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Abstract
Virulence factor elaboration of the human pathogenic fungus Cryptococcus
neoformans is strongly regulated by extracellular iron content and type. In addition,
acquisition of iron from the host has been shown to be essential for pathogenic growth.
Previously, the endosomal sorting complex required for transport was identified as an
essential component of iron acquisition from the ferrophore heme. In this study, we further
show that iron acquisition from hemin requires the translocation of this molecule to the
vacuole by specific deletion of the gene encoding the vacuolar trafficking regulatory protein
Vps45p. In addition to decreased ability to utilize extracellular hemin, this mutant is also
retarded for growth in the presence of FeCl3, and is defective for cell wall integrity pathway
responses when challenged by NaCl, sodium dodecyl sulphate, calcofluor white, or caffeine.
These mutants have dramatically increased sensitivities to the vacuolar-accumulating drugs
chloroquine and quinacrine. No associated defects in virulence factor elaboration such as loss
of melanin deposition or extracellular capsule are observed. However, upon in vitro
challenge by mouse J774a.1 and human THP-1 derived macrophage cell lines, mutants in the
VPS45 gene were markedly unable to survive when compared to wild-type cells under
identical conditions. These data underscore a growing theme in fungal genetics that the
importance of vacuolar protein trafficking extends beyond nutrient storage. Vacuolar
function in C. neoformans appears to strongly correlate with iron acquisition, extracellular
signalling response with respect to cell wall integrity, and survival within the
phagolysosomal compartment of macrophage-like cells.
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Introduction
Cryptococcus neoformans
Cryptococcus neoformans is a unicellular basidiomycete fungus which has been
frequently isolated from soil and trees, and that has a global distribution. C. neoformans and a
related species Cryptococcus gattii are the primary causative agents of a fungal infection referred
to as cryptococcosis. Typically initial infection follows inhalation of fungal spores or desiccated
yeast cells although the fungus can also be ingested with contaminated food or water. C.
neoformans is an opportunistic human pathogen as it requires an immunocompromised host but
there are also many non-pathogenic Cryptococcus spp. [3]. This suggests that pathogenic
Cryptococcus spp. have specifically evolved the ability to grow and survive in vertebrates such
as humans, birds and small mammals. Commonly environmental reservoirs are largely attributed
to bird populations with many cryptococcal isolates observed in bird excreta and nests. The
mechanisms of environmental resilience, which are hypothesized to include the ability of C.
neoformans to inhabit amoeba as a large microbial niche, may have allowed adaptation of the
fungus to the mammalian host. In this case, the selective pressures encountered by predatory
amoebae have been explored as a source of anti-phagocytic survival strategies [4, 5]. Strikingly,
the similarities between amoeba engulfment and innate immune responses by phagocytic cells
are numerous [5]. Thus, the molecular mechanisms required for cryptococcal invasion, evasion,
and proliferation within host environments have garnered high levels of research interest.
As previously stated, host colonization occurs first by inhalation of spores or desiccated
yeast cells from the environment; laboratory infection experiments have demonstrated that both
cell types can be infective in animal models [6, 7]. The fungal cells can reach the alveolar space
unless the action of mucosal movements and host cilia can effectively achieve clearance [6].
Cryptococcal cells preferentially adhere to lung epithelial cells through an action mediated by
alveolar surfactant [8]. Within surfactant are proteins which maintain surface tension of the fluid,
and those which recognize invasive organisms and allergens [9]. Surfactant protein D, a member
of the latter group of proteins, binds to cryptococcal cells [8]. This promotes uptake by
macrophages and the fungal cells can proliferate within the phagolysosome [10]. Once the
1

alveoli is reached, C. neoformans can survive either externally or transit deeper into tissues
within the phagolysosomes of infected alveolar macrophages [11]. It is at this point that hostimmune status will determine the prognosis of infection. The fungal cells can be cleared by
alveolar macrophages, or sequestered in granulomas in a Th1-dependent response that results in
a latent lung infection [12]. Alternatively, the alveolar compartment can serve as an entry point
for host invasion as C. neoformans proceeds to disseminate into the blood [13, 14]. Exit from the
alveolar space can occur through two different mechanisms: transcytotic movement through
epithelial cells, which is dependent on epithelial cell phagocytosis and has been linked to the
development of “Titan cells” [15-19], or by the “Trojan horse” model of colonization [12].
Briefly, “Titan cells,” or “giant cells” are a morphologically distinct form of C. neoformans with
diameters up to 30 μm (a ten-fold increase in size from the yeast form); these cells are polyploid,
and are capable of producing daughter yeast cells [16, 17]. “Trojan horse” invasion requires that
the fungal cells survive, and replicate within the phagolysosome of resident alveolar
macrophages [15, 20, 21]. These cryptococcal-loaded macrophages move into the bloodstream
where passenger yeast can either burst the macrophage by outgrowth [22], pass from
macrophage to macrophage without exposure to the extracellular milieu [23], or non-lytically
escape [22, 24]. The initial outcome of alveolar macrophage interaction with C. neoformans
plays a pivotal role in pathogenesis because granuloma formation or clearance occur in healthy
patients, while dissemination can occur in those that are iummunocompromised [10, 13, 14, 25].
Upon hematogenic dissemination of C. neoformans, colonization and disease
presentation can occur in tissues such as the skin [26, 27], heart [28], and liver [29]. However,
the predominant preference is migration to the central nervous system with specific affinity for
colonization of the brain [30, 31]. Typically, the blood brain barrier (BBB) is largely
impermeable to microbial pathogens, pharmaceuticals, and other circulating bodies. Regardless,
C. neoformans is readily able to enter the brain where it causes lethal meningoencephalitis if
untreated [31, 32]. The BBB is composed of brain microvessel endothelial cells (BMECs) which
are connected by many narrow tight junctions that inhibit paracellular diffusion, a feature not
present in vasculature elsewhere. Pericytes incompletely surround the BMECs which regulate
vascular development, and together form an extracellular basal lamina membrane [33]. End foot
projections from local astrocytes imbed within the basal lamina and form a secondary lamina
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[33, 34]. These structures compose the majority of the BBB and are the primary mechanisms for
regulating the selectively impermeable barrier. C. neoformans, however, possesses three
penetration strategies. The first is by “Trojan Horse” dissemination by macrophages that carry
engulfed fungal cells through the intracellular BMEC tight junctions that line the vessels [35].
The second method is by transcytosis of the BBB through BMECs mediated by CD44 hostfungal interactions [36]. This interaction is dependent on cryptococcal phospholipase B1 (Plb1p)
activity which promotes BMEC endocytosis of the fungal cells [37]. Finally, cryptococcal
secreted mannoproteins and urease increase local concentrations of plasmin and urea that erode
BMEC tight junctions, allowing intracellular penetration and dissemination into the parenchyma
[38-41]. It is important to note that HIV/AIDS positive status is correlated with a weakened BBB
status that may partially account for an increase of morbidity and mortality associated with coinfection [42]. The primary symptoms of brain infection are sensitivity to light, headaches, fever,
and change in mental status. If the infection is mild to moderate, primary treatment is provided
with the triazole drug, fluconazole, while in severe infections treatment is initiated with the
polyene drug, amphotericin B, and then generally followed by fluconazole. Highly active
antiretroviral therapy (HAART) is required if the patient is human immunodeficiency virus
(HIV) or acquired immunodeficiency syndrome (AIDS) positive.
Epidemiology of Cryptococcosis
Cryptococcosis, the disease associated with Cryptococcus spp. infection, is rare among
the developed world with rates as low as 0.4-1.3 cases per 100,000 people [43, 44]. However, the
largest affected populations are those suffering from HIV/AIDS. A recent study by the Center for
Disease Control and Prevention (CDC) found that rates in this highly affected group exceeded 27 per thousand persons in the United States, and mortality rates are approximately 12% [44].
Cryptococcosis is associated with immunocompromised status, and has been documented in
organ transplant recipients, patients on immune suppressants, or in cases involving immune
disorders. Given that infection rates are quite low and access to affordable HIV therapeutics is
increasing, there is a positive outlook for treating the disease in the developed world.
Nevertheless, the largest determinant of successful disease prognosis is access to appropriate
healthcare. Developing nations, especially those in Sub-Saharan Africa, Southeast Asia, and
India, where the HIV/AIDS pandemic is ongoing or on the rise, represent the world’s largest
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cohort susceptible to or affected by co-infection. Globally it is estimated that approximately one
million people are suffering from cryptococcosis and a further ~625,000 succumb to fatal
meningoencephalitis; a mortality rate of 62.5 %. The largest determinant of a positive prognosis
is accessibility of care and in the United States fatal resolution occurs in 1/8 of all cases in
comparison to the global figure which is estimated to be 5/8. It is therefore a global health
imperative to study C. neoformans and the associated illness, cryptococcosis, as it represents a
significant health concern with the potential to grow as the HIV/AIDS epidemic spreads.
A related species, C. gattii, is also capable of causing cryptococcosis, including fatal
infections in humans [45]. Importantly, C. gattii is able to infect immunocompetent hosts, and
elicits a pro-inflammatory host response [46]. This fungus had been typically isolated in tropical
and sub-tropical regions [47, 48]; however, an outbreak of C. gattii on Vancouver Island that
began in 1997 has since spread inland and isolates have been discovered in the lower mainland
of British Columbia, and in the states of Washington, Oregon, California, and Utah [45]. It
appears that this fungus has a broad permissible environmental range, and is not restricted to
warmer climates as once thought. The disease outbreak and incidence has been best reported in
British Columbia (BC), with a total of 303 cases since 1997 and 19 deaths in BC have been
attributed to C. gattii as of 2007 [49]. In the United States fewer reports have been uncovered,
and to date only 60 cases have been identified, with 20 confirmed deaths [49]. Although, these
numbers are much lower than the global burdens of C. neoformans, the trends suggest an
expanding environmental niche for C. gattii in the Pacific Northwest.
Virulence Factors
Pathogenesis is dependent on three essential virulence factors of C. neoformans: 1) the
ability to produce a polysaccharide capsule; 2) the biosynthesis of melanin from host-derived
precursors, and; 3) the ability to proliferate at 37°C [25, 31]. The polysaccharide capsule
promotes infection by shielding fungal cells from damage by a variety of immune cells and
antifungal drugs [14, 50, 51], through modulation of host immune function [52-54], and possibly
by regulating the movement of C. neoformans across the blood brain barrier (supported by in
vitro evidence) [36, 41]. Melanization is able to shield the cells from oxidative stress caused by
the macrophage oxidative burst, and to protect the cells against nitrosative stress, and antifungal
drugs [55-57]. The biosynthesis of melanin is dependent on the extracellular secretion of cell
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wall-associated laccases (encoded by the LAC1, and LAC2 genes) [58]. Finally, the ability for
Cryptococcus spp. to survive at 37°C is a requisite adaptation to proliferate within the
mammalian host. Temperature stress appears to act as a potent signal for pathogenic growth
exacerbating many factors triggered by other environmental signals such as cell cycle arrest,
hyphal growth, formation of fruiting polykaryotic giant cells, capsule biogenesis, melanization,
gene expression, protein content, and endosomal membrane system restructuring [59-61]. Many
other genetic elements are required for cryptococcal virulence and pathogenesis, however,
capsule, melanin and growth at host temperature are considered the canonical virulence factors
of the fungus. These factors are discussed in the following sections along with the uptake of iron
from exogenous sources by C. neoformans. The latter topic is included because iron homeostasis
is strongly correlated with survival, virulence factor expression, and pathogenesis [62-64].
Capsule
Encapsulation is a common strategy of invasive respiratory microorganisms, and many
examples exist in bacterial species such as Neisseria meningitidis, Salmonella typhii, and
Streptococcus pneumonia [65]. The primary function of an extracellular polysaccharide capsule
appears to be evasion of phagocytosis which allows the organism an extended growth period
before B-cell derived clearing occurs. Similarly, capsular components are utilized by C.
neoformans to modulate host immunity and promote survival, replication, and dissemination
throughout the host [66]. The defensive properties of capsule affect both innate and adaptive
immunity by allowing escape of initial phagocytosis, and suppression of host adaptive immunity
[67]. In addition to cell-associated capsule, secretion and sloughing of free polymers occurs.
These components are recognized by monocyte surface receptors and actively engulfed [68].
Capsule at concentrations of up to 1-3 μg/mL can be detected in blood serum; and may exceed
20 μg/mL, and 10μg/mL in the spleen and liver, respectively [69, 70]. Although capsule provides
an effective shield against the innate immune response, it is highly antigenic and anti-capsular
antibodies are used to diagnose cryptococcosis in a clinical setting [71].
Encapsulated cells are less readily engulfed by macrophages in the lung because the
major capsule polysaccharide glucuronoxylomannan (GXM) is largely protective against the
innate immune response [50]. Antigenicity of capsule is varied throughout the infection cycle
allowing prolonged escape from detection in an undefined process that may be an example of
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phenotype switching [72]. Once engulfed, encapsulated strains are capable of intracellular
replication [73] and are protected from oxidative and nitrosative stress [74], host defensins [50],
and the antifungal drug, amphotericin B [50]. The immunomodulatory properties of capsule have
a broad range of targets and effects. An anti-inflammatory cytokine response is elicited from
macrophage and monocytes by recognition of GXM and subsequent release of interleukin (IL)10 [54, 75]. Capsular-dependent down regulation of the major histocompatability complex
(MHC) class I and II proteins in antigen-presenting and dendritic cells inhibits the display of
cryptococcal antigens [76]. Endothelial adhesion, and chemokinesis of neutrophils and
leukocytes to C. neoformans infected tissues is impaired by the presence of capsule, thereby
slowing the immune response in areas of high GXM abundance [53, 77]. Apoptosis of host
immune cells can also be triggered by binding of capsule to macrophages, monocytes, and T
cells by surface expression of the FasR and FasL gene products [78, 79]. Many of these effects
appear to be due to the ability of GXM to bind to the surface receptors FcγRIIB, TLR-4, CD14,
and CD18 [78, 80]. The immunosuppressive properties of GXM have been applied to the study
of rheumatoid arthritis, where evidence suggests that an increased IL-10 production was able to
cause beneficial, anti-inflammatory effects [81]. These mechanisms of action have determined
that the C. neoformans capsule is a potent modulator of host immunity and underlined capsular
participation in infiltration, escape, and survival within the host.
Historically, classification of C. neoformans varieties was defined by serotype analysis of
the capsule. C. gattii and C. neoformans are the only two pathogenic cryptococcal species, and as
such are the most widely studied and characterized. Four serotypes belonging to three varieties
exist. Serotype A was designated C. neoformans var. grubii, and this variety is the most common
clinically observed type of isolate emerging in about 95% of all HIV/AIDS positive patients
diagnosed with cryptococcosis. Serotypes B and C were determined to be a separate species, C.
gattii, by analysis of chromosomal composition, and randomly amplified polymorphic DNA
analysis [82, 83]. Serotype D was previously annotated as C. neoformans var. neoformans, which
is classified based on capsule immunologic reactivity, DNA fingerprinting and URA5 sequence
analysis [82, 84]. Capsule synthesis occurs rapidly and initially exists as an elastic network that
becomes increasingly rigid over time [85]. During this aging process the capsule becomes more
dense and less permeable to solutes, and binding of capsule-specific antibodies is altered [72,
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86]. Especially given the antigenic properties of the capsule, much work has been done on
characterizing this unique feature of Cryptococcus spp.
Almost all acapsular mutant strains of C. neoformans are avirulent or have reduced
virulence phenotypes when assayed in murine models of cryptococcosis [67]. Many genes
required for capsule growth have been identified, including CAP10, CAP59, CAP60, and
CAP67; these have yet to be functionally characterized as the mechanisms of capsule synthesis
have proven to be enigmatic [51, 87-90]. Structural studies have shown that the capsule has three
primary constituents: glucuronoxylomannan (GXM, as mentioned above),
glucuronoxylomannogalactan (GXMGal), and mannoproteins (MP), which occupy distinct
spatial environments [91]. MPs appear to be cell-wall associated, along with the closely
associated GXMGal core. The majority of medial and distal capsular elements appear to be
networks of GXM in decreasing densities. The repeating subunits of GXM are predominantly a
motif comprised of mannose trisaccharides, but the branching structures are undefined [92]. This
implied flexibility of synthesis appears to provide a vast potential for structural confirmations.
The biosynthetic reactions required to build capsule monomers and polymers have begun
to be described and investigated by the Doering and Janbon groups (reviewed in [67]). Briefly,
initial capsule monomers are collected in the cytosol by conversion of carbon metabolism
derivatives, an example being the conversion of UDP-glucose to UDP-glucuronic acid via UDPglucose dehydrogenase (Ugd1p) [93]. Through similar enzymatic steps, a pool of capsule
monomers including UDP-glucuronic acid is collected [94]. Uge1p epimerase isomerises UDPgalactose from free UDP-glucose [95]. Uxs1p decarboxylates UDP-glucuronic acid producing
UDP-xylose [96]. The predicted enzymatic steps to synthesize GDP-mannose require a
phosphomannomutase, a GDP-mannose pyrophosphorylase, and a recently identified
phosphomannose isomerase, Man1p [94]. These subunits are then polymerized in an
uncharacterized manner, during which the polysaccharide can be modified via addition of xylose,
mannose and acetate [97-100]). Precursor capsular polymers are then secreted in a manner
requiring, in part, exocytic vesicles termed exosomes which are Sec6p dependent [101]. In
addition, the exocyst complex has been implicated in capsule export by analysis of Sec4p [102],
as well as the Golgi reassembly and stack protein (GRASP), a mutant of which had decreased
capsule size in a knockout study [103].
7

