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Abstract
Candida albicans, a dimorphic fungus and human opportunistic pathogen,
undergoes hyphal development in response to many different environmental cues,
including growth in contact with a semi-solid matrix. C. albicans forms hyphae that
invade agar when cells are embedded in or grown on the surface of agar, and the integral
membrane protein Dfi1p is required for this activity. Dfi1p is required for full activation
of mitogen activated protein kinase Cek1p during growth on agar, indicating that Dfi1p is
involved in Cek1p activation under these conditions. The C-terminal tail of Dfi1p has a
calmodulin binding motif, suggesting that Dfi1p binding to calmodulin may affect Cek1p
activation and invasive filamentation. The goal of this work was to determine the
importance of the calmodulin binding motif of Dfi1p in filamentation and signaling. We
show that the C-terminal tail of Dfi1p binds to calmodulin in vitro, and mutations that
affect this region affect both calmodulin binding in vitro and invasive filamentation when
incorporated into the full length Dfi1p protein. Moreover, increasing intracellular
calcium levels leads to calcium-dependent, Dfi1p-dependent Cek1p activation. This
phenomenon may be unique to C. albicans as we did not detect activation of Kss1p in S.
cerevisiae in response to increased intracellular calcium levels, even if Dfi1p is
overexpressed. We propose that conformational changes in Dfi1p in response to
environmental conditions encountered during growth allow the protein to bind
calmodulin and initiate a signaling cascade that activates Cek1p.
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Introduction
Candida albicans is a fungal opportunistic pathogen that colonizes human skin in
addition to the gastrointestinal, oral-pharyngeal and genitourinary tracts. Unlike most
fungi, C. albicans does not have a common environmental niche and therefore is almost
always associated with humans or other mammals (1, 2). Although Candida albicans is
part of the normal microflora in the gastrointestinal tract, it causes oral and vaginal
infections; in immunocompromised individuals, such as HIV-positive patients or organ
transplant recipients, C. albicans can infiltrate deeper tissue, enter the blood stream and
infect other organs, causing life-threatening systemic disease (1-3). Candida species, the
most common of which is C. albicans, are the fourth most common nosocomial
bloodstream pathogen and cause approximately 8% of nosocomial bloodstream infections
(4). Candidiasis is one of the most common fungal infections, causing more than
400,000 life-threatening infections worldwide each year (5). Understanding how C.
albicans transitions from being part of the normal human microflora to being a pathogen
is critical to the treatment of this disease.
In order to colonize a mammalian host, Candida albicans must sense and respond
to a variety of environmental cues. The fungus must be able to survive and grow in a
rapidly changing environment with large variations in temperature, pH, osmolarity,
oxygen, and nutrients (1). One way that Candida adapts is by changing its gene
expression profile depending on the environmental condition. For example, the fungus
grows at pH values from 2 to 10 in vitro, adapting to changes in pH at least in part via
differential gene expression. Phr1p, a cell wall protein required for growth at basic pH, is
expressed at pH>5.5 and Phr2p, a similar protein required for growth only at acidic pH, is
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expressed at pH<5 (6). In the presence of drugs used to treat candidiasis, such as
echinocandines or azoles, the expression of at least 80 different proteins changes (7).

Filamentation in C. albicans
Changes in gene expression in response to environmental cues, including
increased temperature, high pH, low O2, high CO2, serum, or growth on a surface, can
cause Candida albicans to quickly change its morphology (8). C. albicans can grow in
yeast, pseudohyphal or hyphal forms. Yeast cells, similar in appearance to
Saccharomyces cerevisiae, are oval in shape and grow by budding. Hyphae develop
from an unbudded yeast cell; the walls of the hyphae are parallel with a width of ~2.0µm
in most media (9)(See Figure 1). In addition, there is no constriction at the neck of the
mother cell, and the first septum is in the germ tube, not at the bud neck (9). In contrast,
pseudohyphae have a constriction at the mother cell neck, where the first septum is
located, and at every junction between cells (9). The pseudophyphal cells are wider than
true hyphae (at least 2.8 µm) and can vary significantly (9).

Figure 1 Candida albcians can grow as yeast (top left) or form germ tubes (top right) that
become true hyphae (bottom; adapted from (9)).
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Yeast and hyphal cells have different physical properties, including the structure
and composition of the cell wall (10, 11). C. albicans hyphae cell walls contain more β1,6-glucan than cells growing in the yeast form (12). Several cell surface proteins,
including Hwp1p and Ece1p, are up-regulated in hyphae as compared to yeast cells (13).
In addition, hyphae adhere more strongly than yeast cells to both hydrophilic and
hydrophobic surfaces (11).
Growth patterns are also different in yeast versus hyphal cells. In yeast cells, the
mother cell does not grow; the daughter bud shows polarized growth at first and then
changes to isotropic growth in the G2 phase of the cell cycle (14). In hyphae, however,
cells are always growing in a polarized fashion, driven by the location of the
Spitzenkorper, an organelle unique to hyphae that holds secretory vesicles being
transported to the tip (15). Delivery of cell wall components to the hyphal tip is thought
to occur via exocytosis of vesicles. This mechanism provides both cell wall and
membrane components essential to cell expansion (reviewed in (16)) and is controlled by
the cell wall integrity pathway (17).
Both yeast and hyphal cells are present in Candida infections and both are likely
necessary for virulence (9, 10). C. albicans mutants that grow only as yeast or only as
hyphae are reduced in virulence (reviewed in (18)). During infection, yeast cells are
likely important for fungal dissemination and finding new hosts, whereas hyphae are
critical for adhesion and invasion into host tissue (10). In yeast cells, but not hyphae, βglucan exposed on the surface of the yeast is recognized by mammalian dectin-1,
activating the immune system (19). Hyphae, on the other hand, can bind to ferritin and
access iron in human tissue (20). The switch to hyphal growth promotes survival of C.
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albicans by killing macrophages and helping the fungi to avoid being killed by
neutrophils (1) and is critical to the formation of biofilms, which form on catheters and
other medical devices (21). Importantly, it is the transiton to hyphal growth and not the
hyphal morphology alone that promotes C. albicans infection (1), demonstrating the
importance of signaling events in the pathogenesis of the fungus.

Growth on a Surface Induces Filamentation
Response to contact, or thigmotropism, is a common phenomenon in eukaryotes.
Roots of the plant Arabidopsis thaliana grow away from points of contact with rocks or
other hard surfaces, and stems that are touched twice a day will not grow as tall as
untreated control stems (22). Fungal plant pathogens such as Phyllosticta ampelicida
grow as hyphae along the surface of a leaf, forming a specialized infection structure
called an appressorium in a process that requires both calcium and contact with the
surface of the leaf (23). Mammalian cells polarize when they touch and adhere to a hard
surface; interactions between cells and a matrix influences growth and behavior of both
normal and tumor cells (24). Contact with a surface is also important in embryonic
development, particularly in the growth of nerve axons (24).
In Candida albicans, growth in contact with a semi-solid matrix, such as 1% agar,
induces hyphal growth (25). These conditions are thought to be analogous to contact
with human tissues during infection; making contact with a surface is one of several cues
that contribute to the induction of hyphal development during fungal infection (26). In
addition, once hyphae are formed, they can sense and respond to different surface
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changes, such as scratches in cellophane or holes in membranes, allowing the cells to
maneuver through different surfaces in vitro or through cells and tissues in vivo (27-29).
Studies using a variety of different species of fungi show that cells must
constantly adapt to their changing surroundings in order for hyphae to penetrate surfaces.
Hyphae from the plant pathogen Botrytis cinerea and other fungi secrete proteases and
other enzymes to help digest the surrounding material and then must exert enough force
to counter the mechanical resistance of the surface (30, 31). Turgor pressure pushing out
from the cytoplasm helps to create sufficient force, but the force only reaches the outside
material if the cell wall is loose, absorbing as little of the pressure as possible in order for
the cell to push against the substrate (30, 31). S. cerevisiae cells secrete digestive
enzymes, such as glucanases or chitinases, to weaken the wall (32). In Neurospora
crassa, chitin and β-1,3-glucans, two major components of the cell wall, are made and
deposited at the hyphal tip as the hyphae elongate, creating a flexible cell wall that allows
for growth (33). Therefore, the cell wall structure is critical for sensing contact and
inducing filamentation.

Cell Wall Structure
The cell wall is a critical structure for maintaining cell shape. The cell wall of C.
albicans and other fungi is also the first point of contact with the environment, including
other fungal cells, mammalian tissue, or growth media; it is involved in adhesion to other
cells and surfaces and must be able to relay signals from the environment to signaling
pathways within the cell (34). Many C. albicans protein sensors that relay signals from
the environment to the cell are bound tightly to the cell wall (10).
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The cell wall must be strong enough to resist turgor pressure and both physical
and osmotic stress while adapting to accommodate cell division, growth and development
(34, 35). If significant cell wall damage occurs, cells must be osmotically protected to
survive (36). Consistent with this role, the composition and thickness of the C. albicans
and S. cerevisiae cell wall changes depending on the growth conditions. For example,
the cell wall is thicker in stationary phase, and these cells are more resistant to digestion
by glucanases and are not as permeable as cells in exponential growth (37-40). This is
likely at least in part due to increased expression and cross-linking of certain S. cerevisiae
cell wall proteins during stationary phase (40-42).
The structure of the cell wall in Candida albicans is similar to S. cerevisiae. In
both species, the inner layer of the cell wall consists of primarily glucan polymers and
chitin (N-acetylglucosamine polymers) and provides both strength and flexibility (32,
43). The outer layer of the wall is responsible for cell wall permeability and cell surface
charge (44). This layer contains glycosylated mannoproteins, which protect the inner
layer from toxins and other molecules that may be present in the environment; these
proteins are also important for adhesion to surfaces and other cells (40, 45-47).
Glycosylated proteins can be covalently linked to the glucan or chitin (or both) in the cell
wall (34). Changes in cell wall protein expression, conformation or glycosylation
contribute to cell surface diversity (48).

Cell Wall Stress
In response to cell wall stress, many changes occur in the structure of the cell wall
to increase its strength and protect the cell. The synthesis of β-1,3-glucan increases
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because expression of FKS2, the catalytic subunit of the β-1,3-glucan synthase, is
upregulated and Rho1p, a positive regulator of the enzyme complex, is activated (49, 50).
Chitin synthesis also increases in response to cell wall stress in both C. albicans and S.
cerevisiae, and more proteins are made and incorporated into the cell wall (51-54). In S.
cerevisiae, if the cell wall stress causes a decrease in β-1,3-glucan, GPI-anchored proteins
become linked to chitin through a β-1,6-glucan linkage (55). Similarly, if the amount of
β-1,6-glucan decreases, cell wall proteins probably become linked to β-1,3-glucan and
chitin to adapt to the stress (56).
The structure and maintenance of the cell wall is critical to the survival of the cell
in response to stress. Damage to the cell wall activates many signaling pathways that
help the cell to adapt to the stress and repair the wall. For example, echinocandins, a
major class of antifungal drugs, inhibit β-1,3-glucan synthase, thereby preventing cell
wall synthesis (reviewed in (57)). Treatment of C. albicans cells with caspofungin, an
echinocandin, increases expression of cell wall biosynthesis genes and MKC1, the
mitogen activated protein kinase (MAPK) at the end of the cell wall integrity signaling
pathway discussed below (58-60). However, the drug also represses some genes
involved in cell wall growth and organization, including calcineurin and OCH1, an α-1,6mannosyltransferase (60), suggesting that multiple signaling pathways respond to the
drug and to cell wall damage. Both the cell wall integrity pathway and β-1,3-glucan
synthase must be present for a strain to be resistant to caspofungin (60). Other drugs that
target cell wall synthesis include nikkomycins and polyoxins, which are competitive
inhibitors of chitin synthase (34). Congo red also targets the C. albicans cell wall,
although the mechanism of its action is not well understood. In summary, maintenance
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of the C. albicans cell wall is critical to cell survival in response to stress. The cell must
maintain its cell wall in order to filament in response to contact with an agar surface or
other environmental cues.

Signaling Pathways in C. albicans
The focus of this thesis research was to elucidate signaling pathways that promote
invasive filamentation during growth in contact with agar. The major signaling pathways
that regulate filamentation and related responses will be reviewed in this section. Many
cell surface proteins are required for sensing environmental conditions and initiating a
signal cascade that helps the cell to adapt to stress or initiate morphological changes.
Although the majority of the proteins involved in these signaling cascades are conserved
among Candida albicans, S. cerevisiae and other fungi, many of the specific signals to
which they respond and mechanisms through which they act have diverged from S.
cerevisiae as Candida albicans has coevolved with its human host (61). The signaling
pathways involved in stress response and morphological switching include the
cAMP/protein kinase A (PKA) pathway and mitogen-activated protein kinase (MAPK)
pathways, as summarized in Figure 2.
The PKA Pathway
Protein kinase A (PKA) is the target of cAMP in S. cerevisiae and C. albicans.
Through this pathway, intracellular levels of cAMP regulate filamentation in both
organisms (reviewed in (18)). The adenylyl cyclase Cyr1, which is activated by Ras1p,
makes cAMP from ATP. cAMP then activates PKA, which includes three subunits:
Tpk1 and Tpk2, two catalytic subunits, and Bcy1, the regulatory subunit (reviewed in
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(18)). Activation of this pathway in S. cerevisiae prevents entry into stationary phase and
inhibits sporulation to promote vegetative growth (62). PKA also regulates pseudohyphal
growth in S. cerevisiae, as mutations in Bcy1p render the strain defective in
pseudohyphae formation on solid media with limited nitrogen (63).
In C. albicans, several different proteins operate upstream of the cAMP/PKA
pathway and signal through the pathway depending on the environmental condition.
Ras1p activates this pathway in response to serum or glucose (64). Upstream sensors in
the cAMP/PKA pathway signal through adenylate cyclase and cAMP to Tpk1p and
Tpk2p, two PKA homologs in C. albicans that activate the transcription factor Efg1p
(61). Efg1p in turn regulates many genes involved in hyphae formation, activating
hyphae formation in response to serum but repressing hyphae in response to growth on a
semi-solid surface (65).
The PKA/cAMP pathway is important for hyphal growth and virulence in C.
albicans. The adenylate cyclase Cyr1p is required for CO2-induced filamentation and
wild type virulence of C. albicans in both a systemic and a mucosal model of infection
(66, 67). Bacterial peptidoglycans in serum activate Cyr1p, stimulating hyphal
development (68). Consequently, cyr1 null mutants can grow as yeast but are defective
in hyphae formation (66). The cph1 efg1 double null mutants do not filament in serum
but are able to filament on solid media (13), suggesting that Efg1p is involved
specifically in the response to serum as an environmental cue. The efg1 null mutant is
also less virulent than the wild type in animal models of candidiasis, at least in part due to
the decreased expression of hypha-specific genes and changes in the cell wall
organization in this strain (69, 70).
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In summary, the cAMP/PKA pathway is important for virulence of C. albicans.
The pathway promotes filamentation in response to many environmental cues, including
growth in the presence of serum or CO2, but represses filamentation in response to
growth in contact with a semi-solid surface.

MAP Kinase Pathways
Mitogen activated protein kinase (MAPK) signaling pathways are also important
in filamentation and are the focus of much of this work. MAPK pathways are signaling
cascades that transfer a signal sensed at the surface of the cell to the nucleus, where
changes in gene expression enable the cell to respond appropriately to the stimulus.
Sensor receptors, typically located on the surface of the cell, initiate the MAPK cascade;
sensors can include transmembrane receptors, phosphorelay sensors, receptor-tyrosine
kinases, and integral membrane proteins (reviewed in (71)). A MAPK cascade includes a
p21-activated kinase (PAK), which phosphorylates and activates a MAP kinase kinase
kinase (MAPKKK), which in turn phosphorylates a MAP kinase kinase (MAPKK) and
finally a MAPK. The MAPK at the end of the cascade typically activates a transcription
factor but can also have cytoplasmic targets. The MAP kinases are dually
phosphorylated on a threonine or serine residue and a tyrosine residue in a conserved
motif T/S-X-Y, where X can be any amino acid (72). The three MAPK pathways in
Candida albicans relevant to this work are the HOG, cell wall integrity, and CEK1
cascades (Figure 2).
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Figure 2 PKA and MAP kinase pathways in S. cerevisiae and C. albicans. S. cerevisiae
protein names are in ovals; rectangles show the C. albicans protein names where they
differ from S. cerevisiae. Adapted from (61, 73).
The HOG Pathway
The HOG pathway in Candida albicans is involved in adaptation to stress, cell
wall formation, and morphogenesis (reviewed in (74)). In the HOG1 pathway in C.
albicans, upstream sensors Sho1p, Sln1p, Hkr1p, Nik1p, Chk1p and Msb2p are
membrane proteins that sense osmotic or oxidative stress (See Figure 2). The mucin-like
proteins Hkr1p and Msb2p are somewhat redundant contributors to the Sho1p branch of
this pathway, and the other proteins compose a second branch that signals through Ssk1p
(75). All of the upstream signals converge on the MAPKK Pbs2p, which binds to and
activates Hog1p (76, 77). However, ssk1 sho1 double null mutants are able to activate
Hog1 in response to osmotic stress (78), suggesting that additional components of this
signaling cascade exist. Activated Hog1p can then translocate into the nucleus (76, 79),
where it regulates the function of multiple transcription factors (reviewed in (61, 74, 80)).
12

In the high osmolarity glycerol (HOG) pathway in S. cerevisiae, interactions
between the membrane protein Sho1p and the cell surface are critical for sensing osmotic
shock (reviewed in (72)). The pathway is negatively regulated by Sln1p, a sensor
histidine kinase (81). Activated Sho1p binds to Pbs2p, recruiting it to the cell surface and
activating Cdc42p and the PAK kinase Ste20p, which in turn activate the MAPKKK
Ste11p, which activates the MAPKK Pbs2p (reviewed in (72)). Pbs2p then
phophorylates Hog1p, activating the MAPK and causing it to translocate transiently to
the nucleus (reviewed in (72)).
Some significant differences exist between the responses of the HOG pathways in
S. cerevisiae and C. albicans, in large part because the pathway in C. albicans responds
to conditions that the pathogen may encounter in a host. The HOG pathway in S.
cerevisiae is critical for sensing and responding to osmotic stress; however, in Candida
albicans, the same pathway is also involved in the cell’s response to oxidative stress.
This divergence may reflect an adaptation for Candida albicans to escape oxidative
killing by neutrophils and macrophages (61, 82). C. albicans has diverged from other
fungi as well, as Hog1p is only activated in 2mM or higher concentrations of H2O2,
wherease S. pombe Hog1p is activated at lower H2O2 concentrations (79). In addition,
Hog1p is activated in C. albicans in response to glucose, serum, and the quorum sensing
molecule farnesol, but not in response to shifts in temperature as it is in S. cerevisiae and
S. pombe ((79) and reviewed in (80)). In fact, a temperature shift caused a decrease in the
basal levels of activated Hog1p in C. albicans (79).
The HOG pathway affects several aspects of cell growth and signaling. HOG1
represses filamentous growth in C. albicans in liquid media supplemented with serum but
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activates filamentous growth on semi-solid media with limited nitrogen (74, 76). hog1
mutants are sensitive to osmotic stress and have trouble accumulating glycerol (83). This
pathway is also tied to cell wall integrity as HOG1 mutants are resistant to cell wall
targeting drugs such as Congo red, calcofluor white and Nikkomycin Z (76, 84) but show
increased sensitivity to zymolyase, an enzyme that digests the cell wall (76).
Hog1p activation causes increased glycerol production and accumulation in the
cells to prevent dehydration, which helps the cell survive osmotic shock (83). In
summary, the HOG pathway is important for C. albicans filamentation; Hog1p represses
filamentation in response to serum but promotes filamentation in response to growth on
semi-solid media with limited nitrogen.

