTCAAGCCccagctgaagcttcgtacgc
AAAATGCCACTAATAAAAAGAAAACATGACTAAA

HTB2 - R11

TCACAATACCTAGTGAGTGACcagtatagcgaccagcattcac

Capitalized regions are sequences immediately up- and down-stream of the
STOP codon of HTB2. Lowercase regions match the plasmid template for PCR.
Growth assays
Strains were grown overnight in 200&L YPD at 30°C in a 96-well dish.
Overnight culture was diluted back 300 times in 5/3X YPD supplemented with
8.33 mM succinic acid (YPDS). DMSO or 200 &M FK-506 in DMSO was added to
a 1:150 final dilution. 120&L of cell dilution was added to 80&L calcium chloride
(CaCl2) or lithium chloride (LiCl) stock solutions in 96-well dishes to reach the
final concentrations of ions. The range of final concentrations for CaCl2 was 0
and 0.5 to 750 mM in 11 dilutions and for LiCl was 0 and 4 to 300 mM in 11
dilutions. Final concentration of FK-506 was 0.8 &M. Final concentration of
succinic acid was 5 mM. Plates were incubated 24 hours at 30°C then OD650 was
read on a Thermomax microplate reader spectrophotometer (Molecular Devices).
The SOFTmax Pro software was used. 50% inhibitory concentration (IC50) was
calculated by interpolation to find [CaCl2]ex or [LiCl]ex that allowed half maximal
growth.
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Microscopy
Three 1 mL serial dilutions of four strains were grown overnight at 30°C
in SC-His-Ura. The entire 1 mL of the log-phase dilution was concentrated and
suspended in ½X SC-His-Ura for microscopy. Volume of re-suspension was
varied to result in approximately the same density for each strain. Cells were
imaged at room temperature in CellASIC ONIX microfluidic plates using the
perfusion control system to regulate media flow.
All microscopy was done at the Johns Hopkins University Integrated
Imaging Center. Cells were imaged on a LSM 510 META confocal (Carl Zeiss)
using a 100x/1.4 NA Plan-Apochromat (oil) DIC objective with a motorized
stage. Excitation of the GFP was done using the 488nm laser and of mCherry
using the 543 nm laser. The filters used were the green band pass filter from 505
to 530 nm and the red band pass filter from 560 to 615 nm. The optical slice
thickness was 1 Airy Unit, 0.8 &m. The image size was 512x512 pixels for a 12-bit
image. The image dimensions were 89.82x89.82 &m and the pixel size was 0.176
&m. The max scan speed was 1.60 &s/pixel and each line was averaged 4 times.
Time-lapse images were obtained using the Multi-time plug-in of the AIM 4.2
software. When imaging four strains in a single experiment, images were
obtained at each location approximately every 70 seconds, the minimum time for
the microscope to image and move between all four locations. Due to drift in the
z plane, the imaging had to be paused for occasional refocusing. This usually
took less than one minute and was not done within ten minutes after switching
media.
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Graphing and image quantification
Individual time point images were combined into a single file by the
microscope software. Further image manipulation was done in ImageJ 1.44o
(http://rsbweb.nih.gov/ij/). Drift in the x-y plane was corrected using the
StackReg plugin (http://bigwww.epfl.ch/thevenaz/stackreg/). Nuclei were
identified by running “Analyze Particles” on the mCherry channel and a mask
was generated. This mask was then applied to the GFP channel and intensity of
the fluorescence was measured in the areas identified as nuclei. These
measurements were then imported into Matlab (Mathworks), which graphed the
intensity for each nucleus over time as single cell traces. Scripts for these
analyses were obtained from Megan McClean (Hersen et al., 2008) and further
modified to account for the longer time scale and cell division.
Coefficient of variation (CV) was calculated for each cell across a given
time region with at least twenty fluorescence values in that time region.
Standard error of the median CV of all cells was used to estimate 95% confidence
intervals for the value of the median. If the bars representing the intervals do not
overlap, the observations said to have statistically significant differences in their
medians.
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RESULTS
Experimental set-up
Cells were imaged while growing in CellASIC’s ONIX microfluidic plates
in continuously flowing media. This allowed for optimal cell growth conditions
while keeping all cells in a single layer. These plates also allowed for fast and
complete switching of media between up to six conditions, including complete
washout of CaCl2 or other signaling activator.
In order to accurately measure nuclear localization of Crz1, the nucleus
was labeled by fluorescently tagging HTB2, one of the two histone H2B genes,
with mCherry (Hersen et al., 2008). This allowed the red fluorescent nuclei to be
identified independently of the probe and cells whose nuclei were not visible
were eliminated from the analysis. A similar system, combining a truncated
fluorescent NFAT and a fluorescent histone, has been used in mammalian cells
(Lodygin et al., 2013).
Creation of inert probe of Cn activity
In order to ensure constant, high expression of the new probe, it was
expressed from the strong, constitutive, feedback-free promoter GPD1. Some
studies have shown that Crz1 overexpression induces Cn-independent gene
transcription or affects the responsiveness of gene transcription (Matheos et al.,
1997; Stathopoulos and Cyert, 1997). To prevent these effects, the C-terminus,
containing the DNA-binding zinc-finger (ZF) domain, was removed. This also
further reduced feedback of Crz1 and of factors that regulate [Ca2+]cyt and Cn.
GFP was fused to the N-terminus of Crz1. This created a protein, GFP65

Crz1(!ZF), that is shuttled in and out of the nucleus in response to Cn that
cannot bind DNA and therefore should be inactive with regards to transcription.
Previous work has shown that GFP-Crz1(!ZF) is translocated into and out of the
nucleus in the same manner as full-length GFP-Crz1, which is fully functional
and replaces Crz1p in deletion strain (Stathopoulos-Gerontides et al., 1999).
GFP-CRZ1(!ZF) does not affect cell growth in standard medium
Before using the GFP-Crz1(!ZF) probe, the probe’s effects on cell growth
have to be tested in standard conditions. The probe was expressed in the W303
WT background and growth was compared to growth of an isogenic strain
without the probe. When grown in standard medium for 24 hours, the GFPCRZ1(!ZF) strain grew to the same cell density as the WT control strain,
indicating that the probe has no effect in this condition (Fig. 3-1). In medium
supplemented with high concentrations of CaCl2, the GFP-CRZ1(!ZF) strain
grew more slowly than the control (Fig. 3-2). A smaller effect of the probe was
seen in LiCl. This shows that the probe is not completely inert and interferes
with the cellular response to toxic levels of these ions over long periods of time.
However, when observed over only 6 hours in continuously flowing medium
with 200 mM CaCl2 added, most of the cells appeared normal in morphology,
growth, and division.
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Figure 3-1. GFP-CRZ1(ΔZF) does not affect cell growth in standard medium.
WT strains with and without GFP-CRZ1(ΔZF) were grown in
YPDS for 24 hours at 30°C.
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Figure 3-2. GFP-CRZ1(ΔZF) slows growth in high concentrations of CaCl2.
WT and crz1Δ strains with and without GFP-CRZ1(ΔZF) were
grown in YPDS with varying concentrations of CaCl2 for 24 hours
at 30°C.
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GFP-CRZ1(!ZF) does not activate or interfere with endogenous targets of Crz1
If the truncated probe is nonfunctional for gene expression, it would not
replace the function of endogenous Crz1. To test this, the GFP-Crz1(!ZF) probe
was expressed in a crz1! strain. Crz1 is required for expression of Ena1p, a
pump that transports Li+ out of the cell and allows growth in medium containing
elevated LiCl. If the probe induced gene expression, the crz1! strain expressing
the probe would be more resistant to LiCl than the strain without it. The crz1!
GFP-CRZ1(!ZF) strain was slightly more sensitive to LiCl than crz1!, not
resistant (Fig. 3-3). This indicates that the probe does not replace Crz1 function.
To be called inert, the probe must also not interfere with the cellular
process it is being used to measure. Since it is overexpressed, it could titrate Cn
and interfere with its other functions. To test this, Cn was examined for its
ability to interact with two specific targets: the vacuolar Ca2+/H+ exchanger
Vcx1p and the Cn-inhibitory complex comprising immunophilins and the drug
FK-506. In pmc1! cells, which lack the vacuolar Ca2+ ATPase, Vcx1p is the only
vacuolar Ca2+ transporter and its function is strongly inhibited by Cn. Therefore,
pmc1! cells are hypersensitive to CaCl2 and are rescued by deletion of Cn or
inhibition with FK-506. If the probe interferes with Cn inhibition of Vcx1p, the
probe will rescue growth of pmc1! cells. If the probe interferes with the ability of
the immunophilin/FK-506 complex to bind and inhibit Cn, pmc1! cells would be
hypersensitive even in the presence of FK-506. If the probe is truly inert, it will
neither increase Ca2+ resistance of a pmc1! strain nor decrease resistance of the
same strain in the presence of FK-506. The pmc1! GFP-CRZ1(!ZF) strains
showed slightly decreased Ca2+ resistance, rather than increased, indicating that
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Cn inhibition of Vcx1p was unaffected by the presence of the probe (Fig. 3-4).
Furthermore, FK-506 restored growth in high CaCl2 in the pmc1Δ GFPCRZ1(ΔZF) strains. Therefore it can be concluded that the probe does not
interfere with Cn binding to the FK-506/FK binding protein complex either.