Growth at 37°C
Given that many successful organisms do not invest heavily in temperature homeostasis,
it is unclear why or how endothermic animals are the current dominant form of life. One
hypothesis is that a “thermal exclusionary zone” is generated by regulated body temperature,
which provides resistance to infections [104]. A unique phenomenon exists wherein there
appears to be a paucity of successful fungal mammalian pathogens relative to the large number
of fungal species. Fungi have adapted mechanisms of pathogenesis on plants, insects, reptiles,
and amphibians yet their presence is greatly reduced in mammalian hosts. The thermal
exclusionary zone might constitute the means by which mammals are capable of reducing the
ability of fungal species to survive during infection. A collection of over 4800 unique fungal
species were analyzed for temperature-dependent growth and only approximately 50% were
viable at 37°C [105]. Of these 50%, the most frequently observed species were originally
isolated from endothermic animals, however, many of the fungal groups that could tolerate
growth at 37°C were isolated from plants, environmental sources, and exothermic animals. These
experiments were conducted utilizing the optimal media in vitro to assay for growth, an
environment much different than the hostile conditions of a host. It appears as though
temperature stress represents a significant barrier for fungal growth, and that survival at 37°C is
not a frequently observed trait.
During the initial temperature stress response by C. neoformans a global transcription
change occurs [106], as well as the induction of several protein-mediated temperature stress
responses [60, 107, 108]. After the initial phase of host incubation, many temperature stress
response genes have returned to low levels of expression, with some responses peaking at one
hour and returning to basal levels by three hours [109]. Temperature stress caused cell cycle
arrest of C. neoformans within the range of 35-40 °C, during which cryptococcal cells increased
in diameter and were capable of growing monokaryotic hyphae while fruiting viable haploid
daughter cells [61]. This indicates that thermotolerance is indeed a stressor for C. neoformans,
but is quickly recognized and acclimation occurs through a complex process of transcriptional
regulation, posttranscriptional regulation, chaperone protein function to derepress calcineurin
dependent pathways, and indirect modulation of the cell cycle via cyclins and cyclin dependent
kinases.
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In Candida albicans, Hsp90p, an ATP-dependent molecular chaperone, has been
described as a major regulator of temperature stress response, by repressing filamentation [110],
inhibiting signal transduction[111, 112] and interfering with cell cycle progression [113, 114].
Hsp90p is essential in A. fumigatus where low copy regulated strains have shown defective
filamentation, conidiation, spore viability, virulence in murine inhalation models, increased drug
sensitivity, and cell wall defects [115, 116]. In a murine infection model of C. neoformans the
HSP90 transcript was upregulated 5-fold during initial colonization, 13-fold when incubated in
rabbit cerebrospinal fluid, and 15-fold in a defined low iron medium [106]. Protein interaction
studies of C. albicans Hsp90p have identified calcineurin, a phosphatase which is a global
regulator of cell wall integrity and drug tolerance, as a potential effector of signalling [117, 118].
Likewise, in C. neoformans a physical interaction between calcineurin and Hsp90p was observed
and calcineurin is required for virulence [107, 108]. Disruption of the catalytic subunit causes
dramatic loss of survival within a murine infection model and in host-like in vitro conditions
[108]. Further studies of calcineurin have indicated an association between the Golgi and
endoplasmic reticulum (ER) trafficking proteins Sec28p and Sec13p during 37°C temperature
stress [107]. Unlike C. albicans and C. neoformans, there appears to be no link between Hsp90p
and calcineurin activity in A. fumigatus [119], although temperature stress in this fungus
activates the high-osmolarity glycerol (HOG) mitogen-activated protein kinase (MAPK) [120],
and the unfolded protein response via IREA [121]. Together these studies suggest that the
unfolded protein response and alternate ER stressors are necessary for the thermotolerance
signalling that triggers virulence expression in fungi [122-126], including C. neoformans [60].
Melanization
The ability of C. neoformans to form melanin is not unique among the pathogenic fungi.
In fact melanization has been observed in Aspergillus nidulans, Aspergillus niger, Aspergillus
fumigatus, Alternaria alternata, Cladosporium carrionii, C. gattii, Exophiala (Wangiella)
dermatitidis, Exophiala jeanselmei, Fonsecae compacta, Fonsecae pedrososi, Hendersonulla
toruloidii, Phaeoannellomyces werneckii, Phialophora richardsiae, Phialophora verrucosa,
Xylohypha bantiana and Sporothrix schenckii [127-131]. Many fungal species utilize acetyl
coenzyme A (coA) or malonyl coA as substrates for melanin biosynthesis via a polyketide
synthase followed by a series of reduction and dehydration reactions to create 1,89