Cell Wall Integrity Pathway
The protein kinase C MAPK pathway, which activates the MAPK Mkc1p in C.
albicans and Mpk1p/Slt2p in S. cerevisiae, is referred to as the cell integrity pathway and
senses oxidative stress, osmotic pressure, cell wall damage, calcium ions, growth on
semi-solid media, increased turgor pressure and a decrease in growth temperature (8587). Most of these conditions increase tension on the membrane, activating membrane
mechanosensitive channels and allowing an influx of Ca2+ into the cell, leading to the
upregulation of calcineurin-dependent transcription factor Crz1p signaling (35, 88). The
cell wall integrity pathway in S. cerevisiae is active during cell wall growth and
remodeling in addition to adaptation to stimuli, so mutations in this pathway render the
strain unable to grow at high temperatures or tolerate wall and membrane stress (89).
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Upstream sensors of the cell integrity pathway in S. cerevisiae include cell surface
sensors Sho1p, Wsc1p, Wsc2p, Wsc3p, Mid2p and Mtl1p, all of which are integral
plasma membrane proteins (90-93)(See Figure 2). These proteins also have external
Serine/Threonine rich domains that are glycosylated, causing elongation and stiffening of
the proteins and possibly allowing the proteins to act as mechanosensors to adapt to
changes in the cell wall (90, 93, 94). These sensors signal to and activate Pkc1p, which
in turn activates Bck1p, Mkk1p/Mkk2p and Slt2p, the MAP kinase (reviewed in (95)).
At least Mid2p, and likely the other sensors, signal through the Rho1p GTPase (96),
which binds to Pkc1p and is required for Slt2p activation in response to heat shock (97).
PKC1 and RHO1 are essential for growth in S. cerevisiae (98, 99).
In Saccharomyces cerevisiae, Slt2p shuttles between the nucleus and the
cytoplasm; in the cytoplasm, Slt2p interacts with Spa2p to accumulate at sites of
polarized cell growth (100). Cell wall stress causes actin depolarization and consequently
depolarization of glucan synthase in S. cerevisiae cells, leaving this enzyme complex
distributed evenly throughout the cell membrane rather than concentrated at points of
polarized growth (101). Actin depolymerization activates Slt2p (102). Even after actin
depolymerization, however, Slt2p remains localized to the nucleus and sites of polarized
cell growth (100). The cell wall integrity pathway is then responsible for repolarization
of cell growth (101). Activation of the cell wall integrity MAPK cascade causes chitin to
be deposited in both the lateral cell walls of the mother cell, where it is not normally
found, and in the bud. It also causes increased cross-linking between cell wall proteins
and polysaccharides (35, 52, 103, 104). Furthermore, the pathway regulates the
expression of many proteins involved in cell wall integrity, including FKS2, a component
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of the glucan synthase machinery; MNN1, an α-1,3-mannosyltransferase; and CHS3, a
chitin synthase (105).
Several conditions cause the cell wall integrity pathway to be activated.
Treatment with the echinocandin caspofungin leads to activation of Slt2p, a process that
is mediated by the receptor Wsc1p (60). Slt2p and other members of this pathway are
required for tolerance to caspofungin and calcofluor white (60, 84, 106), highlighting the
importance of this pathway. Treatment with other cell wall targeting drugs, such as
calcofluor white, or with the enzyme preparation zymolyase, also causes increased
expression of S. cerevisiae SLT2 MAP kinase that in turn causes increased FKS2
expression; increased SLT2 expression can be suppressed by growth in sorbitol or
sucrose, suggesting that a weakened cell wall is involved in sensing the stress caused by
these drugs (52). Furthermore, S. cerevisiae Slt2p is phosphorylated in cells treated with
Congo red or calcofluor white in a Mid2p-dependent manner (52, 91).
In C. albicans, Pkc1p signals to the MAPKKK Bck1, activating the MAPKK
Mkk2 and ultimately the cell wall integrity MAP kinase Mkc1p ((59), reviewed in (107)).
C. albicans mkc1 mutant strains have cell wall defects, including changes in the cell
surface and more O-glycosylated mannoproteins, and are more sensitive to cell wall
targeting drugs but not to drugs that inhibit protein synthesis or membrane function (59,
108). However, unlike in S. cerevisiae, the mutants are not sensitive to Mg2+, Na+, Li+ or
Mn2+ ions, suggesting that the two organisms use different pathways to regulate ion
homeostasis (108). The C. albicans mutants are also sensitive to increased temperature,
as cells become elongated and clump together at 42oC (108). At this temperature, the
walls of mkc1 null mutants are defective; more O-glycosylated mannoprotein is exposed
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than in wild type cells, and the chitin content is lower than in the same strain grown at
28oC, whereas in wild type cells the chitin content remains constant (108). Most
phenotypes of the mkc1 null strain can be osmotically remediated, suggesting that the
cells have an intact plasma membrane but defective cell wall (59, 108). In contrast,
activation of Mkc1p during oxidative stress is not prevented by osmotic stabilization,
suggesting that activation is not due only to cell wall structural damage (85).
Activation of the cell wall integrity pathway, as determined by increased levels of
dually phosphorylated Mkc1p in C. albicans, occurs in response to many different
stimuli. Mkc1p activation is greater in stationary-phase cells than exponentially growing
cells, a pattern that is the opposite of Cek1p activation (78) and points to cell wall stress
during stationary phase. In addition, Mkc1p is activated when cells are grown at high
temperatures (42oC), a condition that causes cell wall stress (54). Mkc1p is activated in
response to contact with an agar matrix, and mkc1 null mutant strains are defective in
filamentation on solid media (86, 108). Mkc1p is also activated when cells are grown in
the presence of certain cell wall or membrane targeting drugs, including calcofluor white,
Congo red, fluconazole, caffeine, zymolyase T and Nikkomycin Z, and mkc1 mutants are
hypersensitive to these drugs (85, 108). Treatment with caspofungin, a drug that targets
β-glucan synthase, activates Mkc1p independently of Sho1p or Msb2p (109). Both
caspofungin and nikkomycin, which targets chitin synthase, activate Mkc1p and its
homologue Mpk1p in C. neoformans, and cells with mutations in Mkc1p are
hypersensitive to these drugs (110). Chlorpromazine, a cationic amphipathic drug
thought to induce membrane curvature, also activates Mkc1p (86). In summary, Mkc1p
is activated under a wide range of conditions that cause damage to the cell wall.
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Mkc1p activation under many of these conditions is dependent on the Hog1
MAPK pathway. For example, Mkc1p is not phosphorylated in response to osmotic or
oxidative shock or in the presence of calcium ions in a hog1 mutant (85). However,
Mkc1p phosphorylation in the presence of cell wall targeting drugs calcofluor white or
Congo red is increased in a hog1 mutant (85). Caffeine- and zymolyase 20T-induced
Mkc1p activation are also dependent on HOG1 (85).
The cell wall integrity pathway is also linked to Ca2+ signaling pathways in fungi.
Pkc1p in S. cerevisiae contains putative Ca2+ and diacylglycerol binding domains, similar
to mammalian homologs that are activated by phospholipids, Ca2+ and diacylglycerol
(reviewed in (17)). Diacylglycerol also activates the protein kinase C Pkc1 in C.
neoformans (reviewed in (111)), suggesting that the cell wall integrity cascade in C.
albicans may be regulated by Ca2+ and Ca2+/calmodulin. Indeed, exogenous Ca2+ added
to the media of exponentially growing cells activates Mkc1p in C. albicans (85).
However, it is unclear whether this effect is dependent on calmodulin. Chlorpromazine, a
calmodulin inhibitor also thought to intercalate into the membrane and induce membrane
curvature, activates Slt2p in S. cerevisiae in a calmodulin-independent manner (112).
Heat shock similarly activates Slt2p in a Pkc1p-dependent but Ca2+/calmodulinindependent manner, possibly due to heat-induced changes in the fluidity of the
membrane (112). In summary, the cell wall integrity pathway is activated in response to
cell wall stress and calcium signaling, although the role of calmodulin in the cell wall
integrity pathway is not clear.
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CEK1 Pathway
The Candida extracellular signal-related kinase (CEK1) MAPK pathway includes
the PAK Cst20p, MAPKKK Ste11p, MAPKK Hst7p and the MAPK Cek1p, which
activates the transcription factor Cph1. This pathway is important in filamentation,
particularly on semi-solid media; deleting any gene in this pathway causes a defect in
hyphal formation on semi-solid media but not in liquid media with added serum (113115). Cek1p is also required for wild type virulence in a mouse model of mastisis (116).
In fungal plant pathogens, the CEK1 homologs are required for normal appressorium
formation (117, 118). C. albicans Cek1p has a short half-life and is targeted to the
proteasome degradation machinery (119).
The phosphatase Cpp1p represses hyphal development on semi-solid media and
acts by dephosphorylating Cek1p (120). The cpp1 null mutant is hyperfilamentous on a
variety of semi-solid media, a phenotype that is suppressed by deleting CEK1 (114, 120,
121). A cpp1 null mutation has little effect on cell growth or filamentation in liquid
media (120), demonstrating that the pathway is specific to filamentation in response to
contact with an agar surface and is does not play a major role in regulating the structural
machinery required for filamentation. At 37oC, hyphae in the cpp1 null mutant
overexpress SAP4-6, three secreted aspartyl proteases that are thought to help hyphae
invade into semi-solid media or human tissue, even though the strain is not
hyperfilamentous under these conditions (121). This phenotype is independent of CEK1
(121), suggesting that Cek1p is not the only target of Cpp1p in the cell.
Like the cek1 null, a cpp1 null strain is attenuated for virulence in a mouse model
of disseminated candidiasis (120). However, both strains are defective for growth in the
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presence of serum at 37oC (114, 120). This suggests that the defect in virulence of the
cek1 null strain is not caused only by a defect in filamentation and raises questions about
the role of Cek1p and Cpp1p in virulence in strains that are able to grow in the presence
of serum at 37oC.
S. cerevisiae has two ERK homologs, KSS1 and FUS3. The Fus3 pathway is
involved in mating and response to pheromones, whereas the Kss1 pathway is involved in
filamentation, particularly in response to starvation conditions (reviewed in (122)).
Treatment with α-factor leads to both Fus3p and Kss1p activation but does not affect the
nuclear localization of Kss1p (123, 124).
In S. cerevisiae, membrane proteins Msb2p and Sho1p are also upstream
regulators of this MAPK pathway (125). Msb2p is an integral membrane protein located
at sites of polarized growth that activates filamentous growth; its mucin domain is
heavily glycosylated and acts to repress the function of the protein (125). Msb2p plays a
role in activating Kss1p but not Fus3p, activating the filamentous growth pathway (125);
this role is repressed by the mucin domain, as deleting an N-glycosylation site in the
protein leads to activation of Kss1p under conditions that do not otherwise activate this
pathway (126). Ste11p is the MAPKKK and Ste7p is the MAPKK upstream of the MAP
kinases Kss1p and Fus3p (124, 127).
S. cerevisiae Ste5p is a scaffold that is both necessary and sufficient for
membrane recruitment of Fus3p (128). Ste5p binds to Ste11p, Ste7p, Fus3p and Kss1p at
different binding sites, assembling the kinases at the membrane before they are activated
(129). This interaction regulates Fus3p, as binding to Ste5p is the rate-limiting step for
Fus3p activation (129). Once activated, Fus3p dissociates from the membrane and is
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translocated to the nucleus (128). Ste5p also activates Kss1p during invasive growth and
is essential for basal levels of Kss1p activation (123).
Kss1p has both activating and repressing effects on pseudohyphal invasive
growth, although kss1 null mutants are defective in invasion of agar media (130).
Interestingly, fus3 null mutants are hyperfilamentous on agar media (130). Two targets
of Kss1p, Dig1p and Dig2p, inhibit invasive growth (131). Dig1p is a nuclear protein
that physically associates with and is phosphorylated by Kss1p (131). In response to
nutrient limitation, Kss1p is phosphorylated (132). Dually phosphorylated Kss1p likely
binds Dig1p, removing Dig1p from the promoters of genes required for filamentous
growth and thereby derepressing these genes and inducing filamentous growth (131,
133).
Like in S. cerevisiae, Msb2p in C. albicans is involved in Cek1p activation (109).
CaMsb2p is also localized to the cell surface and has an extracellular domain that is shed
into the media when cells are grown in hyphae inducing conditions, such as at high
temperatures or with N-acetylglucosamine as a carbon source (134). Interestingly, this
shedding correlates with hyphae germination and Cek1p activation (134). A second
sensor molecule in this pathway is the Hog1 MAPK upstream effector Sho1p, a four
transmembrane domain plasma membrane protein that mediates the cellular response to
oxidative stress, and activates the Cek1 MAPK during cell growth or cell wall
remodeling, effectively linking cell wall biogenesis and oxidative stress to
morphogenesis (78).
Cells are capable of sensing specific environments in order to switch to polarized
growth (8). Cek1p activates the transcription factor Cph1 in response to H2O2, promoting
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pseudofilamentous growth (135). A cph1 null mutant does not form hyphae on solid
media with limited nitrogen, although the strain is able to filament normally in liquid
media (136). In response to serum or starvation, Ras1p, which also regulates the
PKA/cAMP pathway, functions upstream of the CEK1 pathway (61). CaRas1p is a
homolog of ScRas2p and is required for both filamentation and virulence (137). Rac1p, a
homolog of the mammalian Rac GTPase, and its guanine nucleotide exchange factor
Dck1p are required for invasive filamentation in matrix-embedded conditions and
function upstream of Cek1p, although not necessarily upstream of the entire Cek1 MAPK
pathway (138, 139). Lmo1p interacts with Rac1p and Dck1p and is also required for
invasive growth (140). Interestingly, mutations in any of these three proteins confer
increased sensitivity to cell wall targeting drugs, suggesting that they are also important
for cell wall integrity (140). Indeed, these proteins function upstream of the Mkc1
MAPK in addition to the Cek1p MAPK during filamentous growth (140).
The CEK1 MAPK pathway may also play a role in quorum sensing. Cek1p is
phosphorylated in a Sho1p-dependent manner when stationary phase cells are diluted (78,
119). The Candida albicans quorum sensing molecule farnesol inhibits Cek1 MAPK
through SHO1 but activates Mkc1 MAPK (119). Interestingly, this effect depends on the
growth temperature; more activated Cek1p is present at higher temperatures, conditions
in which total protein is higher to accommodate faster cell growth (119). Inhibition of
Cek1p in turn represses CPH1 and HST7 expression (141).
The CEK1 pathway is activated when the cell senses cell wall stress. Like C.
albicans sho1 and msb2 mutants, cek1 null mutants are sensitive to cell wall targeting
agents such as Congo red, zymolyase, caspofungin and calcofluor white (78, 109, 119).
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In addition, Congo red and tunicamycin, a drug that interrupts protein glycosylation,
activate Cek1p in a MSB2- and SHO1- dependent manner, suggesting that this MAPK
pathway may be connected to cell wall integrity (78, 109, 142, 143). Strains with defects
in O-mannosylation also have higher levels of activated Cek1p but not Mkc1p; genes
involved in O-mannosylation are likely downstream targets of the Cek1 pathway (144).
Interestingly, S. cerevisiae strains with the same defects in O-mannosylation did not have
higher levels of Kss1p activation (145), demonstrating divergence in these pathways.
Congo red sensitivity is increased in Cek1 MAPK pathway mutants, and activated Cek1p
is required for Congo red resistance (142). Cek1p is also phosphorylated in cells treated
with zymolyase 20T, although this condition may also lead to processing or degradation
of Cek1p (85).
Recently, Dfi1p has been identified as a membrane protein that functions
upstream of Cek1p during growth in contact with a semi-solid surface (146). Dfi1p is
required for filamentation on semi-solid media and wild-type phosphorylation of Cek1p
under these conditions (146). Mutations in this MAPK pathway, including cek1 and cpp1
null and dfi1 null or point mutants, exhibit virulence defects in animal models of
candidiasis (114, 146, 147). How Dfi1p activates Cek1p and what, if any, other proteins
are involved in the signaling pathway remain unclear. Other signaling pathways that
activate Cek1p result in the activation of the transcription factor Cph1 (114, 148), but the
downstream effects of Cek1p in the Dfi1p pathway are currently unknown.
In summary, the cAMP/PKA and MAP kinase pathways discussed above are
relevant to this work because they play important roles in C. albicans filamentation. The
cAMP/PKA pathway promotes filamentation under a variety of liquid growth conditions
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but represses filamentation in response to contact with a semi-solid surface. In contrast,
the HOG1 MAPK pathway promotes filamentation in response to contact with a semisolid surface with limited nitrogen but represses filamentation in response to growth in
liquid supplemented with serum. The cell wall integrity MAPK pathway promotes
filamentation in response to growth in contact with a semi-solid surface; the Mkc1
MAPK is activated under conditions that damage the cell wall. The Cek1 MAPK
pathway also promotes filamentation in response to growth in contact with a semi-solid
surface, and components of this pathway are required for normal filamentation under
these conditions. The Cek1 MAPK is also activated under some conditions that damage
the cell wall.

Crosstalk Between Pathways
Many of the signaling pathways described above are involved in the response to
similar conditions, opening the possibility of crosstalk between pathways. The Hog1
MAPK pathway represses the Cek1 MAPK pathway in both C. albicans and S. cerevisiae
(74, 78, 142). The Mkc1 MAPK response to oxidative stress depends on the Hog1
MAPK pathway as pbs2 and pbs2 hog1 mutants display reduced Mkc1p phosphorylation
in response to hydrogen peroxide (76, 85). Cek1p is also constitutively activated in these
mutants, suggesting that Hog1p plays a role in repressing this pathway (76, 142). The
role of HOG1 in responding to osmotic and oxidative stress, however, is independent of
CEK1 (142). Navarro-Garcia and others have suggested that the connections between the
Mkc1 MAP kinase pathway and Hog1p may indicate that Hog1p controls the expression
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of proteins that glycosylate the receptors in the Mkc1p MAP kinase pathway (85). The
calmodulin/calcineurin pathway also inhibits the Hog1 MAPK pathway (149).
Feedback loops in signaling cascades also help to increase or decrease the signal
produced. For example, in S. cerevisiae the Hog1 MAPK phosphorylates Sho1p,
deactivating the osmosensor and ensuring a transient response even if the high osmolarity
conditions persist (150). Osmotic stress also activates Kss1p in S. cerevisiae, but Hog1
phosphorylates Ste50, an upstream adaptor in both pathways, to decrease signaling to
Kss1 (151).