Figure 3-3. GFP-Crz1(ΔZF) does not complement lack of Crz1p.
WT, crz1Δ, and crz1Δ GFP-CRZ1(ΔZF) strains were grown in
YPDS with varying concentrations of LiCl for 24 hours at 30°C.
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Figure 3-4. GFP-CRZ1(ΔZF) does not interfere with Cn binding to targets.
pmc1Δ and pmc1Δ GFP-CRZ1(ΔZF) strains were grown in YPDS
with varying concentrations of CaCl2 with or without 0.8 μM FK506 for 24 hours at 30°C.
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High frame rate causes some bleaching of GFP but not mCherry after 500 frames
In order to image the probe over the time scale observed in the %galactosidase assays, the fluorescence needs to be stable enough to be imaged at
least once per minute over at least five hours. To test for bleaching, cells were
imaged at 20-second intervals over five hours in continuously flowing ½x
medium. If the GFP and mCherry are stable, the signal would be constant over
time; if bleaching occurs, fluorescence would decrease. The mCherry signal was
steady over the entire movie, showing that there is no significant effect of
mCherry bleaching (Fig. 3-5 A). In order to measure bleaching of the GFP,
fluorescence intensity for the whole image was used because of the difficulty in
identifying individual cells in close proximity. Downward peaks in intensity
were caused by focal drift. There was a small decrease in the total GFP intensity
by the end of the movie, but intensity is fairly steady through 500 frames (167
minutes), which constitutes more than the 360 frames of a 6-hour movie at the
usual frame rate (Fig. 3-5 B). Cells also grew and divided normally for over 500
frames (167 minutes), showing that there is no negative effect of such intense
light exposure. This means that phototoxicity and bleaching are not of concern
during the course of a movie imaged less than once per minute.
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Figure 3-5. High frame rate causes some bleaching of GFP but not mCherry after 500
frames.
pmc1! vcx1! crz1! cells were imaged at approximately 20second intervals for over 300 minutes. 500 frames were captured
in 160 minutes. (A) Nuclear mCherry fluorescence. Traces
represent individual nuclei. (B) Mean GFP intensity of the whole
field of cells over time. Downward peaks in intensity were
caused by focal drift.

A
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Microscopy
Wild-type cells expressing GFP-Crz1(!ZF) and Htb2-mCherry were
imaged in continuously flowing ½X selective media. Images were taken at 70-to80-second intervals. Fields typically contained 10 to 400 cells. The red signal
strongly marked the nucleus. The green signal was diffuse throughout the
cytoplasm and was clearly excluded from the nucleus and vacuole, though
occasional partial nuclear localization was seen in individual cells, lasting two to
ten minutes (Fig. 3-6, A-J). Upon switching the flow to ½X media with 200 mM
CaCl2 added, the green signal became highly colocalized with the red (Fig. 3-6,
K-O). This happened nearly synchronously in the majority of the cells. Some
faint green signal was still visible in the cytoplasm of most cells, even when the
nuclear signal was at its maximum. After a dwell time in the range of ten
minutes, the green signal returned to being entirely cytoplasmic (Fig. 3-6, P-T).
The timing and extent of the return of the probe to the cytoplasm was not
uniform in the population. Some unsynchronized partial nuclear localization
was seen during the prolonged CaCl2 exposure, typically lasting between two
and twenty minutes, similar to what was seen before addition of CaCl2.
By using a mask generated from the locations of the red fluorescence to
identify the nuclei, the green fluorescence in each nucleus could be quantified at
each time point. From this, a graph could be generated to represent the entire
movie in one image. Each line on the graph represents the mean GFP
fluorescence in a single nucleus (Fig. 3-6 U).
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Figure 3-6. WT cells responding to addition of CaCl2.
WT cells in continuously flowing ½X SC. Medium switched to
continuously flowing ½X SC + 200 mM CaCl2 at 1:29:20 (89 min.).
(A-T) Scale bar 10 &m. (U) Single cell traces of nuclear GFP
intensity over time. Black bar on time axis indicates medium
supplemented with 200 mM Ca2+.
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A-E
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The addition of CaCl2 was used here to induce Cn signaling because it has
been shown to raise [Ca2+]cyt quickly (Miyakawa and Mizunuma, 2007).
Although not physiological, this stimulus allows study of the Cn response to Ca2+
without turning on other response pathways that might cause feedback onto Cn.
Probe translocation is dependent on Ca2+ and Cn
In order to use the probe to study the response to Ca2+ stimulation, it is
necessary to confirm that it is responsive to Ca2+. It is possible that the peak in
nuclear fluorescence is caused the change in pressure used to rapidly switch the
medium in the flow chamber, or by some other artifact of the experimental
system, and that the probe does not represent Ca2+-dependent activation of Crz1.
To test this, cells were switched from ½X SC to the same medium from a
different inlet using the same increase in pressure (Fig. 3-7, A and C). In these
strains, no peak was seen that corresponds to the peak seen in cells switched to
½X SC supplemented with 200 mM CaCl2 (Fig. 3-7, B and D). Similar scaled
responses were seen in higher and lower concentrations of CaCl2 (Fig. 3-7 E-H).
Additionally, when the medium was switched back to unsupplemented ½X SC
during the nuclear localization peak, the nuclear fluorescence signal ended
abruptly (Fig. 3-7 I). These results confirm that the probe is responding to the
increase in [CaCl2]ex.
Since the GFP-Crz1(!ZF) probe retains the SRR domain required for
interaction with Cn, its nuclear localization should also depend on Cn
(Stathopoulos-Gerontides et al., 1999). To test this, the Cn inhibitor FK-506 was
added to the medium. When switched from unsupplemented ½X SC to ½X SC
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with 0.8 &M FK-506, the partial nuclear localization seen in some cells
disappeared (Fig. 3-8, compare left to center portion). Additionally, when CaCl2
was added in the presence of FK-506, no peak of nuclear localization was seen
(Fig. 3-8, right portion). This confirms that nuclear localization of the GFPCrz1(!ZF) probe is dependent on Cn activity.

79

Figure 3-7. Peak in nuclear fluorescence is caused by CaCl2.
(A-D) WT cells in continuously flowing ½X SC. Black bar on time
axis indicates the switch to the same medium from a different
well (A, C) or to medium supplemented with 200 mM CaCl2 (B,
D). A and B were run in parallel; C and D were run in parallel.
(E-H) Single experiment with range of CaCl2 concentrations
added:

(E) 0, (F) 100, (G) 200, and (H) 300 mM CaCl2. (I) pmc1!