dihydroxynapthalene (DHN) [132]. Spontaneously, DHN polymerizes to form eumelanin, a dark
brown to black pigment, composed of carbon, oxygen and hydrogen [133]. An alternate pathway
to polyketide synthesis can produce melanin in a one-step oxidization reaction utilizing
exogenous substrates via the enzyme laccase to yield quinone intermediates which auto-oxidize
to form melanins [131]. Laccase-dependent melanin biosynthesis can include additional atoms
such as nitrogen or sulphur [134]. C. neoformans is able to generate the characteristic black
pigment in the cell wall by a laccase-dependent reaction. Structural characterization of melanins
is quite difficult since the molecule is insoluble in standard solutions used for biochemical
analysis, and because of the spontaneous reactions involved in the polymerization, as well as a
wide variety of viable substrates; a singular organism can generate many distinct melanin
polymers.
C. neoformans melanization requires a functional laccase encoded by LAC1 and LAC2
[135, 136]. Lac1p accounts for the majority of melanization activity observed, but the
transcriptional response and subcellular localization of the two cryptococcal laccases differs. The
substrates L-dopa, D-dopa, methyldopa, epinephrine, norepinepherine, plant-derived flavonoids,
caffeic acid, and bacterially-derived homogentisic acid have been shown to be suitable for
cryptococcal laccases [58, 137-139]. Interestingly, due to the inability to generate precursors for
melanin synthesis, melanin composition and structure produced by C. neoformans laccases can
be quite varied. The melanins produced from the wide variety of substrates have several
differences: colour (reddish-yellow to black), net charge, yield, and thickness of melanised cell
wall components are observed. It is also important to note that C. neoformans laccase requires
the presence of copper as several albino mutants were identified to have mutated copper uptake
systems [140], and copper sulfate supplementation can increase the efficiency of the
cryptococcal melanising laccases [141]. Additionally, treatment of cryptococcal cells with
microplusan, an antimicrobial peptide capable of chelating copper, was fungistatic and cells were
non-melanized and had reduced capsule size [142]. These physical and chemical properties are
of specific implication because melanization of C. neoformans has been strongly linked to
virulence [57].
Cryptococcal melanin deposition occurs on the proximal leaf of the cell wall where it is
covalently cross-linked with mannose containing components of the cell wall [143]. Several
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studies involving LAC1 and LAC2 mutants [135, 136], albino strains [57], melanin inhibiting
therapeutics [144], a direct inhibitor of laccase (glyphosate) [145], and melanin-binding
monoclonal antibodies (Mabs) [146] associate melanization with virulence. Melanization is
critical for avoidance of phagocytosis [55], as well as reducing sensitivity to oxidants [147],
reductive stress [148], and hydrolytic enzymes [149]. In lipopolysaccharide-stimulated
phagocytic cells, chemically synthesized melanin was able to arrest mRNA translation of host
cytokines including tumor necrosis factor (TNF), IL-1β, IL-6, and IL-10 [150]. In a more sinister
role, functional laccase is also a primary constituent of extracellular vesicles and may be present
to generate reactive intermediates with potentially toxic effects in host cells [151, 152]. Melanin
polymers are able to bind the antifungal drugs amphotericin B and caspofungin and may well
contribute to fungal survival during therapeutic treatment [153]. When treated with
trifluparazine, an inhibitor of melanization, the drug resistance of the melanized cryptococcal
cells was lost [154]. Paradoxically, cryptococcal melanin is antigenic and promotes a T-cell
independent alternative complement response, as deposition of C3 fragments can occur on
capsule-free cryptococcal cells [155]. This may represent a conserved evolutionary response
against melanin, as utilization of Mabs capable of recognizing cryptococcal melanins were
utilized to detect unknown melanization states of other fungal pathogens [156, 157].
Additional analyses of cryptococcal melanization depict an amazing array of potential
functions for this enigmatic molecule. Firstly, melanization can be utilized to survive basic
environmental challenges such as ultraviolet (UV) radiation [158], temperature extremes [159],
free radical damage [160], and amoebae killing [161]. Most interestingly, C. neoformans is able
to utilize ionizing radiation to generate metabolic energy via reduction of NADH [162]. In a
controlled experiment, wild type and lac1∆ C. neoformans cells were analyzed for colony
forming unit (CFU) production (30 hr irradiation), C14 labelled acetate assimilation (30 hr
irradiation), and biomass accumulation (20 hr irradiation). In all experiments the melanised
cryptococcal cells exhibited marked enhancement in growth when compared to the albino
mutant. Further experiments utilizing a melanized electrode showed that a detectable electrical
current was generated upon gamma ray bombardment [163]. These experiments indicated that
melanin polymers are able to provide free electrons that may be used in the reduction of NADH.
Additionally, the protective effects of laccase were able to permit survival of C. neoformans
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when challenged with ionizing radiation in a laboratory setting [162]. Another surprising
property of melanin polymers is their ability to bind to a broad range of molecules including
lipids [151], heavy metals [164, 165], and synthetic small molecules [56]. Further materials
research of melanin polymers may yield advancements in radiation therapeutics, energy
transduction, bioremediation, and small molecule development.
Iron Acquisition
In addition to capsule production, proliferation at 37°C, and production of melanina,
nutritional requirements limit the pathogenicity of C. neoformans, in particular, iron availability.
Passive immunity can be generated by maintaining iron in host fluids at extremely low levels
(10−18 M) by the action of the iron-sequestering proteins ferritin, transferrin, lactoferrin, and by
binding in heme molecules [166]. Pathogenic microbes must acquire iron from these sources
because they require 10−6 to 10−7 M iron for growth. Pathogens have developed multiple
strategies for iron uptake such as small molecules with high affinity for iron, called siderophores,
as well as unique pathways to metabolize heme [63, 166]. In C. neoformans iron availability has
been shown to influence capsule size [167], transcription of laccase [168], and to have a crucial
role in the calcineurin-dependent response to temperature stress [59, 108, 169, 170]. In general,
iron sensing has a potent influence on virulence factor regulation in C. neoformans, and many
methods of uptake have been determined (Figure 1).
Intracellular iron concentrations influence a suite of responsive transcription factors
which regulate expression of iron acquisition genes as well as virulence factors. Serial analysis
of gene expression (SAGE) studies originally identified 69 and 212 genes up-regulated in either
iron-limited or in iron-replete conditions, respectively [171]. A major global iron response
regulator, Cir1p, was identified and confirmed to differentially regulate 2311 genes under iron
limitation and 1623 upon iron repletion [63]. In addition to Cir1p, the transcription regulators
Tup1p, Nrg1p, Rim101p, and HapXp regulate iron homeostasis or are downstream regulators of
the response to intracellular iron concentration [172-175].
Iron uptake in C. neoformans has been best characterized with regard to extracellular
ferric iron scavenging. Ferric iron at the plasma membrane is first reduced through interaction
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Figure 1. Iron uptake pathways in C. neoformans. The proposed mechanisms utilize low
affinity uptake, heme acquisition coupled to endocytosis, high affinity uptake, and siderophore
transport.
affinity
uptakepathways
requires reduction
ferric iron to ferrous via the extracellular
FigureLow
1 Iron
uptake
in C.ofneoformans
reductants including 3HAA, melanin (black stars) and Fre2p (yellow and blue cylinder) followed
by uptake by Cft1p (orange and red cylinder cluster) [176, 177]. Heme uptake is hypothesized to
require binding of the extracellular protein Cig1p (green and purple cylinder), subsequent
cellular uptake via the ESCRT pathway (green and purple circles), the prevacuolar complex
(PVC), and metabolism in the vacuole [178, 179]. High affinity uptake of extracellular iron
involves the formation of a hypothesized reduction and transport complex Cfo1p (blue and blue
cylinder) and Cft1p [63, 64, 180]. Siderophore scavenging and transport into the cytosol is
mediated by the Sit1-6p protein family (purple to white cylinders) [181]. Vacuolar trafficking is
hypothesized to be mediated by function of the permease Cft2p (blue and red cylinder cluster)
[64] and Cfo1p (this study). Finally, cytosolic and extracellular iron concentration is responsive
to the regulatory factors Cir1p, Tup1p, Nrg1p, Rim101p, and HapXp [172-175].
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with either 3-hydroxyanthranilic acid (3HAA), melanin, or by cell surface reductases [176, 177].
Ferrous iron is then transported through the plasma membrane via the permease, Cft1p, that is
coupled to a ferroxidase, Cfo1p, for high affinity uptake [63]. Deletion of CFT1 reduced growth
when either ferric chloride or transferrin were used as the sole iron source, and the mutant was
attenuated for virulence in a mouse model of infection [64]. A reduction in the brain fungal
burden of mice infected with the cft1Δ mutant was also observed, thus suggesting a requirement
for reductive iron acquisition during colonization of the central nervous system by C.
neoformans. In this study the low affinity iron permease, Cft2p, played no apparent role in iron
acquisition but did influence virulence.
Further exploration of iron reductases in C. neoformans led to the annotation of eight
genes (FRE1-8) encoding candidate iron reductase proteins as determined by predicted amino
acid similarity [177]. These genes were then mutated by disruption or deletion and the resulting
mutants were assayed for differential growth in response to different iron sources. Interestingly,
only disruption of the gene encoding Fre2p reduces iron acquisition in the presence of
extracellular heme, and this mutation is reduced for virulence in a murine disease model. The
fre2Δ phenotype was exacerbated in a double mutant lacking CFO1 indicating that iron
reduction, oxidation, and uptake may be coupled in high affinity iron uptake. A secondary gene,
FRE4, encoding a putative reductase was required for melanization and had increased sensitivity
to azole drugs. Azole drugs are typically more effective against iron starved cells because they
inhibit an essential iron-dependent cytochrome P450, lanosterol 14 α-demethylase [182]. These
observations prove that iron acquisition is facilitated by proteinaceous iron reductants.
Iron scavenging from host proteins or molecules is utilized by C. neoformans as well. C.
neoformans can take up siderophores in the environment [181], although it is unknown if the
fungus can synthesize or secrete siderophores independently [183]. Endocytosis can be utilized
for uptake of plasma membrane bound moieties, as deletion mutants of the endosomal sorting
complex required for transport (ESCRT) uptake system are required for heme uptake [179]. A
null mutant lacking the ESCRT-1 complex protein Vps23p was hypocapsular, and avirulent in a
murine model of cryptococcosis. Additional mutations in the ESCRT-0, ESCRT-II, and ESCRTIII complexes have heme-related growth phenotypes (G. Hu, unpublished data). The extracellular
mannoprotein, Cig1p, contributes to heme binding and deletion mutants also lacking CFO1 were
attenuated for virulence during a murine infection model [178]. Cig1p has been isolated from
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extracellular vesicles, the plasma membrane, and appears to be distributed in capsule-associated
puncta [178]. Currently, CIG1 is the only described hemophore in C. neoformans. The
pathogenic importance of high affinity iron uptake, the presence of unique iron acquisition
adaptations, like the modified ESCRT function, and novel genes like CIG1, provide a strong
argument to leverage these pathways as potential options for drug development.
The Fungal Vacuole
The fungal vacuole is a dynamic organelle originating from multiple vesicular fusion
events. It lays at the heart of endocytosis as protein degradation occurs within these structures
[184], and it plays a central role in the regulation of autophagy in fungal cells [185]. It is also
utilized as a storage site for many small organic compounds like amino acids and sugars, as well
as inorganic molecules like metals and polyphosphates [184]. Thus, the fungal vacuole is also
responsible for maintaining cellular homeostasis through regulating cytosolic pH, ion
concentrations, osmotic pressure, and turgor pressure of the cell. The vacuole is a site of
tremendous activity receiving cargo originating from the cytosol directly, from the plasma
membrane via the ESCRT pathway, from post-Golgi targeting, and via fusion with autophagic
membranes [186]. Not only is the vacuole a terminal hub of intracellular trafficking, many of the
membrane proteins required for vacuolar targeting are recycled and are returned to their resident
compartments. Upon vacuolar localization, resident proteins can undergo functional activation
by resident protease activity, post-translational modifications, or auto-activation induced by
specific vacuolar conditions [187]. A suite of chemicals have been utilized to visualize fungal
vacuoles under the microscope, such as the lipophillic dye FM4-64 that is internalized through
endocytosis, or weak bases that can easily penetrate membranes and fluoresce in acidic
environments where they accumulate. The best described model for vacuolar trafficking and
function is the budding yeast Saccharomyces cerevisiae, although much progress has also been
made studying the fission yeast Schizosaccharomyces pombe [186, 188, 189].
Vacuolar Mutants in Saccharomyces cerevisiae
Vacuole trafficking was originally described by analyzing the transport of one gene
product in S. cerevisiae, carboxypeptidase y (Cpy1p). Groups of mutants were demarcated into
three classes (A-C) [190]. Class A mutants retain wild-type-like vacuolar structure while still
mislocalizing Cpy1p. Class B contained numerous small vacuolar-like structures, and
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mislocalized Cpy1p. Finally, class C had an abolished vacuole and mislocalized Cpy1p.
Introduction of more sophisticated microscopy techniques and subcellular localization studies of
vacuolar proteins allowed broader classification of the original groupings into classes A-F.
Microscopic analysis allowed accurate tracking of segregation and inheritance of vacuolar
compartments during budding in the mutant libraries. Greater understanding of protein
trafficking pathways was developed by monitoring the maturation and compartmentalization of
two vacuolar resident proteins, alkaline phosphatase (Pho8p) and Vma2p [191]. Pho8p is an
integral membrane protein that localizes to the inner vacuolar membrane layer in wild-type
vacuoles [192]. Vma2p is 60 kDa subunit of the multimeric membrane protein complex known
as the vacuolar H+-ATPase (V-ATPase) which is required for vacuolar acidification[193].
Specifically, this subunit is a peripheral membrane protein that localizes to the cytosolic face of
the vacuolar membrane. These studies found that these two proteins arrive at the vacuole
independently of each other and thus provided a broader profile of vacuolar protein sorting
classes than solely analyzing Cpy1p trafficking. Thus the current definitions of vacuolar protein
sorting mutants are based on the following properties: Cpy1p localization and maturation,
vacuolar morphology, vacuolar segregation structures, vacuolar inheritance, Pho8p localization,
and V-ATPase localization.
The original classes A-C remain unchanged in their definitions but have been expanded
to include additional criteria [190, 191]. Thus, class A describes mutants that are lacking in any
detectable measure of vacuolar deficiency other than Cpy1p secretion. Class B mutants have a
large number of segmented vacuole-like structures that have positive Pho8p localization,
vacuolar acidification, and properly segment and inherit vacuoles into developing buds. Class C
mutants lack all apparent vacuole-like structures, have diffuse fluorescent staining of V-ATPase,
and punctuate Pho8p labelling with no plasma membrane association of either marker. Class D
mutants retain a large morphologically distinct vacuole, and secrete abundant amounts of newly
synthesized Cpy1p. They are, however, unable to generate a vacuolar pH gradient, and lack
vacuolar localization of the V-ATPase. Additionally, these mutants have vacuole inheritance
defects- they do not form segregation structures during budding, and the vacuoles of mother cells
seem to spontaneously generate de novo from precursors. Of particular note, the gene VPS45
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encodes a protein which is a member of this class and null mutants are typified by
mislocalization of the 60 kDa subunit of the V-ATPase.
Class E mutants were observed to have a novel organelle, originally referred to as the
class E compartment, and later described as the multi-vesicular body. Many of these class E
mutants have been further described as components of the highly studied ESCRT pathway, at all
stages from ESCRT-0 to ESCRT-III [194]. Finally, the class F mutants retain a hybrid phenotype
somewhere between class A and class B. This group of mutants has a large central vacuole that is
surrounded by smaller vacuole-like structures that both test positive for Pho8p and V-ATPase
localization, and retain proper vacuolar acidification [191]. Study of the prevacuolar
compartment (PVC) morphology in known vacuolar protein sorting (VPS) mutants has shown
alignment with protein-interaction data and this has been suggested as a new level of
classification [195].
Vacuolar Functions in Fungal Pathogens
Many fungal species have adapted the vacuole to enable a wide array of functions [196].
Due to the nutrient limitations encountered during host invasion, it is no surprise that
modifications to the vacuole structure, function, and content are required for successful
colonization. Not only does the vacuole serve as a reservoir of nutrients, but vacuolar segregation
is requisite for hyphal growth in some filamentous fungi [197]. Herein the current
understandings of vacuolar import in host invasion, adaptation, and pathogenesis for C. albicans,
Aspergillus spp., and C. neoformans will be synthesized to provide a broader view of vacuolar
contributions.
As previously mentioned, hyphal and pseudohyphal growth is mandatory for C. albicans
invasion. These morphological switches are tightly regulated by signalling cascades that alter
gene expression and cell cycle progression. The vacuole is involved in adaptation to host stress
conditions and hyphal growth [198]. Mechanistic studies have shown that vacuolar acidification
via Vph1p, a subunit of the V-ATPase, is required for resistance to metal toxicity, hyphal growth
and virulence in a murine model [199]. Suppression of the gene encoding Vma3p, another
subunit of the V-ATPase, yields decreased vacuolar acidification, aberrant vacuole morphology,
impaired secretion of protease and lipases, and loss of hyphal growth [200]. Acidification is
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requisite because many of the transport channels from the cytosol to the vacuole require proton
antiport [196]. Without these transporters, vacuolar storage and detoxification is severely
inhibited, allowing toxic materials to accumulate in the cytosol. Morphogenesis of hyphae
requires vacuolar recruitment to sub-apical compartments, allowing the apical compartment to be
predominantly occupied by cytosol [198]. If vacuolar acidification is inhibited, recruitment of
vacuoles to the sub-apical compartments is impeded and hyphae cannot develop. Mutation of
predicted C. albicans Rab GTPases that are believed to co-ordinate vacuolar morphogenesis via
vesicular fusion events at the PVC caused reduced hyphal growth [201]. Specifically, in
synthetic null mutants of VPS21 and YPT52 there were misshapen and fragmented vacuoles.
Furthermore, these mutants had reduced ability to accumulate vacuolar FM4-64, indicating nonfunctional endocytosis and abrogated vacuolar localization of the virulence associated protein
Mlt1p. These findings indicate that vacuolar-dependent processes can impact the emergent
virulence of C. albicans.
Aspergillus spp. are ubiquitous environmental filamentous ascomycetous fungi that have
a broad host range; several species are highly capable plant pathogens, while some colonize
mammalian hosts, and still others are non-pathogenic. A. nidulans was the first filamentous
fungal species to have a fully sequenced genome by 2003, and has been widely used as a genetic
model in eukaryotic organisms. In general the study of A. nidulans has illuminated much of our
understanding of the physiology of these pathogens. Of specific importance are two common
human pathogens, A. fumigatus, and A. clavatus. Cellular morphogenesis from conidia to hyphal
growth is required by A. fumigatus to evade innate immunity and to penetrate host lung tissues.
Observations in A. nidulans have indicated that endosome recycling at the hyphal tip is strongly
correlated with hyphal growth rates; these endosomes traverse the cell on microtubules in a
dynein and kinesin-dependent manner [202]. These internalized endosomes recruit Rab5p, a rab
GTPase, that in turn recruits Vps45p, a modulator of PVC targeting [203]. Vacuolar size was
reduced in a rabBΔ mutant that lacks a subunit of Rab5p, indicating that these proteins target
bound endosomes for vacuolar degradation. Endosomes have also been implicated in the pH
stress response by manipulating components of the ESCRT 0-III complexes [204]. Thus, not
only are endosomes responsible for returning protein from the hyphal tip for degradation, but
they may also be a uniquely adapted environmental sensor for pH [204].
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In the pathogen A. fumigatus, vacuolar perturbation affects morphology, hyphal growth,
and nutrient acquisition. The major phosphate sensitive transcription factor in A. fumigatus,
PhoBp, (which is homologous to Pho80p in S. cerevisiae) was determined to be an upstream
regulator of 1422 genes. Cells lacking PhoBp exhibited decreased hyphal emergence,
constitutive uptake of phosphate to the vacuole, increased sensitivity to cyclosporine A and
calcium, and a general inability to appropriately respond to cellular phosphate signalling [205].
The vacuolar iron transporter CccAp is required for uptake of cytosolic iron from ferricrocin, an
intercellular siderophore, internalized extracellular siderophores, and soluble iron [206]. When
CCCA is deleted, toxic accumulation of iron occurs regardless of ferricrocin abundance or the
presence of siderophore degradation products which functionally chelate cytoplasmic iron and
accumulate in the cytosol of cccaΔ mutants [206]. Thus, the flow of cytosolic iron and phosphate
into the vacuole can have a dramatic effect on hyphal growth which is indirectly related to
pathogenicity.
Vacuolar Functions in Cryptococcus spp.
Vacuolar function is of great significance during the adaptation to the host environment.
In C. albicans, exploration of the linkage between vacuolar pH and pathogenesis was first
characterized by gene deletion strains of the cryptococcal V-ATPase gene, VPH1. Deletion
strains exhibit avirulence in murine infection models, decreased intracellular survival in
macrophage interaction assays, decreased melanization, reduced viability upon growth at 37°C,
and reduced capsule size [207]. Mutations in the vacuolar homotypic fusion gene VPS41 resulted
in avirulence in mice and inability to survive in macrophages which has been linked to exit from
the G2 phase during the starvation response [208]. In C. gattii, vacuolar superoxide dismutase,
SOD1, is necessary for survival when challenged by oxidative stress in a neutrophil cell line
[209]. Deletion mutants were attenuated for virulence in a murine model, and also had severe
vacuolar fragmentation. Like in A. fumigatus, disruption of the ion transport process into the
vacuole of C. neoformans has also been associated with defects in virulence factor elaboration
and pathogenesis. Two vacuolar calcium ion transporters Vcx1p and Pmc1p, are responsible for
maintaining cytosolic calcium homeostasis and subsequently have deleterious effects on
calcineurin-dependent signalling [210, 211]. VCX1 deletion mutants are inefficiently
phagocytosed by macrophages, have increased susceptibility to cyclosporine A, have a decreased
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abundance of extracellular free GXM, and were hypovirulent in a murine infection model [210].
PMC1 when deleted in the background of a vcx1Δ mutant causes increased levels of cytosolic
calcium, and hypovirulence in a murine model with a decrease in pulmonary and brain
colonization[211]. These trends do seem to implicate the importance of the vacuole as a
bifurcated reservoir, primarily as storage, but also in the recruitment of cytosolic ions that can
block extracellular signalling cues.
Vacuolar morphology is influenced by signalling functions including protein kinase A
(Pka1), a major regulator of virulence [212]. In a constitutively active Pka1p mutant of C.
neoformans, vacuole diameter is six-fold greater than wild-type cells [213]. Induction of
melanization, capsule, and hypervirulence are also associated with this mutation. In S. cerevisiae,
vacuolar morphology changes have been associated with an accumulation of discrete inositol
phosphates. These signalling molecules impact a variety of cellular processes including
apoptosis, autophagy, cell motility, endocytosis, differentiation, and growth [214]. Mutational
analysis of this signalling pathway in C. neoformans identified a link between Pka1p and
virulence [215]. Inositol signalling requires the polyphosphorylation of a phosphatidylinositol
and the cleavage of this moiety to release a free inositol triphosphate. The enzymes responsible
for these steps have been determined in C. neoformans: Arg1p is the primary inositol
polyphosphate kinase and Plc1p is the primary phospholipase [216]. ARG1 deletion mutants
have a single large vacuole, are hypovirulent in a murine model, and have decreased cell wall
integrity when exposed to Congo red stress. PLC1 deletion mutants also accumulate a single
large vacuole, exhibit defective endocytosis, and are similarly hypovirulent in a murine model.
Treatment of C. neoformans with the anti-malarial drugs, quinacrine and chloroquine, results in
high titre vacuolar accumulation of the drug that correlates with decreased thermotolerance,
capsule elaboration, and melanization [217]. Additionally, these drugs increase macrophage
killing of C. neoformans, and are protective against fungal infection in murine models of
cryptococcosis [217, 218]. When taken together, a strong correlation which integrates multiple
signalling pathways between vacuolar function and virulence can be observed in C. neoformans.
Vacuolar Trafficking in Saccharomyces cerevisiae
Eukaryotic trafficking involves the movement of cargo, which can be composed of
proteins, lipids, sterols, sugars or waste products, between compartments in the cell that are
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separated from the cytosol by lipid membranes. To facilitate this process, eukaryotes utilize
small membrane structures called vesicles. To generate these vesicles large protein scaffolds
bind to existing membranes, cause deformation, lipid extrusion, and eventually encapsulation
resulting in a final separation from the mother membrane. There are three well-described
mechanisms for generating these vesicles and they are defined by the coat protein from which
the vesicle is derived. Clathrin-coated vesicles function to facilitate vesicle budding between the
trans-Golgi network and the plasma membrane, the trans-Golgi network and endosomes, and the
plasma membrane and endosomes [219]. COPII-coated vesicles originate at the endoplasmic
reticulum and traffic proteins towards the cis-Golgi network through to the trans-Golgi network
[220]. COPI vesicles function in retrograde transport from the trans-Golgi network to the
endoplasmic reticulum [221]. Once these vesicles are generated, a complex process that manages
the transport, targeting, and fusion begins.
Vesicular fusion with the intended membrane is generated via a complex system of
cytosolic proteins (soluble N-ethylmaleimide-sensitive factor attachment proteins (SNAP’s)),
integral membrane proteins (SNAP receptors (SNARE’s)), chaperone-like proteins
(Sec1/Munc18 family proteins (SM proteins)), and Rab GTPases which catalyze the fusion
events [222]. The unique interactions between the SNARE proteins found on vesicles (vSNARE) and the SNARE proteins which they tether in target membranes (t-SNARE) define the
specificity of the vesicle. Recently, this nomenclature has changed in favour of defining the
SNARE by presence of a glutamine (q-SNARE) or an arginine (r-SNARE) within the
hydrophobic pocket of the fully associated SNARE and SNAP complex prior to fusion. This
region of co-ordinated hydrophilic bases within the hydrophobic pocket has been defined as the
“zero ionic layer” and in mutational studies is required for proper dissociation of the fusion
complex [223]. Many toxins have been discovered which inhibit a wide variety of these protein
interactions; an example being Botulinum toxin which is able to cleave cytosolic SNAP 25 and
inhibit acetylcholine release at the neuromuscular junction by abolishing proper SNARE
complex assembly [224].
The SM group of proteins are essential for SNARE-mediated trafficking. As defined by
studies of Munc18, this group of proteins recognizes a conserved N-terminal three helical
domain responsible for proper localization (Habc) present in syntaxin-like SNAREs. Munc18
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binding of the Habc domain results in a conformational stabilization, effectively extending the
cellular half-lives of bound SNAREs [225]. Upon proper priming during membrane fusion, the
SM protein is able to induce a conformational change in the Habc domain allowing it to either
co-ordinate the fusion events in SNARE associated membrane docking, or actively participate in
the process [226]. SM proteins are attractive candidates which when mutated or deleted result in
a lowered abundance of the cognate SNARE proteins which they are able to bind. This is a
useful strategy because many SNARE proteins serve essential functions. Thus, the analysis of
null SM protein mutants can allow the investigation of the function of the interacting SNARE
proteins.
Vps45p Function in Saccharomyces cerevisiae
Of particular interest is the trafficking of components to the vacuole, as studied in the
model yeast S. cerevisiae. The vacuolar protein sorting class D gene VPS45 encodes an SM
family protein that encodes a product that participates in vacuolar protein sorting, by interacting
with endosomal and Golgi apparatus derived vesicles via the SNARE protein assemblages at the
PVC, and late Golgi network [227-229]. The effects on the cell are largely due to the breakdown
of cellular trafficking and include class D like vacuolar phenotypes, temperature sensitivity,
osmotic pressure sensitivity, cell wall stress sensitivity, and a variety of increased drug
susceptibilities. Vps45p is atypical relative to other members of the SM family because it has
two SNARE binding partners Tlg2p [227] and Pep12p [230]. Vps45p dependent functions are
briefly summarized herein (Figure 2).
Tlg2p is a t-SNARE with high similarity to mammalian syntaxin 1 that is involved in late
Golgi network trafficking in S. cerevisiae. Molecular characterization has shown that it interacts
with the v-SNARE Vti1p and the SM protein Vps45p [227, 231]. Vps45p, Tlg2p and Vti1p
participate in the fusion of endosome and PVC-derived vesicles at the late Golgi network [231].
Tlg2p shares amino acid sequence similarity to Tlg1p, a t-SNARE which interacts with Vti1p to
fuse late Golgi network derived vesicles with the endosome, also known as anterograde
transport. Intra-Golgi apparatus trafficking is managed by the t-SNARE protein Sed5p [232234]. Membrane trafficking events require a proper balance of anterograde and retrograde traffic
to maintain Golgi apparatus morphology, to return cargo proteins, and to maintain lipid
composition of the network. These recycling steps are critical because if one direction of the
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pathway is inhibited or lagging, the other can lag as a result. Vps45p maintains the stability of
Tlg2p which decreases Tlg2p degradation, and primes membrane fusion events at the PVC [227,
228, 235]. It is through these actions that Vps45p appears to maintain the balance of trafficking
events between the endosome and late Golgi network.

Figure 2. Vps45p dependent trafficking events in Saccharomyces cerevisiae. The t-SNARE’s
Tlg2p
and Pep12p
physically
interact with
Vps45p [227-229].
interaction extends the halfFigure
2 Vps45p
dependent
trafficking
eventsThis
in Saccharomyces