Calcium and Calmodulin
This thesis work focuses on the interaction between Dfi1p and calmodulin and the
role of this interaction in filamentation, MAPK activation, and virulence. Therefore, the
known roles of calmodulin and calcium signaling will be discussed in this section.
Calcium (Ca2+) is involved in many aspects of cellular signaling. The two main sources
of Ca2+ in yeast are the extracellular media and the vacuole (152). In C. albicans, Ca2+
channels are required for normal hyphae formation on solid media containing 10%
serum, and deleting these channels leads to reduced hyphal maintenance in liquid media
(153). Hyphal orientation during galvanotropism and thigmotropism rely on Ca2+ and
Ca2+ channels (154). In addition, extracellular Ca2+ and Ca2+ channels are required for
sinusoidal growth, a pattern of hyphal growth observed when cells are grown on certain
semi-solid media (20% FBS, 1-6% agar) (155). Removing Ca2+ from growth media
inhibits hyphae formation, although the same effect is observed in media containing high
Ca2+ concentrations (156), suggesting that Ca2+ homeostasis is critical for hyphal growth.
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Ca2+ signaling is also involved in tolerance of and adaptation to a variety of stress
conditions. Alkaline stress increases intracellular Ca2+ concentrations in C. albicans
(152). In S. cerevisiae, oxidative stress, caused by H2O2 exposure, leads to an increase in
intracellular Ca2+ levels due to influx from the extracellular media and release of Ca2+
from the vacuole (157). Hypo-osmotic shock in S. cerevisiae also causes an increase in
intracellular Ca2+ levels that requires functional Ca2+ channels (reviewed in (72)).
Calcium homeostasis is critical for aluminum tolerance in yeast; Ca2+ signaling and
homeostasis mediate Al-induced cell death (158).
In summary, calcium signaling is important for hyphae formation and
maintenance as well as response to stress. Many of the roles of calcium signaling depend
on calcium binding to calmodulin.

Calmodulin Structure, Function, and Roles in the Cell
Calmodulin (CaM) is a small, ubiquitous Ca2+-binding protein in eukaryotic cells
that is involved in many different cellular processes and is responsible for many of the
Ca2+-dependent signaling pathways in the cell. The protein changes conformation when
it binds to calcium, and the two forms – Ca2+/CaM and apo-CaM – bind to different
protein targets in the cell (reviewed in (159, 160)). Although CaM is well conserved, the
S. cerevisiae form can only bind three Ca2+ molecules whereas mammalian CaM binds
four. Apo-CaM from yeast is similar in structure to mammalian apo-CaM (160); both are
collapsed, with the N and C termini folding over a hydrophobic core (see Figure 3,
(161)). However, yeast Ca2+/CaM is in a collapsed state even when bound to Ca2+ (162,
163), suggesting that the yeast Ca2+/CaM may bind to different substrates than its
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mammalian homolog. The mammalian protein, on the other hand, extends to a dumbbell
shape upon Ca2+ binding, exposing the hydrophobic core (161). Interestingly, the
mammalian protein can complement at least the essential functions of CaM in S.
cerevisiae, although yeast CaM does not fully complement vertebrate CaM (159, 164).
Indeed, apo-CaM but not Ca2+/CaM is essential in S. cerevisiae (165). Candida albicans
CaM binds four Ca2+ ions and has higher homology with the mammalian protein than
with CaM from S. cerevisiae or S. pombe (166), suggesting that its conformation most
closely matches that of mammalian CaM.

Figure 3 Structure of mammalian calmodulin (CaM). Top, Ca2+/CaM has an extended
dumbbell structure; Bottom, Apo-CaM is more collapsed, with the N- and C-termini near
each other. Adapted from (161).
Both apo-CaM and Ca2+/CaM have many roles in the cell. The essential roles of
apo-CaM in S. cerevisiae include nuclear division and bud growth (reviewed in (159)).
Apo-CaM in S. cerevisiae also controls actin polarization and organization of the actin
cytoskeleton by regulating phosphatidylinositol (4,5)-bisphosphate synthesis (167). ApoCaM also binds Myo5p, a type I myosin involved in endocytosis in S. cerevisiae (168).
In addition, apo-CaM binds to and regulates calcium channels in the plasma membrane
and the endoplasmic reticulum, helping to maintain Ca2+ ion homeostasis in mammalian
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cells (reviewed in (161)). Apo-CaM is also required for α-factor internalization by yeast
cells (169).
Ca2+/CaM is involved in many cellular processes. Ca2+/CaM plays a role in cell
cycle regulation (170). In S. cerevisiae, Ca2+/CaM is required for cells to survive growth
arrest caused by exposure to α-factor (171). Ca2+/CaM is involved in protein trafficking
and directly inhibits the insertion of tail-anchored membrane proteins into the
endoplasmic reticulum (172). In a rat cortical cell line, Ca2+/CaM activates
transglutaminase, which phosphorylates Rac1, initiating a signaling cascade (173).
Ca2+/CaM plays a role in many fusion events throughout the cell, including endocytosis,
exocytosis, and endosome and vacuole fusion (reviewed in (174)). CaM is required for a
late step in yeast vacuolar fusion and may contribute to the dimerization of H+-ATPase
(159, 175).
Ca2+/CaM may play a role in cell polarization. Ca2+/CaM localizes to the tips of
pollen tubes and root hairs in early stages of plant growth (176). Similarly, yeast
Ca2+/CaM localizes to regions of cell wall growth (177, 178). Interestingly, actin
localization follows the same patterns as Ca2+/CaM, and the localization patterns of these
two proteins are interdependent, suggesting that Ca2+/CaM plays a role in polarized cell
growth (178).
In fungi, CaM is an important signaling molecule that is involved in both
morphogenesis and cell wall integrity. Many plant-pathogenic fungi sense chemical and
physical signals from the plant and form an appressorium, a specialized structure required
for the fungus to penetrate into the plant tissue and cause infection. Hyphae germination
and appressorium formation in Phyllosticta ampelicida require calcium (23); in
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Colletotrichum gloeosporioides, contact with hard surfaces initiates a Ca2+/CaM
signaling cascade that leads to germination and appressoria formation (179). CaM
antagonists 48/80 and R-24571 block both germination of spores and the formation of an
appressorium (23, 179). Ca2+/CaM also plays a role in cell wall maintenance. In
Phycomyces blakesleeanus and Neurospora crassa, Ca2+/CaM activates chitin synthetase
(180, 181). Nigericin, a calcium channel blocker, and A23187, a Ca2+ ionophore, both
inhibit chitin biosynthesis in P. blakesleeanus, providing more evidence for the role of
Ca2+-calmodulin in cell wall integrity in this organism (182).
In C. albicans, CaM has been shown to be involved in filamentous growth.
Extracellular Ca2+ induces filamentous growth whereas CaM inhibitors R24571,
trifluoperazine, and W-7 as well as the Ca2+ ionophore A23187 inhibit the yeast to
hyphae transition (183-185). ALS3 expression levels decrease but cAMP levels do not
change upon treatment with calmodulin inhibitors, suggesting that calmodulin is
downstream of cAMP in the Ras1-cAMP pathway (184). In addition, CaM activity, as
measured by its ability to activate cAMP phosphodiesterase, increases when hyphae
formation is induced by N-acetyl glucosamine but transcript levels of CaM are the same
in yeast and hyphal cells, providing further evidence to support the idea that this protein
is important for hyphae formation or growth (185, 186).
In summary, apo-CaM and Ca2+/CaM both play important roles in the cell. ApoCaM is important for actin polarization and nuclear division. Ca2+/CaM is involved in
cell polarization and filamentous growth as well as membrane fusion and cell wall
maintenance.
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CaM Binding Motifs
Myriad CaM binding partners have been characterized. Although a wide range of
CaM binding motifs has been identified, they share common characteristics. Most
Ca2+/CaM-binding motifs contain positively charged amino acid residues as well as
hydrophobic residues and are alpha-helical in nature (187). Many Ca2+/CaM-binding
motifs are referred to by the positions of the hydrophobic residues; common motifs
include 1-14, 1-8-14, 1-5-8-14, and 1-5-10 motifs (160). Apo-CaM binding proteins are
less well studied, but a common binding motif is the IQ motif (IQXXXRGXXXR), where
X can be any amino acid (160).

CaM Binding Partners
CaM interacts with a wide range of binding partners, and the effect of CaM
binding varies depending on the target and the signaling event. In some cases, CaM
binding is required for protein trafficking. For example, CaM binding to sphingosine
kinase is required for translocation of the protein to the plasma membrane (188). The
Ca2+-sensing receptor (CaSR), a surface protein that senses the extracellular
concentrations of Ca2+, binds to Ca2+/CaM via a domain in the cytoplasmic tail of the
protein; mutations in this region abolish calmodulin binding and disrupt normal surface
expression of the protein (189). Ca2+/CaM binds to and helps transport some
transcription factors into the nucleus of S. cerevisiae and humans (190, 191). Adding
calmodulin inhibitors to cells causes epidermal growth factor receptor (EGFR) to be
found in endosomes rather than at the plasma membrane, suggesting a role for
calmodulin in recycling of the receptors (192).
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CaM binding often induces conformational changes that affect the functions of
the CaM binding partner. Ca2+/CaM binds nNOS, a protein involved in NO synthesis,
inducing large conformation changes that activate nNOS (193). Binding of Ca2+/CaM to
the CaM-binding domain of Ca2+/CaM-dependent protein kinases changes the
conformation of the overlapping autoinhibitory domain, activating the kinase and
initiating a signaling cascade that promotes cell survival and indirectly activates the MAP
kinases JNK and p38 (194). CaM-stimulated calcium pumps also have an autoinhibitory
domain that is displaced upon Ca2+/CaM binding (195). Similarly, Ca2+/CaM binds to the
myristoylated matrix protein in the HIV, causing larges conformation changes in the
protein (196). Ca2+/CaM binds to a 1-8-14 Ca2+/CaM binding motif to inhibit hEAG1, a
potassium channel involved in cell proliferation and regulation of neuronal activity (197).
CaM binding can also stabilize proteins. The calmodulin binding domain of the
regulatory enzyme CTP:phosphocholine cytidylyltransferase is also the docking site of
calpain, a cysteine protease; calmodulin binding protects this protein from degradation
(198). Interactions between the ATP binding cassette transporter A1 and Ca2+/CaM also
protect the transporter from calpain-mediated degradation (199).
Finally, CaM binding can block other protein binding sites, repressing signaling
cascades. For example, mammalian CaM binds to IQGAP1, preventing it from binding
to other proteins and therefore decreasing Cdc42p binding to actin and weakening cellcell adhesion (200). Calmodulin binding to K-Ras inhibits phosphorylation of the protein,
disrupting normal function (201). Alternatively, phosphorylation of a CaM-binding
protein can affect its ability to bind CaM. For example, apo-CaM binding to
neuromodulin and neurogranin, two proteins found in the brain, is disrupted by
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phosphorylation of a residue in the IQ motif of the protein, suggesting a mechanism for
regulation of CaM binding (161).

Lipids
Lipids and membrane proteins can also bind CaM, and these interactions have a
significant effect on cellular functions. Ca2+/CaM binding to plant lipid transfer proteins
and plasma membrane Ca2+-ATPase blocks these proteins from binding to lipids (202,
203). In plants, plasma membrane-associated Ca2+-binding proteins 1 and 2 (PCaPs)
alternatively bind lipids and Ca2+/CaM; Ca2+/CaM binding displaces the lipids, allowing
free phosphatidylinositol phosphates to interact with ion channels and regulate gating
(204).
Interestingly, sphingosylphophorylcholine (SPC) binds to both apo- and
Ca2+/CaM, inhibiting CaM by disrupting interactions between CaM and other substrates
(205). Binding of SPC to CaM can involve several individual lipids or mycelles of the
lipids, suggesting that SPC acts as a second messenger (206).

Epidermal Growth Factor Receptor, MARCKS and SNAREs
Several proteins have been shown to contain domains that interact alternately with
PIP2 and calmodulin. The epidermal growth factor receptors (EGFR) are a family of
integral plasma membrane proteins found in mammalian cells that are involved in many
signaling cascades, including signaling for epithelial cell migration and cell polarity
(207). When receptor dimers are activated by epidermal growth factor (EGF), they
phosphorylate PLCγ1, which in turn hydrolyzes PIP2 to form IP3 and DAG, releasing
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these secondary messengers as well as actin-binding proteins that were bound to PIP2
(207). Activation of EGFR also leads to activation of the Erk1/2 MAPK cascade and
phosphatidylinositol 3 kinase (PI3K) and an increase in intracellular calcium
concentrations (207, 208).
The intracellular portion of EGFR contains a juxtamembrane region, linker, and
protein tyrosine kinase (PTK) core. When EGFR is inactive, the juxtamembrane domain
of EGFR binds to lipids, bringing the PTK core close enough to the membrane for the
protein to bind and become inactivated. This binding laterally sequesters PIP2, creating a
scaffold for other proteins to bind and allowing for local PIP2 signaling. Upon EGF
binding to EGFR, the dimers are trans-autophosphorylated, and the Ca2+/CaM binds to
the tails of the proteins, releasing them from the membrane. Now the PTK core of the
protein is activated and able to phosphorylate other EGFR family members or other
substrates, including the Erk1/2 MAP kinase cascade (192, 209, 210). Pull-down
experiments both before and after EGF binding reveal that CaM binds to EGFR both
before and after activation by EGF, demonstrating that the extent of receptor activation
by binding to EGF is not correlated with CaM binding (211). However, CaM antagonists
prevent EGFR activation by preventing trans-phosphorylation of the receptor (211).
These results show that CaM binding to EGFR is involved in activation of the receptor.
It is possible that CaM binds to a sub-population of EGFR molecules prior to activation
with EGF (211). Interestingly, protein kinase C-dependent phosphorylation of a
threonine residue in the juxtamembrane domain of EGFR inhibits calmodulin binding
and therefore inhibits activation of the PTK core, whereas phosphorylating a threonine in
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the linker region has no effect (212). Ca2+/CaM also indirectly activates EGFR by
activating CaM-dependent protein kinases, which phosphorylate the receptor (208).
Other proteins are regulated by similar mechanisms. The MARCKS protein in
mammalian cells contains both hydrophobic amino acids that insert into the membrane
bilayer and basic residues that interact with acidic phospholipids, such as PIP2, and
sequesters the lipids (213-215). Phosphorylating three serine residues in the protein
disrupts this binding, allowing the protein to bind to Ca2+/CaM and translocate to the
cytoplasm (213, 216). The N-methyl-D-aspartate (NMDA) receptor, which serves as a
calcium channel in mammalian membranes, has a similar basic region that binds to PIP2
with high affinity but binds to Ca2+/CaM when Ca2+ passes through the channel (213,
217). Regulators of G-protein signaling (RGS proteins) competitively bind both
Ca2+/calmodulin and phosphatidylinositol 3,4,5-trisphosphate, and both interactions
regulate the activity of the proteins (218).
Membrane fusion is a highly regulated process involving soluble Nethylmaleimide-sensitive factor attachment protein receptors (SNAREs) that interact and
act as catalysts to promote fusion (219). During membrane fusion, Ca2+/CaM binds to
the lipid-binding domain on the membrane juxtaposed region of the v-SNARE
synaptobrevin, transferring the protein from the cis to the trans bilayer of the membrane
to facilitate exocytosis (220, 221). Ca2+/CaM and phospholipid binding are mutually
exclusive, and replacing the acidic or hydrophobic residues in this domain of
synaptobrevin reduces both Ca2+/CaM binding and lipid binding (220).
Ca2+/CaM binds to the phospholipid-binding domain of the SNAREs VAMP 2
and syntaxin, inhibiting SNARE complex assembly and SNARE-dependent liposome
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fusion (222). This domain is required for Ca2+-dependent exocytosis (223). Interestingly,
this domain is also found in Nyv1p, the S. cerevisiae v-SNARE involved in vacuolar
fusion, a process that requires Ca2+/CaM, suggesting that Ca2+/CaM may play a similar
role in this process (222). As of yet, no membrane protein has been shown to bind to
CaM in filamentous fungi, although the data from S. cerevisiae suggest that CaM likely
interacts with lipids and membrane proteins in C. albicans.
In summary, CaM has diverse roles in the cell. CaM binding to proteins can
result in protein translocation; activation of a protein by changing its conformation; or
repression a signaling pathway by preventing interactions between other proteins. CaM
binding to membrane proteins can displace lipids, inhibiting membrane fusion or freeing
the protein, which is then able to initiate signaling cascades that activate MAP kinases.

Calmodulin Signaling Pathways - Calcineurin
Many known CaM-dependent signaling events involve calcineurin, the
Ca2+/CaM-dependent phosphatase activated by CaM. The structure of calcineurin is
conserved from humans to lower eukaryotes (224). The A and B subunits of calcineurin
must come together in order to form a functional phosphatase (reviewed in (224)).
FK506 is a highly specific calcineurin inhibitor that binds FKBP12, forming a complex
that binds the hydrophobic surface between the A and B subunits of calcineurin,
preventing the enzyme from being activated (225).
Calcineurin is responsible for many of the roles of Ca2+/CaM in the cell. In S.
cerevisiae, calcineurin regulates the G2 to M cell cycle transition, ion homeostasis, cell
wall synthesis, vesicle transport, lipid synthesis, Ca2+ and Na+ pumps, and response to
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stress caused by high concentrations of Ca2+ or Mn2+ ions or cell wall damage (reviewed
in (159, 224, 226, 227). Calcineurin is involved in cell wall biogenesis in S. cerevisiae
and activates cell wall synthesis genes, including Rho1p (228). In addition, calcineurin is
essential in yeast without a fully functional cell wall integrity pathway, such as in pkc1 or
slt2 mutants (229). Calcineurin also regulates the transcription factor Crz1p, which
regulates the same pathways that are induced by cell wall damage (35, 88). Treatment
with the mating α-factor causes a Ca2+ influx and a subsequent increase in intracellular
Ca2+ concentrations; in media lacking Ca2+, the α-factor causes cell death (230). Finally,
FK506 blocks the yeast to pseudohyphal transition in Saccharomyces cerevisiae,
suggesting calcineurin plays a role in filamentation (231).
In C. albicans, calcineurin is involved in response to cell wall and cell membrane
stress; calcineurin mutants are sensitive to azoles, Congo red, SDS, and calcofluor white
(232, 233). Calcineurin is also required for cation homeostasis, as calcineurin A mutants
in C. albicans display growth defects in the presence of high Ca2+ or Na+ concentrations
(232). Interestingly, calcineurin is essential for survival during cell membrane but not
cell wall stress (233) even though FK506 inhibits Ca2+ activation of chitin synthase
transcription in Candida albicans (231, 234). Unlike in S. cerevisiae and other Candida
species, evidence does not suggest that calcineurin is important for filamentation in C.
albicans (235).
Calcineurin also plays a role in virulence in C. albicans. Calcineurin deficient
mutants are attenuated for virulence in a mouse model of C. albicans infection (225).
Surprisingly, calcineurin mutants grow normally at 37oC, form germ tubes and filament
like wild type cells, and adhere to human cells, suggesting that the attenuated virulence of
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these mutants is not due to filamentation defects (236, 237). Instead, calcineurin has
been shown to be required for Candida albicans survival in human serum because
calcineurin mutants cannot tolerate serum-induced Ca2+ stress, suggesting a connection
between calcineurin activity and pathogenicity that is separate from the role of
filamentation in virulence (10, 237, 238).
In summary, calcineurin signaling is involved in response to cell wall or
membrane stress, cation homeostasis, survival in serum and virulence, although evidence
does not suggest that calcineurin is involved in filamentation in C. albicans.