vcx1! crz1! cells in continuously flowing ½X SC. Black bars on
time axis indicates medium supplemented with 200 mM CaCl2,
(I) then back to unsupplemented medium.
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Figure 3-8. Inhibition of Cn reduces nuclear signal.
WT cells in continuously flowing ½X SC. Blacks bar on time axis
indicates the switch to ½X SC with 0.8 &M FK-506 then with 0.8
&M FK-506 and 200 mM CaCl2.
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Probe shows “flickering” in constant conditions
Examination of the region of adaptation, after the initial response peak has
dissipated, of the above graphs (Fig. 3-7) reveals a region of noisy nuclear
fluorescence that is not synchronized between cells. Some cells show brief
partial nuclear localization of the probe and then return to baseline while others
remain at higher signal, fluctuating between low and high nuclear localization.
These fluctuations have been named “flickers” and they are evident before
treatment, in low-Ca2+ medium, as well as in cells that have adapted to high-Ca2+
medium. Flickering may represent Cn activity in cells at equilibrium. It occurs
to differing degrees in a variety of conditions such as unsupplemented medium
and the presence of FK-506, and varies by strain. Flickering can be quantified by
calculating coefficient of variation (CV) of the nuclear fluorescence of each cell, as
described above, because CV measures how much the values deviate from the
mean. CV is independent of the mean, so higher background fluorescence in a
particular strain or replicate does not affect CV. Higher CV indicates more
change in nuclear fluorescence. This implies that Cn is activating the probe more
often in cells with higher CVs. Measurement of CV allows direct comparison of
Cn activation between strains or between conditions.
Pmc1 and Vcx1 suppress flickering
WT cells growing in unsupplemented ½X SC medium showed some
flickering. Deletion of either PMC1 or VCX1 caused more flickering, as
measured by the increase in CV (Fig. 3-9). This indicates that disruption of
vacuolar Ca2+ transport causes increased Cn activity even in the absence of
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stimulation or excess external Ca2+. This effect on [Ca2+]cyt, and thereby on Cn
activity, is expected in the case of Vcx1. The exchanger is active when Cn activity
is low and keeps Cn activity low when it is active. It is somewhat surprising,
however, that knockout of Pmc1p has a measurable effect, since its expression is
low in the absence of stimulation. Despite this, it appears either that there is
enough Cn-independent expression of Pmc1p or that flickering causes enough
Cn-dependent gene expression for Pmc1p to regulate cytosolic Ca2+ equilibrium
in resting conditions.
It is difficult to determine the relative contributions of Pmc1p and Vcx1p
to flickering since there is some variation between experiments in the increase of
CV from WT to single mutants. It is clear that there is a small additive effect,
indicating that both transporters contribute to [Ca2+]cyt homeostasis in resting
conditions.
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Figure 3-9. Pmc1 and Vcx1 suppress flickering.
CVs of WT, pmc1!, vcx1!, and pmc1! vcx1! cells in continuously
flowing ½X SC for (experiments 1, 2) 200 or (experiment 3) 100
minutes. Symbols are median values of CVs and bars represent
standard error of the median.
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Flickering is dependent on Cn
As shown in Fig. 3-8, flickering in WT is suppressed by the addition of FK506. Flickering in the strains lacking the vacuolar transporters is suppressed as
well (Fig. 3-10). CVs in all strains plus FK-506 are similarly low, indicating that
the increase in CVs in the deletion mutants is caused by increased Cn activity.
This extra activity is fully suppressed by FK-506.
Crz1 increases flickering
If the Pmc1p activity seen in unstimulated WT cells is dependent on
transcriptional upregulation by Crz1p, knocking out CRZ1 should have the same
effect as knocking out PMC1. Instead of an increase in flickering, however, the
crz1! strain showed a small decrease in flickering. There was still an increase in
flickering in the pmc1! crz1! strain relative to the crz1! strain, but flickering in
the pmc1! crz1! strain was lower than in the pmc1! strain (Fig. 3-11). These
differences indicate that the Pmc1p activity that suppresses flickering in WT is
not dependent on Crz1p. Additionally, the increase in flickering caused by
deleting either PMC1 or VCX1 is partially dependent on Crz1p. This suggests
that there is a Crz1p-dependent factor that contributes to flickering. This is
opposed by vacuolar Ca2+ transport through Pmc1 and Vcx1.
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Figure 3-10. Flickering is dependent on Cn.
CVs of WT, pmc1!, vcx1!, and pmc1! vcx1! cells in continuously
flowing ½X SC or ½X SC with 0.8 &M FK-506 for 100 minutes in
each condition. Symbols are median values of CV and bars
represent standard error of the median.
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Figure 3-11. Crz1 increases flickering.
CVs of WT, pmc1!, vcx1!, pmc1! vcx1!, crz1!, pmc1! crz1!,
vcx1! crz1!, and pmc1! vcx1! crz1! cells in continuously
flowing ½X SC for 100 minutes. Symbols are median values of
CVs and bars represent standard error of the median. CRZ1
strains were run separately from crz1! strains.
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Rcn1 increases flickering independently of Crz1
One possible target of Crz1p that could be contributing to flickering is the
Cn chaperone Rcn1p. If it is, knocking out RCN1 in strains containing CRZ1
should lower flickering in the same way that knocking out CRZ1 does but have
no effect in crz1! strains. pmc1! vcx1! rcn1! strains did have less flickering
than the strains expressing RCN1, but this decrease was also seen in the strains
lacking CRZ1 (Fig. 3-12). This indicates that Rcn1p contributes to flickering in a
Crz1-independent way. Further, this shows that the high flickering caused by
disruption of vacuolar Ca2+ transport requires Rcn1p activity.
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Figure 3-12. Rcn1 increases flickering independently of Crz1.
CVs of pmc1! vcx1!, pmc1! vcx1! crz1!, pmc1! vcx1! rcn1! and
pmc1! vcx1! crz1! rcn1! cells in continuously flowing ½X SC.
Symbols are median values of CVs and bars represent standard
error of the median. Values are from multiple experiments
pooled together.
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DISCUSSION
Measurement of Cn activity will be crucial to clinical manipulation of Cn
signaling. Nuclear localization of Crz1 is a close readout of Cn activation. By
observing the movement of GFP-tagged Crz1 within the cell, changes in the
activation state of Cn can be determined. Existing assays for measuring Cn
activity are not precise and lack resolution. I have described the development of
a novel inert probe for Cn activity using an inactive, truncated form of the
transcription factor Crz1 fused to GFP. Although the probe does cause some
toxicity in the presence of high concentrations of Ca2+ and Li+, it can be
considered inert because it does not affect growth in standard medium or low
concentrations of CaCl2, it does not replace Crz1 function in a crz1! strain, and it
does not interfere with calcineurin’s ability to inhibit its target Vcx1 or be
inhibited by the drug FK-506.
Other experiments using a similar, full-length Crz1-GFP probe showed
that blue light, such as is used to induce GFP fluorescence, caused the probe to
permanently localize to the nucleus in the absence of other stresses (Bodvard et
al., 2013). Therefore, the nuclear localization seen above could be simply due to
the light used to see it. That experiment used continuous illumination, however,
and the experiments described above used short, intermittent illumination. The
low level of nuclear GFP-Crz1(!ZF) localization seen in the absence of CaCl2
(Figs. 6-7) indicates that light is not a significant stress in these conditions.
I confirmed that the GFP-Crz1(!ZF) probe measures Cn activity by
imaging the probe in the presence of the Cn inhibitor FK-506. When Cn is
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inhibited, the probe remains entirely cytoplasmic except when the cells are
stimulated by very high extracellular Ca2+.
This new probe has allowed me to examine the effects of many cellular
factors on Cn activation in both stimulating and non-stimulating conditions. I
found that Cn is active in non-stimulating conditions and can be suppressed by
FK-506. This activity causes flickering of the probe into and out of the nucleus
which can be quantified to compare Cn activation in different conditions.
The Ca2+ transporters in the vacuole act as negative regulators of Cn by
keeping cytosolic Ca2+ concentration low and thereby preventing Cn activation.
They also remove Ca2+ after a signaling event to turn off Cn and end the signal. I
found that fully functional vacuolar Ca2+ transport is needed to prevent
hyperactivation of Cn in non-stimulating conditions. Flickering is increased by
deleting either vacuolar transporter, Pmc1p or Vcx1p, and further increased by
deleting both. This shows that disregulating cytosolic Ca2+ equilibrium by
compromising vacuolar Ca2+ transport leads to increased Cn activity. Readouts
of transcription would be needed to determine if this increased Cn activity is a
productive attempt to upregulate PMC1 and other genes that are needed to
control cytosolic Ca2+ equilibrium or if it is unproductive shuttling of Crz1p
without activating transcription.
I also see that Crz1p is necessary for basal Cn activity in non-stimulating
conditions. Neither Pmc1p nor Rcn1p is necessary for Crz1p to promote
flickering, indicating that another target or targets of Crz1p are needed for full
Cn activity even in the absence of stimulation. Over 150 other targets of Crz1p
have been described in the literature, including genes involved in ion transport,
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cell signaling, and protein degradation (Yoshimoto et al., 2002). Analysis of
mutants for selected targets of Cn in the presence and absence of CRZ1 would
allow identification of the factor or pathway that is increasing Cn activity in a
Crz1-dependent manner. The positive effect of Crz1 on flickering also shows
that the flickering in WT likely activates a positive feedback loop through Crz1dependent gene transcription. Cn/Crz1-dependent transcription in the absence
of stimulation is probably needed to maintain “housekeeping” levels of targets
such as Pmc1, which would modulate the positive feedback on Crz1. The
presence of these feedback loops indicates that the readouts of transcription
described above would probably show that the increase in flickering in Ca2+
transporter deletion strains increases transcription.
Rcn1 is a member of a family of presumed Cn chaperones, known as
regulators of Cn (RCANs), whose role in Cn regulation is still debated. Different
studies have showed different roles of RCANs, both stimulatory of Cn and
inhibitory (Sanna et al., 2006). In my experiments, I see that Rcn1p increases Cn
activity independently of Crz1-dependent transcription. This suggests that
Rcn1p acts as a chaperone to assemble, localize, or activate Cn. The precise role
of Rcn1p will be studied further in Chapter 5.
The microscopy experiments described here were conducted in ½X SC
medium, which has 0.1 mM CaCl2. Therefore, it would be interesting to
determine if the Ca2+ needed to activate Cn flickering is entering from outside the
cell or being released from internal stores. Although most of the Ca2+ in the
vacuole is bound to inorganic phosphate and unavailable, some of it can be
released by the vacuolar Ca2+ channel Yvc1p (Palmer et al., 2001; Cunningham,
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2011). In order to differentiate the possible sources of Ca2+ influx, flickering
could be examined both in strains lacking YVC1 and in medium containing
BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid) or another
Ca2+ chelator. If these experiments show that Ca2+ is entering from outside the
cell, the Ca2+ influx pathways HACS and LACS could be examined for their roles
in this condition (Cyert and Philpott, 2013). Additionally, presence or absence of
flickering could be used to screen for the additional Ca2+ influx pathways
proposed by Cui et al. (2009a).
Another group using a similar probe saw a similar response to addition of
CaCl2, but they saw different patterns of nuclear localization both in the absence
of stimulation and after adaptation (Cai et al., 2008). In the absence of
stimulation, they saw very little nuclear localization of their probe. After
adaptation, they saw short periods of nuclear localization with intensity similar
to the initial response with baseline localization between these “bursts.” Bursts
were not synchronized between cells. They describe bursting as being “all-ornone,” which is unlike flickering that was generally to a lower intensity than the
initial response and did not always return to baseline. This discrepancy is likely
due to the difference in expression levels between that probe and my new probe.
Their probe was expressed from the endogenous CRZ1 locus, under its own
transcriptional regulation, while my probe is overexpressed. Whatever is
causing these later bursts may be a weaker activator of translocation than the
initial stimulation with Ca2+, so it can activate all of the endogenously expressed
probe but not all of the overexpressed probe.
95