cerevisiae
lives
of the t-SNARE’s.Vps45p also facilitates fusion reactions with Tlg2p, and Pep12p
assembled SNARE complexes [235]. Loss-of-function mutations in VPS45 have shown that
these mutants have class D-like vacuolar morphology. Tlg2p is a resident t-SNARE of the late
Golgi network responsible for fusion of recycled cargo from the PVC and plasma membrane
[231]. Tlg1p is a v-SNARE responsible for anterograde protein sorting from the late Golgi
network to the developing endosome. In tlg2Δ mutants similar defects to tlg1Δ are observed
indicating that these processes are linked [231]. Pep12p is a resident PVC t-SNARE that
interacts with a wide array of endosomal and Golgi apparatus-related trafficking proteins and is
responsible for fusion events with endosomal, Golgi apparatus, and vacuolar-derived vesicles
[230, 236-238].
Pep12p is a t-SNARE with high similarity to mammalian syntaxin 1, and was first
identified in a mutational screen for defective vacuolar transport of Cpy1p (the pep designation
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originates from carboxypeptidase Y). Pep12p is the resident t-SNARE of the PVC, and is
required for tethering and fusion of vesicles derived from the Golgi apparatus, endosomes, and
the vacuole [228]. PEP12 mutants have a class D vacuole morphology, and closely phenocopy
vps45Δ strains. Pep12p interacts with Vps45p, Sec18p, and Pep7p in vitro [230]. Sec18p is an
NSF-like protein that is required for SNARE fusion complex priming and disassociation at the
vacuolar face and for homotypic vacuolar fusion [236]. Pep7p is an adaptor protein capable of
binding both phosphatidylinositol 3-phosphate, an important surface marker of the endosome and
vacuolar compartment during logarithmic growth [237], and protein components of the PVC
SNARE fusion complex [235]. Pep12p also physically interacts with Vps21p, a Rab GTPase
required for Golgi-PVC transport [238]. In a vps45∆ pep12 temperature-sensitive mutant the
vacuolar sorting defects are greatly intensified: 100% of Cpy1p is secreted and vacuolar
targeting of Vph1p is abolished, however, Pho8p was unaffected and able to localize to the
vacuole [230]. Further characterization of Pep12p has shown physical interactions with Vti1p,
integrating the function of Pep12p PVC fusion of Golgi-derived vesicles [228]. Pep12p is
positioned at the entrance point into the vacuole from both endocytotic movement and Golgiderived vesicles.
Vps45p Function in Homo sapiens
Congenital neutropenias are genetic disorders wherein the circulating neutrophil count is
substantially lower than in a healthy individual [239]. Neutrophils are a constituent of innate
immunity, and are the primary circulating monocytes responsible for the phagocytosis of
invading pathogens. The significance of neutropenia is a marked decrease in innate immunity,
thus presentation of severe acute infections by bacteria and fungi are common. Patients are also
at risk of developing myelodysplastic syndrome and acute myeloblastic leukemia [239]. There
are a broad range of genetic factors which can result in neutropenia presentation, and as such the
risk factors of acute infection or long-term disease state progression are variable. Recently,
several unique point mutations in the human gene encoding Vps45p have been correlated with
severe congenital neutropenia type 5 [240, 241]. Initial analysis of the H. sapiens VPS45 gene
locus was done by complementation experiments in S. cerevisiae. Complementation of vps45Δ S.
cerevisiae with H. sapiens VPS45 cDNA taken from a disease carrier and a healthy control
implicate that Vps45p is non-functional in the disease condition [240]. Phenotypically, yeast
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cells appear to have disrupted vacuolar transport consistent with the background S. cerevisiae
vps45Δ mutant. These experiments were repeated in a Zebra fish model of VPS45 and were
congruent [241]. Mechanistically, the evidence suggests that defective endosomal membrane
trafficking results in impaired cell line development, impaired cell type mobility, and increased
apoptosis of neutrophils, fibroblasts, and bone marrow [240, 241]. Specifically, β1-integrin cell
surface display is decreased in mutant fibroblast and neutrophil cell lines, which may explain
defective signalling, and motility [241]. Therefore, direct treatment of cryptococcosis with a
Vps45p specific drug would be deleterious to the patient, and may cause immunosuppression.
However, the conservation of the important role of Vps45p in humans does illuminate the
physiological importance of protein trafficking within the endosome membrane system, and
potential for new drug development exists if a unique fungal process is discovered.
Thesis Objective
In C. neoformans, global regulators of gene expression have been extensively examined
because they can be quickly identified by protein identity and can prove highly informative when
describing adaptive responses. HapXp has been shown to be an up-stream regulator of the
transcriptional response to extracellular iron composition [242]. Within the regulatory network of
HapXp is a gene with high similarity to S. cerevisiae VPS45. Specifically, the transcript levels of
this open reading frame, CNAG_03628.2, were reduced in a hapxΔ mutant with respect to wildtype transcription in low iron (~3-fold) and high iron (~5-fold) conditions. Interestingly, the
mutant hapxΔ strain was hypovirulent in a murine model and was unable to utilize heme when
supplemented. We aim to investigate the role of vacuolar protein trafficking on the uptake of
iron, the expression of virulence factors, and the pathogenic growth of C. neoformans. This will
be done by analyzing a deletion mutant of the predicted C. neoformans ortholog of Vps45p. If
the gene product is functionally conserved deletion of the chromosomal locus will yield class Dlike vacuolar morphology by breakdown of transit through the PVC. There is strong evidence to
suggest that iron acquisition will be affected, as implicated by HapXp regulation [242] and in the
ESCRT-I vps23Δ mutant [179]. Furthermore, this mutation may affect virulence factor
elaboration, as seen in V-ATPase studies [207, 243]. Therefore, our primary goal is to explore
the possibility that vacuolar trafficking plays a necessary role in the establishment of virulence in
the human fungal pathogen C. neoformans.
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Brief Summary
A chromosomal deletion of the VPS45 locus was successfully performed in strain H99 of
the C. neoformans var. grubii (serotype A) background. Phenotypic analysis showed that
mutants were unable to grow robustly in minimal media supplemented with heme as a sole iron
source, and utilization of FeCl3 was also reduced. These mutants also had aberrant vacuolar
morphology, and mislocalized a vacuolar green fluorescent protein. Sensitivity to cell wall
integrity agonists was increased, as was osmotic stress, and mutants had an increased
susceptibility to chloroquine and quinacrine. No distinguishable virulence factor defect was
observed because mutants were melanized at near wild-type levels, growth at 37°C was not
reduced, and mutant cells produced a polysaccharide capsule. Finally, macrophage survival after
24 hours was significantly decreased in both human and mouse macrophage cell lines. These
results indicate that vacuolar trafficking is required for appropriate utilization of extracellular
iron, tolerance to cell wall stressors, and for intracellular growth.
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Materials and Methods
Growth Media
Fungal growth is performed predominantly in YPD rich media [1.0 % yeast extract (w/v),
2 % peptone (w/v), and 2.0 % dextrose (w/v), pH 7.4 (BD 242810), in ddH2O. If solid media is
needed, 2 % agar (Sigma A1296) is added before sterilization by autoclaving, and Petri dish
plates are filled with 25 mL agar. For selection of mutants resistant to the antifungal drugs
nourseothricin[NAT (GoldBiotech N500-5)] or geneticin [Neo (Sigma A1720-1G) after biolistic
transformation, selective solid media are produced by mixing 50°C YPD agar with drug to yield
a final concentration of 100 μg/mL and 2 μg/mL, respectively. Recovery media is supplemented
with 1M D-sorbitol (Fischer Scientific 10293805). YPD agar base is used to generate a series of
plates containing chemicals to generate cell wall and other stresses: sodium dodecyl sulphate
[SDS (Sigma L3771)] at concentrations of 0.01 %, 0.02 %, 0.03 %, 0.04 %, and 0.05 % (w/v),
NaCl (Fisher Scientific S271-10) at concentrations of 0.5 M, 1.0 M, 1.5 M, and 2.0 M, 0.5
mg/mL Congo red (Sigma C6767-25G), and 0.5 mg/mL caffeine (Sigma C0750). The synthetic
minimal media yeast nitrogen base [YNB (BD 239210)] is prepared according to manufacturer’s
instructions; D-glucose (Sigma G8270-10KG) is used as a carbon source (0.5 % w/v), adjusted to
pH 7.4, and 2% w/v agar is added if desired. Amino acid depleted YNB is prepared by mixing
YNB minus amino acid base mix (BD 291940) with added carbon source, and the pH of the
medium is adjusted as described above. Low iron YNB is prepared as above except that ironchelated ddH2O is used. Iron-chelated ddH2O is produced by flowing ddH2O through a Chelex
(Bio-Rad 142-2832) matrix on a gravity column, at a ratio of 5 g Chelex for 3 L of ddH2O. The
drugs chloroquine and quinacrine are used to supplement solid and liquid culture media.
Chloroquine and quinacrine stock solutions are generated by solvation in ddH2O, YNB or YPD
to a final concentration of 20mg/mL or 40mg/mL, respectively, and filter sterilized using 0.40
μm Luer lock syringe filters (Sarstedt 83.1826). These stock solutions are then used to
supplement prepared media. Chloroquine (Sigma C6628-25G) concentrations in YNB and YPD
agar media are 2.0 mM, 3.0 mM, 4.0 mM, 5.0 mM, 6.0 mM, and 7.0 mM; liquid YNB cultures
are set at 0.50 mM, 0.75 mM, 1.0 mM, 1.5 mM, 2.0 mM, 2.5 mM, 3.0 mM, 3.5 mM, and 4.0
mM. Quinacrine (Sigma Q3251-25G) concentrations utilized on YNB and YPD plates are
0.4mM, 0.5 mM, 0.6 mM, 0.7 mM, 0.8mM, and 0.9mM; liquid YNB cultures are set at 500 μM
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and 1 mM. Fluorescent brightener 28, or calcofluor white [CFW (Sigma F3543-5G)] is added to
YNB media before autoclaving at final concentrations of 0.5 mg/mL or 1.0 mg/mL.
Iron-dependent growth is assayed on both defined low iron media (LIM) and YNB
prepared with chelated ddH2O, with the additional iron chelating agent bathophenanthroline
disulfonate [BPS (Sigma B1375-5G)]. LIM is prepared according to a standard protocol and
contains sterile chelated ddH2O, 0.5% w/v glucose, 0.5 % w/v L-asparagine (Sigma A8381), 2.3
mM K2HPO4 (Sigma P3786-500G), 1.7 mM CaCl2-2H2O (Sigma 22,350-6), 189 μM MgSO47H2O (Mallinckrodt AR 6066), 20 mM HEPES (Fisher Scientific BP310-500), 21 mM NaHCO3
(Fisher Scientific S271-10), and with pH adjustment to 7.4 with low iron KOH (Sigma D1767).
BPS is first suspended in chelated ddH2O to a working concentration of 150 mM, filter sterilized
and stored at 4°C in the absence of light. Hemin (Sigma 51280-5G) is dissolved in 0.2 M NaOH
(Fisher Scientific 5318-1) to a final stock concentration of 50mM and stored at 4°C in the
absence of light. FeCl3 (Acros Organics 169430010) is dissolved in 0.1 M HCl (Fisher Scientific
381285-212) to a final stock concentration of 100 mM, syringe tip filter sterilized, and stored at
4°C in the absence of light. These chemicals are then added to low iron YNB or LIM (with
additional 2 % agarose w/v). The final working concentration of BPS is 150 μM in the low iron
YNB plates only, hemin and FeCl3 are used at 10 μM and 100 μM in both YNB + 150 μM BPS
and LIM agar media.
Melanization is observed by growth on agar plates containing L-dopa. This medium is
prepared with a 10X nutrient broth consisting of 1.0 % w/v glucose, 1 % w/v L-asparagine, 3.0
% w/v KH2PO4, 0.25% w/v MgSO4, and 0.2% w/v L-dopa [3,4-dihydroxyphenylalanine (Sigma
D9628-25G)] in ddH2O at a pH of 5.6. 1.0 mg of thiamine HCl (Sigma T4625) and 5.0 μg of
biotin (Sigma B4501) are then added and the broth is vacuum filter sterilized (Sarstedt 83.1823).
This solution is then mixed with 900 mL ddH2O containing 20 g of melted agar at pH 5.6, and
25 mL plates are prepared from this mixture.
DNA Isolation
DNA isolation from C. neoformans is performed utilizing two strategies, a “smash and
grab” protocol which yields a high quantity of sheared DNA, and a “gentle extraction”
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cetrimonium bromide (CTAB)-mediated cell lysis which yields a low quantity of high quality
DNA.
“Smash and grab” lysis is performed by collecting cells from 2 mL of YPD medium
overnight growth at 30°C with shaking. Cells are washed once in sterile ddH2O water and then
the pellet is suspended in 400 μL of ten minute buffer [2% Triton X 100 v/v (Sigma T8787100mL), 1% SDS, 100 mM NaCl, 100 mM Tris-HCl pH 8.0 (Fisher Scientific BP152-10), 1 mM
EDTA (Sigma ED255)]. Once resuspended, the mixture is transferred to a conical 2 mL screw
cap O-ring microcentrifuge tube (Sarstedt 72.693.005). Mechanical digestion of cells for DNA
isolation is performed by adding 600μL of 425-600 μm glass beads (Sigma G8772-1KG) with
400 μL of phenol:chloroform:isoamyl alcohol [25:24:1 (Sigma P3803-400mL)]. The suspension
is mixed briefly by vortexing and followed by bead beating for three minutes. Immediately
following the bead beating lysis, the mixture is cooled by transferring the tube to an ice bath for
five minutes. The DNA-containing aqueous phase is separated by transferring the cooled tubes to
a microcentrifuge (Eppendorf 5424) and applying maximum speed (15,000 rpm) for 10 minutes.
The upper aqueous phase is transferred to a clean 2 mL microcentrifuge tube (Sarstedt
72.695.500) with 1 mL of ice cold 100% ethanol, mixed by inversion, and incubated at -20°C for
20 minutes. The precipitated DNA is collected in a pellet by maximum speed centrifugation for
five minutes and then the supernatant is removed. Contaminating salts are removed from the
pellet by washing the DNA in 1mL of 70% ethanol.The DNA pellets are incubated at 37°C for
15 min to evaporate the remaining ethanol and then are resuspended in 50 μL of sterile ddH2O.
RNase (Qiagen 19101) is added to a final concentration of 20 μg/mL and incubated for 30
minutes at 37°C to digest contaminating RNA. The DNA concentration is determined by the
absorbance of samples at 280 nm and 260 nm by using the NanoDrop (NanoDrop ND1000
spectrophotometer). .
“Gentle extraction” requires a greater initial cell volume so starter cultures of 5 mL YPD
are inoculated and grown overnight at 30°C with shaking [244]. The next day the cell cultures
are transferred into a 250 mL Erlenmeyer flask containing 100 mL of sterile YPD. On the third
day, 50 mL of cells are collected by centrifugation in 50mL falcon tubes (Corning 0553855) at
4000 x g for 15 min at 4°C in a high-speed centrifuge (Beckman-Coulter Avanti J-E) capable of
housing a JS 5.3 rotor (Beckman-Coulter). Cells are washed twice with sterile ddH2O collected
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at 4000 x g for 10 min at 4°C, and then incubated at -80°C for at least 2 hours. Cells are then
lyophilized overnight until dry. The dried pellet is ground into a fine powder by vigorous
vortexing with 5 mL of 4 mm glass beads (Sigma Z143936). The cell powder is gently mixed
with 10 mL of extraction buffer [100mM Tris-HCl pH 7.5, 1% w/v CTAB (Sigma H9151) , 1%
2-mercaptoethanol v/v (Sigma M6250), 0.7M NaCl, and 10mM EDTA] until a homogenous
mixture is obtained. The mixture is then transferred to a fresh 50 mL falcon tube to remove the 4
mm glass beads. Cell lysis is performed by incubation at 65°C for 30 minutes. After the
incubation period, the sample is cooled by immersion in tepid tap water for 20 minutes. Equal
volumes of phenol:chloroform:isoamyl alcohol (25:24:1) are added to the cell lysate suspension,
mixed by inversion, and separated by centrifugation at 4000 x g for 10 min at 4°C as described
above. The aqueous phase is transferred to a fresh 50mL conical tube where an equal volume of
pure chloroform (Fisher Scientific C298-4) is added. The tubes are then inverted and separated
by centrifugation as described above. The aqueous phase is collected again, transferred into a
new 50 mL conical tube, an equal volume of isopropanol (A416-P4) is added, and mixed by
inversion. The precipitated DNA is separated by centrifugation at 4000 x g for 10 min at 4°C as
described above. The supernatant is decanted and the DNA pellet is washed with 5 mL of icecold 70% ethanol. The supernatant is discarded and the DNA pellet is suspended in 1 mL of
ddH2O. The solution is then transferred to a clean 2 mL microcentrifuge tube, RNase is added to
a final concentration of 20 μg/mL, and the solution is incubated at 37°C for 30 minutes. DNA
concentration is determined by NanoDrop spectrophotometer and quality is assessed by gel
electrophoresis on a 0.5% agarose (Invitrogen 1551027)/1X TAE [pH 8.0, 40mM Tris, 20mM
acetic acid (Fisher Scientific 351271-212), and 1mM EDTA] gel to visualize DNA size.
Gene Identification and Phylogeny Analysis
Identification of the VPS45 locus in C. neoformans is performed using a BLASTp search
of the C. neoformans var. grubii H99 genome sequence (http://www.broadinstitute.org/) with the
amino acid sequence of YGL095C, encoding Vps45p, from S. cerevisiae
(http://www.yeastgenome.org/) [245]. This sequence is then used as a query in a BLASTp search
of the S. cerevisiae protein sequence. The query is then extended against all fungal databases in a
WuBLAST2p protein search, and a representative sample of highly similar proteins sequence is
obtained, including the proteins from A. fumigatus and Ustilago maydis. Finally, the Shigella
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flexneri VpsBp amino acid sequence is obtained from the NCBI gene database, and used as a
query against known bacterial genes. The most similar protein sequence is identified in
Escherichia coli corresponding to the protein coding sequence of the MIAE gene, corresponding
to locus tag B3194.
Phylogenetic analysis is performed utilizing the MEGA6 software platform. Initial
protein sequences of C. neoformans VpsBp (CNAG_03628.2**), S. cerevisiae Vps45p
(YGL095C***), U. maydis UM02249 (*), A. fumigatus VpsBp (AFUA_6G04870*), Homo
sapiens Vps45p isoforms 1-4 (NP_009190.2*, NP_001266282.1*, NP_001266283.1*, and
NP_001266284.1*), E. coli MiaEp (B3194*), and S. flexneri VPSB (NC_004741.1*) are
obtained from the NCBI Gene database (*), Broad database (**), or Saccharomyces Genome
database (***). These protein sequences are entered into MEGA6 and aligned via the ClustalW
tool with the following parameters: pairwise gap opening penalty 10, pairwise gap extension
penalty 0.1, multiple gap opening penalty 10, multiple gap extension penalty 0.2, Gonnet protein
weight matrix, residue specific penalties, hydrophobic penalties, a gap separation distance of 4,
no end gap separation, negative matrix is not utilized, and delay divergent cut-off is set to 30%.
This alignment is then assembled into a bootstrapped phylogeny based on the maximum
likelihood statistical method. The following parameters are used: Jones-Taylor-Thornton model
of amino acid substitution type, rates and sites are set to uniform rates, gaps or missing data in
the alignment is deleted, under the nearest neighbour interchange ML heuristic method, and
strong branch filter. The reported bootstrap values are filtered out if they are lower than 50.
VPS45 Knockout Scheme
All positions described herein will be with respect to the adenosine residue in the
translational start codon (refer to Figure 3). The deletion cassette integrates between the -8 bp
site and +2255 bp site that corresponds to 224 bp upstream of the translational stop codon. This
insertion truncates the majority of the open reading frame, although three potential peptides may
be synthesized of 9, 12 and 13amino acids in length. The resulting insertional mutant has
integration of the nourseothricin resistance (NAT) marker (1646 bases) between the -8 bp and
+2255 bp sites. Confirmation of NAT deletion cassette at the VPS45 locus is determined by PCR
amplification (Figure 3A). The presence of wild-type VPS45 would result in amplification of a
598 bp fragment corresponding to the region of DNA between sites +922 bp and +1520 bp.
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Integration of the NAT cassette is confirmed by PCR amplification using two primer sets that
bind within the cassette and at the -1500 bp site or the +3440 bp site, producing fragments of
2164 bp or 2957 bp, respectively.

A.

B.

C.

Figure 3. Schematic diagram of the VPS45 locus and deletion cassette strategy. A) First
round PCR reactions using the primer pairs that are colour-co-ordinated (refer to Table 1 for
nucleotide sequence information). Amplification of the left and right arm included the
addition of an overhanging fragment, pictured in green, for fusion reactions later in the
protocol. B) Second round PCR reaction conditions using paired primers as indicated by
colour. C) Fusion of NAT marker to Left and Right Arms to generate a split integration
cassette.