Calmodulin Roles in MAPK Activation
The results presented in this thesis demonstrate a role for Ca2+/CaM in the
activation of the C. albicans Cek1 MAPK. Calmodulin is involved in MAPK signaling
in many organisms. In animal and plant cells, CaM signaling cascades have been shown
to both activate and inhibit members of the ERK MAP kinase pathway, depending on the
stimulus (reviewed in (239)). In skeletal muscle, high intensity exercise causes
Ca2+/CaM to activate PKC, which is upstream of the ERK MAP kinase pathway
(reviewed in (240)). In human colon adenocarcinoma cells, Ca2+/CaM activates
Ca2+/CaM-dependent protein kinase II (CaMKII), which is involved in cell cycle
regulation. Once activated, CaMKII binds to and activates MEK, initiating the ERK
MAP kinase cascade and leading to phosphorylation and subsequent degradation of p27,
a protein involved in cell cycle regulation by inhibiting transition from the G1 to S phase
(241).
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Increased Ca2+ concentrations in the cell also activate MAP kinase cascades.
Both EGF and ionomycin increase intracellular Ca2+ concentrations, leading to ERK
activation in 293R cells (242). Calcineurin activates KSR2, an ERK scaffold that helps
ERK localize to membrane microdomains, in response to EGF treatment (242). Ca2+
influx activates ERK via Ras activation in neurons, and sustained activation leads to cell
differentiation (243). Ca2+ is also involved in ERK activation induced by hormones in
hepatocytes (244). In fibroblasts, however, Ca2+/CaM inhibits ERK activation in order to
prevent apoptosis (reviewed in (243)).
Ca2+/CaM binds to Ras and Raf-1 in fibroblasts, and inhibiting this interaction
leads to activation of the downstream ERK MAP kinase (245). Interstingly, in HeLa
cells, CaM has been suggested to regulate ERK through a different mechanism,
highlighting the diverse roles of CaM in the cell. Apo-CaM has been suggested to bind
Ras-GTP in HeLa cells, inhibiting binding to Shoc2, a regulatory subunit of the protein
phosphatase 1 involved in MAP kinase pathway activation. When the cells are treated
with epidermal growth factor (EGF) or ionomycin, a Ca2+ ionophore, to increase the
intracellular Ca2+ concentration, Ca2+/CaM changes conformation and releases Ras-GTP,
allowing Shoc2 to bind and recruit Raf1, triggering the MEK-ERK signaling cascade
(246).
In S. cerevisiae, overexpressing MPK1 in calcineurin mutants suppresses the
growth arrest phenotype after treatment with α-factor, suggesting cross-talk between the
calcineurin and MAP kinase pathways (247). Both the calcineurin and Slt2p pathways
regulate the cell cycle (247, 248). Phenotypes of calcineurin mutants are more severe in
strains lacking Slt2p or Pkc1p; slt2 and pkc1 null strains exhibit a growth defect on
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sorbitol that is exacerbated by deleting calcineurin (229). The PKC1-SLT2 cell wall
integrity MAP kinase cascade activates Ca2+ channels and calcineurin in response to
endoplasmic reticulum stress (249). In addition, maintainance Ca2+-induced F-actin
polymerization requires Pkc1p, and Ca2+- induced polarized bud growth requires Rho1pGTPase, suggesting a link between the cell wall integrity MAPK pathway and Ca2+
signaling in S. cerevisiae (250).
The role of CaM in activating MAP kinase pathways in C. albicans is not well
understood. Ergosterol inhibitors activate calcineurin in a Slt2p-dependent manner in S.
cerevisiae, but in C. albicans, calcineurin is activated independently of this MAP kinase
cascade (251). Calcineurin is involved in the activation of the cell wall integrity cascade
in other fungi, as FK506 inhibits phosphorylation of C. neoformans Mpk1p, the homolog
of Slt2p (110). Because Ca2+/CaM signaling pathways are involved in MAP kinase
pathways in other fungi, they may be involved in MAP kinase pathways in C. albicans.
In summary, increased intracellular Ca2+ concentrations and Ca2+/CaM have been
shown to activate the ERK MAPK pathway in mammalian cells. Ca2+ signaling has also
been shown to activate the cell wall integrity MAPK pathway in S. cerevisiae and other
fungi.

Cell Surface Signaling
When a cell receives an extracellular signal, it must respond in a way that
propagates the signal and causes the cell to respond by changing its physiology.
Signaling cascades are often initiated by a receptor protein located in either the cell
membrane or the cell wall. A ligand binds to the extracellular domain of the receptor,
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causing the receptor to change conformation. This change can cause the receptor to
propagate the signal within the cell.
Several types of cell surface receptors play different roles in mammalian cells.
Ligands can include small soluble molecules in the extracellular medium or cell surface
proteins on adjacent cells. For example, ephrin ligands on one cell can bind to Eph
receptors on adjacent cells, activating the kinase domain in the receptor and leading to
cell migration, proliferation, and invasion of other tissues (reviewed in (252)). G-proteincoupled receptors in leukocytes are evenly distributed around the membrane of the cell,
but when they are activated by binding to a chemoattractant, the receptors activate
phosphoinositide 3-kinases, resulting in cell polarization and a gradient of
PtdIns(3,4,5)P3, with the highest concentration at the leading edge of the cells (reviewed
in (253)). When EGFR is activated by its soluble ligand EGF, the receptor dimers are
trans-autophosphorylated. Ca2+/CaM binds to the tails of the proteins, releasing them
from the membrane and activating the PTK core of the protein. The receptor then
phosphorylates other EGFR family members or other substrates, including the Erk1/2
MAP kinase cascade (192, 209, 210). In all of these examples, the membrane proteins
receive an extracellular signal and change conformation to initiate a signaling cascade
inside the cell.
Membrane receptors in C. albicans and S. cerevisiae similarly respond to
extracellular signals to initiate intracellular signaling cascades. The S. cerevisiae integral
membrane receptors Wsc1p, Wsc2p and Wsc3p act as mechanosensors; the extracellular
domains of the receptors are serine/threonine-rich and act as nano-springs, changing
conformation in response to physical changes such as stretching in the cell membrane or
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wall (reviewed in (89, 254)). In response to this change in conformation, the c-terminal,
cytoplasmic tails of these receptors interact with the guanosine-nucleotide exchange
factor Rom2p, which recruits Rho1p and activates Pkc1p, which in turn activates the cell
wall integrity MAPK pathway (89). Deleting these receptors causes cells to be more
sensitive to cell wall targeting agents (89).
Another glycoprotein and integral membrane receptor, Msb2p, is a member of the
mucin family; its mucin domain is heavily glycosylated and acts to repress the function of
the protein (125). When Msb2p changes conformation in response to physical changes in
the cell wall or membrane, the protein interacts with the GTPase Cdc42p and activates
Kss1p in S. cerevisiae (125, 126, 255); it also activates Cek1p in C. albicans (109).
Wsc1p and Msb2p receptors are not evenly distributed throughout the plasma
membrane. Wsc1p and Msb2p in S. cerevisiae are localized to places of cell wall growth,
including the tip of buds during daughter cell growth and the bud neck during cell
separation (reviewed in (89, 125, 254)). CaMsb2p is also localized to the cell surface and
has an extracellular domain that is shed into the media when cells are grown in hyphae
inducing conditions, such as at high temperatures or with N-acetylglucosamine as a
carbon source (134). Interestingly, this shedding correlates with hyphae germination and
Cek1p activation (134).
In summary, cell surface signaling proteins in mammalian cells, yeast and C.
albicans serve as sensors of the extracellular environment that propagate signals
throughout the cells. Their mechanisms of action can vary, but they are all important for
activating signaling cascades.
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Thesis Aims
Signaling pathways in C. albicans regulate many aspects of fungi growth and
morphological development. A former graduate student, Paola Zucchi, sought to identify
a membrane receptor required for contact-dependent filamentation in C. albicans. She
chose 8 different candidate genes that have serine/threonine-rich extracellular regions and
therefore may behave similarly to the Wsc1p and Msb2p sensors. Paola found that
deleting both alleles of DFI1 resulted in the most severe defect in filamentation in
response to growth in contact with an agar surface. Dfi1p is an integral membrane
protein that localizes to the periphery of the cell and is covalently bound to the cell wall.
The protein has a serine/threonine-rich extracellular domain, a single transmembrane
domain, and a short cytoplasmic c-terminal tail (146), features that make the protein
similar to Wsc1p and Msb2p. Dfi1p is required for wild type invasive filamentation in
response to contact with a matrix, although the null mutant filaments normally in liquid
media (146). The protein is also required for wild type activation of the Cek1 MAPK
under embedded conditions (146). Furthermore, dfi1 null mutants are attenuated for
virulence in a mouse systemic infection model (146). Dfi1p is also involved in sensing
and responding to cell wall damage. dfi1 null mutants cannot grow normally in the
presence of the cell wall targeting drugs Congo red or caspofungin (146).
The downstream effects of Dfi1p, including both how Dfi1p signals to the Cek1
MAPK pathway and how this pathway affects filamentation, are not completely
understood. The c-terminal, cytoplasmic tail of Dfi1p is likely involved in signaling.
Analysis of the amino acid sequence of the Dfi1p c-terminal tail showed that this region
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contains a putative calmodulin binding motif (256), suggesting that calmodulin is
involved in Dfi1p-dependent signaling.
To begin to identify the signaling molecules that form the pathway between Dfi1p
and Cek1p, I sought to determine the significance of the calmodulin binding motif in the
c-terminal tail of Dfi1p. This work will discuss the importance of the calmodulin binding
motif in Dfi1p in filamentation and signaling in response to increased intracellular
calcium levels. Furthermore, this work will show that Dfi1p is not sufficient for Kss1p
activation in response to increased intracellular calcium levels in S. cerevisiae. I propose
a model of Dfi1p-dependent Cek1p activation in which Dfi1p senses changes in the cell
wall or membrane, changing conformation to bind to Ca2+/CaM and initiate a signaling
cascade that activates Cek1p (see Figure 4).

Figure 4 Model for Dfi1p-dependent Cek1p activation. I propose that Dfi1p senses
changes in the cell wall or membrane, changing conformations to bind Ca2+/CaM and
initiate a signaling cascade that activates Cek1p.
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Materials and Methods
Strains and growth conditions. All strains are listed in Table 1. C. albicans and S.
cerevisiae cells were routinely grown in YPD (1% Yeast extract, 2% peptone, 2%
glucose), YPS (1% Yeast extract, 2% peptone, 2% sucrose) or CM-U (complete medium
minus uridine, (257)) at 25 or 30oC. The cek1 and cpp1 null mutants were kindly
provided by M. Whiteway (114, 120). BWP17 was kindly provided by A. Mitchell. E.
coli DH5α or XLIBlue strains grown in L broth plus the appropriate antibiotics were used
to propagate plasmids.

Construction of dfi1 mutant strains. C. albicans strains were derived from strain BWP17
(258). The dfi1 null, DFI1-TAP, and dfi1G273,277L-TAP strains have been described
previously (146). The TAP tag is a tandem His6x and HA tag. Mutant dfi1 alleles were
made by overlap PCR with mutagenic primers using pNEBDFI1-TAP (DFI1-TAP cloned
into the pNEB193 vector, New England Biolabs, (146)) or pSPLDFI1-GFP (DFI1-GFP
cloned into the SAT placer, (146)) as a template. All primers used in this study are listed
in Table 2. The first round primer pairs were TD47/TD28 and TD48/PZ134
(dfi1W305,308Q-TAP), TD49/TD28 and TD50/PZ134 (dfi1R309A,K310A-TAP), and TD51/TD28
and TD52/PZ134 (dfi1E302,312R-TAP). The second round primer pair was TD28/PZ134 for
all strains. The fragments were digested with Xho1 and Mlu1 and ligated into pSPLDFITAP or pSPLDFI-GFP (146). Plasmids were linearized with BglII and transformed into
a dfi1 null strain. A diagram of pSPLDFI-TAP showing relevant digestion sites and
primers is shown in Figure 5.
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All PCR reactions used Hi-Fi polymerase (Invitrogen) or Taq polymerase
(Phoenix Lab, Tufts Medical Center) and were confirmed by sequencing. All restriction
enzymes and ligase were purchased from New England Biolabs.

Figure 5 pSPL DFITAP plasmid diagram. Relevant restriction sites and primers are
shown. Mutations in DFI1 were made using a two-step PCR process with TD28 and
PZ134 as the second round primer pair; mutated sequences were inserted between the
XhoI and MluI sites, and the plasmid was linearized with BglII for integration into the
DFI1 locus in C. albicans.
Construction of S. cerevisiae strains. All strains are listed in Table 1. To construct
pYES DFI1-HA, primers PZ201 and PZ202 were used to amplify DFI1-HA from pNEB
DFI1-HA (256), which was then TOPO cloned into pYES 2.1 (Invitrogen). The insert
ligated backwards so that DFI1-HA is not under the control of the pGAL promoter.
pYES DFI1-HA and pYES 2.1 as an empty vector control were transformed into S.
cerevisiae strain BY4741.
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To make pRSG406 DFI1-HA, the pGAL promoter was amplified from the pYES
2.1 vector with primers PZ298 and PZ299, cut with SalI and KpnI and ligated into
pRS406 cut the same way to make pRSG406. DFI1-HA from pNIM DFI1-HA was cut
with SalI and BglII and ligated into pRSG406 cut the same way to make pRSG406 DFI1HA. pNIM DFI1-HA (Paola Zucchi, unpublished data) contains the DFI1-HA construct
in the pNIM plasmid (259) under the control of a tetracycline-inducible promoter. The
plasmids pRSG406 and pRSG406 DFI1-HA were linearized with StuI, which cleaves
within URA3, and transformed into S. cerevisiae Sigma strains L5684 and L5487.
Insertion into the URA3 locus was confirmed by PCR.

Constructs containing Dfi1p C-terminal tails. pGEX-GST-ctDFI1 was made by
annealing primers TD22/TD23, TOPO cloning into vector pCR2.1 (Invitrogen), digesting
with BamHI and NotI and ligating into the pGEX5.1 plasmid. Mutant dfi1 alleles were
made by overlap PCR with mutagenic primers using pGEX-GST-ctDFI1 as a template.
The first round primer pairs were TD39/PZ374 and TD40/PZ373 (pGEX-GSTdfi1W305,308Q), TD41/PZ374 and TD42/PZ373 (pGEX-GST-dfi1R309A,K310A), and
TD63/TD60 and TD61/TD62 (pGEX-GST-dfi1E302,312R). The second round primer pair
was PZ373/PZ374 (pGEX-GST-dfi1R309A,K310A, GST-dfi1W305,308Q) or TD62/TD63
(pGEX-GST-dfi1E302,312R).

In vitro calmodulin binding assay. Two-round PCR protocols (Qiagen) were used to
generate DNA fragments for in vitro translation reactions. pGEX-GST-ctDFI1 constructs
were amplified using primers PZ326 and either PZ352 (GST-STREP control) or PZ330
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(GST-ctDFI1-STREP and all mutants). All primers contained linker sequences needed
for the second round of PCR, which was performed following the manufacturer’s
recommendations and introduced a c-terminal STREP tag to the constructs (Qiagen
EasyXpress Linear Template Kit). PCR reactions were gel purified using Qiaex II resin
and 250ng DNA used in each translation reaction (PURExpress In vitro Protein Synthesis
Kit, New England Biolabs E6800S). Translation reactions were performed with 20U of
murine RNAse inhibitor (NEB M0314S) according to the manufacturer’s instructions.
Protein production was confirmed by Western blot with Strep-Tactin-HRP (IBA GmbH).
For the binding assay, calmodulin affinity resin (Stratagene 214303-52) was
washed three times with 5 bed volumes wash buffer (PBS, 2mM CaCl2, 0.05% Tween
20), centrifuging for 2 minutes at 500xg between washes. Beads were then resuspended
in wash buffer to make a 50% slurry. In vitro translated protein (10µL) was mixed with
40µL wash buffer, added to 80µL of the 50% slurry and allowed to rotate at 4oC for 4
hours. The incubation was then transferred to Micro Bio-Spin Chromatography Columns
(Bio-Rad 732-6204) and spun at 500xg for 30 seconds to collect flow through. Resin was
washed twice by adding 100µL wash buffer to the column, letting the resin sit at room
temperature for 1 minute, and spinning at 500xg for 30 seconds. Protein was eluted by
adding elution buffer (PBS, 0.05% Tween, 4mM EGTA) to the column, incubating at
room temperature for 1 minute and spinning at 500xg for 30 seconds. Each fraction was
boiled in protein loading buffer (60mM tris pH 6.8, 2% SDS, 2% glycerol, 0.005%
bromophenol blue, 300mM β-mercaptoethanol, 10µM dithiothriotol), and half of each
fraction was loaded on an SDS-PAGE. An equivalent amount of in vitro translation
reaction for the input was also loaded. After electrophoresis, the proteins were
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transferred onto 0.2µm PVDF, blocked in PBS 0.1% Tween 3% BSA and probed with
Strep-Tactin-HRP (IBA GmbH). The signal was produced using Pierce ECL Western
Blotting Substrate (32209) and detected on Kodak X-OMAT Blue XB film. Experiments
were performed at least 3 times per construct, and a representative experiment is shown.
Quantification was performed using a Gel Logic 100 Imaging System with the program
Kodak 1D, version 3.6.

Invasion of agar medium. C. albicans strains were grown to early exponential phase and
mixed with molten agar (YPS 1% agar) as described previously (146). Plates were
incubated for 4 days at 25oC, at which point 100% of colonies from WT strains were
filamentous, and colonies visualized at 4x magnification. Colonies were scored as
filamentous if 20 or more filaments protruded from the colony. Three independent
isolates of each strain were tested in triplicate; representative colonies are shown.

Growth in the presence of cell wall targeting agents. Candida albicans strains grown at
30oC in YPD were diluted and allowed to grow to OD600 = approximately 1.5. Cultures
were serially diluted and 5µL of each dilution spotted on YPD with or without
caspofungin (90ng/mL) or Congo red (200µg/mL). Plates were incubated at 30oC for 72
hours. Three independent isolates of each strain were tested in triplicate.