Now that this new probe has been developed and characterized, it can be
used to further examine the effects of various factors in the Cn/Crz1 pathway on
Cn activation. In the following chapters, the GFP-Crz1(!ZF) probe will be used
to examine the activation of Cn in response to stimulation. The roles of Pmc1p,
Vcx1p, Crz1p, and Rcn1p will be tested both at the initiation of Cn activation and
in prolonged signaling conditions.
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CHAPTER FOUR: THE ROLE OF VACUOLAR
CALCIUM TRANSPORTERS PMC1 AND VCX1 IN
CALCINEURIN/CRZ1 DYNAMICS
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INTRODUCTION
Calcineurin (Cn) activity is dependent on, and therefore regulated by,
cytosolic calcium (Ca2+) concentration ([Ca2+]cyt) through the binding of both
Ca2+/calmodulin (CaM) and free Ca2+ (Rusnak and Mertz, 2000). Because of this
dependence, Ca2+ transporters that control [Ca2+]cyt can be seen as regulators of
Cn. This is especially true of the pumps and exchangers that remove Ca2+ from
the cytosol, because they are responsible for long-term maintenance of [Ca2+]cyt,
which controls Cn activity (Cunningham, 2011). In yeast, the most important of
these transporters is the Ca2+ ATPase Pmc1, which functions in the vacuole
membrane to transport ~90% of the Ca2+ that is found in that organelle
(Cunningham and Fink, 1994; Cunningham, 2011). Growth assays have shown
that Pmc1 is required for long-term growth in high external [Ca2+] ([Ca2+]ex)
(Matheos et al., 1997). Because PMC1 transcription is upregulated by Cn-Crz1
signaling, Pmc1 is part of a negative feedback loop with Cn, in which Cn
activates Pmc1 and Pmc1 inhibits Cn (Matheos et al., 1997).
Also in the vacuole is the proton (H+)/Ca2+ exchanger Vcx1 (Cunningham
and Fink, 1996; Rusnak and Mertz, 2000). While growth assays have shown that
Vcx1 seems to have little role in the long-term response to high [Ca2+]ex in wildtype cells, it is necessary for growth in high [Ca2+]ex when Cn is inhibited or
absent. Vcx1 is primarily active in unstimulated cells and in the immediate
response to high [Ca2+]ex (Cunningham and Fink, 1994; Cui et al., 2009a;
Cunningham, 2011). Vcx1 is inhibited by Cn through an unknown mechanism,
which creates a double negative feedback loop; Cn and Vcx1 inhibit each other,
leading to bistability in the system (Cunningham, 2011). It has been
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hypothesized that when Cn is on, Vcx1 is off and when Cn is off, Vcx1 is on, with
little population of intermediate states.
The experiments summarized above have determined whether or not
Pmc1 and Vcx1 have roles in specific conditions, such as growth in high [Ca2+]ex
or in the absence of Cn, but they cannot determine when the transporters have
their effects. Especially of interest is how soon after Cn activation its inhibitory
effect on Vcx1 can be seen.
Using the new GFP-CRZ1(!ZF) probe described in the last chapter, I saw
that fully functional vacuolar Ca2+ transport is necessary to maintain baseline Cn
activity in non-stimulating conditions. The next step is to look at the response to
stimulation. In this chapter, I directly observed the effects of Pmc1 and Vcx1
activity on calcineurin activation dynamics in the initial minutes of exposure to
elevated [Ca2+]ex and during prolonged growth in this condition. As expected,
calcineurin is more active when the vacuolar transporters are removed because
[Ca2+]cyt rises more quickly and remains high longer (Miseta et al., 1999). I see
that at high [CaCl2]ex, both Pmc1p and Vcx1p are necessary for controlling
[Ca2+]cyt, since deletion of either transporter causes Cn to be activated more
quickly and to stay active longer. Interestingly, at lower [CaCl2]ex, either
transporter alone is sufficient to restore [Ca2+]cyt equilibrium.
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MATERIALS AND METHODS
Yeast strains, plasmids, and media
All yeast strains were derived from parental strain W303-1A by standard
transformations and mating crosses. Cells were grown in synthetic complete
(SC) media, prepared as described (Sherman et al., 1986).
Strains TAY127-158, the full panel of mutants with all combinations of
pmc1!, vcx1!, crz1!, and rcn1! containing GFP-CRZ1(!ZF) and HTB2-mCherry,
were created as described in Chapter 3.
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Table 4-1. Yeast strains used in Chapter 4.
Strain

Genotype

Source

TAY127 GFP-CRZ1(!ZF)::URA3 HTB2-mCherry::HIS3

this study

TAY129 pmc1::LEU2 GFP-CRZ1(!ZF)::URA3 HTB2-mCherry::HIS

this study

TAY131 vcx1! GFP-CRZ1(!ZF)::URA3 HTB2-mCherry::HIS3

this study

TAY133 pmc1::LEU2 vcx1! GFP-CRZ1(!ZF)::URA3

this study

HTB2-mCherry::HIS3
TAY135 crz1::G418 GFP-CRZ1(!ZF)::URA3 HTB2-mCherry::HIS3

this study

TAY137 pmc1::LEU2 crz1::G418 GFP-CRZ1(!ZF)::URA3

this study

HTB2-mCherry::HIS3
TAY139 vcx1! crz1::G418 GFP-CRZ1(!ZF)::URA3

this study

HTB2-mCherry::HIS3
TAY141 pmc1::LEU2 vcx1! crz1::G418 GFP-CRZ1(!ZF)::URA3

this study

HTB2-mCherry::HIS3
All strains are isogenic derivatives of strain K601/W303-1A (MATa ade2-1 can1100 his3-11,14 leu2-3,112 trp1-1 ura3-1).
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Microscopy
All samples were prepared and microscopy was done as described in
Chapter 3.
Graphing and image quantification
Nuclear fluorescence of the probe over time was calculated as described in
Chapter 3.
In order to determine the half-maximal points for each cell trace, traces
were first smoothed using the Lowess smoothing function in Matlab Curve
Fitting Toolbox (Mathworks), with parameters to fit a 1st degree polynomial
mode. Gaps were eliminated before smoothing. The half-maximal value was
then determined by measuring half the distance from the lowest value within
two timepoints before the addition of CaCl2 to the highest value within thirty
timepoints after the addition of CaCl2. The times for this value were determined
by interpolation. Cells were excluded from calculation of half max if there were
no fluorescence values within two timepoints before or thirty timepoints after the
addition of CaCl2 or if nuclear fluorescence decreased immediately after
addition. Delay is the time of media switching subtracted from the time of the
half max of the rise. Duration, also called peak width, is the time of the half max
of the rise subtracted from the time of the half max of the recovery. Where the
trace did not cross half max of the recovery during the imaging period, the value
was projected using the slope from the highest value to the last value in the trace.
Standard error of the median (SEM) for delay and duration were
calculated as described for CV in Chapter 3.
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When SEM bars overlapped, medians for all four strains in the experiment
were compared with a Kruskal-Wallis (KW) non-parametric ANOVA test using
the Matlab kruskalwallis function. If the KW test returned a rejection of the null
hypothesis of the same median for all strains with p<0.05, a multiple comparison
test was used to determine which pairs of strains had significantly different
medians using the Matlab multcompare function. These significant differences
were indicated by stars on the plots.
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RESULTS
GFP-CRZ1(!ZF) nuclear dwell time is dependent on calcium concentration
The new GFP-CRZ1(!ZF) probe and imaging system developed in the
previous chapter were able to detect effects of [CaCl2]ex, Cn inhibitors, and Ca2+
transporters on the initial response to [CaCl2]ex elevation. Measuring this
response will allow determination of the contribution of Pmc1p and Vcx1p to Cn
activation in response to sudden [CaCl2]ex elevation.
The two measures of the initial response that are affected by [CaCl2]ex and
the Ca2+ transporters are the time required for maximal, and half-maximal, probe
nuclear localization following a change in [CaCl2]ex and the length of the initial
peak of probe nuclear localization. ImageJ and Matlab were used to quantify the
baseline probe fluorescence in each mCherry-positive nucleus and the maximal
probe fluorescence in that nucleus after switching to CaCl2-supplemented
medium. The time required for the nuclear probe signal to rise and fall through
the half-maximal point were calculated for each cell and used to determine
“response delay” and “response duration.” A decrease in response delay
indicates that Cn is activated more quickly in a given condition. An increase in
response duration indicates that Cn is staying active longer. Median and
standard error of the median for each of these values were calculated for all cells
in a field.
This method was applied to WT cells exposed to varying concentrations of
CaCl2. No effect was seen when [CaCl2]ex was not raised (Fig. 4-1 A). Peaks of
nuclear fluorescence were seen in most cells when [CaCl2]ex was raised to 100,
104