Figure 3Schematic diagram of the VPS45 locus and deletion cassette
strategy
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Knockout Cassette Generation
Double-joint PCR split marker is utilized to generate two fragments for targeted gene
deletion. This process, optimized for C. neoformans, relies primarily on PCR amplification of
three regions: a left arm homology region, the marker, and a right arm homology region [246,
247] (Figure 3A). The left arm region is then fused to a segment of the marker by joint PCR, and
the right arm to the reciprocal segment (Figure 3B). First round PCR is completed using primer
pairs P1 + P2L and P3L + P4 d (refer to Table 1 for nucleotide sequence information) on 10 ng
Table 1. Primer list for targeted VPS45 gene deletion, cassette generation, PCR
confirmation, and Southern blot analysis. Listed abbreviations for primer names are referred
to in Figures 3 and 4, and the Full Name is also provided. The DNA sequence is included and
proceeds from the 5’ to 3’ end. All primers are synthesized, purified and quantified by
Invitrogen.

Table 1 Primer list for targeted VPS45 gene deletion, cassette generation, PCR confirmation, and So uthern blot analy sis.

Abbreviation

Full Name

DNA Sequence

P1

vps45ko1

gcccgcaaagaatgtcatgtc

P2L

vps45ko2long

gtttctacatctcttccgtgttaatacagatatgccctgtgggttgaacg

P3L

vps45ko3long

catgcttatgtgagtcctccccttcccgtgcaagcggagtgagtctaag

P4

vps45ko4

aagggcgatgagatcaagg

M13f

M13F

gtaaaacgacggccagt

M13r

M13R

aacagctatgaccatg

P5

vps45ko5

gacatctgtgcccatgac

P6

vps45ko6

cgttctccagcgagtaag

P7

natsplitleftarm

aaggtgttccccgacgacgaatcg

P8

natsplitrightarm

aactccgtcgcgagccccatcaac

P9

vps45negconf

gacccagtgacaccgttattg

P10

vps45negconr

tgatagcggagagcatagagg

P11

natconf

atgaccatgattacgccaag

P12

natconr

gttttcccagtcacgacgtt

P13

vps45southernprobefwd

cgaaagccaagatggatgag

P14

vps45southernproberev

cgacagtggtgatgaagaac
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of C. neoformans wild-type DNA, with Ex taq polymerase (TaKaRa RR001C) (98°C for 5 min
once; 98°C for 30 seconds, 55°C for 30 seconds, 72°C for 1.5 minutes 35 times; 72°C for 5 min
once; then incubation at 10°C) (Figure 3A). The NAT marker is amplified using the primer pair,
M13f and M13r, on 10 ng of purified pCH233 plasmid DNA template (Figure 3A), with Ex taq
polymerase (98°C for 5 min once; 98°C for 30 seconds, 55°C for 30 seconds, 72°C for 2 minutes
35 times; 72°C for 5 min once; then incubation at 10°C). The products are analyzed on a 0.8%
agarose TAE gel by electrophoresis, and subsequently gel purified with the QIAquick Gel
extraction Kit™ (Qiagen 28706). Second round PCR is performed to purify the first round
product from the left arm and right arm synthesis reactions (Figure 3B). 10 ng of gel-purified
PCR product from round one is used as template, with corresponding primer pairs P5 + P2L and
P3L + P6, with Ex taq polymerase (98°C for 5 min once; 98°C for 30 seconds, 55°C for 30
seconds, 72°C for one minute 35 times; 72°C for 10 min once; then incubation at 10°C) (Figure
3B). Fusion PCR is performed in a substrate ratio gradient set of homology arm:Nat marker at
1:1, 1:3, 1:9, 3:1, 9:1 with 1 corresponding to 50ng total DNA, with Ex taq polymerase (98°C for
5 min once; 98°C for 30 seconds, 55°C for 10 min, 72°C for 5 minutes 15 times; 72°C for 10
min once; then held at 10°C) (Figure 3C). The products are analyzed and purified as above.
Third round PCR amplification is performed utilizing 10ng of isolated fusion fragments
(corresponding primer pairs P5 + P7 and P6 + P8), with Ex taq polymerase (98°C for 5 min
once; 98°C for 30 seconds, 55°C for 30 seconds, 72°C for 2.5 minutes 35 times; 72°C for 5 min
once; then held at 10°C) (Figure 3C). The products are analyzed and purified as above. DNA
concentration is determined by NanoDrop spectrophotometer as above.
Biolistic Bombardment for DNA Transformation
Biolistic bombardment is performed with recombination cassette DNA labelled-tungsten
beadsthat are accelerated by an explosion of helium gas and then forced to penetrate fungal cells
on a recovery plate. The beads deposit the DNA fragments as they pass through the cells; this
approach has been optimized for C. neoformans [248]. To prepare target cells for transformation,
a single isolated colony is transferred to 5 mL of YPD and incubated at 30°C with shaking
overnight. This 5 mL starter culture is transferred to 50 mL of fresh YPD the next day in a 250
mL Erlenmeyer flask and is incubated overnight at 30°C with shaking. These cells are collected
by centrifugation in a 50 mL falcon tube at 4000 x g for 10 min at 4°C on the third day, and
34

washed twice with sterile ddH2O as above. The subsequent cell pellet is suspended in 5 mL of
ddH2O and 400 μL of these cells are transferred onto recovery plates (25mL of YPD, 1M
sorbitol, and 2% w/v agar) to dry at 30°C.
Tungsten beads must be processed to allow recombination cassette DNA to adhere prior
to bombardment. Processing starts by suspension of 60.0 mg of tungsten beads [0.6 μm diameter
(Bio-Rad 1652266)] in 1 ml of absolute ethanol in a clean 1.5 mL microcentrifuge tube (Sarstedt
72.706). The beads are then collected by centrifugation at 12,000 x g for 1 minute and the
ethanol is removed. The beads are washed once in 1 mL of ddH2O before final suspension in 1.0
mL sterile ddH2O for storage at 4°C until use. 10 μL of tungsten beads are loaded by stepwise
addition of 2.0 μg of recombination cassette DNA (1 μg of each left and right fragments)
suspended in ddH2O, 10.0 μL of 2.5 mM CaCl2, and 2.0 μL of 1.0 M spermidine [free
base(Sigma S626)]. The solution is mixed by rapid pipette expulsion and left to precipitate onto
the beads for 10 min at room temperature. The beads are then collected by centrifugation as
described above, and the supernatant fully removed. The pellet is washed in 0.5 mL of absolute
ethanol, without mixing, pulsed for 10 seconds in a microcentrifuge at maximum speed, and the
supernatant decanted. The beads are then suspended in 10 μL of absolute ethanol, and transferred
by micropipettor onto the centre of a sterile microcarrier membrane (Bio-Rad 1652335).
Biolistic bombardment is performed utilizing a helium particle delivery system [gene gun
(Bio-Rad PDS100)] where helium pressure builds behind a rupture disc until the pressure
exceeds 1,350 psi. Once the pressure is exceeded, the disc ruptures to release an explosive blast
that pushes the microcarrier, and subsequently the beads, toward the target cells. The
microcarrier abruptly stops as it hits the stainless steel stopping screen (Bio-Rad 1652336)
releasing the beads. These particles continue toward the target cells, pass through them and lodge
in the plate below. This process is done under a vacuum of 2800 psi, and in a sterile biological
safety cabinet. The target cells then are allowed to grow and recover overnight at room
temperature. 1350 rupture discs (Bio-Rad 1652330) are utilized to insure internal pressure
greater than 1, 350 psi is achieved. Stainless steel stopping screens are used internally to prevent
the microcarrier, and rupture disc from damaging the recovery plate and target cells below
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After a single day of recovery, cells within the blast radius, visualized by the tungstenstained media, are isolated using cell scrapers (Nunc 179707), and deposited into 1.5 mL
microcentrifuge tubes. The cells are then washed with sterile ddH20, and resuspended with sterile
ddH2O to 1 mL where 250 μL are then transferred to selective plate medium. In the case of the
vps45Δ::NAT construct, 100 μg/mL nouroseothricin is used for selection. To generate the
vps45Δ::NAT mutation in the CFO1-GFP: Neo background 2 μg/mL geneticin, and 100 μg/mL
nourseothricin YPD agar is used. These selection media are incubated at 30°C until resistant
colonies appear (typically within 3-5 days). A pure strain of these colonies is isolated by multiple
rounds of selective streaking to isolate single clonal mutants.
PCR Confirmation
“Smash and grab” DNA extractions are performed on isolated colonies to be screened for
correct integration of transforming DNA. DNA concentration is quantified by NanoDrop
analysis, and adjusted to 10 ng/μL. Four PCR reactions are conducted on each isolated colony:
one “negative” screen is performed to assay for the presence or absence of the deleted region of
VPS45 using primer pair P11+ P12, and two “positive” reactions are performed to confirm
correct insertion of the left arm of the split NAT marker cassette (primers P1 + P10) and the right
arm insertion (primers P4 + P9) (Figure 4A). PCR reaction conditions are performed using Ex
taq DNA polymerase: 98°C for 5 minutes once; 98°C for 30 seconds, 55°C for 30 seconds, 72°C
for 2.5 minutes 35 times; 72°C for 5 minutes once; then held at 10°C. PCR products are
visualized by electrophoresis on a 0.8% agarose TAE gel.
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Figure 4.
4Schematic
of the
VPS45
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for PCR
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analysis blot
of deletion
Figure
Schematic
of the
VPS45
forconfirmation
PCR confirmation
andblot
Southern
analysis of

deletion. A) Primer combinations for PCR confirmation are colour coordinated; if a primer
binding site is missing the corresponding line is dotted. A VPS45 gene control is included, and
PCR amplification with primers P11 + P12 yields a 598 bp fragment. In addition, confirmation
of integration of the left arm of the integration cassette is performed using primer pair P1 + P10
with a predicted amplification length of 3141 bp. The right arm confirmation reaction is
performed using primer pair P9 + P4, with a predicted product of 3401 bp. B) Schematic of the
Southern blot for analyzing the structure of the VPS45 locus. Genomic DNA is isolated and
subsequently digested with two restriction enzymes, Spe1 (blue stars) and Ssp1 (orange stars).
The specific recognition sites are listed relative to the first adenosine nucleotide residue of the
first codon set to 0, and in the vps45Δ mutant to the first nucleotide residue of the NAT marker (8 site in H99). A P32 labelled probe is synthesized from H99 genomic DNA utilizing primer pair
P13 + P14, and used to detect digested DNA. It is predicted that H99 digestion will liberate a
2308 bp fragment that will allow probe annealing, and 3673 bp if the vps45Δ::NAT cassette
integrate properly, due to the loss of the Ssp1 restriction enzyme binding site at +533 bp.
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Southern Blot Preparation and Hybridization
The schematic for the VPS45 Southern blot analysis is shown in Figure 4B. Three cut
sites exist across the gene locus in wild-type strain H99 genomic DNA; SpeI at -1780 bp, and
SspI at +533 bp and +2489 bp. In mutant clones, integration of the vps45Δ::NAT cassette
replaces 2255 bp of genomic DNA with 1679 bp of marker DNA, and removes the SspI +533
site. Subsequently, double digestion of the genomic DNA is predicted to liberate a 2308 bp in
wild-type strain H99 genomic DNA, and a 3678 bp fragment in mutant vps45Δ::NAT mutant
genomic DNA.
Southern blot analysis is performed on DNA samples from both the “smash and grab”,
and “gentle extraction” protocols. Genomic DNA samples are digested using high fidelity
restriction enzymes SpeI-HF (NEB R3133S) and SspI-HF (NEB R3132S). After digestion, DNA
is purified via the QIAquick PCR purification kit (Lifetechnologies 28104), separated by gel
electrophoresis, and transferred to a nylon membrane. Probe template is generated by PCR
amplification (primer pair P13 + P14) of 10 ng of wild-type strain H99 genomic DNA with Ex
taq polymerase (98°C for 5 min once; 98°C for 30 seconds, 55°C for 30 seconds, 72°C for one
minute 35 times; 72°C for 5 min once; then held at 10°C). P32 radiolabelled probe is generated
from Klenow DNA polymerase synthesis in the presence of P32-dCTP nucleotides (Perkin Elmer
BLU 513H500UC) using the DECAprime™ II kit (Life technologies AM1455). This probe is
then hybridized to the DNA bound on the nylon membrane under stringent conditions. Detection
of radiolabeled probe is done by visualization via Phosphor Screen, and the laser-scanning
Pharos System. These images are then aligned with DNA ladder length standards from which the
band size is calculated.
Specifically, 20 μg of cryptococcal DNA from wild-type strain H99 and the two
vps45Δ::NAT mutants is digested using the enzymes Ssp1-HF and Spe1-HF overnight at 37°C.
DNA digestion reactions are heat inactivated at 80°C for 15 minutes. The digestion products are
precipitated with 100 % ethanol at 4°C for 30 min. Precipitated DNA is collected via
centrifugation at maximum speed in a microcentrifuge, supernatant is discarded and DNA is
suspended in 50 μL ddH2O. DNA from this isolate is further purified utilizing the QIAquick
PCR purification kit to remove any contaminating DNA. Eluted DNA samples are mixed with a
proportionate amount of 6X DNA loading dye, to a final concentration of 1X, and samples are
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loaded onto a 1 % agarose TAE gel to be run at 30 V overnight. Upon completion the gel is
imaged with a reference ruler under UV light for an internal molecular size standard to be used
later.
The DNA within the agarose gel matrix is then prepared for transfer to the nylon
membrane by a stepwise process. First, the DNA within the gel matrix is depurinated via
incubation at room temperature in 0.25 M HCl for 5 min. The DNA is denatured by washing in
0.5 M NaOH, and 1.5 M NaCl for 20 min. Neutralization is performed in a solution of 0.5 M
Tris-HCl pH7.0, and 3 M NaCl for 20 min. For the DNA transfer sandwich assembly, a reservoir
of 1X SSC [150 mM NaCl, 15mM Na3C6H5O7 (Fisher Scientific 5467-3)] is drawn and a
plexiglass bridge is placed on top. A strip of Whatman paper (Fisher Scientific 05-714-5) the
width of the gel and long enough to reach the bath at each end of the reservoir is then cut and
placed with the ends soaking in buffer. Two Whatman paper blotting papers the same
dimensions as the gel are bathed in 5X SSC (750mM NaCl, 75mM Na3C6H5O7) and placed atop
the Whatman strip that is wicking buffer on the plexiglass bridge. The depurinated and
neutralized gel is placed atop these papers with the loading wells facing down. Subsequently, a
Hybond+ (GE Healthcare RPN305B) nylon membrane is cut to the exact dimensions of the gel,
soaked in 5X SSC and placed on top of the gel. Two Whatman blotting papers bathed in 5X SSC
are placed on the membrane followed by a large amount of dry paper towel. Finally, a weight is
balanced on the paper towels to complete the transfer sandwich. After transferring overnight the
Hybond+ membrane is removed from the sandwich and the DNA is cross-linked to the
membrane by UV radiation. The membrane is transferred to a blocking solution [50mL of 1%
BSA (w/v) (Sigma O5420), 1 mM EDTA, 7% SDS, 0.5 M Na2PO4 pH 7.2 (Fisher Scientific
BP331-1)] and incubated for four hours at 60°C.
Radioactive probe is generated using the DECAprime™ II kit (Life technologies
AM1455). First, linear DNA for probe generation is amplified by PCR (primer pair P13 + P14)
from 10 ng of CTAB-extracted wild-type strain H99 DNA with Ex taq DNA polymerase (98°C
for 5 min once; 98°C for 30 seconds, 55°C for 30 seconds, 72°C for 1 minutes 35 times; 72°C
for 5 min once; then held at 10°C). PCR-amplified DNA is quantified to 25ng, denatured by
heating at 95°C for 15 minutes, and cooled on ice for two minutes. Incorporation of radiation can
now be completed utilizing the melted template DNA via Klenow polymerase, Decamer
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solution, and dNTP’s (including P32-dCTP) and incubated for 30 min at 37°C. Upon completion
of probe extension, 0.5M EDTA is added to halt the reaction. To remove any unincorporated P32dCTP, the reaction solution is applied to G25 columns (GE Healthcare 27-535-01) and eluted via
microcentrifugation at 3000 rpm for two minutes. The eluted probe is then denatured by heating
at 95°C for five minutes and cooled on ice for one minute. Immediately following this incubation
the probe is transferred to the prehybridization solution, now designated the hybridization
solution, and incubated at 60°C overnight.
Upon completion of hybridization, the buffer is discarded and the membrane is washed
before exposure to the Phosphor Screen. Washing is performed by first incubating the membrane
in 50 mL 2X SSC (300 mM NaCl, 30 mM Na3C6H5O7) with the addition of 0.1 % SDS w/v at
60°C for 15 minutes. The wash buffer is discarded and replaced with 50 mL 0.1X SSC (15mM
NaCl, and 1.5mM Na3C6H5O7) with the addition of 0.1% SDS w/v at 60°C for 15 minutes. The
membrane is then retrieved, wrapped in cellophane, and exposed to the Phosphor screen (BioRad 170-7841) in the absence of light for a specific time interval (2 hr, or 21 hr). A Pharos FX
plus scanning laser is used to image the Phosphor screen. Images collected in this way are then
aligned with the UV image and ruler to determine specific band lengths using Adobe Photoshop
CS3.
GFP Fusion Reporter
The vps45Δ::NAT cassette is generated by PCR amplification (primer pair P5 + P6)from
10 ng of Southern-confirmed vps45Δ::Nat 1-2 mutant strain genomic DNA with Ex taq DNA
polymerase(98°C for 5 min once; 98°C for 30 seconds, 55°C for 30 seconds, 72°C for 4.5
minutes 35 times; 72°C for 5 min once; then held at 10°C). The products are analyzed on a 0.8%
agarose TAE gel by gel electrophoresis, and subsequently gel purified with the QIAquick Gel
extraction Kit™. DNA concentration is determined by NanoDrop.The cassette is then
transformed by biolistic bombardment into a previously confirmed CFO1-GFP::Neo background
[180]. PCR confirmation of candidate vps45Δ clonal isolates is performed as previously
described herein.
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Spot Plate
Spot plate analysis is used to visually compare sensitivity between strains across a variety
of media including the presence of drug, small molecule uptake or utilization, carbon source,
nitrogen source, amino acid auxotrophy, etc. Herein, spot plate analysis is used to visualize
differential growth rates, as observed in growth curves from liquid cultures, in the presence of
the antimicrobial compounds chloroquine and quinacrine. Additionally, this technique is applied
to the cell wall stressors caffeine, Congo red, calcofluor white, and sodium dodecyl sulphate
(SDS). Osmotic stress is determined by growth sensitivity to NaCl concentrations. First, 1 mL of
cells from a 5 mL overnight starter culture is transferred into a sterile 1.5 mL microcentrifuge
tube. Cells are then separated from the growth media by centrifugation at 8000 rpm for 3 min
and the separated media is removed by decanting. The cell pellet is then washed twice in 1 mL of
4°C sterile ddH2O, and placed on ice. Two ten-fold serial dilutions are performed into sterile
water; cells numbers in these dilutions are estimated using a haemocytometer, from which the
original count/mL is determined. A 96 well plate (Sarstedt 83.1835.500) is schematically
prepared as follows: in column 1 strains to be applied to the plate media are deposited at
cells/mL in a volume of 200 μL with 180μL of sterile ddH2O added to the wells in the
next 5 columns. From column one, 20μL of the cell suspension is transferred into the second
column of wells and mixed by pipetting. This process continues (ex: 20 μL of column two into
column three), a serial dilution, until 20 μL of column five is mixed with column six. Four μL of
cell suspension from columns two (104 cells total) through six (100 cells total) are applied row by
row to the plate media, allowed to dry, and incubated for three to five days at either 30°C or
37°C. Images of the plates are taken every 24 hours utilizing either gel doc camera or a scanner.
Growth Assays
Growth assays in liquid media are performed with the infinite M200pro Tecan plate
reader in conjunction with 96 well plates. Cells are prepared and counted as previously
described, except that 4°C reference media is utilized in place of water during washes. For
example, if cells are to be grown in YNB containing drug for 72 hours, they would be prepared
in 4°C YNB media not ddH2O. Cell suspensions are prepared to a final concentration of
cells/mL, and 100 μL (200 cells) are inoculated into 96 well plates. 100 μL of growth media is
then added onto the cell suspensions as per experimental design. The 96-well plate is then
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transferred into the infinite M200pro Tecan plate reader. Growth curve analysis is performed
with the internal temperature at either 30°C or 37°C; and initial orbital shaking for 60 seconds at
an amplitude of 2mm. Initial absorbance at 600nm is determined for all liquid cultures and
recorded. Orbital shaking then recommences for 28 minutes at an amplitude of 2 mm and
absorbance at 600 nm is determined for all liquid cultures and recorded; this is repeated for 144
cycles over approximately 72 hours. Upon completion of cycle 144 the infinite M200pro Tecan
reader saved the data set and ended the experiment.
Microscopy
Capsule is induced by growth in liquid LIM (as defined above) at 30°C [described in
[249]]. A YPD starter culture is used for the independent vps45Δ mutants and wild-type strain
H99. Cells are collected in 1 mL of media and washed 3 times in LIM. The washed cells are then
resuspended in 5 mL of LIM and incubated at 30°C for two days. Capsule is stained using super
black India Ink (Speedball 21104-2004) by mixing at a ratio 2:1 (ink:cell volume). Microscopic
examination is carried out using differential interference microscopy (DIC, Zeiss Axioplan 2
imaging system, 100× magnification).
To determine the localization of the Cfo1-GFPp by fluorescence microscopy. gene
expression is induced by growth in LIM (modified from[180]). To achieve this overnight 5 mL
starter cultures of the vps45Δ mutants and wild-type strain H99 expressing the Cfo1-GFPp fusion
protein are inoculated. The following day, cells are washed 3 times in LIM, suspended in 1 mL
LIM, and inoculated into 5 mL of LIM supplemented with FeCl3 at a final concentration of 10
μM or 100 μM at 30°C for one and two days. Cell suspensions are mounted onto microscope
slides and visualized using a Zeiss Axioplan 2 imaging system under 100× magnification.
LysoTracker Red DND-99 (LifeTechnologies L-7528) staining is performed by incubating a 200
μL aliquot of cell suspensions in the presence of 150 nM LysoTracker red at 30°C with shaking
for 90 min.
Macrophage Survival Assays
Macrophage survival assays are conducted to determine average fitness of independent
vps45Δ mutants when compared to wild-type strain H99 during intracellular growth of both
differentiated murine J774A.1 (ATCC® TIB-67™) and human THP-1 (ATCC® TIB-202™)
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macrophage-like cells [249]. This assay quantifies macrophage uptake of opsonised cryptococcal
cells, as well as intracellular survival by comparing counts of cryptococcal uptake at 2 hours with
counts of the remaining fungal cell population after 24 hr of co-incubation with macrophage.
J774.1, and THP-1tissue cultures are seeded on 24 well plates and grown at 37°C with 5 % CO2
to 80% confluence in DMEM (Gibco 11960-044), or RPMI (Gibco 31800-089) respectively.
Both media are supplemented with 10% fetal bovine serum [FBS (Gibco 12483-020)], 1 % nonessential amino acids (Gibco 11140-050), 4 mM L-glutamine (Gibco 25030-081), and penicillinstreptomycin [final concentration 100 U/ml penicillin, 100 μg/ml streptomycin (Gibco 15140122)]. Differentiation is induced by introduction of 150 nM phorbol myristate acid [PMA(Sigma
p8139)] during incubation. J774.1 cells are incubated in DMEM (as described above) with PMA
for 2 hours previous to fungal inoculation. THP-1 cultures are incubated for 24 hours with RPMI
(as described above) and PMA. Media is then removed, cells are washed using PBS (Gibco
10010-023), fresh RPMI (as described above) is added and differentiation is continued for 48
hours prior to fungal inoculation.
Fungal cultures are grown overnight in YPD media at 30°C with shaking and washed the
following day in PBS. Fungal cell counts are enumerated with a haemocytometer and 100 μL
aliquots of 2 X 106 cells are opsonised in fresh DMEM or RPMI with 0.5 μg/mL of the
monoclonal antibody 18B7[250] for 30 min at 37°C. Macrophage cultures are then inoculated
with the opsonised aliquots at a multiplicity of infection of 1:1. To determine fungal uptake
cultures are first incubated for 2 hours at 37°C with 5 % CO2 and then rinsed four times with
PBS to remove any non-macrophage associated fungal cells. At this point, microscopic images
of the co-cultured cells are also taken to enumerate the number of cryptococcal cells engulfed by
macrophage in at least 10 fields of view. Macrophage cell populations containing C. neoformans
cells are then lysed by incubation with sterile ddH2O for 30 minutes at room temperature. Cell
counts in the lysate are determined by serial dilutions of the lysate, of which 200 μL is taken and
allowed to dry on YPD agar media containing chloramphenicol (25 μg/mL) and incubated at
30°C for 48 hours. Colony forming units (CFU) are counted on each plate from lysate samples
taken at two and 24 hours. All experiments are carried out in triplicate. Statistical significance of
intracellular survival and uptake rates are determined by unpaired two-tailed Student’s t-tests,
under the assumption of unequal variance. Control for growth in media is performed by growth
43