Protein extraction with detergent. C. albicans cells were grown in YPD overnight at
30oC, washed with PBS and resuspended in lysis buffer (50mM Tris pH 7.5, 100mM
NaCl, 0.5mM EDGA) with or without 1% Triton-X100 and 0.5% Na deoxycholate with
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0.5mm zirconia silica beads. Cells were broken on a Turbomix vortex attachment
(Fisher) with 6 cycles of 30 seconds on the vortex and 1 minute on ice. Protein
concentration was determined using a Pierce micro BCA protein concentration kit (Pierce
23235) and 80µg (Dfi1-HA) or 20µg (actin) was run on a 4-15% SDS-PAGE gel (Biorad), transferred onto 0.2µm PVDF and Western blotted with mouse anti-HA (Covance
16B12, 1:1000 overnight incubated at 4oC) or rabbit anti-actin (Sigma A5060, 1:10000
overnight incubated at 4oC). Goat-anti-mouse-HRP (Bio-rad 170-6516, 1:4000,
incubated 1-2 hours at room temperature) or Goat-anti-rabbit-HRP (Invitrogen 656120,
1:4000, incubated 1-2 hours at room temperature) was used as a secondary antibody and
the signal was produced using Pierce ECL Western Blotting Substrate (32209) and
detected on Kodak X-OMAT Blue XB film. Experiments were run three times, and
representative blots are shown. Quantification was performed using a Gel Logic 100
Imaging System with the program Kodak 1D, version 3.6.

GFP localization. Exponentially growing C. albicans strains were washed with PBS,
mounted on glass slides and visualized with Openlab (Improvision, version 5.5.1) on a
Zeiss Axiovert 200M microscope with a 40x lens and standard FITC fluorescent filter
cube (Chroma Technology Corp.). Pictures were taken with a camera (C4742-9512ERG; Hamamatsu Phototonics) controlled by Openlab version 5.5.1 (PerkinElmer).

Cek1p activation in response to growth on agar medium. Cells were grown and protein
extracted as previously described (146). Briefly, exponentially growing Candida
albicans cells were plated for single colonies on YPS plates with 1% agar and incubated
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at 25oC for 4 days. Colonies were washed off the plates with cold PBS and collected
over ice. Total protein was extracted in RIPA buffer supplemented with phosphatase
and protease inhibitors (50mM tris pH 8, 150mM NaCl, 0.1% SDS, 1% NP40, 0.5% Na
deoxycholate, 20mM NaF, 10mM Na orthovanadate, 50mM β-glycerol phosphate, 50mM
Na pyrophosphate, 2mM PMSF, 10µL/mL fungal specific protease inhbitor (Sigma
P8215), 1 Complete tablet/10mL (Roche 04693116001)) using 0.5mm zirconia silica
beads on a Turbomix vortex attachment (Fisher) with 6 cycles of 30 seconds on the
vortex and 1 minute on ice. Protein concentration was determined using a Pierce micro
BCA protein concentration kit (Pierce 23235) and 120µg (Cek1p) or 20µg (actin) total
protein loaded on an 8.5% (Cek1p) or 10% (actin) SDS-PAGE and transferred onto
0.2µm PVDF. Blots were blocked with 5% milk in TBS 0.05% tween and probed with
anti-p42/44 (Cek1p-Pi2, Cell Signaling 4370, 1:1000, overnight incubated at 4oC) or antiactin (Sigma A5060, 1:10000, overnight incubated at 4oC). HRP-conjugated goat antirabbit (Invitrogen 656120) was used as a secondary antibody. Amersham ECL Plus
Western Blotting Detection System (GE Healthcare RPN2132) was used to produce the
signal, which was detected on a Syngene G:Box Chemi-XT4 GENESys imager. Blots
were quantified using GeneTools (SynGene, version 4.02) using a standard curve run on
each gel. This experiment was replicated 3 times and a representative blot is shown.
Signals obtained with WT or dfi1 mutant strains were compared using a paired t-test
(Graphpad).

Treatment with calcium ionophore A23187. C. albicans and S. cerevisiae strains were
grown for 8 hours at 30oC in complete minimal media without uridine (CM-U, (257))
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with glucose or galactose as a carbon source as indicated. For some experiments, CM-U
was made with yeast nitrogen base lacking divalent cations and potassium phosphate
(Sunrise Science Products 1540-250) and supplemented with 1g/L potassium phosphate
and 100µM MgSO4. Cultures were then diluted 1:1000 (C. albicans) or 1:100 (S.
cerevisiae) into 80 mL of the same fresh media and grown overnight at 25oC. When the
cultures reached approximately OD600=1, they were treated with 4µM A23187 or an
equivalent volume of 100% ethanol as a vehicle control for 30 minutes. C. albicans
cultures were treated with 2µg/mL FK506 or an equivalent volume of ethanol as a vehicle
control and 10mM CaCl2 or an equivalent volume of water as a vehicle control where
indicated. Cells were collected over ice and washed with cold PBS. Total protein was
extracted in RIPA buffer supplemented with phosphatase and protease inhibitors (50mM
tris pH 8, 150mM NaCl, 0.1% SDS, 1% NP40, 0.5% Na deoxycholate, 20mM NaF,
10mM Na orthovanadate, 50mM β-glycerol phosphate, 50mM Na pyrophosphate, 2mM
PMSF, 10µL/mL fungal specific protease inhbitor (Sigma P8215), 1 Complete
tablet/10mL (Roche 04693116001)) using 0.5mm zirconia silica beads on a Turbomix
vortex attachment (Fisher) with 6 cycles of 30 seconds on the vortex and 1 minute on ice.
Protein concentration was determined using a Pierce micro BCA protein concentration kit
(Pierce 23235) and 60µg or 90µg (Cek1p-Pi2 and PSTAIRE) or 20µg (actin and tubulin)
total protein loaded on an 8.5% (Cek1p-Pi2) or 10% (actin, tubulin and PSTAIRE) SDSPAGE and transferred onto 0.2µm PVDF. Blots were blocked with 5% milk in TBS
0.05% tween and probed with rabbit anti-p42/44 (Cek1p-Pi2, Cell Signaling 4370,
1:1000), rabbit anti-actin (Sigma A5060, 1:5000), rabbit anti-PSTAIRE (Santa Cruz sc53, 1:500), or mouse anti-tubulin (Sigma T5168, 1:1500) overnight incubated at 4oC.
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HRP-conjugated goat anti-rabbit (Invitrogen 656120, 1:4000) or goat anti-mouse (BioRad 170-6516, 1:4000) were used as a secondary antibody incubated at room temperature
for 1 to 2 hours. Amersham ECL Plus Western Blotting Detection System (GE
Healthcare RPN2132) was used to produce the signal, which was detected on a Syngene
G:Box Chemi-XT4 GENESys imager. Blots were quantified using GeneTools (SynGene,
version 4.02) using a standard curve run on each gel. Experiments were performed 3
times per strain and condition; representative blots are shown.

Mouse model of disseminated candidiasis. C. albicans cells were grown at 30oC in CMU for 24 hours, then washed 3 times in PBS. Cells were then resuspended in PBS at 3 x
106 cells per mL and 3 x 105 cells injected into the tail vein of at least 10 mice per strain.
Survival time (days) was recorded. Mice were euthanized when moribund. The protocol
was approved by the Tufts University School of Medicine Institutional Animal Care and
Use Committee (Animal Welfare Assurance Number A-3775-01). Statistics were
performed using a log-rank test from a Kaplan-Meier plot by Robin Ruthazen at the Tufts
Medical Center Biostatistics Research Center.

Treatment with RsAFP2. A single colony of Candida albicans (strain CAI4) was
inoculated into 15mL potato dextrose broth/yeast peptone dextrose (PDB/
YPD 80/20 with PDB = 2.4% potato dextrose broth, Difco #254920) supplemented with
uridine and grown overnight at room temperature. Cells were collected by centrifugation,
resuspended in 40mL fresh media (PDB/YPD + uridine) and allowed to grow for 4 hours
at 30°C. Cells were then treated with RsAFP2 (50 µg/ml), Nikkomycin Z (10 µg/mL), or
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water as a vehicle control for 1 hour. Cells were collected over ice and total protein was
extracted as described above. A total of 50 µg (phospho-Mkc1p) or 10 µg (actin) total
protein was loaded per sample on an 8.5% (Mkc1p) or 10% (actin) SDS-PAGE. Gels
were transferred onto 0.2µm nitrocellulose membranes using standard protocols and
probed with anti-dually phosphorylated p42/44 MAPK rabbit monoclonal antibody (Cell
Signaling CS-4370) or with rabbit anti-actin (Sigma A5060). Alexa 647-conjugated
mouse anti-rabbit (Jackson Labs 211-605-109) was used as a secondary antibody, and
signal was detected and quantified using a Starion FLA-9000 Image Scanner (FujiFilm).
The experiment was performed twice.

Treatment with OSIP108. A single colony of wild type (SC5314) C. albicans was
inoculated into 10 ml YPD and grown 8 h at 30°C. Cells were diluted 1:125 into 50 ml
RPMI 1640 medium (pH 7.0, buffered with 20mM MOPS) and grown with shaking at
25°C overnight (to approximately OD600 = 1). Cells were treated with OSIP108 (100
µM) or DMSO (0.5%) as control treatment for 1 hour. Cells were collected over ice and
total protein was extracted as described above. A total of 60 µg (phospho-Mkc1p) or 20
µg (actin) total protein was loaded per sample on an 8.5% (Mkc1p) or 10% (actin) SDSPAGE gel. Gels were transferred onto 0.2 µm PVDF membranes using standard
protocols and probed with anti-dually phosphorylated p42/44 MAPK rabbit monoclonal
antibody (Cell Signaling CS-4380) or with rabbit anti-actin (Sigma A5060). HRPconjugated goat anti-rabbit (Invitrogen) was used as a secondary antibody, and signal was
detected using Pierce ECL Western Blotting Substrate (Thermo Scientific #32209) as
directed. Signal was visualized and quantified with a Syngene G:Box Chemi imager and
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GeneSys software. The experiment was repeated three times, and a representative blot is
shown.
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Table 1. Strains used in this study
Strain
pcz1
pcz5

Description
Wild type
dfi1 null

Genotype
BWP17, ura3Δ::imm434/URA3
BWP17, dfi1Δ::FRT/dfi1Δ::FRT,
ura3Δ::imm434/URA3
pcz9
DFI1-TAP
pcz5, dfi1Δ/dfi1::DFI1-His6HA-SAT placer
trd1
DFI1W305,308Qpcz5, dfi1Δ/dfi1::dfi1W305,308Q-TAP-SAT
TAP
placer
trd2
DFI1R309A,K310Apcz5, dfi1Δ/dfi1::dfi1R309A,K310A-TAP-SAT
TAP
placer
trd3
DFI1E302,312R-TAP pcz5, dfi1Δ/dfi1::dfi1E302,312R-TAP-SAT
placer
pcz12
DFI1-GFP
pcz5, dfi1Δ/dfi1::DFI1-GFP-SAT placer
trd4
DFI1W305,308Qpcz5, dfi1Δ/dfi1::dfi1W305,308Q-GFP-SAT
GFP
placer
trd5
DFI1R309A,K310Apcz5, dfi1Δ/dfi1::dfi1R309A,K310A-GFP-SAT
GFP
placer
trd6
DFI1E302,312Rpcz5, dfi1Δ/dfi1::dfi1E302,312R-GFP-SAT
GFP
placer
pcz24
Wild type
pcz1, his1Δ/HIS1+, arg4Δ/ARG4+
pcz25
dfi1 null
pcz5, his1Δ/HIS1+, arg4Δ/ARG4+
trd7
DFI1-TAP
pcz25, dfi1Δ/dfi1::DFI1-His6HA-SAT placer
trd8
DFI1W305,308Qpcz25, dfi1Δ/dfi1::dfi1W305,308Q-TAP-SAT
TAP
placer
trd9
DFI1R309A,K310Apcz25, dfi1Δ/dfi1::dfi1R309A,K310A-TAP-SAT
TAP
placer
trd10
DFI1E302,312R-TAP pcz25, dfi1Δ/dfi1::dfi1E302,312R-TAP-SAT
placer
pcz27
DFI1G273,277Lpcz25, dfi1Δ/dfi1::dfi1G273,277L-TAP-SAT
TAP
placer
CCC55 cek1 null
CAI4, cek1Δ::hisG/cek1Δ::(hisG-URA3hisG)
CCC81 cpp1 null
CAI4, cpp1Δ::hisG/cpp1Δ::(hisG-URA3hisG)
CAI4
Wild type
SC5314 ura3::imm434/ura3::imm434
iro1/iro1::imm434
SC5314 Wild type
BY4741 S. cerevisiae wild MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0
type
L5684
S. cerevisiae wild MATa ura3-52 leu2::hisG
type
L5487
S. cerevisiae wild MATα ura3-52 leu2::hisG
type
trd11
BY4741 pYES
BY4741 pYES 2.1 [URA3]
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Source
(146)
(146)
(146)
This work
This work
This work
(146)
This work
This work
This work
(146)
(146)
This work
This work
This work
This work
This work
(120)
(114)
(260)
(261)
Research
Genetics
G. Fink
G. Fink
This work

trd12
trd13
trd14
trd15
trd16

BY4741 pYES
DFI1-HA
L5684 pRSG
L5684 pRSG
DFI1-HA
L5487 pRSG
L5487 pRSG
DFI1-HA

BY4741 pYES DFI1-HA [URA3]

This work

L5684 ura3-52::pRSG406-URA3
L5684 ura3-52::pRSG406 DFI1-HA-URA3

This work
This work

L5487 ura3-52::pRSG406-URA3
L5487 ura3-52::pRSG406 DFI1-HA-URA3

This work
This work
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Table 2. Primers Used in this Study
Primer
TD22

Sequence
GGATCCAAACGTAACAACCGTGACTACGAAGGTGGTTG
GACCTTCTGGCGTAAAAACGAAAAACTGGGTTCTGACG
AATTCTTCAACGG
TD23 GCGGCCGCTTATTAGCAAGAGAAGTTAGAACCCTGGTT
GATGTTACGGTCACGAACACCCAGTTCACCGTTGAAGA
ATTCGTCAGAACCC
TD28 ATTTTGCTTAGAGGTATAAGATGTTAGACGC
TD39 GTCAGACCTTCCAGCGTAAAAACG
TD40 TTTTACGCTGGAAGGTCTGACCACC
TD41 TTCTGGGCGGCAAACGAAAAACTGGG
TD42 TTTTCGTTTGCCGCCCAGAAGGTCC
TD47 GGACAGACTTTCCAGAGAAAGAATGAGAAATTGGG
TD48 ATTCTTTCTCTGGAAAGTCTGTCCACCTTCATAATCACG
G
TD49 GGACTTTCTGGGCAGCGAATGAGAAATTGGG
TD50 TCTCATTCGCTGCCCAGAAAGTCCATCCACC
TD51 GATTATAGAGGTGGATGGACTTTCTGGAGAAAGAATAG
GAAATTGGG
TD52 TCCTATTCTTTCTCCAGAAAGTCCATCCACCTCTATAAT
CACGG
TD60 GTTTTCGGTTTTTACGCCAGAAGGTCCAACCACCTCGGT
AGTCACGG
TD61 ACCGAGGTGGTTGGACCTTCTGGCGTAAAAACCGAAAA
CTGGG
TD62 CCTTTCGTCTTCAAGAATTATACACTCCGCTATCGCTAC
GTGACTGGG
TD63 GCGATGAAGGTGATAAATGGCGAAACAAAAAGTTTGA
ATTGGGTTTGG
PZ134 TGACGAAAACAACTCAACAACAAACG
PZ201 CGTTTTATCATTTCAGAAGTTTATATCATGG
PZ202

AAAATTTGATCCTTGATTAATATTTCTGTCTC

PZ298

TGAGGTACCAGTACGGATTAGAAGCCGCC

PZ299

TATGTCGACTGCTAGTAGTCCGATCCGG

PZ326

AGAAGGAGATAAACAATGTCCCCTATACTAGGTTATTG
G
GGATGAGACCAGGCAGAGCAAGAGAAGTTAGAACCCT
GG
GGATGAGACCAGGCAGAGATCCCACGACCTTCGATCAG

PZ330
PZ352
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Source
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
(146)
P. Zucchi,
unpublished
P. Zucchi,
unpublished
P. Zucchi,
unpublished
P. Zucchi,
unpublished
This study
This study
This study

PZ373
PZ374

GATGGTGATGTTAAATTAACACAGTCTATGG
CAAGAATTATACACTCCGCTATCGCTAC
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This study
This study

Results
Chapter 1: Dfi1p Binding to Calmodulin Affects Filamentation and Cek1p Signaling
Binding of calmodulin to the cytoplasmic tail of Dfi1p in vitro. Many different
calmodulin binding motifs have been characterized. One of the main types of calciumdependent calmodulin binding motifs, found in calcineurin and many other
Ca2+/calmodulin-binding proteins, is the 1-5-8-14 motif, characterized by hydrophobic
residues at amino acids 1, 5, 8 and 14 and several basic residues conferring a net positive
charge (262). As shown in Figure 6A, the C-terminal, cytoplasmic tail of Dfi1p contains
a putative 1-5-8-14 calmodulin binding motif. To determine whether this region of Dfi1p
binds to calmodulin, the 44-amino acid C-terminal tail of Dfi1p was dually tagged with
glutathione S-transferase (GST) and Strep-tag (strep), translated in vitro and incubated
with immobilized bovine calmodulin in the presence of calcium. Bovine calmodulin has
72% protein sequence identity with C. albicans calmodulin (263). Proteins bound to the
beads were eluted using the calcium chelator EGTA to release proteins that bound to
calmodulin in a calcium-dependent manner detected by Western blotting with StrepTactin-HRP (IBA GmbH). When GST-Dfi1 tail-Strep was incubated with calmodulin,
the elution fraction contained 25% of the total protein bound to the column (Figure 6B,
WT). Adding SDS to the column did not release additional protein (data not shown).
When a construct containing a linker region in place of the Dfi1p tail was used, no
protein was detected in the elution fraction, indicating that the Dfi1p tail, not the protein
tags, bound to calmodulin in vitro (Figure 6B, ctl).
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Figure 6 The C-terminal tail of Dfi1p binds to calmodulin in vitro. A, The consensus
sequence of the 1-5-8-14 calmodulin binding motif is shown along the top. Note that in
yeast, the consensus hydrophobic residues may include tyrosine (Y) (222). The wild type
Dfi1p calmodulin binding region is shown. Hydrophobic residues corresponding to the 1,
5, 8, 14 positions are underlined. Sequences of three mutant forms of the region are
shown; mutations are shown in bold. dfi1-WQ, dfi1W305,308Q-TAP; dfi1-RK, dfi1R309A,K310A
-TAP; dfi1-ER, dfi1E302,312R-TAP. B, Western blot probed with Strep-Tactin showing in
vitro binding of Dfi1p tail constructs to immobilized bovine calmodulin. WT, GSTDfi1p tail-Strep; ctl, GST-Strep; WQ, GST-dfi1W305,308Q-Strep; RK, GST-dfi1R309A,K310AStrep; ER, GST-dfi1E302,312R-Strep. Fractions were I, input; F, flow through; W, wash; E,
elution. Equal amounts of protein were either loaded as input or incubated with
immobilized calmodulin. Numbers below blot indicate the amount of protein in each
lane as a percentage of the total protein that was recovered from the column. All samples
were run on the same gel; the order of the WT lanes was changed for clarity.
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Table 3. Phenotypes of dfi1 Mutant Strains
Mutant