200, or 300 mM CaCl2 (Fig. 4-1 B-D). Quantification of the response duration
shows that there was a small effect of increasing stimulation from 100 to 200 mM
CaCl2 and a big effect of increasing from 200 to 300 mM (Fig. 4-1 E).
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Figure 4-1. GFP-CRZ1(!ZF) nuclear dwell time is dependent on calcium
concentration.
WT cells in continuously flowing ½X SC. (A-D) Single cell traces
of nuclear GFP-CRZ1(!ZF) fluorescence. Black bar on time axis
indicates the switch to medium supplemented with (A) 0, (B) 100,
(C) 200 or (D) 300 mM CaCl2. (E) Values of the response duration
after switching to medium supplemented with 100, 200, or 300
mM CaCl2. Symbols are median values of response duration and
bars represent standard error of the median. ** p<0.01
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Vcx1 opposes Cn activation at early and late stages of the response to calcium
Vcx1p is active when Cn activity is low. In the previous chapter,
examination of Cn activation flickers revealed that Cn is active in non-signaling
conditions but that Vcx1 is not inhibited by that low activity. It was also shown
that Ca2+ transport by either Pmc1p or Vcx1p kept Cn activity lower. Since
Vcx1p reduced Cn activation in the absence of stimulation, it is hypothesized
that Vcx1p will also oppose Cn activation in the immediate response to
stimulation. Comparison of response delay in WT and vcx1! deletion strains
showed a 5-fold decrease in Cn activation time (Fig. 4-2 A).
After it is activated by a stimulus, Cn inhibits Vcx1p. If this inhibition
occurs during the peak of Cn activation, represented by the peak of nuclear
probe fluorescence, deletion of Vcx1p would not have an effect on response
duration. Comparing WT and vcx1! deletion strains showed a 2-fold increase in
response duration (Fig. 4-2 B). This indicates that Cn was more active in the
absence of Vcx1p, and therefore that Vcx1p was still active for at least an hour
after stimulation. This is in accord with previous studies (Miseta et al., 1999).
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Figure 4-2. Vcx1 opposes Cn activation at early and late stages of the response to
calcium.
WT and vcx1! cells in continuously flowing ½X SC. Values of
the (A) response delay and (B) response duration after switching
to medium supplemented with 200 mM CaCl2. Symbols are
median values of delay and duration and bars represent standard
error of the median.
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Pmc1 opposes Cn activation at early and late stages of the response to calcium
Similarly to Vcx1p, Pmc1p was shown to reduce Cn activity in the absence
of stimulation. Therefore, Pmc1p would also be expected to delay Cn activation.
Comparison of response delay in WT and pmc1! deletion strains showed a 5-fold
decrease in Cn activation time (Fig. 4-3 A), as was seen for vcx1!.
Pmc1p has a lower capacity for Ca2+ transport than Vcx1p, so it is possible
that it is overwhelmed in the immediate aftermath of Ca2+ influx and that its
contribution to lowering [Ca2+]cyt would be undetectable. If this is the case,
response duration would not be lengthened in a pmc1! strain the way it is in a
vcx1! strain. Comparing WT and pmc1! deletion strains showed a 2-fold
increase in response duration (Fig. 4-3 B). This indicates that Pmc1p is necessary
to restore basal [Ca2+]cyt just as Vcx1p is.
There was no further effect on either response delay or response duration
in the pmc1! vcx1! double mutant. This indicates that there is no additive effect
of deleting both transporters. While this could mean that the transporters work
together, it is more likely that deletion of a single transporter causes maximal
activation of Cn. The vacuolar transporters constitute the major pathway for
regulating [Ca2+]cyt, but yeast have other Ca2+ transporters that can partially
compensate and set an upper limit on Cn activation when the vacuolar export
pathway is compromised.
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Figure 4-3. Pmc1 opposes Cn activation at early and late stages of the response to
calcium.
WT and pmc1! cells in continuously flowing ½X SC. Values of
the (A) response delay and (B) response duration after switching
to medium supplemented with 200 mM CaCl2. Symbols are
median values of delay and duration and bars represent standard
error of the median.
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Crz1p is not needed for early Pmc1p activity
The Pmc1p function in the absence of stimulation seen in the previous
chapter did not require upregulation by Crz1p. Since there is no time for a
transcriptional effect in the immediate response to stimulation, it is hypothesized
that the effect of Pmc1p on response delay will also be independent of Crz1p.
Comparison of response delay between WT and crz1! strains shows no effect of
the knockout (Fig. 4-4 A). If there had been an effect of Crz1p on Pmc1p, the
crz1! strain would have had a shorter delay, similar to the pmc1! strain.
The pmc1! crz1! strain has a very slow response to stimulation. It is
possible that this indicates that Crz1p is necessary for Cn activation in the
absence of Pmc1p. However, other experiments with this strain showed shorter
delays, approaching the values for the pmc1! strain, while values for the WT and
the crz1! strains, as well as for the pmc1! vcx1! and the pmc1! vcx1! crz1!
strains, were similar in all experiments. There may have been some problem
with contamination of the pmc1! crz1! strain or unusually high day-to-day
variation. Due to this, no conclusions can be drawn about the role of Crz1p in the
initial Cn response to CaCl2 in the absence of Pmc1p.
While Crz1p is not necessary for Pmc1p activity in the absence of or
immediate response to stimulation, it may have a detectable effect on the ability
of Pmc1p to shorten the response duration. If it does, a crz1! strain would have
an extended response, similar to the pmc1! strain. The crz1! and pmc1! crz1!
strains looked like WT and pmc1! respectively, however, indicating that
transcriptional feedback does not have an effect within the first hour or two of
the Cn response to stimulation (Fig. 4-4 B).
112

Figure 4-4. Crz1p is not needed for early Pmc1p activity.
WT, pmc1!, crz1!, and pmc1! crz1! cells in continuously flowing
½X SC. Values of the (A) response delay and (B) response
duration after switching to medium supplemented with 200 mM
CaCl2. Symbols are median values of delay and duration and
bars represent standard error of the median.
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Effects of Pmc1 and Vcx1 are dependent on concentration
In the above experiments, there were no significant differences between
pmc1! strains and vcx1! strains in either response delay or response duration,
implying that they have overlapping roles. After the addition of lower
concentrations of extracellular CaCl2, the effects of Pmc1p and Vcx1p on
response can be more clearly differentiated (Fig. 4-5). The amplitude and
duration of the nuclear localization of the probe in the crz1! pmc1! vcx1! strains
were similar after addition of 200, 100, or 50 mM CaCl2. In 100 mM CaCl2, only
Vcx1p had an effect as the only vacuolar Ca2+ transporter. In 50 mM CaCl2,
deletion of either PMC1 or VCX1 alone had no effect on the response; only
deleting both lengthened the response. Vcx1p had a bigger effect, but either
transporter functioning alone prevented disregulation of [Ca2+]cyt. This indicates
that either Pmc1p alone or Vcx1p alone can control [Ca2+]cyt in the face of very
small perturbations. Vcx1p alone, with its higher capacity for Ca2+ transport, can
handle somewhat larger perturbations, but both transporters together are needed
for the largest perturbations. The transporter deletion strains were not compared
to crz1! with both transporters present in these conditions.
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Figure 4-5. Effects of Pmc1 and Vcx1 are dependent on concentration.
crz1!, crz1! pmc1!, crz1! vcx1!, and crz1! pmc1! vcx1! cells in
continuously flowing ½X SC. Values of the peak width after
switching to medium supplemented with 50, 100, or 200 mM
CaCl2. Cells were imaged for at least 120 minutes after the
addition of CaCl2. Peak widths longer than the imaging time
were determined by extrapolation. Symbols are median values of
delay and duration and bars represent standard error of the
median. Experiments with different concentrations were run
separately.
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DISCUSSION
I used the new GFP-CRZ1(!ZF) probe described in the last chapter to
investigate the roles of the vacuolar Ca2+ transporters Pmc1p and Vcx1p on Cn
activation. Examination of the time for the probe to reach half-maximal nuclear
localization shows that maintenance of [Ca2+]cyt in the face of a rise in [Ca2+]ex is
dependent on the activity of both Pmc1p and Vcx1p. Transcriptional
upregulation by Crz1p is not necessary for Pmc1p to have an effect. This is
consistent with the findings in the previous chapter that both vacuolar Ca2+
transporters are needed to maintain cytosolic Ca2+ equilibrium.
I then examined the roles of Pmc1p and Vcx1p in adaptation to prolonged
high [CaCl2]ex. Here I found that both Pmc1p and Vcx1p contribute to quickly
restoring low [Ca2+]cyt and ending the Cn signal in high [CaCl2]ex. In responding
to smaller elevations of [CaCl2]ex, the individual transporters were sufficient.
This effect is independent of the presence or absence of Crz1p. The Cn/Crz1pindependent effect of Pmc1p on [Ca2+]cyt and Cn activation in this condition is
consistent with the fact that there is low basal transcription of PMC1 in the
absence of Crz1p and that transcriptional upregulation takes on the order of one
hour to have an effect (Stathopoulos and Cyert, 1997; Miseta et al., 1999).
Imaging was continued for only about an hour in 200 mM [CaCl2]ex after
activation of Cn so no effects of transcriptional upregulation were seen. Longer
imaging would allow determination of the role of Crz1p upregulation on Pmc1p
activity. Additionally, longer imaging would capture the time of Vcx1p
inhibition by activated Cn. I would expect to see differences in the duration of
the Cn signal in single transporter deletion strains at long time scales in high
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[CaCl2]ex. In the experiments with lower concentrations of external CaCl2,
imaging was continued longer, but no effects were seen. This is likely because
the signal has been ended in strains that express the transporters by the time
transcription of Pmc1p and inhibition of Vcx1p would be seen. Examination of
flickering after adaptation in these conditions might reveal differences between
strains.
Previous work has shown that the v-SNARE Nyv1p inhibits Pmc1p
activity in the absence of stimulation (Takita et al., 2001). It would be interesting
to conduct this experiment in the nyv1! strain or in the presence of NYV1
overexpression to see if the probe can detect this regulation on this time scale.
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CHAPTER FIVE: THE ROLE OF RCN1, PUTATIVE
CALCINEURIN CHAPERONE, IN CALCINEURIN
REGULATION