curve analysis in a Tecan plate reader (as described): cells are pre-grown in YPD overnight,
rinsed with ice cold sterile media (RPMI or DMEM), and OD600nm is reported. As an alternate
approach, wild-type and vps45Δ mutants are grown in DMEM and RPMI with 10% fetal bovine
serum, 1 % non-essential amino acids, 4 mM L-glutamine, and penicillin-streptomycin (100
U/mL penicillin, 100 μg/mL streptomycin) at 37°C with 5 % CO2. CFU plate counts are taken at
two and 24 hours, as described above.
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Results
Identification of VPS45 in C. neoformans
Given the importance of Vps45p in vacuolar function in other organisms, we initially set
out to identify the gene encoding the protein in C. neoformans. The product of the C. neoformans
gene locus, CNAG_03628.2, was identified as the best match to the S. cerevisiae Vps45p protein
with a BLASTp score of 332.413 bits, an alignment length of 592 amino acids (with 204
identical and 324 similar residues) and an E-value of 0. A reciprocal BLASTp search using the
predicted CNAG_03628.2 protein sequence against S. cerevisiae found that the initial query,
Vps45p, was the most probable match. When the protein coding sequence of CNAG_03628.2
was used as a query of the entire fungal protein collection (WU-BLAST2p), a variety of
annotated matches including Vps45p, “conserved hypothetical proteins,” or “VpsBp,” were
obtained. Interestingly, although the best match for CNAG_03628.2 locus in S. cerevisiae was
Vps45p, the current annotation in the BROAD database is VPSB. Therefore, we had to confirm
which protein our gene of interest was more closely related to, VpsBp or Vps45p. The ancestry
of the VpsBp annotation appears to be rooted in a bacterial protein from S. flexneri that has
similarity to our initial query Vps45p protein sequence from S. cerevisiae. Given the
evolutionary distance between bacteria and fungi, we were very confident that the fungal protein
would be distinct from the bacterial protein.
Phylogenetic analysis (Figure 5) was completed to determine the relatedness between the
annotation groups. Included within are four fungal protein sequences from similar predicted
proteins as determined by WU-BLAST2. These fungal groups have separate annotations and are
from two divisions, Ascomycota (A. fumigatus, and S. cerevisiae) and Basidiomycota (U. maydis
and C. neoformans). Two Proteobacteria VpsBp sequences were included from S. flexneri and E.
coli (annotated as B3194). As an out-group four H. sapiens Vps45p isoforms were included. In
our model of 1000 possible trees the bacterial protein is never considered to be similar, or related
to the eukaryotic sub-population. Furthermore, the included out-group of H. sapiens is more
closely related to fungal Vps45p sequence. This observation indicates that the current
annotations are incorrect. It is interesting that the fungal species appear to have increased
diversity between the Ascomycete and Basidomycete sub-populations included. This may
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Figure 5. Molecular phylogenetic analysis of the predicted Vps45p or VpsB amino acid
sequence by the maximum likelihood method. The evolutionary history was inferred by
using the Maximum Likelihood method based on the JTT matrix-based model [1]. The tree
with the highest log likelihood (-3498.8405) is shown. Only values greater than 50% were
reported for the percentage of trees in which the associated taxa clustered together is shown
next to the branches.. Initial tree(s) for the heuristic search were obtained automatically by
applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated
using a JTT model, and then selecting the topology with superior log likelihood value. The
tree is drawn to scale, with branch lengths measured in the number of substitutions per site.
The analysis involved 10 amino acid sequences. All positions containing gaps and missing
data were eliminated. There were a total of 257 positions in the final dataset. Evolutionary
analyses were conducted in MEGA6 [2].

Molecular phylogenetic analysis of the predicted Vps45p or
VpsB amino acid sequence by the maximum likelihood method.
Figure 5.
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however be an artifact of performing gap deletion during the alignment. If highly conserved
sequences between fungi are not shared with H. sapiens or the Proteobacteria then they will be
removed from the alignment. Although this may lead to incorrect inferences within the fungal
kingdom, this method provides the most strict criteria for analyzing relatedness between
kingdoms because only related sequences are compared. This is strong evidence that the protein
encoded by the cryptococcal gene locus of CNAG_03628.2 is more closely related to S.
cerevisiae Vps45p than S. flexneri VpsBp. We suggest the annotation of CNAG_03628.2 be
changed from VPSB to VPS45 because the protein sequence is more similar to that of S.
cerevisiae Vps45p. Since neither gene product has been functionally characterized in either A.
fumigatus or U. maydis this rationale could be expanded to these organisms as well upon further
study. Overall, these observations have strongly suggested that CNAG_03628.2 gene product is
orthologous to the S. cerevisiae protein Vps45p.
Chromosomal Deletion of the VPS45 Locus
After identification of the best candidate gene encoding Vps45p in C. neoformans, we
constructed a deletion mutant lacking the gene so that the phenotypic impact could be assessed.
Deletion was performed utilizing a split NAT marker protocol, as explained in the Materials and
Methods section. This split marker was transformed into C. neoformans by biolistic
bombardment, and drug resistant clones were screened for positive integration of the marker at
the chromosomal VPS45 locus. Screening was done on clonal isolates by specific PCR
amplification of extracted genomic DNA. Upon analysis by gel electrophoresis (Figure 6A),
VPS45 disruption by NAT resistance marker integration was confirmed in two independent
mutants, designated vps45Δ::NAT 1:2, and 3:4 (lane 6, 7, 9, 10). These reactions confirmed that
at least 593bp of the VPS45 locus had been deleted in the potential mutants (lane 5, 6). A
Southern blot was used to confirm the deletion of the gene and to rule out ectopic insertion of
transforming DNA at another site in the genome (Figure 6B). Digestion of chromosomal DNA
with SspI and SpeI is expected to liberate a 2308 bp fragment if the cassette has not integrated
correctly, or a 3673 bp fragment if the NAT cassette has integrated at the proper locus. A 2308
bp fragment was identified from digested wild-type strain H99 chromosomal DNA, and a 3673
bp fragment was found for the chromosomal DNA from two independent mutants. However, a
secondary band in the wild-type strain H99 DNA lane was observed with an approximately equal
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Figure 6. Confirmation of the VPS45 chromosomal deletion in C. neoformans strain
H99. A. PCR confirmation of the VPS45 deletion. GeneRuler 1 kb DNA ladder was used in
lane 1. Wild-type strain H99 DNA was used as a template in reactions visualised in lanes 2-4.
vps45Δ 1:2 mutant reactions were in lanes 5-7. vps45∆ 3:4 reactions were in lanes 8-10.
Reactions in lanes 2, 5, and 8 amplify a 593 bp fragment of the VPS45 gene. Reactions in
lanes 3, 6, and 9 confirmed integration of the 5’ region of the NAT cassette. Reactions in
lanes 4, 7, and 10 confirmed integration of the 3’ region of the resistance cassette. Nonspecific PCR amplification was observed in the right confirmation reaction and was removed
at an annealing temperature of 63°C. B. Southern blot analysis of the VPS45 gene locus.
Chromosomal DNA was collected via bead beating and CTAB extraction from either H99 or
listed strain. Dna samples were digested utilizing the restriction enzymes SpnI and SpeI. DNA
samples were probed with a radioactive P32 labeled probe created from the 5’ region of the
locus. NAT cassette integration results in a band shift from 2038 bp to 3673 bp. The wild-type
strain H99 lanes show a fragment at 2038 bp and background binding at 3671bp, the vps45∆
1:2 and 3:4 mutants have lost the wild-type band of the locus at 2038 bp, and have a shifted
band size of 3673 bp, indicating chromosomal integration of the deletion cassette at the
VPS45 locus. A schematic diagram of the confirmation reactions is included in Figure 4.

Figure 6. Confirmation of the VPS45 chromosomal deletion in C.
neoformans strain H99
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length of the mutant DNA. This corresponds to a region outside of the gene locus that has
homology to 374 bp of the 915 bp probe used for hybridization in the Southern blot. When wildtype strain H99 chromosomal DNA is cleaved with SspI and SpeI a predicted 3671 bp fragment
capable of binding the probe outside of the VPS45 locus is released. We believe that this
contaminating band corresponds to this predicted fragment. We can say with confidence that the
deletion construct has successfully integrated in two mutants, vps45Δ::NAT 1:2, and
vps45Δ::NAT 3:4. These mutants were used for subsequent phenotypic assessment of the
contribution of the associated gene product.
Iron Utilization is Negatively Affected in vps45Δ Mutants
We had previously identified HapXp, an iron responsive transcriptional regulator of C.
neoformans, as an upstream regulator of VPS45 gene expression in response to iron limitation
and in media supplemented with 100 μM FeCl3 [242]. We therefore investigated the potential for
our deletion mutant to grow in the controlled presence of different iron sources. The uptake of
exogenous iron sources was assayed by serial dilution analysis of growth on solid medium, and
by growth in liquid cultures. Two types of solid media, LIM and YNB, were utilized to examine
growth fitness (Figure 7). Mutant strains had reduced growth on LIM (Figure 7A) supplemented
with 10 or 100 μM of hemin when compared to the wild-type strain H99. In a more complete
medium background, YNB (Figure 7B), vps45Δ mutants were still challenged when grown in the
presence of 10 or 100 μM of hemin as the sole iron source. These phenotypes were exacerbated
when growth temperature was increased from 30°C to 37°C. Strains were also iron-starved by
growth in LIM for 2 days and applied to the same media and growth conditions. No additional
growth defects were observed, although growth rates were decreased in all strains. Since LIM is
not supplemented with complete amino acids, the growth difference between LIM, and YNB
media supplemented with 10 or 100 μM FeCl3 may be attributed to an auxotrophic sensitivity of
the vps45Δ strain. This hypothesis is consistent with the known function of the yeast vacuole as a
store of excess cytosolic amino acids. To test this YNB media was prepared without amino acid
supplementation, and iron was added as above. Growth of the vps45Δ mutants on YNB with or
without amino acid supplementation did not vary, indicating that an amino acid auxotrophy did
not exist.
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Figure 7. VPS45 is required for growth when hemin is the sole extracellular iron source
on solid media. A. Ten-fold serial dilutions of cells (starting at 104 cells) were spotted onto
solid LIM medium (control), iron-chelated LIM medium with 150 μM BPS, low iron (LIM
with 150 μM BPS, and 10 μM hemin), and high-iron (LIM supplemented with 150 μM BPS100 μM hemin). Plates were incubated at 30°C or 37°C for 3 days. Strains are indicated by
genotypes. Pre-culture conditions were either overnight in YPD or two days growth in LIM
to deplete intercellular iron. B. Tenfold serial dilutions were performed as described above,
although YNB media was used in place of LIM.

VPS45 is required for growth when hemin is the sole
extracellular iron source on solid media
Figure 7
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Analysis of growth in liquid cultures was performed to assay microaerophilic growth in a
liquid medium at 30°C when iron source was controlled in LIM (Figure 8). As with the plate
assays, the vps45Δ mutant exhibited retarded growth as determined by OD600 in LIM when
compared with the wild-type strain H99; similarly, reduced growth was observed in media
supplemented with 10 μM of FeCl3, 100 μM of FeCl3, 10 μM of hemin, and 100 μM of hemin.
These observations were also consistent if the mutant was precultured in rich media or iron
starved in minimal LIM. These data suggest that Vps45p function is required for growth when
challenged with nutrient stress and limited iron availability or variety. Furthermore, the
acquisition of iron by C. neoformans from hemin may require transit through the PVC in a
Vps45p dependent manner.
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Figure 8. VPS45 is required for growth when in iron limited conditions during
microaerophilic growth. Cells were inoculated into defined liquid low iron medium (LIM)
(A, B), LIM containing 10 μM FeCl3 (C), or 100 μM FeCl3 (E), or LIM containing hemin 10
μM (D) or 100 μM hemin (F). Cultures were incubated at 30°C, and optical densities at 600
nm (OD600) were measured in a Tecan M200 infinite pro. Note that all assays were
performed in triplicate, and that data collected for FeCl3 (A, C, E) and hemin (B, D, F) were
taken in separate experiments. Cells were either pre-cultured in YPD overnight [(a) in
legend], or in LIM for 2 days [(b) in legend] prior to inoculation into the 96-well microplate.