CaM
Binding
in vitro

Growth on
Caspofungin

Growth
on
Congo
Red

Embedded
Filamentation

Contactdependent
Cek1p
Activation

Cek1p
Activation
After
A23187
Treatment

Dfi1-TAP
Δdfi1
dfi1R309A,K310A TAP
dfi1E302,312RTAP
dfi1W305,308QTAP
dfi1G273,277LTAP

+
-

+
+

+
+

+
-

+
+/+/-

+
-

+

+

+

-

+/-

+

-

+/-

-

-

+/-

-

+

+

+

-

-

+

Mutations in Dfi1p affect calmodulin binding. To demonstrate that the putative
calmodulin binding motif of Dfi1p was the region responsible for binding to calmodulin
in vitro, I sought to make mutations in the calmodulin binding motif of Dfi1p that would
be predicted to affect calmodulin binding. Previous studies on the V2 vasopressin
receptor (264) and sphingosine kinase 1 (188) have demonstrated that point mutations in
calmodulin binding motifs can significantly affect calmodulin binding. In both of these
studies, soluble proteins were expressed in tissue culture cells and used for pull-down
experiments with immobilized calmodulin. Mutating the RGR residues to AAA
significantly reduces calmodulin binding in the V2 vasopressin receptor (264), and
mutating either of two leucines to glutamine reduces calmodulin binding to sphingosine
kinase 1 (188). Although the calmodulin binding motifs of these proteins do not
correspond to the calmodulin binding motif found in Dfi1p, the data from these papers
point to the importance of the net positive charge and the central hydrophobic residues.
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Therefore, three different mutants were constructed in the C-terminal tail of
Dfi1p. The dfi1R309A,K310A mutation changes the charge of the region to be further from
the consensus sequence, from a net +1 to a net -1; the dfi1E302,312R mutation increases the
net positive charge from +1 to +5, and the dfi1W305,308Q mutation substitutes two critical
hydrophobic residues at positions 5 and 8 within the 1-5-8-14 motif (Figure 6A). Based
on the data from the V2 vasopressin receptor and sphingosine kinase 1, the dfi1R309A,K310A
and dfi1W305,308Q mutations were predicted to disrupt calmodulin binding, whereas the
dfi1E302,312R mutation should retain calmodulin binding activity.
Mutant forms of the Dfi1 tail tagged with GST and Strep were translated in vitro
and incubated with immobilized bovine calmodulin in the presence of calcium as before.
The dfi1R309A,K310A and dfi1W305,308Q mutant proteins exhibited markedly reduced binding
to calmodulin (Figure 6B, 3% and 0% of the protein was eluted with EGTA) whereas the
dfi1E302,312R mutant retained the ability to bind calmodulin (30% of the protein was eluted
with EGTA, Figure 6B). Therefore, the predicted calmodulin binding motif of Dfi1p
was important for binding to calmodulin in vitro; the features that define the motif must
be intact in order for the Dfi1p tail to bind to calmodulin. The phenotypes of the mutants
analyzed in this thesis are summarized in Table 3.
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Figure 7 Effects of mutations in the calmodulin binding region of Dfi1p on filamentation
and drug susceptibility. Panel A, C. albicans cells were grown embedded in an agar
matrix (YPS, 1% agar) for 4 days at 25oC. Colonies growing within the agar were
visualized at 4x magnification; representative colonies are shown. Panel B, Exponentially
growing C. albicans cells were serially diluted and 5µL of each dilution plated on YPD
with or without caspofungin (90µg/mL) or congo red (200µg/mL). Plates were incubated
at 30oC for 72 hours. WT, wild type, pcz1; Δdfi1, Δdfi1 null, pcz5; DFI1, DFI1-TAP,
pcz9; RK, dfi1R309A,K310A-TAP, trd2; ER, dfi1E302,312R-TAP, trd3; WQ, dfi1W305,308Q-TAP,
trd1.

Calmodulin binding motif of Dfi1p is important for invasion of agar medium. To
determine whether the calmodulin binding domain of Dfi1p was important for the
function of Dfi1p, the dfi1R309A,K310A , dfi1E302,312R , and dfi1W305,308Q point mutations were
introduced into the full-length DFI1 gene with a 3’ epitope tag (TAP) and the mutant
constructs were integrated into the DFI1 locus of C. albicans. This tag has been
previously used to complement the phenotypes of the Δdfi1 null strain and has been
shown to render the protein fully functional in all assays tested (146). These mutant
strains were then grown on the surface of or embedded within YPS 1% agar medium and
incubated at 25oC. Under these conditions, wild type C. albicans filamented and invaded
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the agar, whereas Δdfi1 null mutants did not (Figure 7A and reference (146)). The
dfi1W305,308Q-TAP (trd1), dfi1R309A,K310A-TAP (trd2), and dfi1E302,312R-TAP (trd3) mutants
were defective in invading the agar (Figure 7A). Filamentation was scored as both the
number of filaments made by a colony and the length of the filaments; a colony with wild
type filamentation had at least 20 filaments visible at 2x magnification, and the length of
the filaments accounted for at least half of the colony width. In total, wild type
filamentation was observed in 1.5% of Δdfi1 null, 89% of DFI1-TAP, 2.5%
dfi1R309A,K310A-TAP, 1.9% dfi1E302,312R-TAP, and 2.2% dfi1W305,308Q-TAP colonies. All
strains grew at a rate similar to that of the wild type strain in liquid medium. In addition,
these strains germinated and elongated hyphae similarly to the wild type strain in YPD
liquid medium supplemented with serum (10%) or Spider liquid medium at 37oC (data
not shown), demonstrating that the mutants were capable of forming filamentous hyphae
when stimulated by different cues.

Growth on cell wall targeting agents. In the absence of Dfi1p, strains are hypersusceptible to cell wall targeting agents caspofungin and Congo red (146). To determine
whether the dfi1R309A,K310A-TAP, dfi1E302,312R-TAP, and dfi1W305,308Q-TAP mutant strains
are able to grow like the wild type strain in the presence of these compounds, the strains
were grown to late exponential phase in YPD and plated on YPD or YPD supplemented
with either 90ng/mL caspofungin or 200ug/mL Congo red (Figure 7B). All strains
yielded colonies when plated on YPD only (Figure 7B) but the Δdfi1 null exhibited low
plating efficiency on media containing caspofungin or Congo red. The dfi1R309A,K310ATAP (trd2) and dfi1E302,312R-TAP (trd3) mutants produced colonies on media containing
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caspofungin and Congo red, like the wild type DFI1-TAP strain (pcz9). However, the
dfi1W305,308Q-TAP mutant (trd1) was more susceptible to these agents. Interestingly, the
colonies in all of the mutant strains were smaller on media containing caspofungin or
Congo red than on YPD alone, suggesting a slight growth defect on these agents even
though the plating efficiencies for the dfi1R309A,K310A-TAP and dfi1E302,312R-TAP mutants
were similar to the wild type Dfi1-TAP strain. Therefore, mutations that change the
charge of the calmodulin binding motif did not affect growth on cell wall targeting
agents, but mutational change of the hydrophobic residues resulted in sensitivity to the
agents. Interestingly, the dfi1W305,308Q-TAP mutant was more sensitive to Congo red than
to caspofungin, indicating a difference in the effect of these two agents. Treatment with
either caspofungin or Congo red in liquid has been shown to lead to Cek1p activation
(109), although my preliminary results suggested that this Cek1p activation was not
dependent on Dfi1p (data not shown).

Mutant protein expression and localization. Dfi1-TAP protein has previously been
shown to be an integral membrane protein, extractable from C. albicans membranes with
detergent but not salt or urea (256). To confirm that the mutant Dfi1p proteins were
localized like the wild type protein, strains were grown overnight in YPD at 30oC,
washed in PBS and resuspended in buffer with or without 1% Triton-X100 and 0.5% Na
deoxycholate with 0.5mm zirconia silica beads, and broken using a vortex (see Materials
and Methods for details). Although some protein was expected to be extractable by bead
beating alone (without detergent), the detergent should break apart the cell membranes,
releasing significant amounts of protein. Figure 8A shows that the Dfi1p protein was
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expressed at similar to WT levels in the mutant strains, and the majority of the protein is
extractable only in the presence of detergent. The amount of extractable Dfi1p was
slightly higher in the dfi1E302,312R-TAP strain and slightly lower in the dfi1R309A,K310A-TAP
strain as compared to the wild type DFI1-TAP strain, although these minor differences
were not statistically significant (paired t-test; dfi1E302,312R-TAP mean 2.2-fold DFI1-TAP
expression, p=0.07; dfi1R309A,K310A-TAP mean 0.74-fold DFI1-TAP expression, p=0.40).
To confirm that the Dfi1p mutant proteins are localized like the wild type Dfi1p,
dfi1W305,308Q-GFP (trd4), dfi1R309A,K310A-GFP (trd5), and dfi1E302,312R-GFP (trd6), strains
were made. Wild type Dfi1-GFP protein has previously been shown to complement the
phenotypes of the Δdfi1 null strain (146). Expression of mutant and wild type DFI1
tagged with GFP resulted in fluorescence at the periphery of the cells (Figure 8B and
(146)), demonstrating that the mutant proteins were localized to the cell surface.
Therefore, the Dfi1p mutant proteins are localized correctly, confirming that their
phenotypes are due to the amino acid changes and showing that the calmodulin binding
motif of Dfi1p is important for invasive filamentation in response to contact with agar.
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Figure 8 Expression and localization of Dfi1p mutant proteins. A, Wild type DFI1-TAP
(pcz9) and mutant dfi1-TAP (trd1, trd2, trd3) are extractable with detergent. Cells were
grown in YPD overnight, collected and resuspended in extraction buffer with (+) or
without (-) 1% Triton-X100 and 0.5% sodium deoxycholate. Cells were then broken by
bead beating and extracts clarified by centrifugation for 10 minutes at 16,000xg. Equal
amounts of total protein were fractionated on an SDS-PAGE gel and Western blotted
with anti-HA (top) to detect Dfi1p (black arrow) or anti-actin (gray arrow) as a loading
control (bottom). DFI1, DFI1-TAP, pcz9; WQ, dfi1W305,308Q-TAP, trd1; RK,
dfi1R309A,K310A-TAP, trd2; ER, dfi1E302,312R-TAP, trd3. Molecular weight markers are
shown to the right (in kDa). B, Dfi1-GFP strains show GFP fluorescence at the periphery
of the cell. Cells were grown overnight in YPD and washed with PBS before visualizing
with a Zeiss Axiovert 200M microscope with a 40x lens and standard FITC fluorescent
filter cube (Chroma Technology Corp.). Pictures were taken with a camera (C4742-9512ERG; Hamamatsu Photonics) controlled by Openlab version 5.5.1 (PerkinElmer).
Top, bright field; Bottom, GFP fluorescence. DFI1, DFI1-GFP, pcz12; no GFP, Δdfi1
null with no GFP, pcz5; RK, dfi1R309A,K310A-GFP, trd5; ER, dfi1E302,312R-GFP, trd6; WQ,
dfi1W305,308Q-GFP, trd4.
Mutations in the calmodulin binding motif of Dfi1p compromise Cek1p activation during
growth in contact with agar medium. The MAP kinase Cek1p is activated when cells are
grown in contact with agar medium and Dfi1p is required for full activation under these
conditions (146). To determine whether mutation of the calmodulin binding motif would
affect the activation of Cek1p, the mutant strains were grown on YPS 1% agar at 25oC
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for four days. Colonies were scraped off of the agar and protein extracted. Activated
Cek1p was detected by Western blotting with antibody that recognizes the duallyphosphorylated form of p42/44 MAP kinases; the Cek1p band was identified by its
apparent molecular weight, absence in the Δcek1 null mutant strain and hyperphosphorylation in the Δcpp1 null mutant strain, as observed previously (146). Levels of
activated Cek1p were normalized to actin and compared to levels in strains carrying the
wild type DFI1-TAP allele (trd7). When grown on the surface of agar medium, the Δdfi1
null mutant strain (pcz25, Figure 9, lane 1) showed low levels of activated Cek1p in
comparison with the strain carrying WT DFI1-TAP (Figure 9, lane 2). Although the
difference between these strains is small, it is physiologically important, as deleting one
allele of CPP1 in the Δdfi1 null mutant strain increased the levels of activated Cek1p to
that of the wild type strain and restored wild type filamentation (146). Levels of
phospho-Cek1p were undetectable during growth in liquid medium (Figure 9, compare
lane 6 to lane 7), which is consistent with previous observations (119, 146). Similarly,
the dfi1R309A,K310A-TAP (trd9, p=0.009, paired t-test; mean of three experiments 0.7, SD
0.04; Figure 9, lane 3) and dfi1W305,308Q-TAP (trd8, p=0.005, paired t-test; mean of three
experiments 0.6, SD 0.04; Figure 9, lane 5) mutant strains exhibited lower levels of
activated Cek1p than the wild type DFI1-TAP strain. The dfi1E302,312R-TAP (trd10,
p=0.063, paired t-test; mean of three experiments 0.6, SD 0.2; Figure 9, lane 4) mutant
strain showed a trend towards lower levels of activated Cek1p, although this result was
not statistically significant.

Therefore, mutations that reduced calmodulin binding

reduced Cek1p activation during growth in contact with agar.
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Figure 9 Mutations in Dfi1p compromise signaling to Cek1p in response to growth on
agar. Colonies were grown on YPS 1% agar for 4 days at 25oC (lanes 1-5; 7-9) or in
liquid YPS for 4 days at 25oC (lane 6). Cells were then collected over ice and protein
was extracted. Equal amounts total protein (120µg MAPK, 20µg actin) were loaded in
each lane of an SDS-PAGE gel and probed with anti-dually phosphorylated p42/p44
MAPK antibody (top) or anti-actin antibody (bottom). Western blots were run to detect
dually-phosphorylated Cek1p (top) and actin (bottom). Numbers indicate the amount of
activated Cek1p (arrow) normalized to actin and shown relative to the DFI1-TAP strain
grown on agar; lanes 1-5 are shown relative to lane 2, and lane 6 is shown relative to lane
7. The experiment was repeated 5 times and representative blots are shown. Lanes 6-9
were from the same blot with irrelevant lanes removed. The RK (p=0.009) and WQ
(p=0.005) mutants were statistically significantly different from the DFI1 strain (paired ttest); the ER strain shows a trend towards lower Cek1p activation, although it was not
statistically significant (p=0.063). Δdfi1, Δdfi1 null, pcz5; DFI1, DFI1-TAP, trd7; RK,
dfi1R309A,K310A-TAP, trd9; ER, dfi1E302,312R-TAP, trd10; WQ, dfi1W305,308Q-TAP, trd8;
Δcek1, Δcek1 null, CCC55; Δcpp1, Δcpp1 null, CCC81.
A model for how I think Cek1p is activated during growth on agar is presented in
Figure 10A. Dfi1p senses changes in the cell wall and membrane and changes
conformation to transiently interact with Ca2+/calmodulin. Dfi1p binding to calmodulin
initiates a signaling cascade that activates Cek1p via phosphorylation. Events
downstream of Cek1p activation lead to filamentation into the agar surface. The
dfi1R309A,K310A-TAP and dfi1W305,308Q-TAP mutant strains are defective for invasive
filamentation and Cek1p activation because the mutant Dfi1p proteins cannot bind
calmodulin; the dfi1E302,312R-TAP strain is defective in filamentation and Cek1p activation
because it cannot release calmodulin.
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Figure 10 Model for Cek1p activation. A, When cells are grown in contact with agar,
Dfi1p senses changes in the cell wall or membrane and changes conformation, allowing it
to transiently interact with Ca2+/calmodulin to initiate a signaling cascade that leads to
Cek1p activation and ultimately filamentation. The dfi1R309A,K310A-TAP and dfi1W305,308QTAP mutant strains are defective in Cek1p activation and filamentation because the
mutant Dfi1p proteins cannot bind calmodulin; the dfi1E302,312R-TAP strain is defective in
Cek1p activation and filamentation because it cannot release calmodulin. The
dfi1G273,277L-TAP strain is defective in invasive filamentation and contact-dependent
Cek1p activation because it cannot change conformation in response to changes in the
cell wall. B, The calcium ionophore A23187 bypasses the need for Dfi1p to sense
changes in the cell wall and change conformation. Instead, the ionophore increases
intracellular calcium concentration, increasing interactions between Dfi1p and
calmodulin and thereby activating Cek1p. Importantly, this event does not lead to
filamentation. In this assay, the dfi1R309A,K310A-TAP and dfi1W305,308Q-TAP strains are
defective in Cek1p activation because the mutant Dfi1p proteins cannot bind calmodulin.
The dfi1E302,312R-TAP and dfi1G273,277L-TAP strains, however, can activate Cek1p.
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Increasing intracellular calcium results in Dfi1p-dependent Cek1p activation. To show
that interaction between Dfi1p and calmodulin promotes Dfi1p signaling in the cell, we
asked whether an increase in intracellular calcium would lead to the activation of Cek1p
in a Dfi1p-dependent manner in the absence of contact with agar medium. To increase
intracellular calcium, the calcium ionophore A23187 was used and Dfi1p-dependent
Cek1p activation was used as a read-out for Dfi1p signaling. Wild type cells grown to
low culture density in a medium containing 1mM Ca2+ were treated with the calcium
ionophore A23187 (265) at 4µM, or an equivalent volume of 100% ethanol as a vehicle
control, for 30 minutes. Cells were collected over ice, washed in cold PBS, and protein
was extracted. Western blotting using antibody against dually-phosphorylated p42/44
MAP Kinases or against actin was performed. In wild type cells (pcz24), treatment with
A23187 resulted in a 1.8-fold increase in Cek1p activation that was not observed in Δdfi1
null (pcz25) mutant cells (p=0.0078, paired t-test; Figure 11A). Therefore, treatment of
cells with A23187 in the presence of calcium resulted in Dfi1p-dependent Cek1p
activation.