118

INTRODUCTION
The regulators of calcineurin (RCAN) family of proteins is a highly
conserved family of calcineurin (Cn)-binding small proteins found in organisms
from yeast to mammals (Kingsbury and Cunningham, 2000; Hilioti and
Cunningham, 2003). This family of proteins is one of only two that have been
found to be targets of Cn in both yeast and mammalian systems (Guiney et al.,
2015). RCANs have a conserved PxIxIT-like motif that is similar to the Cninteracting sequence of the Cn-regulated NFAT transcription factors and a highly
conserved SP motif that is a substrate for dephosphorylation by Cn (Vega et al.,
2002; Mehta et al., 2009). RCANs directly bind the catalytic CnA subunit without
requiring or interfering with binding by the activator calmodulin (CaM) or the
regulatory CnB subunit (Rothermel et al., 2000; Vega et al., 2002; Hilioti and
Cunningham, 2003; Davies et al., 2007).
Paradoxically, RCANs have been seen to both stimulate and inhibit Cn in
vivo. Overexpression studies in mammals, nematode, and fungi showed reduced
Cn activity, reduced Cn-dependent transcription, and reduced nuclear
localization of NFAT, indicating that RCANs inhibit Cn (Fuentes et al., 2000;
Kingsbury and Cunningham, 2000; Rothermel et al., 2000; Cao et al., 2002; Ermak
et al., 2002; Hill et al., 2002; Vega et al., 2002; Lee et al., 2003; Minami et al., 2004).
It was later shown in yeast that the minimal inhibitory domain of the yeast
RCAN, Rcn1, requires the PxIxIT-like motif, which simply competes with other
substrates for access to a critical docking site on Cn (Mehta et al., 2009). In
contrast to these overexpression studies, most knockout and knockdown studies
in fungi and mouse also showed reduced Cn activity and reduced Cn-dependent
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transcription, indicating that at endogenous levels, RCANs are needed for full
Cn signaling (Görlach et al., 2000; Kingsbury and Cunningham, 2000; Vega et al.,
2003; Fox and Heitman, 2005; Sanna et al., 2006). The regions of Rcn1 required
for stimulation of Cn included a conserved C-terminal tail-motif, the Cn-docking
motifs, and phosphorylation of the highly conserved SP-repeats but not the Nterminal RRM-domain (Mehta et al., 2009). Interestingly, the ability of Rcn1 to
stimulate Cn in yeast cells also depended on ubiquitylation of the protein by the
E3 ubiquitin ligase SCF-Cdc4 and degradation by the 26S proteasome (Kishi et al.,
2007; Mehta et al., 2009). These findings together suggest that RCANs may
function as competitive inhibitors of Cn when overexpressed or incompletely
phosphorylated, ubiquitylated, and turned over, but more physiologically they
function as activators of Cn and potentially as chaperones for either Cn
biogenesis or recycling (Mehta et al., 2009).
Further complicating the understanding of the physiological roles of
RCANs is the presence of feedback loops. Transcription of some RCAN genes
can be upregulated by Cn through NFAT/Crz1 in both fungi and animals,
including Rcn1 in yeast, creating a positive feedback loop if Rcn1 is stimulatory
of Cn and a negative feedback loop if it is inhibitory (Kingsbury and
Cunningham, 2000; Yang et al., 2000; Ermak et al., 2002; Wang et al., 2002; Lee et
al., 2003). RCANs are dephosphorylated by Cn, which prevents ubiquitylation
and thereby degradation, which could create a negative feedback loop (Hilioti et
al., 2004).
RCANs have been proposed to stimulate Cn as a chaperone for assembly
of its subunits, stability, localization, activation, or availability to other targets
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(Hilioti et al., 2004; Fox and Heitman, 2005; Sanna et al., 2006; Kishi et al., 2007;
Mehta et al., 2009). Binding to Cn and degradation of RCAN are both required
for stimulatory activity, indicating a transient interaction (Mehta et al., 2009).
RCAN knockout had no effect on Cn abundance, indicating that RCANs regulate
Cn directly (Sanna et al., 2006), but it did result in the loss of catalytic iron ions
from the active site of yeast Cn (K. W. Cunningham and R. Lill, unpublished
results). The simplest hypothesis to explain these observations is that RCANs
may facilitate loading iron ions into the active site of CnA or recycling of
oxidized or otherwise damaged iron ions.
The results described above mostly were obtained from growth assays,
mating assays, in vitro activity assays, %-galactosidase assays, and other
population-based methods of measuring Cn activation. Using the GFPCRZ1(!ZF) probe described in Chapter 3, it was seen that Rcn1p is required for
baseline Cn activity in non-stimulating conditions. The next step is to look at the
response to stimulation. In this chapter, I directly observed the effect of Rcn1p
on Cn activation dynamics in the initial minutes of exposure to elevated external
calcium (Ca2+) concentration ([Ca2+]ex) and during prolonged growth in this
condition. Cn was more active when Rcn1p was present, supporting a role for
Rcn1p as a positive regulator of Cn, possibly as a chaperone. Rcn1p increased
the speed of Cn activation at the onset of signaling and allowed Cn to remain
active longer during prolonged exposure to elevated [Ca2+]ex. This effect of
Rcn1p was independent of transcriptional upregulation by Crz1p. Additionally,
I saw a stimulatory effect of Crz1p on Cn activity that was independent of both
RCN1 and PMC1. These observations suggest that Rcn1p acts as a chaperone for
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both Cn activation and reactivation and that Crz1p has other targets that can
increase Cn activity.
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MATERIALS AND METHODS
Yeast strains, plasmids, and media
All yeast strains were derived from parental strain W303-1A by standard
transformations and mating crosses. Cells were grown in synthetic complete
(SC) media, prepared as described (Sherman et al., 1986).
Strains TAY127-158, the full panel of mutants with all combinations of
pmc1!, vcx1!, crz1!, and rcn1! containing GFP-CRZ1(!ZF) and HTB2-mCherry,
were created as described in Chapter 3.
Table 5-1. Yeast strains used in Chapter 5.
Strain

Genotype

Source

TAY133 pmc1::LEU2 vcx1! GFP-CRZ1(!ZF)::URA3

this study

HTB2-mCherry::HIS3
TAY135 crz1::G418 GFP-CRZ1(!ZF)::URA3 HTB2-mCherry::HIS3

this study

TAY141 pmc1::LEU2 vcx1! crz1::G418 GFP-CRZ1(!ZF)::URA3

this study

HTB2-mCherry::HIS3
TAY149 pmc1::LEU2 vcx1! rcn1::ADE2 GFP-CRZ1(!ZF)::URA3

this study

HTB2-mCherry::HIS3
TAY151 crz1::G418 rcn1::ADE2 GFP-CRZ1(!ZF)::URA3

this study

HTB2-mCherry::HIS3
TAY157 pmc1::LEU2 vcx1! crz1::G418 rcn1::ADE2

this study

GFP-CRZ1(!ZF)::URA3 HTB2-mCherry::HIS3
All strains are isogenic derivatives of strain K601/W303-1A (MATa ade2-1 can1100 his3-11,14 leu2-3,112 trp1-1 ura3-1).
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Microscopy
All samples were prepared and microscopy was done as described in
Chapter 3.
Graphing and image quantification
Nuclear fluorescence of the probe over time was calculated as described in
Chapter 3.
Response delay and response duration were calculated as described in
Chapter 4.
Standard error of the median and Kruskal-Wallis p-values were calculated
as described in Chapters 3 and 4.
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RESULTS
Rcn1 increases Cn activity at early and late stages of the response to calcium
In previous chapters, the GFP-Crz1(∆ZF) fluorescent probe was imaged in
yeast cells growing in standard medium before and after addition of high
external calcium chloride (CaCl2) to stimulate Cn activation. Using this method,
time delay of initial activation of Cn and response duration of nuclear probe
signal were determined. The effects of vacuolar transport on Cn activation were
revealed by comparing these values in wild-type (WT) and pmc1! vcx1! single
and double mutant strains. In order to study the role of Rcn1p, and when it has
that role, the response delay and response duration were observed in rcn1!
strains.
If Rcn1p has a positive effect on Cn activity before stimulation, as was
seen in Chapter 3, deletion of RCN1 should lead to a longer response delay since
less Cn is available to be activated. If Rcn1p is needed for recycling or
reactivation of Cn, deletion of RCN1 should lead to a shorter response duration
as Cn gets used up and cannot continue to activate the probe. Because response
delay and response duration were strongly affected by Pmc1p and Vcx1p, a
pmc1! vcx1! rcn1! strain was compared to a pmc1! vcx1! control strain to
determine whether Rcn1p acts on Cn before or after stimulation.
As expected from the results in Chapter 3, comparison of response delay
in control and rcn1! deletion strains showed a 3-fold increase in Cn activation
time (Fig. 1 A). This indicates that Cn is less active in the absence of Rcn1,
leading to the conclusion that Rcn1 is a chaperone that matures or primes Cn so
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that it is ready to respond to an increase in cytosolic free Ca2+ concentration
([Ca2+]cyt).
Prolonged Cn stimulation may cause oxidation of active site metal ions, or
of key amino acids, leading to activity-dependent inactivation (ADI) of Cn. ADI
has been suggested to be a mechanism of inhibition of Cn by Ca2+ and oxidation
that allows reduction of Cn activity during prolonged stimulation (Stemmer et al.,
1995; Bito et al., 1996; Wang et al., 1996). If Rcn1p stimulates Cn by preventing or
reversing ADI, rcn1! deletion strains should have a shorter response duration
than control strains. Comparison of response duration in control and rcn1!
deletion strains showed a significant decrease in prolonged Cn activity (Fig. 1 B).
This indicates that Rcn1p may have a role in suppressing ADI of Cn.
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Figure 5-1. Rcn1 increases Cn activity at early and late stages of the response to
calcium.
pmc1! vcx1! and pmc1! vcx1! rcn1! cells in continuously
flowing ½X SC. Values of the (A) response delay and (B)
response duration after switching to medium supplemented with
200 mM CaCl2. Symbols are median values of delay and duration
and bars represent standard error of the median. ** p<0.01
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Rcn1 effect on Cn is independent of Crz1
The effect of Rcn1p on Cn activation in the absence of stimulation seen in
Chapter 3 did not require Crz1p transcriptional upregulation. Since there is no
time for a transcriptional effect in the immediate response to stimulation, it is
hypothesized that the effect of Rcn1p on response delay will also be independent
of Crz1p. Comparison of response delay between pmc1! vcx1! crz1! and pmc1!
vcx1! crz1! rcn1! strains shows that response delay is still slower in the absence
of Rcn1p even in the absence of Crz1p (Fig. 2 A). If there had been an effect of
Crz1p on Rcn1p, the pmc1! vcx1! crz1! strain would have had a similarly long
delay to the pmc1! vcx1! crz1! rcn1! strain.
Transcriptional upregulation could have an effect during the long
response peak of the pmc1! vcx1! strain. If Crz1p is necessary for the effect of
Rcn1p in reactivating Cn, knocking out CRZ1 would shorten the peak by
reducing the amount of Rcn1p available to reactivate Cn. Although both crz1!
deletion strains have shorter response durations than the CRZ1 strains, the
difference is only significant in the rcn1! strain (Fig. 2 B). This indicates that
Crz1p upregulation of Rcn1p is not needed for reactivation of Cn in the time
frame observed.
Crz1 increases Cn activity in steady-state conditions
The effect of deleting CRZ1 on the response delay was not significant (Fig.
2A). Deletion of CRZ1 did have a significant effect on the duration of the
response to prolonged high [CaCl2]ex (Fig. 2 B). This effect is independent of
Rcn1 and Pmc1, indicating that it is necessary for a different factor to positively
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regulate Cn in this condition. A similar result was seen for Crz1p in the absence
of stimulation, which is a steady-state condition, as is the response to prolonged
stimulation. This may be evidence of a transcriptional effect that is too slow to
have an effect on the immediate response to stimulation but is important for
stimulating Cn over longer time scales.
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Figure 5-2. Rcn1 effect on Cn is independent of Crz1.
pmc1! vcx1!, pmc1! vcx1! rcn1!, pmc1! vcx1! crz1!, and
pmc1! vcx1! crz1! rcn1! cells in continuously flowing ½X SC.
Values of the (A) response delay and (B) response duration after
switching to medium supplemented with 200 mM CaCl2.
Symbols are median values of delay and duration and bars
represent standard error of the median. ** p<0.01
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Activity dependent inactivation is not seen in yeast
It is possible that ADI, mentioned above, does not exist in yeast. To test
this, response durations of strains with and without RCN1 to varying
concentrations of CaCl2 were compared. If ADI of Cn does occur, increasing the
stimulation would lead to faster decline of the response. In the previous chapter,
the response durations of WT to varying concentrations of stimulus were
compared and it was shown that increasing [CaCl2]ex caused longer responses.
This is assumed to be because higher [CaCl2]ex induces higher [CaCl2]cyt, so
[CaCl2]cyt remains above the Cn activation threshold longer. In pmc1! vcx1!
crz1!, response durations were similarly long at all concentrations. This may be
because [CaCl2]cyt is restored to baseline more slowly, so [CaCl2]cyt remains above
the Cn activation threshold for a long time regardless of the size of the initial
stimulation. In both of these strains, Rcn1p is active, so it may be suppressing
ADI, if ADI is happening. In pmc1! vcx1! crz1! rcn1!, higher [CaCl2]ex again
caused longer responses (Fig. 3). This is in contrast to what would be expected if
ADI were occurring. Instead, Rcn1p may be increasing the sensitivity of Cn to
[CaCl2]cyt. While [CaCl2]cyt after stimulation with both 50 and 300 mM CaCl2 may
be different even in the pmc1! vcx1! crz1! strain, no difference in response
duration was detected because in both cases it was above the Cn activation
threshold. However, when Rcn1p is absent, the Cn activation threshold may be
raised to a point where the difference in [CaCl2]cyt after stimulation with both 50
and 300 mM CaCl2 can be detected. This change in sensitivity could also explain
the slower response delay in the rcn1! strain, since it would take longer for
[CaCl2]cyt to reach a higher threshold.
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Figure 5-3. Activity dependent inactivation is not seen in yeast.
pmc1! vcx1! crz1! and pmc1! vcx1! crz1! rcn1! cells in
continuously flowing ½X SC. Values of the peak width after
switching to medium supplemented with 50, 100, 200, or 300 mM
CaCl2. Cells were imaged for at least 120 minutes after the
addition of CaCl2. Peak widths longer than the imaging time
were determined by extrapolation. Symbols are median values of
delay and duration and bars represent standard error of the
median. Experiments with different concentrations were run
separately.
132