Figure 8 VPS45 is required for growth when in iron limited
conditions during microaerophilic growth.
52

Vacuolar Accumulation of CFO1-GFP is Disrupted by Deletion of VPS45
To further examine iron-dependent growth, a set of vps45Δ mutants were created in a
CFO1:GFP:Neo H99 background. CFO1p has been characterized as a requisite component of
high-affinity iron-uptake, and deletion mutants are hypovirulent [180]. Previously unpublished
work in our laboratory showed that growth for 24 hours or longer in LIM causes Cfo1-GFPp to
primarily localize to the vacuole, when compared to the plasma membrane at 6 hr. Additionally
the CFO1-GFP fusion construct was able to successfully complement a cfo1Δ strain, meaning
that it is functional [180]. Confirmation of vps45Δ in the CFO1-GFP:Neo background was
performed by PCR amplification (Figure 9). We observe no amplification of confirmation
products in wild-type background conditions (lane 2, and 3). However, amplification products of
the same length as compared to Southern blot confirmed vps45Δ::NAT 1:2 mutant (lane 4 and 5)
are detected in all potential CFO1-GFP:Neo vps45Δ::NAT mutant chromosomal DNA samples
(lanes 6-13). We can therefore confirm that integration was successful and these mutants are
vps45Δ strains.

Figure 9: PCR confirmation of vps45Δ::NAT integration in a CFO1-GFP::Neo strain of
H99. PCR amplification products were separated by electrophoresis on a 0.8 % agarose TAE
gel. PCR amplification was performed to confirm integration of the 5' region of the Nat
cassette (even numbered lanes, except 14) and 3’ region of the Nat cassette (odd numbered
lanes except 1). Wild-type strain H99 genomic DNA was used as template in lanes 2 and 3.
vps45Δ 1:2 DNA was used as a positive control in lane 4 and 5. Confirmation reactions were
performed on isolates CFO1-GFP:Neo vps45Δ::NAT 2:3 (lane 6 and 7), 2:4 (lane 8 and 9),
1:9 (10 and 11), and 1:14 (12 and 13). 2164 bp fragments were observed in lanes 4, 6, 8, 10,
and 12, and 2957 bp fragments were observed in lanes 5, 7, 9, 11, and 13.

Figure 9 PCR confirmation of vps45Δ::NAT integration in a
CFO1-GFP::Neo strain of H99
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In order to determine if cellular localization of the Cfo1-GFPp was affected by deletion
of VPS45 cells were incubated in LIM with or without the addition of 100 μM FeCl3 to induce
gene expression of the ferroxidase. After two days of accumulation, cells were stained with
LysoTracker Red for one hour and images were captured by fluorescence microscopy (Figure
10). LysoTracker Red selectively stains acidic compartments typically below pH 5.2, and as such
can be used as a vacuolar stain. In the CFO1-GFP:Neo wild-type control strain, all GFP
fluorescence appeared to be localized to LysoTracker Red-stained vacuolar structures. Whereas,
Cfo1-GFPp localization in the vps45Δ mutants appeared to be dispersed in the cytosol, plasma
membrane, and into LysoTracker Red stained vacuolar compartments with aberrant morphology.
These data suggest that vacuolar sorting of Cfo1-GFP is strongly affected by the deletion of
VPS45. Furthermore, the fractured vacuolar morphology suggests that these mutants may have
impacted functions beyond iron acquisition and heme accumulation in the vacuole.
Interestingly, vacuolar accumulation of the Cfo1-GFPp occurs in wild-type cryptococcal
cells regardless of extracellular iron presence. This observation is seen in the vps45Δ mutants as
well, although because of vacuolar fragmentation and mislocalization of the reporter this trend is
less clear. These observations suggest that Cfo1p could have a function in the vacuole of C.
neoformans. Additionally, LysoTracker Red fluorescence was less intense in vps45Δ mutants
which may indicate that vacuolar pH is affected in the vps45Δ strain. However these
observations could not be quantified because photobleaching of the LysoTracker Red
fluorophore occurs rapidly and data readings would not be consistent within each sample. Thus
no conclusion can be drawn, but these observations should be noted.
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Figure 10. Localization of Cfo1-GFP in iron-starved C. neoformans strains requires
VPS45 for proper compartmentalization. Cells were grown in LIM (A), or LIM + 100 μM
FeCl3 (B) at 30°C for 48 hr and visualized. The Cfo1-GFP fusion is localized to vacuolar
structures in wild-type strain H99 background, while the GFP signal is more dispersed in
vps45Δ mutants. No difference is observed between media culture conditions. LysoTracker
Red was used to stain the vacuolar compartment. The cells were observed with a Zeiss
Axioplan 2 imaging microscope and the images were processed as described in Materials and
Methods. DIC; differential interference contrast.

Figure 10 Localization of Cfo1-GFP in iron-starved C. neoformans
strains requires VPS45 for proper compartmentalization.
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Phenotypic Characterization of Stress Response in vps45Δ Mutants
In S. cerevisiae, vps45Δ results in susceptibilities to numerous extracellular stressors
including NaCl hyperosmotic stress [251], and the cell wall stressors calcofluor white [252] and
caffeine [253]. These susceptibilities were investigated in our C. neoformans vps45Δ mutants
and were found to be similar to those seen in S. cerevisiae (Figure 11). Cryptococcal VPS45 was
required for resistance against hyperosmotic stress from 1.5 M NaCl at 30 °C, and 1 M NaCl at
37 °C. The cell wall of vps45Δ mutants was sensitive to stressors such as 0.5 mg/mL and 1
mg/mL calcofluor white, 0.5 mg/mL caffeine, and low concentrations of SDS stress (0.01 - 0.03
%). Glucan fibril synthesis was not affected in vps45Δ strains because mutants grown on media
supplemented with Congo red appeared close to wild-type strain H99 in growth rate [254]. The
congruency between S. cerevisiae and C. neoformans phenotypic response to extracellular
stressors strengthens the phylogenetic argument that S. cerevisiae VPS45 functions are conserved
in C. neoformans.
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Figure 11. VPS45 is required for protection against extracellular stressors. Ten-fold
serial dilutions of cells (starting at 105 cells) were spotted onto solid YPD or YNB medium
(controls), YPD with NaCl (0.5 M, 1.0 M, or 1.5 M), YPD with caffeine (0.5 mg/mL), YPD
with Congo red (0.5 mg/mL), YPD with SDS (0.01 %, and 0.02 %), and YNB with
calcofluor white (0.5, and 1.0 mg/mL). Plates were incubated at 30°C or 37°C for 3 days.
Strains are indicated by genotypes, wild-type control strain H99 was included for reference.
Strains were pre-cultured in YPD overnight before spotting.
Vacuolar
has Increased
Toxicity in against
vps45Δ Background
Figure Accumulated
11VPS45 isDrug
required
for protection
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stressors

Further investigation of the defective vacuolar homeostasis in the vps45Δ mutant

background required additional stressors. Vacuolar pH has been manipulated by various methods
including deletion of VPH1, pH-gradient destabilization with weak bases, and trafficking
inhibition by treatment with brefeldin A; this feature is also essential for C. neoformans
virulence [207, 217, 243, 255, 256]. We hypothesized that the vps45Δ mutant would have an
increased sensitivity to similar stressors. The vacuolar antagonists, quinacrine and chloroquine,
were chosen as they have been previously shown to accumulate in the cryptococcal vacuole and
also to modulate C. neoformans virulence, intracellular survival, and virulence factor expression,
as (Figure 12). These drugs were originally developed as anti-malarial therapies, but have since
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been shown to have broad-spectrum toxicity against viruses, bacteria, fungi, and in cancer
therapeutics [257]. On solid YPD medium (Figure 12A), vps45Δ strains were sensitive to 3mM
chloroquine with diminished growth at 7mM, a concentration that is almost completely toxic at
30°C. When grown on solid YNB medium (Figure 12C), or at 37°C (Figure 12A) chloroquine
toxicity increases. Quinacrine, a more potent drug, has antifungal activity at 0.4 mM when tested
on YPD solid medium at 30°C (Figure 12B). Similar to chloroquine, growth on YNB (Figure
12C) or at 37°C (Figure 12B) also increases the effectiveness of the drug.
A

B

C

Figure 12. Deletion of VPS45 increases sensitivity to antimalarial drugs. (A) Ten-fold
serial dilutions of cells (starting at 104 cells) were spotted onto solid YPD medium containing
chloroquine at indicated concentrations. (B) Ten-fold serial dilutions of cells (starting at 104
cells) were spotted onto solid YPD medium, and YPD medium-containing quinacrine at the
concentrations listed (C) Ten-fold serial dilutions of cells (starting at 104 cells) were spotted
onto solid YNB medium and YNB medium-containing chloroquine, or quinacrine at the
listed concentrations. Plates were incubated at 30°C or 37 °C for 3 days as indicated.
Microaerophilic
liquid
growth
curve datasensitivity
was collected to
to investigate
the effect of
Figure
12 Deletion
ofculture
VPS45
increases
antimalarial
drugs and quinacrine on the growth kinetics of fungal cells. It was seen that liquid growth
chloroquine
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increased dose-sensitivity for vps45Δ mutants (Figure 13). When grown in the presence of
chloroquine (Figure 13A), fungistatic effects can be observed in the wild-type strain and
mutants. Primarily, chloroquine appears to increase the lag phase during adaptation, and this
effect is more pronounced in the vps45Δ mutants. A secondary lag phase appears only in the
wild-type strain H99 when grown in 3.5 mM and 4 mM of chloroquine resembling a classic
diauxic shift. This lag phase may be experienced by mutants initially, which may explain the
extended lag phase observed before exponential growth. When quinacrine is present in YNB,
microaerophilic growth is severely impacted. Resistance to quinacrine was more robust in cells
that were pre-cultured in rich YPD medium (Figure 13B) than those pre-cultured in LIM (Figure
13C). YPD pre-cultured vps45Δ mutants were susceptible to quinacrine concentrations as low as
500 μM (Figure 13B). Comparatively, wild-type growth was unaffected by quinacrine
concentration at 500 μM, growth-inhibition of wild-type was seen at a two-fold increase of 1
mM quinacrine. Maximal OD600 for wild-type cells grown in the presence of all quinacrine
concentrations assayed was between 1 and 1.5. However, vps45Δ deletion mutants grown in the
presence of quinacrine were able to reach a maximal OD600 of approximately 0.5, if growth
occurred at all. Iron-starvation by two day LIM pre-culture increased sensitivity of wild-type
strain H99 to 1 mM quinacrine while the vps45Δ mutant strains were completely non-viable in
the presence of quinacrine at concentrations as low as 500 μM. It appears that the vacuolar
accumulation of chloroquine and quinacrine has increased toxicity in the vps45Δ mutant when
compared to wild-type strain H99 C. neoformans. Although the precise mechanisms of anticryptococcal activity of these drugs are unknown, a loss of Vps45p function decreases innate
resistance. These observations indicate that fungal resistance to chloroquine and quinacrine is
mediated in some way by Vps45p.
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Figure 13. VPS45 is required for resistance to antimalarial drugs in liquid
microaerophilic growth cultures. A) Growth curve analysis of C. neoformans strains in
YNB culture media with 0 mM, 2 mM, and 4 mM chloroquine. B) Growth curve analysis of
C. neoformans strains pre-cultured in YPD overnight with 0 μM, 500 μM and 1000 μM
quinacrine. C) Growth curve analysis of C. neoformans strains iron starved by pre-culture in
LIM for 2 days at 30 °C cells resuspended in YNB with addition of 0 μM, 500 μM and 1000
μM quinacrine. Cells were grown at 30 °C with shaking in a Tecan M200 Infinite Pro for the
indicated time. Strain is indicated in the legend first (H99=wild type, V1:2 = vps45Δ::NAT
1:2, V3:4 = vps45Δ::NAT 3:4), with concentration beside it. Chloroquine is listed in mM,
quinacrine listed in μM.

Figure 13 VPS45 is required for resistance to antimalarial drugs
in liquid microaerophilic growth cultures
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Virulence Factor Expression is Unaffected by vps45Δ
The elaboration of virulence factors was investigated. Previous studies had shown that
vacuole acidification was required for elaboration of capsule and melanization, mutants were
also attenuated for virulence in a murine model [207]. Thus, there was reason to suspect that
VPS45 may phenocopy these traits. The wild-type strain H99 and the vps45Δ mutants were
grown in capsule-inducing media for two days and stained with India ink to visualize the capsule
by dye exclusion. No difference in capsule size was observed after two days incubation (Figure
14A). Addition of 0.25 mM chloroquine to the induction media was sufficient to impair capsule
elaboration. Melanisation was induced on specific media in the presence of L-dopa and near
wild-type pigmentation was observed after 3 days of incubation (Figure 14B). Growth at 37°C
was not perturbed in spot plate analysis when grown on both YPD and YNB solid media (Figure
14B). Although the cryptococcal VPS45 is involved in a wide array of cellular processes, such as
iron utilization, trafficking events, and environmental response, there is no associated loss of
virulence factor elaboration in the methods we analyzed.
A.

B.

Figure 14. Deletion of VPS45 does not influence the major virulence factors. A) Capsule
formation was examined by YPD overnight growth (negative control) 2 day growth in LIM,
and LIM containing 250 μM chloroquine followed by staining with India ink and
visualization by DIC microscopy. B) Temperature stress was analyzed by spotting a dilution
series (starting at 104 cells) on YPD or YNB and growth was monitored at 30 °C and 37 °C
after 3 days. Melanin production was tested by spotting a dilution series (starting with 104) of
cells on L-dopa medium for 3 days at 30°C.

Figure 14 Deletion of VPS45 does not influence the major
virulence factors
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In vitro Macrophage Clearance of a vps45Δ Mutant of C. neoformans is Increased
C. neoformans is able to persist in the phagolysosomal compartment of macrophages and
the growth in lungs and blood is dependent on the initial outcome of macrophage interaction.
Therefore, characterizing the outcome of this interaction can be predictive of infection in murine
models, which can then be extrapolated to human disease. Since we observed that the vps45Δ
mutant has a wide array of phenotypic defects which appear to be related to adaptation in
response to extracellular cues, such as shifted iron source or introduction of cell wall stressors, it
was expected that these mutants would be susceptible to macrophage killing. Thus, macrophageuptake and survival measurements were taken to determine relative fitness of the infective yeast
in vitro. In two independent observations, as determined by DIC microscopic count of
intracellular C. neoformans after 2 hr of co-incubation, uptake was not affected by VPS45 in
J774a.1 (Figure 15A). These results are disputed by CFU counts of C. neoformans taken after 2
hrs of co-incubation (Figure 15B). A statistically significant reduction of viable vps45Δ mutant
cells with respect to wild type was observed after two hours of co-incubation in three trials,
although in all but one of these trials an independent vps45Δ mutant subjected to identical
treatment had no statistically significant reduction in uptake. The pooled data set of all four trials
(n=12) suggests that no statistical significant difference in uptake exists between vps45Δ
independent mutant strains and wild-type strain H99. Survival of cryptococcal strains was
determined as a percentage CFU count at 24 hours with respect to 2 hrs (Figure 15C). In every
trial the vps45Δ strains had significantly lower survival (40-75%) when compared to the wildtype strain H99 (100-215 %).
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Figure 15. VPS45 is required for intracellular survival within stimulated J774a.1
macrophages. A) Percent of macrophage observed with intracellular C. neoformans as
determined by DIC microscopy at 2 hr of co-incubation. B) Uptake of C. neoformans at 2 hr
as determined by CFU count analysis of washed and lysed macrophages. C) Survival percent
determined by CFU count of C. neoformans at 24 hr divided by CFU count of C. neoformans
at 2 hr. Cryptococcal strains and J774a.1 macrophages were incubated in DMEM at a MOI
of 1:1 at 37 °C with 5 % CO2 for 2, or 24 hrs. p-value determined by student’s unpaired two
tailed t-test with respect to H99 of the experiment, 1 asterisk indicates 0.05<p<0.01, 2
indicates 0.01<p<0.005, three indicates 0.005<p<0.001, four indicates p<0.001. Experiments
were performed in triplicate. Error bars are calculated standard deviations.

Figure 15 VPS45 is required for intracellular survival within
stimulated J774a.1 macrophages
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These experiments were recapitulated in the THP1 human cell line (Figure 16). Uptake of
C. neoformans was determined at two hours of co-incubation, and no statistical difference was
observed between wild-type strain H99 and the vps45Δ mutants (Figure 16A). Survival was
severely inhibited by deletion of VPS45 (Figure 16B), wild-type survival within macrophage was
109% and was reduced to 14-12 % in mutant strains. The tissue culture media was assayed for
potential toxic effect on H99 and vps45Δ mutants (Table 2). Percent survival was determined by
CFU count at 24 hours with respect to two hours. Percentage growth was determined by CFU
count at 24 hours minus CFU count at two hours with respect to CFU count at 2 hours. These
two parameters were utilized as measures of cryptococcal resilience in the assayed media. When
compared to wild-type strain H99 the mutant vps45Δ strains had significantly reduced survival
percentage and percent growth in DMEM, culture medium utilized for J774a.1. These
observations had a similar trend in THP1 culture media, RPMI, but had much greater variance
and as such no statistical significance could be determined. These data imply a marked reduction
in fitness for the vps45Δ mutants when grown in mammalian tissue culture media and may
account for a portion of the defects in macrophage survival. Despite the fitness loss in the tissue
culture media, the decreased ability for vps45Δ mutants to survive macrophage dependent killing
after 24 hours is relevant.
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Figure 16. VPS45 is required for intracellular survival within stimulated THP1
macrophages. A) Uptake of C. neoformans at 2 hr was determined by CFU count analysis of
washed and lysed macrophages. B) Survival percent determined by CFU count of C.
neoformans at 24 hr divided by CFU count of C. neoformans at 2 hr. Cryptococcal strains
and THP1 macrophages were incubated in DMEM at a MOI of 1:1 at 37 °C with 5 % CO2
for 2 or 24 hrs. p-value determined by student’s unpaired two tailed t-test with respect to H99
of the experiment, 1 asterisk indicates 0.05<p<0.01, 2 indicates 0.01<p<0.005, 3 indicates
0.005<p<0.001. Experiments were performed in triplicate and error bars are standard
deviations.