Increased intracellular calcium does not lead to Cek1p activation if Dfi1p is defective in
calmodulin binding. To demonstrate that calmodulin binding to Dfi1p is required for
Cek1p activation in response to increased intracellular calcium, dfi1 mutants altered in
calmodulin interaction were studied. The experiment was conducted as in Figure 11A,
using dfi1R309A,K310A-TAP (trd9), dfi1E302,312R-TAP (trd10) or dfi1W305,308Q-TAP (trd8)
mutant strains as well as WT DFI1-TAP (pcz24) and the Δdfi1 null mutant strain (pcz25).
As shown in Figure 11A, Cek1p activation did not increase in the dfi1R309A,K310A-TAP and
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dfi1W305,308Q-TAP strains upon treatment with A23187 in the presence of calcium.
Therefore, calmodulin binding to Dfi1p is required for Cek1p activation in response to
increased intracellular calcium concentration.
Unlike the dfi1R309A,K310A-TAP and dfi1W305,308Q-TAP mutants, the dfi1E302,312R-TAP
mutant retains the ability to bind calmodulin (Figure 11A). In this mutant strain, Cek1p
activation increased upon A23187 exposure in the presence of calcium. Therefore,
Dfi1p-dependent activation of Cek1p in response to increased intracellular calcium
requires the ability of Dfi1p to bind calmodulin.

Dfi1p-dependent Cek1p activation requires calcium. To demonstrate that the effect of
A23187 on Cek1p activation requires calcium, cells were grown in media without
calcium. This growth condition resulted in Cek1p activation in the absence of A23187
(Figure 11B, lane 1), which was reduced by the addition of calcium (Figure 11B, lane 3).
However, previous studies showed that activation of Cek1p in the absence of calcium is
dependent on calcineurin and can be inhibited by treatment of cells with FK506, a
calcineurin inhibitor (266). Therefore, wild type cells (pcz24) grown without calcium
were incubated with FK506 or 100% ethanol as a vehicle control. As shown in Figure
11B lane 2, inhibiting calcineurin with FK506 reduced background levels of activated
Cek1p in medium lacking calcium. Therefore, we inhibited calcineurin with FK506 in
order to test the importance of calcium for Cek1p activation in response to A23187
treatment. Cells were grown in the absence or presence of calcium and treated with
FK506 together with either A23187 or 100% ethanol (Figure 11C). Under these
conditions, cells grown without calcium and without A23187 had low levels of Cek1p
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activation (Figure 11C, lane 1). Cells treated with calcium and A23187 in the presence
of FK506 showed increased levels of Cek1p activation (Figure 11C, lane 4). Importantly,
cells grown in the absence of calcium and treated with A23187 and FK506 showed lower
levels of Cek1p activation (Figure 11C, lane 2). Therefore, under these conditions,
A23187 did not stimulate high levels of Cek1p activation unless extracellular calcium
was present. Some increase in activation of Cek1p was observed with the addition of
calcium alone (Figure 11C, lane 3). These results also showed that FK506 did not inhibit
Cek1p activation in response to treatment with A23187 in the presence of calcium
(Figure 11B, lanes 5, 6). Thus, these data demonstrate that, in the presence of FK506,
activation of Cek1p as a result of treatment with A23187 is dependent on calcium and not
dependent on calcineurin.
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Figure 11 Activation of Cek1p in the presence of calcium ionophore A23187 and
calcium. C. albicans cells growing exponentially were treated as described below for 30
minutes. Cells were collected over ice and total protein extracted. Equal amounts of
protein (60ug for Cek1p-Pi2 or 20ug for actin) were loaded on an SDS-PAGE gel and
Western blotted for dually phosphorylated Cek1p or actin. Numbers below the blots in
Panel A show the fold change in dually phosphorylated Cek1p in the presence of A23187
relative to the vehicle control for each strain. Lower numbers in Panels B and C indicate
relative amount of dually phosphorylated Cek1p normalized to actin and shown relative
to lane 3 (panel B), or cells treated with FK506 only in the absence of calcium (panel C,
lane 1). Experiments were repeated 3 times; representative blots are shown. Panel A,
Mutations in the calmodulin binding motif of Dfi1p affect A23187-dependent Cek1p
activation. Dfi1p complemented and mutant strains were treated with 4uM A23187 (+)
or 100% ethanol (-) as a vehicle control. DFI1, DFI1-TAP, trd7; dfi1, Δdfi1 null, pcz25;
RK, dfi1R309A,K310A-TAP, trd9; ER, dfi1E302,312R-TAP, trd10; WQ, dfi1W305,308Q-TAP, trd8.
Panels B and C, Activation of Cek1p is calcium dependent and independent of
calcineurin. Wild type (pcz24) cells were grown in the presence of 1mM CaCl2, 2µg/mL
FK506, 4µM A23187 and/or the appropriate vehicle controls. Panel B, all lanes were
from the same gel, and irrelevant lanes were removed.
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A model for how I believe A23187 treatment results in Dfi1p-dependent Cek1p
activation is shown in Figure 4B. The calcium ionophore bypasses the need for Dfi1p to
sense changes in the cell wall as happens when the cells are grown on an agar surface.
Instead, the ionophore results in increased intracellular calcium concentrations, which
leads to increased interactions between Ca2+/calmodulin and Dfi1p. This event initiates a
signaling cascade that activates Cek1p, but the cells do not filament. Therefore, the
dfi1R309A,K310A-TAP and dfi1W305,308Q-TAP strains do not support Cek1p activation because
the mutant Dfi1p proteins cannot bind to calmodulin, whereas the dfi1E302,312R-TAP
mutant protein is able to bind to calmodulin and support Cek1p activation in the presence
of calcium and A23187.

The dfi1G273,277L-TAP mutant strain supports Cek1p activation in response to A23187. A
previously described mutant, dfi1G273,277L-TAP, alters two glycine residues that comprise
the GxxxG motif in the transmembrane domain of Dfi1p (146). The dfi1G273,277L-TAP
mutant exhibits defective contact-dependent filamentation and does not support wild type
Cek1p activation in response to contact with agar, but it exhibits normal resistance to
caspofungin and Congo red (146). Furthermore, the mutant protein can support normal
filamentation in liquid conditions (256). The GxxxG motif is important for proteinprotein interactions and conformational changes in membrane proteins. For example, this
motif promotes dimerization in glycophorin A, an integral membrane protein in red blood
cells, and conformational changes in the transmembrane domain of the Epidermal
Growth Factor Receptor that lead to conformational changes throughout the protein and
homodimerization (267, 268).
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In the model I presented in Figure 4A, the dfi1G273,277L-TAP mutant is defective in
contact-dependent Cek1p activation and filamentation because I propose that it does not
respond to changes in the cell wall or membrane by changing conformation. I also
propose that this mutant fails to interact with a protein involved in signaling as a result of
its incorrect conformation.
To determine if the dfi1G273,277L-TAP (pcz27) mutant strain activated Cek1p in
response to calmodulin binding, I grew this mutant and exposed the cells to A23187.
Cells were extracted and total protein levels were measured using the micro BCA assay.
When constant levels of total protein were loaded in each lane, Western blotting with αactin consistently showed high levels of actin in the sample of mutant cells treated with
calcium ionophore (Figure 12). Therefore, I used α-tubulin and α-PSTAIRE to measure
two different control proteins frequently used in the literature (269, 270). The amounts of
these proteins were consistent in each sample, as expected since equal amounts of total
protein had been loaded. We concluded that actin levels did not correlate with total
protein for the mutant samples. Therefore, I used tubulin as the loading control, and I
found that the dfi1G273,277L-TAP mutant supported Cek1p activation in response to
A23187 exposure (Figure 12). This finding suggests that this mutation does not interfere
with CaM binding. However, the mutant does not contain normal levels of activated
Cek1p during growth on agar due to a defect in sensing contact with an agar surface.
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Figure 12 The dfi1G273,277L-TAP mutant strain is able to support Cek1p activation in
response to A23187. Exponentially growing C. albicans cells were untreated or treated
with 4µM A23187 or 100% ethanol as a vehicle control for 30 minutes before total
protein was extracted. Equal amounts of protein (90µg for Cek1p-Pi2 or PSTAIRE, 20µg
for tubulin or actin) were loaded on an SDS-PAGE gel and Western blotted for dually
phosphorylated Cek1p, tubulin, actin or PSTAIRE. Numbers immediately below the
blots indicate relative amount of dually phosphorylated Cek1p normalized to each control
and shown relative to the untreated DFI1 strain. DFI1, DFI1-TAP, trd7; GL, dfi1G273,277LTAP (pcz27)
Importance of Dfi1p-dependent signaling for virulence in a mouse model of C. albicans
systemic infection. To determine whether Dfi1p-dependent signaling was important for
C. albicans virulence, the murine model of disseminated candidiasis following
intravenous inoculation was used. Previous results demonstrated that deletion of DFI1
attenuates the virulence of C. albicans (146). However, deletion of DFI1 both diminishes
contact dependent signaling and alters the cell surface, as shown by the
hypersusceptibility of the dfi1 null mutant to the cell wall targeting agents caspofungin
and Congo red (Figure 7B). Therefore, to test the importance of Dfi1p-dependent
signaling, we studied the virulence of dfi1 point mutants. The previously described
mutant, dfi1G273,277L-TAP, that alters the two glycine residues that comprise the GxxxG
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motif (146), exhibited defective contact-dependent filamentation and signaling but
normal resistance to caspofungin and Congo red (146). Mutants altered in the calmodulin
binding motif, dfi1R309A,K310A-TAP and dfi1E302,312R-TAP, also showed altered contact
dependent filamentation and normal drug resistance.
To test the effects of these mutations on C. albicans virulence, the wild type strain
(pcz24), the Δdfi1 null mutant (pcz25), the complemented DFI1-TAP strain (trd7), and
the four point mutants (trd8, 9, 10, and pcz27) were inoculated intravenously into mice
and survival was monitored. The wild type strain and the DFI1-TAP complemented
strain caused lethal infections and all mice succumbed (Figure 13). Consistent with
previous results (146), the Δdfi1 null strain was attenuated in virulence (p=0.0239, log
rank test vs. the DFI1-TAP complemented strain; Figure 13A). Mutants that were altered
in the calmodulin binding motif were indistinguishable from the DFI1-TAP strain,
indicating that mutation of this region does not compromise virulence (Figure 13B). In
contrast, the dfi1G273,277L-TAP (pcz27) mutant strain was attenuated for virulence
(p=0.0014, log rank test vs the DFI1-TAP complemented strain). Only 30% of the mice
succumbed by day 21 following intravenous inoculation with the dfi1G273,277L-TAP mutant
strain. Therefore, although aberrant Dfi1p signaling attenuates virulence as shown by the
dfi1G273,277L-TAP mutant, calmodulin-dependent signaling is not required for lethal
infection in this model.
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Figure 13 Calmodulin-dependent signaling is not required for virulence. CF-1 mice were
inoculated with 3x105 C. albicans cells and monitored for survival. Animals were
euthanized when moribund. WT, pcz24; DFI1, DFI1-TAP, trd7; dfi1, Δdfi1 null (pcz25);
RK, dfi1R309A,K310A-TAP, trd9; ER, dfi1E302,312R-TAP, trd10; WQ, dfi1W305,308Q-TAP, trd8;
GL, dfi1G273,277L-TAP (pcz27). Panel A shows strains WT, DFI1, dfi1, and GL. Panel B
shows DFI1, Δdfi1, RK, ER, and WQ. DFI1 and Δdfi1 are shown again in panel B for
comparison. The Δdfi1 null (p=0.0239, log rank test vs. the DFI1-TAP complemented
strain) and dfi1G273,277L-TAP (p=0.0014, log rank test vs the DFI1-TAP complemented
strain) strains are attenuated for virulence.
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Chapter 2: Studies of MAP Kinase Activation
Section 1: Plant Peptides activate the C. albicans Cell Wall Integrity Pathway
Two plant peptides, RsAFP2 and OSIP108, are involved in plant resistance to
fungal pathogens. RsAFP2, a plant defensin isolated from the seeds of the radish
Raphanus sativus, protects against C. albicans infection in a mouse model (271). The
peptide interacts with the sphingolipid glucosylceramide in the membranes and cell walls
of fungi, initiating signaling cascades that lead to cell permeability, calcium influx and
growth arrest (272-274). In addition, RsAFP2 interacts with the cell wall and disrupts
hyphae formation during growth in the presence of serum (275). The defensin does not
interact with glucosylceramide in human cells, making RsAFP2 a potentially useful
antifungal therapeutic agent.
Mutant strains of C. albicans missing genes involved in the cell wall integrity
pathway are hypersensitive to RsAFP2, suggesting the peptide may activate Mkc1p, the
MAP kinase in this pathway. Most notably, strains heterozygous for Wsc1p, a
mechanosensor protein in this pathway, and Rho1p, a small GTPase that is the regulatory
subunit of β-1,3-glucan synthase, are both hypersensitive to RsAFP2. The goal of my
experiment was to determine if RsAFP2 activates the cell wall integrity pathway in C.
albicans by determing the levels of activated Mkc1p in cells treated with this peptide.
A second plant peptide, OSIP108, was isolated from Arabidopsis thaliana. This
peptide is expressed when the plant is attacked by the fungal pathogen Botrytis cinerea
(De Coninck et al., submitted). This peptide inhibits C. albicans biofilm development
but does not kill C. albicans cells. Furthermore, in a C. elegans model of C. albicans
infection used to study the effects of biofilm production, OSIP108 increases the effects of
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the antifungal caspofungin without harming the nematodes, suggesting the peptide may
be a useful agent to inhibit C. albicans biofilm formation during human infection.
Unlike resistance to RsAFP2, resistance to OSIP108 increases in C. albicans deletion
mutants defective in cell wall integrity, including a homozygous Δwsc1 mutant,
suggesting that this peptide may target components of this pathway and activate Mkc1p
(Delattin et al., submitted). Co-incubation with RsAFP2 significantly reduces the
antibiofilm activity of OSIP108. Since RsAFP2 treatment decreases hyphae formation,
these results raise the possibility that cells must begin to form hyphae in order for
OSIP108 to inhibit biofilm development (Delattin et al., submitted). The mechanism by
which OSIP108 inhibits biofilm formation is not understood. The goal of my experiment
was to determine if OSIP108 treatment leads to activation of the cell wall integrity
pathway by measuring the levels of activated Mkc1p in cells treated with this peptide.

RsAFP2 activates Mkc1p. To determine whether RsAFP2 activates the cell wall integrity
signaling pathway, I measured the levels of activated Mkc1p in cells treated with
RsAFP2. Exponentially grown C. albicans cells were treated with either 50 µg/ml
RsAFP2, 10 µg/ml Nikkomycin Z (positive control), a chitin synthase inhibitor that
causes cell wall stress and activation of Mkc1p (86), or water for one hour. Dually
phosphorylated Mkc1p in cell extracts was detected by immunoblotting with antibody
specific for the dually phosphorylated form of p42/44 MAP kinases as described in
Materials and Methods. Cells not treated with either drug contained low levels of
activated Mkc1p (Figure 14, lane C). As expected, cells grown in Nikkomycin contained
higher levels of activated Mkc1p (2.3-fold increase, Figure 14, lane Nik). Cells grown in
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RsAFP2 contained 1.5-fold higher levels of activated Mkc1p (Figure 14, lane Rs).
These data show that RsAFP2 exposure leads to activation of the cell wall integrity
pathway in C. albicans. Since mutants defective in cell wall integrity signaling are
hypersensitive to RsAFP2, activation of this pathway contributes to C. albicans survival
in the presence of RsAFP2. These results were published as part of a collaboration (275).

OSIP108 activates Mkc1p. To determine if the plant peptide OSIP108 activates the cell
wall integrity pathway, I measured the levels of activated Mkc1p in cells treated with
OSIP108. Exponentially grown C. albicans cells were treated with 100 µM OSIP or
0.5% DMSO as control treatment for 1 h at 30oC. Dually phosphorylated Mkc1p in cell
extracts was detected by immunoblotting with antibody specific for the dually
phosphorylated form of p42/44 MAP kinases. Under the conditions of these experiments,
a low level of activated Mkc1p was detected in cells grown without peptide (Figure 15
lane -). A 2.7-fold increase in dually phosphorylated Mkc1p in response to OSIP108 was
observed (Figure 15, lane +). These data point to the activation of the cell wall integrity
pathway by OSIP108 treatment.

82

Figure 14 RsAFP2 treatment results in activation of Mkc1p. C. albicans cells were
treated with 50 µg/ml RsAFP2 (Rs), 10 µg/ml Nikkomycin (Nik) or water (control, C) for
one hour. Total protein was extracted, and equal amounts of protein were loaded in each
lane of an SDS-PAGE gel and Western blotted to detect dually phosphorylated Mkc1p
(top panel) or actin (bottom panel). Numbers at bottom indicate amounts of dually
phosphorylated Mkc1p normalized to actin levels and expressed relative to the water
control. One representative experiment out of two is shown.

Figure 15 OSIP108 treatment results in activation of Mkc1p. WT (SC5314) C. albicans
cells growing in RPMI at 25 °C were treated for 1 h with 100 µM OSIP108 (+) or 0.5%
DMSO control treatment (-). Total protein was extracted, and equal amounts of protein
were loaded in each lane of an SDS-PAGE gel and Western blotted to detect dually
phosphorylated Mkc1p (top panel) or actin (bottom panel). Numbers at the bottom
indicate amount of dually phosphorylated Mkc1p normalized to actin levels and shown
relative to the DMSO control. Blot presented is a representative blot out of three
biological replicates.
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Section 2: MAPK activation in S. cerevisiae
S. cerevisiae does not have a Dfi1p homolog. However, many signaling pathways are
better understood in that organism than in C. albicans. Therefore, yeast may be a useful
tool to understand the signaling pathway involved in Dfi1p-dependent Cek1p activation.
The calcium ionophore A23187 has been used in S. cerevisiae to show that calcium is
required for cell cycle control (276) and that increasing intracellular calcium increases the
rate of cell growth by reducing the lag phase (277). Therefore, I used A23187 to
determine if increased intracellular calcium levels resulted in activated MAP kinases. I
focused on Kss1p, the homolog of Cek1p, which is involved in pseudohyphal growth in
S. cerevisiae.

No detected increase in Kss1p activation in response to treatment with calcium
ionophore A23187. I sought to determine if treatment with A23187 results in activated
Kss1p. Because the Sigma strains of S. cerevisiae are capable of pseudohyphal growth
(278), levels of activated Kss1p were tested in two Σ1278b-derived strains, L5684 and
L5487 (see Table 1). In addition, levels of activated Kss1p in BY4741, an S288c
derivative, were tested (279). Cells were grown to low culture density in a medium
containing 1mM Ca2+ and treated with the calcium ionophore A23187 (265) at 4µM, or
an equivalent volume of 100% ethanol as a vehicle control, for 30 minutes. Cells were
collected over ice, washed in cold PBS, and protein was extracted. Western blotting
using antibody against dually-phosphorylated p42/44 MAP Kinases or against tubulin as
a loading control was performed. Increased levels of dually phosphorylated Kss1p in
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response to A23187 treatment in the presence of calcium were not detected in any of 3
different wild type strains of S. cerevisiae (Figure 16).