Effect of Rcn1 is only seen in strains lacking vacuolar transporters
The above experiments were performed in strains lacking both vacuolar
transporters, Pmc1 and Vcx1, because those strains have high Cn activity. The
high level of Cn activity made it easy to see the reduction caused by lack of
Rcn1p. The experiments were repeated in strains with functional Pmc1p and
Vcx1p and therefore lower Cn activity. As above, Rcn1p prolonged the duration
of Cn activity in the crz1! pmc1! vcx1! background. However, Rcn1p did not
have an effect on signal duration in the crz1! background expressing the
vacuolar transporters (Fig. 4). This may be due to the ability of the strains
expressing the transporters to lower [Ca2+]cyt quickly. [Ca2+]cyt would not remain
in the range between the WT Cn activation threshold and the higher Cn
activation threshold of the rcn1! strain long enough to cause a detectable
difference between the strains.
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Figure 5-4. Effect of Rcn1 is only seen in strains lacking vacuolar transporters.
crz1! pmc1! vcx1! rcn1!, crz1! pmc1! vcx1!, crz1! rcn1!, and
crz1! cells in continuously flowing ½X SC. Values of the peak
width after switching to medium supplemented with 200 mM
CaCl2. Cells were imaged for 140 minutes after the addition of
CaCl2. Symbols are median values of response duration and bars
represent standard error of the median.

134

DISCUSSION
I have shown that Rcn1p at endogenous levels is stimulatory of Cn
activity both before and after addition of elevated [CaCl2]ex. Rcn1p is necessary
for the fast response of Cn to Ca2+ in strains lacking vacuolar transporters. Rcn1p
is also necessary for sustained Cn signaling in these strains during prolonged
exposure to elevated [CaCl2]ex. Neither of these functions of Rcn1p is dependent
on Crz1p-induced transcription. The fact that this latter effect is independent of
Crz1 is consistent with the fact that transcriptional upregulation takes on the
order of one hour to have an effect (Stathopoulos and Cyert, 1997; Miseta et al.,
1999). Imaging was continued for one and a half to two hours in 200 mM
[CaCl2]ex after activation of Cn. Transcriptional effects were not seen on response
duration because the signal peaks were shorter than one hour. Examining the
flickering of the probe after the end of peak would be informative in determining
if there is an effect of transcriptional upregulation.
There was also an effect of Crz1p on Cn signaling duration that was
independent of Pmc1p and Rcn1p. The experiments described in Chapter 3 to
find the targets of Crz1p that increase flickering would also be able to find the
targets of Crz1p that increase Cn response duration.
I did not study the effect of Rcn1p in a WT background, but it would be
interesting to do so. Response delay is already slow in strains with functional
vacuolar Ca2+ transport. Deleting RCN1 would be expected to slow it further if
Rcn1p is necessary for the initial activation of Cn. These experiments could be
repeated in both the crz1! and WT strains to determine if Rcn1p has an effect in
this condition. As in the crz1! strain, a reduction in the already short peak width
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would not be expected when RCN1 is deleted, but since the transcriptional
feedback loop would be intact, more flickering might be seen after adaptation in
the WT strain than the rcn1! strain during prolonged exposure to high [CaCl2]ex.
This would indicate a low level of Cn signaling that requires Rcn1p for
reactivation of Cn.
Mutations of Rcn1p have been described that can bind Cn but not
stimulate its activity (Mehta et al., 2009). By expressing those variant RCN1
genes in an rcn1! strain, I could further refine the role of Rcn1p in Cn activation.
For instance, if Rcn1p is required for localization but not assembly, strains
expressing these variants would be expected to have the same response delay as
stains expressing the WT gene but shorter response duration. Other possible
roles of Rcn1p would be seen by other differences in Cn activity.
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CHAPTER SIX: CONCLUDING REMARKS
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I have shown that the calcium (Ca2+)-responsive phosphatase calcineurin
(Cn) is active in both stimulating – high external Ca2+ concentration ([Ca2+]ex) –
and non-stimulating – low ([Ca2+]ex) – conditions. Activation of Cn is affected by
vacuolar Ca2+ transporters Pmc1p and Vcx1p, the Cn chaperone Rcn1p, and the
Cn-dependent transcription factor Crz1p in different ways in a variety of
conditions.
Cn is important for regulating many cellular processes in response to
changes in external conditions, including neurotransmitter release in neurons, Tcell activation, mitogen-activated protein kinase (MAPK) cascades, and
transcription factor (TF) activation (Kumashiro et al., 2005; Clapham, 2007; Li et
al., 2011). Additionally, a wide variety of pathological conditions have been
shown to be caused by misregulation of Cn activity. These include Down
Syndrome, Alzheimer’s Disease (AD), some types of cancer, and certain types of
heart disease (Li et al., 2011).
One of the most important and highly-conserved targets of Cn is the
transcription factor (TF) NFAT, found in many cell types. NFAT is
dephosphorylated by Cn and then translocated to the nucleus, where it regulates
transcription in response to Ca2+ and Cn (Hogan et al., 2003). NFAT has many
target genes that are regulated in very diverse ways. Yeast have an analogous
TF, Crz1, which is also regulated by Cn (Matheos et al., 1997). Crz1-activated
transcription can be used as a read-out of Cn activity.
I measured Cn-Crz1 dependent transcription from different synthetic
promoters using the %-galactosidase activity assay. I found that increasing the
number of binding sites for Crz1 within the promoter shifted the Ca2+138