Figure 16 No detected increase in Kss1p activation in S. cerevisiae strains treated with
A23187 in the presence of calcium. Three different strains of S. cerevisiae were grown
to OD600 = 1 in minimal media and treated with 4uM A23187 or ethanol as a vehicle
control for 30 minutes. Kss1p-Pi2 is marked with an arrow. Tubulin (bottom panel) was
used as a loading control. Numbers indicate fold changes in Slt2p (top) or Kss1p
(bottom) signal normalized to tubulin. The numbers for the Kss1p fold change BY4741
strain were not determined (ND) because the signal was below the linear range of the
western blot.
No detected increase in Kss1p activation in S. cerevisiae strains overexpressing Dfi1p.
To determine if Dfi1p is required for Kss1p activation in response to A23187 treatment in
the presence of calcium, S. cerevisiae strains that overexpress C. albicans Dfi1p were
constructed. DFI1-HA was cloned into the integrating vector pRS406 (Stratagene) under
the control of the GAL1 promoter and integrated into the ura3 locus of Sigma strains
L5684 A and L5487 alpha. Additionally, DFI1-HA was cloned into the 2µm vector
pYES (Invitrogen) and transformed into the S288c-derived strain BY4741. DFI1-HA is
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integrated backwards in this vector, resulting in constitutive expression of Dfi1p.
Although Dfi1p-HA was expressed in these strains, increased Kss1p activation in
response to A23187 was still not detected (Figure 17 and Figure 18). These results
suggest that one or more protein involved in this signaling cascade in C. albicans does
not have a homolog in S. cerevisiae.
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Figure 17 Increased Kss1p activation not detected in S. cerevisae strains expressing
Dfi1p. Sigma strains L5684 A and L5487 alpha with pRSG406 or pDFI1-HA (pRS406
with the GAL1 promoter, with or without DFI1-HA) were treated with the calcium
ionophore A23187 or ethanol as a loading control for 30 minutes and total protein
extracted. Top panels, activated MAPK; arrow indicates Kss1p. Middle panels, tubulin is
shown as a loading control. Numbers indicate fold changes in Slt2p (top) or Kss1p
(bottom) signal normalized to tubulin. Bottom panel, Dfi1p-HA shows that Dfi1p is
expressed in the strains; asterisk (*) indicates Dfi1p-HA.
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Figure 18 No detected increase in Kss1p activation in S. cerevisae in BY4741 expressing
Dfi1p-HA. Strain BY4741 alpha with pYES empty vector or pYES Dfi1p-HA were
treated with the calcium ionophore A23187 or ethanol as a loading control for 30 minutes
and total protein extracted. Top panel, activated MAPK; arrow indicates Kss1p. Middle
panel, tubulin is shown as a loading control. Bottom panel, Dfi1p-HA shows that Dfi1p
is expressed in the strains; asterisk (*) indicates Dfi1p-HA.
Increased activation of Slt2p in cells treated with A23187 in the presence of calcium.
Interestingly, treatment with the calcium ionophore in the presence of calcium results in
Slt2p activation in the Sigma-derived strains but not the BY4741 strain (Figure 16).
Slt2p is the S. cerevisiae homologue of Mkc1p. This finding suggests that the signaling
pathway initiated by ionophore treatment is different in S. cerevisiae than in C. albicans.
Endoplasmic reticulum stress, which increases intracellular calcium, has been shown to
activate Pkc1p and Slt2p (249), suggesting that the Slt2p observed in response to A23187
is the result of increased calcium and not an indirect effect.
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Interestingly, overexpressing Dfi1p in these strains reduced the effect of A23187
treatment on Slt2p activation (Figure 17). This effect is due to increased basal levels of
Slt2p activation, suggesting that the presence of Dfi1p results in higher Slt2p activation
during exponential growth in S. cerevisiae. Alternatively, Dfi1p may activate Slt2p in
response to ethanol treatment, the vehicle control used in this experiment.
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Discussion
During growth in contact with an agar matrix, Dfi1p is required for wild type
levels of Cek1p activation and filamentation. The observations reported here
demonstrate the importance of interaction between Dfi1p and Ca2+/CaM for Cek1p
activation under these conditions. We also show that increasing intracellular Ca2+
concentrations by treating exponentially growing cells with the Ca2+ ionophore A23187
leads to Dfi1p-dependent Cek1p activation in C. albicans. Under the same conditions,
we did not detect Kss1p activation in S. cerevisiae.
Calmodulin is a ubiquitous and well-characterized eukaryotic protein with many
roles in mammals and fungi (159, 174, 183, 184, 208). Many of the known CaMdependent signaling pathways involve the phosphatase calcineurin. Previous work has
shown that calcineurin plays a role in drug tolerance and regulating the cell wall in C.
albicans and S. pombe, and there is cross-talk between the calcineurin and Mkc1 MAPK
pathway in C. albicans, the Slt2 MAPK pathway in S. cerevisiae, and the homologous
Pmk1 MAPK pathway in S. pombe (234, 251, 280, 281). Furthermore, addition of
extracellular Ca2+ leads to Mkc1p activation within 10 minutes (85), although this study
did not distinguish between calcineurin-dependent and calcineurin-independent signaling.
To the authors’ knowledge, the data presented here are the first report that Ca2+/CaM
signaling leads to Cek1p activation independently of calcineurin. This finding is
consistent with previous reports suggesting that Dfi1p does not signal through calcineurin
(256), because dfi1 null mutants, unlike calcineurin mutants, are not sensitive to divalent
ions (236, 282).
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Calcineurin-independent regulation of several yeast and mammalian membrane
proteins by Ca2+/CaM has been previously observed. For example, a region of the
cytoplasmic tail of the soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) VAMP2 binds to calmodulin or to membrane li pids in a mutually
exclusive manner that is important for membrane fusion and exocytosis (220). The
cytoplasmic domain of the epidermal growth factor receptor (EGFR) similarly binds
alternatively to CaM or lipids in the membrane of the cell (192, 209). The effects of
Ca2+/CaM binding to these proteins are independent of calcineurin.

Model for Dfi1p-dependent Cek1p Activation
Through its interactions with CaM, Dfi1p may act like a SNARE protein or
EGFR, changing conformation upon CaM binding in order to manipulate the cell
membrane. Although we do not believe Dfi1p is involved in membrane fusion or that
Dfi1p binds to a specific ligand, the proteins may be regulated by similar mechanisms.
The mammalian v-SNARE VAMP2, yeast v-SNARE Nyv1p, and Dfi1p share similar 15-8-14 calmodulin binding motifs near their transmembrane domains (220). This region
of VAMP2 binds to calmodulin or to membrane lipids in a mutually exclusive manner
that is important for membrane fusion and exocytosis (220). Similarly, the membranejuxtaposed region of Dfi1p may bind alternatively to calmodulin and another partner,
such as another protein or lipids in the plasma membrane. Binding to calmodulin may
allow Dfi1p to respond to an external signal, generated by growth on an agar matrix, and
relay the signal through the cell to phosphorylate the MAP kinase Cek1p. Interestingly,
mutating amino acid residues in the CaM-binding domain of VAMP2 led to decreased
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binding to both CaM and the membrane (220), suggesting that the phenotypes we
observed in the Dfi1p calmodulin motif mutants may be due to changes in the protein’s
ability to interact with the membrane.
A second possibility is that CaM binding to the C-terminal tail of Dfi1p activates
Dfi1p by preventing phosphorylation of this region. Phosphorylation of the metabotropic
glutamate receptor mGluR5 inhibits calmodulin binding and induces endocytosis of the
protein (283). Wsc1p in S. cerevisiae, a heavily glycosylated integral membrane receptor
that activates the cell wall integrity MAP kinase pathway, is inhibited by phosphorylation
of a residue in its C-terminal, cytoplasmic tail; dephosphorylation initiates signaling (92,
284). Therefore, phosphorylation of the C-terminal tail of Dfi1p may inhibit CaM
binding and therefore Dfi1p-dependent signaling events; dephosphorylation may allow
CaM binding and thereby initiate the signaling cascade that activates Cek1p.
The two options outlined above are not necessarily mutually exclusive. The
cytoplasmic domain of EGFR, which binds to both CaM and phospholipids in the
membrane, can also be phosphorylated in a Ca2+/CaM-dependent manner (285). The
MARCKS protein in mammalian cells contains both hydrophobic amino acids that insert
into the membrane bilayer and basic residues that interact with acidic phospholipids (213215). Phosphorylating three serine residues in the protein disrupts this binding, allowing
the protein to bind to Ca2+/CaM (213, 216). The phosphorylation status of Dfi1p should
be investigated further, as outlined below in my future directions.
Our results suggest that CaM binding to Dfi1p leads to Cek1p activation in the
presence of A23187 and calcium. Disrupting the CaM-binding motif affects Cek1p
activation in the presence of calcium and A23187. In addition, mutations in the CaM-
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binding motif of Dfi1p render the protein unable to support wild type filamentous
invasion. Mutation of the CaM-binding motif of Dfi1p so that the net charge changes
from +1 to +5 results in defective filamentous invasion. The +1 net charge of the Dfi1p
CaM-binding motif is lower than the charge of many CaM-binding motifs and may
facilitate quick release of CaM. The dfi1E302,312R-TAP mutant is defective in filamentous
invasion and Cek1p activation in response to growth on an agar matrix, suggesting that
the interaction between Dfi1p and CaM is transient; Dfi1p must both bind to and release
CaM in order to change conformation and signal to Cek1p to support filamentation.
Interestingly, in liquid conditions when intracellular calcium is increased, the
dfi1E302,312R-TAP mutant protein supports Cek1p activation. This result suggests that the
dfi1E302,312R-TAP mutant protein is capable of signaling to Cek1p but does not respond
during growth in contact with an agar surface. During growth in contact with agar, the
number of activated Dfi1p molecules may be low and efficient binding and release of
calmodulin may be needed.
Alternatively, the dfi1E302,312R-TAP mutation may affect the binding of other Dfi1p
binding partners that affect the ability of the strain to filament during growth in agar.
Indeed, the c-terminal CaM-binding region of the SNARE VAMP 2 binds alternatively to
either CaM or lipids in the plasma membrane (220). Therefore, the CaM-binding region
of Dfi1p may similarly bind to multiple partners and the dfi1E302,312R-TAP mutation,
although it does not eliminate CaM binding, may alter binding of another factor.
We have not formally ruled out the possibility that the fact that the dfi1E302,312RTAP mutant does not support filamentation or Cek1p activation in response to growth in
contact with an agar surface could suggest that the binding of Dfi1p to Ca2+/CaM may be
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irrelevant in the cell for filamentation and Cek1p activation. To gain more support for
the model shown in Figure 4, a pull down experiment in which HA-tagged Dfi1p plus
associated proteins are pulled down from extracts of cells grown in contact with agar or
cells that have been treated with A23187 could be performed. If binding of Ca2+/CaM to
Dfi1p is shown in C. albicans cell extracts, the results would demonstrate that Dfi1p
binds to Ca2+/CaM both in vitro and in the C. albicans cell under conditions that lead to
Dfi1p-dependent Cek1p activation. If Dfi1p is not shown to directly bind to Ca2+/CaM,
either the interaction observed in vitro is not relevant for Cek1p activation in response to
contact or treatment with A23187, or the interaction is transient and difficult to detect.
Dfi1p is also important for cell growth in the presence of the cell wall targeting
agents caspofungin and Congo red, although the mechanism by which Dfi1p mediates
drug resistance is unclear. Although treatment with low levels of caspofungin or Congo
red leads to Cek1p activation (109), my preliminary data suggest that this activation does
not require Dfi1p (data not shown). Furthermore, deleting an allele of CPP1 in the Δdfi1
null strain does not complement the defect in growth on these agents (256). It is possible
that Dfi1p affects the β-1,3-glucan synthesis pathway in a way that is not dependent on
Cek1p; alternatively, Dfi1p interacts with the cell wall (256) and may structurally support
the cell to resist cell wall targeting agents.
We propose that when cells are grown in contact with an agar matrix, changes in
the cell wall or plasma membrane are sensed by Dfi1p, which alters its conformation,
binds to CaM and relays a signal that activates Cek1p. The various Dfi1p mutants are
defective in undergoing the conformational change (dfi1G273,277L) or interacting with
calmodulin (dfi1R309A,K310A , dfi1E302,312R , and dfi1W305,308Q), causing them all to be
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defective in activating Cek1p to wild type levels. In the mouse model of disseminated
candidiasis, the dfi1G273,277L-TAP mutant is defective in virulence but the calmodulin
interaction mutants are virulent. Therefore, Dfi1p may be able to become activated via
more than one mechanism in the animal. Thus, although calmodulin signaling is
important for Dfi1p function in laboratory conditions, signaling pathways in the host are
much more complex and redundant mechanisms may allow Dfi1p to function without
calmodulin binding during host infection. Diverse signaling pathways and redundant
mechanisms of pathogenesis may contribute to the success of C. albicans.

Dfi1p in S. cerevisiae
We sought to determine if the signaling pathway that activates Cek1p in C.
albicans is conserved in the model haploid yeast S. cerevisiae. We did not detect
activated Kss1p when S. cerevisiae cells were treated with the Ca2+ ionophore A23187,
even when Dfi1p was over-expressed in the yeast (Figure 18, in Results). This suggests
that components of the Dfi1p-dependent signaling pathway in C. albicans may not be
found in S. cerevisiae.
Although we did not detect Kss1p activation, we did observe increased Slt2p
activation in the Sigma-derived strains, which suggests that the yeast can respond to
increased intracellular Ca2+ due to treatment with A23187. This result is consistent with
previous reports that increases in intracellular Ca2+ levels activate the cell wall integrity
pathway in S. cerevisiae (249) and suggests that much of this MAP kinase pathway is
conserved in yeast and pathogenic fungi. The fact that basal levels of activated Slt2p
were higher in S. cerevisiae strains over-expressing Dfi1p (Figure 17, in Results) shows
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that Dfi1p activates some signaling cascades in S. cerevisiae. It is likely that one or more
members of the Dfi1p-dependent Cek1p activation signaling cascade is not conserved in
S. cerevisiae.

Future Directions
Does Dfi1p bind to lipids in the plasma membrane?
The cytoplasmic domains of many membrane proteins that bind to calmodulin
have also been shown to interact with lipids in the plasma membrane. The possibility
that this is the case for Dfi1p is intriguing; the mutations made in Dfi1p that interrupt
calmodulin binding likely also interrupt interactions with the membrane (221), and so
separating the two potential interactions is challenging. Attempts were made to detect
binding of the Dfi1p C-terminal tail using co-flotation experiments on sucrose or
histodenz gradients with liposomes containing phosphatidylcholine,
phosphatidylethanolamine and phosphatidylserine (data not shown).
Several changes may make these experiments more successful. First, although
these liposomes were made with lipids comparable to those found in the plasma
membrane of C. albicans, the experiments could be repeated with lipids extracted from
C. albicans to rule out the possibility that Dfi1p only interacts with specific lipids or
combinations of lipids. Second, these liposomes did not contain membrane proteins, and
it is possible that Dfi1p interacts with a protein at the membrane rather than directly with
the lipids. Finally, these experiments were done with the same GST-Dfi1 tail fusions that
were used in the calmodulin binding experiments. It is possible that the large tag
hindered interactions with the liposomes; therefore, a shorter tag may be helpful.
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However, such a tag should not be hydrophobic as the Strep tag used in the calmodulin
binding experiments interacts with liposomes. Detecting interactions between Dfi1p and
lipids from the plasma membrane of C. albicans would give significant insight into the
function of the protein and consequently the mechanism by which Cek1p is activated
under these conditions.

What is the phosphorylation state of Dfi1p?
Phosphorylation of membrane proteins plays a role in mediating calmodulin
binding, lipid binding and signaling cascades. Therefore, the phosphorylation state of
Dfi1p may give significant insight into the mechanism by which the protein activates the
Cek1p signaling cascade. Attempts have been made to detect phosphorylation of Dfi1p
using phospho-threonine and phospho-tyrosine specific antibodies, but the background
was too high to detect differences between wild type and dfi1 null strains (data not
shown). To answer this question, one could isolate total protein from C. albicans strains
growing exponentially and treated with either A23187 or ethanol as a control; protein
could also be extracted from colonies growing in contact with an agar matrix. Dfi1p
should then be purified by taking advantage of the DFI1-TAP strain, in which the Dfi1TAP protein is dually tagged with 6xHis and HA. The purified protein could then be
detected using phospho-specific antibodies to determine the phosphorylation status of
Dfi1p in the cell, as the apparent molecular weight of Dfi1p on an SDS-PAGE gel is
likely too large to visualize the contribution of one or a few phosphorylated residues.
Alternatively, mass spectrometry could be used to determine the phosphorylation state of
Dfi1p.
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Signaling Cascade in S. cerevisiae
Although many proteins are conserved between S. cerevisiae and fungal
pathogens, this work suggests that one or more proteins involved in Dfi1p-dependent
activation of Cek1p is not conserved. To determine the proteins involved in this cascade,
one could clone candidates into the S. cerevisiae Sigma strains and test for Kss1p
activation after A23187 treatment. The first candidate would be CaCmd1p, as yeast and
C. albicans calmodulin differ in structure significantly. Other candidates would include
Rac1p and Dck1p, two C. albicans genes known to be important for Cek1p activation in
response to contact (139, 140); Cst20p; and Cdc42p. Single or combinations of candidate
proteins that, when expressed in S. cerevisiae with Dfi1p, support Kss1p activation would
indicate proteins likely to be critical to the same signaling cascade in C. albicans.

Signaling Cascade in C. albicans
Although S. cerevisiae is more genetically tractable than C. albicans, it is possible
that enough members of this signaling cascade are unique to Candida that it will prove
more prudent to use this organism to find the proteins involved in signaling other than
Dfi1p, calmodulin and Cek1p. To do this, one could attempt a pull-down experiment and
use mass spectrometry to determine what, if any, proteins other than CaM bind directly to
Dfi1p. As with the phosphorylation experiments, this should be done in conditions that
do and do not activate Dfi1p; for example, one could compare proteins bound to Dfi1p
after treatment with A23187 with proteins bound to Dfi1p after ethanol treatment. This
experiment could also be used to detect Dfi1p binding to calmodulin in the cell.
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Alternatively, a more targeted approach may be effective. Our lab has obtained
Dck1p-GFP and Rac1p-GFP constructs from Martine Bassilana in addition to
constitutively active and dominant negative alleles of Dck1p and Rac1p (139). To
determine if these proteins are involved in Dfi1p-dependent signaling, one could test for
co-localization of these proteins with Dfi1p-RFP, available in the lab, during A23187
treatment as compared to an ethanol treated control. Co-localization of Dfi1p with one or
both of these proteins would suggest that they might interact.
Dfi1p senses and responds to contact with an agar matrix, initiating a signaling
cascade that activates Cek1p. We now know this signaling pathway involves interaction
with Ca2+/CaM and can be activated by increasing the intracellular calcium concentration
by treating cells with the calcium ionophore A23187. This pathway is one of many that
contribute to changes in C. albicans cellular morphology. Further studies of this pathway
will reveal even more information about its role in fungal biology and pathogenesis.
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