stimulation response curve to the left without changing its shape. This shows
that the variety of response curve shapes seen among natural promoters is
caused by more than just changes in the probability of Crz1 binding. Further
investigation of the effect of disregulating cytosolic Ca2+ equilibrium showed that
knockout of vacuolar Ca2+ transport did change the shape of the response curve.
This indicates that increased basal Cn activity leads to changes in the Crz1
transcriptional response.
However, like many of studies of Cn activity, %-galactosidase activity is an
imprecise assay. Many of the common assays look at many cells, or extract from
many cells, in aggregate. This could mask differences in Cn activity within a
population. Time resolution is also low in many of the common Cn assays. In
order to better understand Cn dynamics, more precise and detailed assays are
needed.
Some groups have studied Ca2+ signaling by a direct, single-cell, real-time
readout of Cn activation utilizing a fluorescently tagged version of the yeast TF
Crz1 (Stathopoulos-Gerontides et al., 1999; Kafadar et al., 2003; Cai et al., 2008;
Bodvard et al., 2013). Among the many observations made using this system is
the observation of all-or-none nuclear localization “bursts” of Crz1-GFP in
constant stimulation seen by Cai et al. Other papers have reported seeing
“pulsing” of other TFs into and out of the nucleus, which is similar to the
“bursting” seen by Cai et al. (Levine et al., 2013; Petrenko et al., 2013; Dalal et al.,
2014; Lin et al., 2015). A very interesting model of frequency-modulated gene
expression coordination was developed based the characteristics of these bursts
and measurements of gene expression.
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Imaging of Crz1-GFP as just described offers an excellent opportunity to
study how feedback regulation controls Cn activation. However, before I began
using the system, I improved both the probe itself and the imaging conditions. I
created an inert, overexpressed probe, GFP-CRZ1(!ZF), which could be clearly
seen and did not affect gene expression or Cn feedback regulation. I used this
probe in conjunction with a nuclear label, to allow easy identification of nuclei,
and a microfluidic flow system that constrained cells to the plane of focus and
allowed fast switching of media. These improvements to the imaging system
allowed for a more quantitative approach to measuring nuclear localization.
Using this new GFP-CRZ1(!ZF) probe of Cn activity, I did not see the allor-none “bursts” of nuclear localization seen by Cai et al. This could be due to
the difference in expression level between their probe and mine. Instead, I saw
partial localization “flickers” in constant conditions, both with and without
stimulation of Cn. These flickers were caused by Cn activation of Crz1p, since
they were suppressed by the addition of a Cn inhibitor to the medium. Flickers
were increased when vacuolar Ca2+ transport was compromised, and cytosolic
Ca2+ equilibrium was disrupted, by the deletion of either PMC1 or VCX1. This
effect is expected from the fact that disrupting vacuolar Ca2+ transport raises
[Ca2+]cyt and that raising [Ca2+]cyt increases Cn activity (Miseta et al., 1999). The
activity of Vcx1p in the absence of stimulation fits with previous findings that
Vcx1p activity is high when Cn activity is low (Cunningham and Fink, 1996).
The effect of Pmc1p is less expected, given that its expression is upregulated by
Cn-Crz1, but previous studies have shown that there is Crz1-independent basal
transcription of PMC1 that could account for the effect of Pmc1p on flickering
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(Stathopoulos and Cyert, 1997). To confirm that this effect is due to Crz1independent Pmc1p expression, I showed that deleting CRZ1 decreased
flickering rather than increased it, as would be expected if Crz1p is necessary for
the effect of Pmc1p.
This dependence of flickering on Crz1p reveals a positive feedback loop
through Cn and Crz1p. Low Cn activity causes enough nuclear localization of
Crz1p to activate expression of genes that stimulate Cn activity. One possible
target of Crz1p that could increase Cn activity is Rcn1p.
Rcn1p is a small Cn-interacting protein. It is part of the highly conserved
regulators of Cn (RCAN) family of proteins that has been observed to both
stimulate and inhibit Cn activity (Shin et al., 2011). Growth assays in yeast with
WT and mutant Rcn1 have shown Rcn1p to be stimulatory in endogenous
conditions. Inhibition was only seen as a result of overexpression or incorrect
phosphorylation (Mehta et al., 2009). In accord with this, I found that deletion of
RCN1 reduced flickering, implying that Rcn1p promotes Cn activity, even in the
absence of stimulation. The effect of Rcn1p on flickering was independent of
Crz1p. This suggests that Crz1p has other targets that increase flickering. These
could be found by screening for Crz1p-dependent changes in flickering in strains
lacking other targets of Cn-Crz1, of which over 150 have been identified
(Yoshimoto et al., 2002).
The flickering described above is a phenomenon that has not been studied
before and which needs to be confirmed in other systems. If flickering is broadly
seen, it will be a new category of Cn activity: basal activity in the absence of a
specific stimulus. Flickering could represent a way to maintain housekeeping
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levels of transcription of certain genes by taking advantage of TF pulsing. Low
levels of Crz1p in the nucleus could activate certain genes but not others, as seen
by the difference in gene expression from variously sensitive promoters in
Chapter 2. In support of this idea are two observations about the pmc1! vcx1!
double mutant strain: it had more flickering than WT and it had higher
normalized expression of the more-sensitive reporter construct in the absence of
stimulation. Thus, increased flickering correlated with upregulated gene
expression.
My experiments also showed some flickering during prolonged exposure
to elevated [CaCl2]ex. Most of my data recordings ended shortly after recovery
from the initial response to stimulation, however, so I did not quantify the later
flickering. Recordings focused on that part of the response may provide insight
into Cn activity in cells adapted to a stressful environment. Changes in baseline
[Ca2+]cyt have been observed in aging and AD (Berridge, 2011; Reese and
Taglialatela, 2011). These changes lead to an increase in Cn activity. Factors that
control the Cn response to extended stress could be found by measuring
flickering in cells growing in high [Ca2+]ex.
In addition to using my new GFP-CRZ1(!ZF) probe to study Cn activity
in non-stimulating conditions, I also used it to study the response to stimulation
and the effects of Cn regulators on that response. As in the case of flickering, I
saw that vacuolar Ca2+ transport reduced Cn activity; deleting the transporters
caused Cn both to be activated faster and to stay active longer than in wild type.
This emphasizes the importance of cytosolic Ca2+ equilibrium in regulating Cn
activation. These experiments not only confirm what has been observed for the
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vacuolar Ca2+ transporters in other assays, they refine the time resolution of our
understanding of the roles of these transporters.
Rcn1p acted as a stimulator of Cn during signaling as well as during
flickering. The hyperactivation of Cn seen in the pmc1! vcx1! double deletion
strains depended on the presence of Rcn1p. The effect of Rcn1p on Cn in the
absence of stimulation and at its onset imply a role for Rcn1p as a chaperone that
directs assembly, activation, or localization of Cn to ensure that Cn is ready to be
turned on when needed. Since Rcn1p activity also increases Cn activity after
stimulation, it seems to have a role in setting the sensitivity of Cn to [Ca2+]cyt.
This dual role of Rcn1p, before stimulation and after, suggests that the effect of
Rcn1p on Cn may be more complicated than a simple assembly chaperone,
though it clearly has an effect on biogenesis or availability. I did not see any
evidence of activity-dependent inactivation (ADI) of Cn in yeast, which argues
against Rcn1p having a role in preventing or reversing ADI or in later effects on
Cn, though my experiments do not rule this out. Further study is needed to
continue to clarify the endogenous role of this conserved regulator of Cn. No
effect was seen of Rcn1p in strains with wild-type vacuolar transport, but this
may be because [Ca2+]cyt was regulated quickly and was not in the range where
Rcn1p affects sensitivity of Cn long enough to be detected.
Crz1p increased Cn activity in the steady-state conditions of no
stimulation and prolonged stimulation, but not in the initial response to
stimulation. Pmc1p and Rcn1p were not required for this effect. Crz1p likely
participates in positive feedback on Cn activity through activation of
transcription. This feedback is expected to be too slow to affect the immediate
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response to stimulation but to increase Cn activation in steady-state conditions.
Alternatively, the factor upregulated by Crz1p may be required only for longterm activation in steady-state conditions but not the large initial response to
stimulation that uses a pool of available Cn. This new role of Crz1p highlights
the complexity of the feedback loops that regulate Cn and its effectors.
All of the experiments described in this work were done with the addition
of CaCl2 to the medium as the method of stimulation. While it is effective at
raising [Ca2+]cyt, it is not a physiological stimulus. In order to better understand
Cn regulation, the GFP-CRZ1(!ZF) probe could be used to observe the response
to physiological stimuli. Changes in external conditions, such as addition of
pheromone or salts, have been shown to activate Cn (Stathopoulos and Cyert,
1997). Fluorescently tagged Msn2, a yeast TF that also responds to stress, was
recently shown to have unique nuclear localization patterns in response to
different stimuli (Petrenko et al., 2013). Similar experiments with the GFPCRZ1(!ZF) probe would elucidate the way that Cn responds to different
stressors.
The GFP-CRZ1(!ZF) probe could be used to screen for previously
unidentified elements of the Cn signaling pathway. These include Ca2+ influx
pathways that have been proposed but not yet identified (Cui et al., 2009b). This
probe could also be used to quickly screen for drugs or mutations that reduce Cn
activity. Cn has been shown to promote virulence and survival of pathogenic
fungi (Chen et al., 2012). Drugs such as tunicamycin and miconazole have been
shown to kill cells only when Cn signaling is compromised by inhibition or
mutation (Bonilla and Cunningham, 2002; Hilioti and Cunningham, 2004).
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Targeted inhibitors of Cn are needed to combat infection and other pathological
conditions associated with excess Cn activity.
Additionally, imaging the GFP-CRZ1(!ZF) probe in the 4-chamber
microfluidic device I used could allow for side-by-side comparison of Cn
signaling in different conditions. Numerous yeast models have been created to
study human diseases that have been linked to Cn misregulation (Voisset et al.,
2014; Daniel and Moore, 2015). Basal Cn activity and the response to relevant
stimuli could be observed over long periods to detect changes in the disease
model strains compared to controls.
I have shown that Cn activation can be measured in real time in single
cells. These measurements have revealed details of the timing of the action of Cn
regulators. Despite the difference in their functions and regulation, I have shown
that Pmc1p and Vcx1p are both needed to maintain cytosolic Ca2+ equilibrium in
non-stimulating conditions and in the short-term response to stimulation. My
experiments determined that Rcn1p is needed for activation of Cn both before
and after a stimulus. I revealed a positive feedback loop through Crz1p on Cn in
steady-state conditions, both with and without stimulation of Cn. These findings
give us a greater understanding of how Cn is regulated. This understanding can
be applied to the many clinical conditions which have implicated misregulation
of Cn as a contributing factor. Future applications of the probe I developed have
the potential to further elucidate this complex and crucial pathway.
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