Figure 16 VPS45 is required for intracellular survival within
stimulated THP1 macrophages
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Table 2. A vps45Δ is susceptible to growth inhibition in tissue culture media. Percent
survival was determined as a ratio of CFU count at 24 hr with respect to CFU count at 2 hr.
Percentage growth was determined as the ratio of the difference in CFU at 24 hr and 2 hr
with respect to the CFU count at 2 hr. p-values were calculated by Student’s unpaired two
tailed t-test with respect to wild-type H99 in the experiment. DMEM and RPMI media were
supplemented with 1% fetal bovine serum, and incubated at 37°C with 5% CO2.

Media

Strain Percentage Survival at

p-value

24 hr
DMEM

RPMI

Percentage Growth at

p-value

24 hr

H99

1794.42 % ± 134.74 %

1

1694.42% ± 134.74%

1

V1:2

28.61 % ± 7.14 %

0.00189

-71.39% ± 7.14%

0.00189

V3:4

23.01 % ± 1.65 %

0.00192

-76.99% ± 1.65%

0.00192

H99

515 % ± 892 %

1

415 % ± 892 %

1

V1:2

15.53 ± 27 %

0.435

-83 % ± 27 %

0.433

V3:4

21.62 ± 37 %

0.439

-78 % ± 37 %

0.433

Table 2 VPS45 is susceptible to growth inhibition in tissue culture
media
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Discussion
Previous work in the Kronstad laboratory has identified many iron responsive networks.
Initial studies utilizing SAGE analysis of transcript populations from C. neoformans grown in
defined iron media showed similarity to those isolated from in vitro macrophage culture and
fungal cells recovered from in vivo murine models [258]. This work led to the development of a
broader understanding of iron responsive gene networks by focusing on the regulatory
transcription factors involved in this network. Several transcription factors have been implicated
in iron response thus far including Cir1p, HapXp, Gat201p, Rim101p, and Nrg1p. However, the
enrichment for genes that are predicted to play a role in iron function is best seen in experiments
with HapXp and Cir1p.
Cir1p differentially regulates 2311 genes under iron limitation and 1623 upon iron
repletion, of those the two most common gene ontology (GO) terms identified were in iron
transport and siderophore transport [63]. HapXp was identified based on sequence similarity to a
known iron regulatory complex in A. nidulans [259]. Mutational analysis of this component in C.
neoformans showed that in differential iron media 2224 genes are down regulated and 2222
genes were up regulated [242]. The most significant defect in regulation was seen in LIM
without iron supplementation where there were 1131 down and 910 up-regulated genes. Within
these differentially regulated genes, GO term enrichment was observed in iron transport and
siderophore transport. Among these differentially regulated genes, was CIR1 and a gene,
CNAG_03628.2, that was predicted to encode a protein involved in vacuolar protein sorting
[242].
Specifically, the transcript levels of the open reading frame, CNAG_03628.2, were
positively regulated by HapXp under low iron (~3X) and high iron (~5X) conditions. In addition,
the gene is annotated as VPSB but has high amino acid sequence similarity to the S. cerevisiae
protein Vps45p. Interestingly, VPSB is a gene within an operon of the bacterial pathogen S.
flexneri, and the gene is implicated in the infection and invasion of host cells, maintenance of
cytoplasmic membrane stability, and protein secretion [260]. We have determined by
phylogenetic analysis that this annotation is incorrect, and indeed the best possible annotation at
this time is VPS45; although it is striking to see that both S. flexneri VpsBp, and C. neoformans
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Vps45p have roles in virulence. We suggest that the C. neoformans annotation be updated to
VPS45, and that these qualifications be applied to other fungal genomes that are currently
annotated with the misnomer of VPSB following adequate functional characterization.
In S. cerevisiae, Vps45p is an SM protein that mediates the SNARE activities and protein
half-lives of Tlg2p [227]and Pep12p[230]. Tlg2p is responsible for vesicular traffic between the
late Golgi and the endosome or PVC [231]. Pep12p is responsible for recognition of anterograde
and retrograde vesicular trafficking at the PVC, including ESCRT pathway-generated endosomes
[228, 230]. Targeted deletion of the chromosomal C. neoformans VPS45 gene was performed to
examine the role of the gene in virulence-related phenotypes, with the prediction that the
phenotypes would result from impaired anterograde and retrograde vacuolar trafficking based on
the observations in S. cerevisiae.
Iron utilization was assayed in our vps45Δ mutant with both liquid and solid media. In
liquid culture, the vps45Δ strains were unable to grow with comparable kinetics to the wild-type
strain in the presence of 10 μM and 100 μM FeCl3. These growth deficiencies may be a result of
an overload of free cytosolic iron because of impaired vacuolar storage of free iron resulting in
[261]. An increase in cytosolic iron may continue until toxic, or fungistatic level is reached, as a
result of defective signalling responses to iron accumulation. A distinct growth defect in liquid
culture and in spot assays on solid medium was present when the extracellular iron source was
limited to hemin, although this growth defect was not as prominent when cells were grown on
solid YNB medium. Iron limitation can influence iron dependent processes such as DNA
synthesis and repair, protein translation, and metabolic catalysis. Therefore under iron-starvation
conditions the cell must prioritize essential iron-dependent processes. LIM is a minimal media
with trace amount of minerals, 0.5% glucose, 0.5% L-asparagine, and 2.3 mM phosphate, and as
such iron-dependent processes are all essential for cell survival. However in YNB amino acids
are supplemented and glucose concentration is brought to 2% which may ease the metabolic
constraints of LIM growth. Thus, it may be that these processes allow an increased basal level of
growth irrespective of iron concentration. The iron-related growth phenotype defects of the
vps45Δ mutant are similar to the hemin-deficient growth seen in hapxΔ and vps23Δ mutants
[179, 242]. These phenotypes prompted a closer investigation of the subcellular localization of
components utilized in the uptake of extracellular iron.
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Impaired vacuolar trafficking of a reporter protein with clear vacuolar accumulation was
observed in the vps45Δ mutant by microscopic analysis. In wild type cells, the Cfo1-GFPp
fusion protein localizes to the plasma membrane within six hours of growth in iron-depleted
conditions [63, 64], but vacuolar accumulation of the GFP signal is prominent by 2 days of
growth. Co-localization with the pH sensitive LysoTracker Red revealed that the GFP signal is
indeed vacuolar. The trends for localization in the vps45Δ mutant were markedly different as the
GFP signal was present in a diffuse cytosolic pattern, associated with the plasma membrane, seen
in punctuate cytosolic structures, and presumed endosomes due to lack of LysoTracker Red
staining. However, multiple LysoTracker Red positive compartments that had positive colocalization with GFP signal indicated that a percentage of Cfo1-GFPp is able to reach the
vacuole. These data indicate that vacuolar localization of the Cfo1-GFPp reporter was impaired
in these mutants. These observations are consistent with the vacuolar structures and protein
sorting defects observed in the deletion studies of S. cerevisiae VPS45 [190]. Iron acquisition and
utilization is dramatically affected in the C. neoformans vps45Δ mutant, and the localization of
the ferroxidase, Cfo1p, is similarly affected. We propose that the utilization of heme in C.
neoformans requires uptake of bound extracellular heme in an ESCRT-dependent process
followed by trafficking to the PVC prior to an undescribed vacuolar metabolic process to liberate
iron sequestered by heme that may utilize Cfo1p.
Cfo1p is utilized by C. neoformans in the high affinity uptake of extracellular soluble
iron and deletion mutants have sustained growth defects when extracellular iron is limited to
FeCl3 or transferrin [64, 180]. In the vps45Δ mutant, the intracellular localization of Cfo1p is
affected, as previously described. This may illustrate a dual role for Cfo1p: i.e., initially it may
be utilized by the cell in iron uptake and then later in intracellular iron homeostasis by regulating
cytosolic concentrations via vacuolar uptake or release. It is important to note that in liquid
culture, the vps45Δ mutants also show reduced growth in the presence of FeCl3 and hemin.
These growth defects may be, as previously suggested, due to an accumulation of cytosolic iron
to toxic levels. This suggestion correlates nicely with the observed localization pattern of Cfo1p
in the wild-type strain, and the loss of proper localization in the vps45Δ mutant. Although these
findings are an attractive rationale for the iron sensitive growth phenotypes, no characterized
vacuolar iron transporters have been studied in C. neoformans and many genes have been
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implicated in iron-sensitive growth. These include FRE2, CFO2, CFT1, CIG1, and a putative
siderophore transporter SIT1 [64, 177, 178, 180, 262].
Alternate cellular defects also exist beyond vacuolar morphology and protein trafficking
in vps45Δ mutants. Cell wall integrity is also compromised in the vps45Δ mutants based on the
observation that growth in the presence of cell wall and hyperosmotic stressors is reduced. These
results are congruent with what has been observed in vps45Δ mutants of S. cerevisiae [251-253].
Vacuolar composition can alter the dynamics of the cell wall by affecting turgor pressure of the
cell, and by influencing membrane protein turnover from recycling events. The cell wall integrity
(CWI) pathway is responsible for mediating cellular response to extracellular stressors. Briefly,
in S. cerevisiae the plasma transmembrane receptors Wsc1-3p, Mid1p, and Mtl1p sense
extracellular stressors and activate G-protein Rho1 which activates protein kinase c (PKC) [263].
Subsequently PKC signals through a MAPK cascade by activating Bck1 (MAPKKK) that
activates Mkk1p and Mkk2p (MAPKK’s) which activates the MAPKs Mpk1p, and Slt2p [263].
In terms of cell wall stressors, calcofluor white antagonizes chitin synthesis, Congo red
antagonizes glucan fibril growth, and the influence of caffeine is undetermined, but all three
influence the CWI pathway.
A mutant in Aspergillus niger was isolated in a subunit of the V-ATPase which had
similar cell wall sensitivities to the vps45Δ mutant in C. neoformans [264]. When wild-type A.
niger cells were treated with bafilomycinB(1), a V-ATPase inhibitor, CWI-associated gene
transcription was increased. These results serve to correlate increased cell wall stress sensitivity
with vacuolar proton pump activity and acidification of the vacuole. In C. neoformans, the
vps45Δ mutant V-ATPase activity is unaffected, as determined by positive LysoTracker red
staining, but the vacuole is fragmented and localization of V-ATPase or associated cell wall
machinery may be affected. Two S. cerevisiae studies have identified Slt2p as an inhibitor of
non-apoptotic yeast cell death as a result of ER stress [265, 266]. One study showed that
vacuolar permeablization by V-ATPase activity was the causative agent of cell death in a process
similar to neuron necrosis [266]. If vacuolar trafficking is reduced in conjunction with late Golgi
protein efflux while cells are undergoing a cell wall stress event, then ER stress is expected to
occur. Perhaps, this may be an additional rationale for an increased susceptibility to cell wall
stressors in vacuolar mutants.
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The antimalarial drugs chloroquine and quinacrine are weak bases which are
lysosomotropic and that preferentially accumulate in acidic environments. Studies in C.
neoformans have shown that these drugs are effective in reducing intracellular macrophage
survival in vitro, as well as decreased fungal burden during murine in vivo infection [217]. These
drugs are known to inhibit heme utilization in the vacuoles of Plasmodium spp. by sequestering
monomeric and dimeric heme to terminate hemozoin crystal formation [267, 268]; they also
cause DNA damage by intercalating into DNA, by inhibiting DNA topoisomerase and helicase,
and by inhibiting DNA and RNA polymerases [269]. DNA damage has been associated with
autophagy in S. cerevisiae such that inhibition of the cytoplasm-to-vacuole pathway inhibits cell
cycle progression [270]. Iron-deprivation by chloroquine and quinacrine during intracellular
growth has been observed in Legionella pneumophila [271] and Histoplasma capsulatum [272],
although no defect in iron utilization was observed in C. neoformans. Therefore, a general
toxicity model including DNA damage and disruption of vacuolar acidification has been
proposed [256].
Disruption of the arachidonic acid pathway by inhibition of phospholipase A2 is
correlated with plasma membrane association of quinacrine [273]. C. neoformans utilizes
arachidonic acid during pathogenesis via Lac1p-dependent metabolism to generate prostaglandin
E2 which inhibits IL-17 induction of T-cells during differentiation [274, 275]. It is important to
note that vps45Δ mutants have decreased ability to utilize extracellular heme, and show
increased susceptibility to chloroquine and quinacrine treatment. It is apparent that Vps45p
control of trafficking through the PVC is necessary for wild-type levels of resistance to the
drugs. This may be a result of defective transport of a resident vacuolar efflux protein such as the
observations in the mutated drug efflux protein in Plasmodium falciparum encoded by the gene
PfCRT [276]. Perhaps the vacuole is compromised in some other way and susceptible to vacuolar
loading of the drugs. The interpretation is however the same in thatthe vacuole is compromised
in these mutants as a result of the loss of VPS45, and observations strongly phenocopy the
orthologous gene described in S. cerevisiae VPS45. This conclusion is supported by phylogenetic
analysis, similar stress phenotypes, and the aberrant localization of Cfo1-GFPp.
The phenotypic characterization of mutants lacking VPS45 prompted us to also analyze
the role of vacuolar trafficking in virulence. As mentioned previously the three primary virulence
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factors of C. neoformans are the ability to proliferate at 37°C, melanin formation via the action
of Lac1p and Lac2p on host-derived precursors, and production of an immunomodulatory
polysaccharide capsule. No correlation between thermal sensitivity and the status of VPS45 was
observed upon growth on YPD or YNB media at 37°C, although toxicity of all stressors was
increased when cells were assayed at 37°C. Previous work suggests that Vps23p and mutants in
other ESCRT complexes (G. Hu, unpublished data) were acapsular and had defective
melanization [179]. In the vps23Δ mutants, capsule polymer was secreted, but elaboration of
cellular capsule never occurred. We therefore expected the null vps45Δ mutant to be defective in
the establishment of the polysaccharide capsule and melanin. However, there were no observed
differences in the ability of the vps45Δ mutant to produce cell-associated polysaccharide capsule,
and near wild-type levels of melanin were observed. Thus, Vps45p-dependent transit processes
are not required for capsule elaboration or melanin biosynthesis.
Previous reports have shown that drugs like bafilomycin A, chloroquine, quinacrine, and
small molecules like ammonium chloride which disrupt pH gradients in C. neoformans have a
negative effect on melanization, or capsule establishment [207, 217, 218, 256]. Consistent with
these observations, we found that the vps45Δ mutant and the wild-type strain H99 showed
reduced cell-associated capsule upon challenge with 250 μM chloroquine. Although, these
effects may be due to vesicular accumulation of chloroquine, as many exocytic and endocytic
vesicles maintain a low pH, the majority of the drug is localized to the vacuolar compartment.
We conclude that although trafficking of capsule requires endocytic components for elaboration,
these reactions are not dependent of Vps45p prevacuolar trafficking, but may still transit through
the vacuole or PVC because they appear to be sensitive to weak bases, vacuolar drugs, and VATPase inhibitors.
In our deletion strains, we observed significant loss of growth capability during
interactions with the J774a.1 and THP1 macrophage-like cell line. On average, vps45Δ mutants
do not appear to have significant losses when compared to wild type in measurement of CFU at 2
hr of co-incubation. These data indicate that macrophages are able to detect and ingest both the
mutant and wild-type strains with near equal efficiency. However a significant defect is observed
in fungal counts after 24 hours of co-incubation with macrophages. Specifically, it appears that
Vps45p functions are required to survive the phagolysosome.
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Further study of the culture conditions showed that vps45Δ mutants are unable to persist
in DMEM or RPMI media, with or without the addition of FBS, as determined by CFU counts.
In this media nutrients are optimized for the growth of mammalian cells, and as such growth
limitations for C. neoformans may be found in mutants defective in vacuolar storage or release of
phosphates, metals, and amino acids. Tissue culture media sensitivity may be a result of
defective signalling response to the extracellular milieu. The vps45Δ mutants have shown
defective CWI response and these defects may not be limited solely to cell wall agonists. If these
cells were unable to sense nutrient limitations this could inhibit adaptation to the media and may
induce alternate survival programs [197, 270]. In this scenario a starvation response would be
triggered, and cells would begin to undergo autophagy. If the vps45Δ mutant was non-responsive
to autophagy induction, cell death could occur. As seen in yeast stress conditions,
permeablization of the vacuole is required for non-apoptotic death [266]. Ergo, if the C.
neoformans vacuole is as highly disordered as believed in the vps45Δ mutant it may be primed
for cell death responses. Alternatively, if vacuolar inheritance is negatively affected by the
vps45Δ mutant in C. neoformans cell division could be impacted, a process that would
drastically affect CFU counts [277]. The compliment present in the supplemented FBS used in
the tissue culture media may be functional and result in lysis of mutant strains which are
defective in osmotolerance, polysaccharide capsule, and cell wall stressors. Importantly, these
observations indicate that vacuolar function is crucial for intracellular survival, and within tissue
culture growth media conditions.
Collectively these data suggest a wide variety of physiological and pathogenesis-related
roles for the vacuole in the opportunistic pathogen C. neoformans. It is clear that vacuolar
protein trafficking is responsible for a wide variety of phenotypic properties including iron
utilization from soluble free iron and heme, CWI stress response, and intracellular survival in
macrophages. We believe that these phenotypes strongly imply that these mutants will be
avirulent in a murine infection model and these experiments will be performed in future work on
this project. The evidence collected and referenced in this thesis supports a focused future effort
to study vacuolar development and associated implications of virulence in fungi. As a direct
extension of our analyses, we believe that it will be important to characterize the vacuolar protein
sorting defects of vps45Δ mutants with respect to the classical studies performed in S. cerevisiae.
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These would include analyzing the localization and maturation of Cpy1p, Pho8p and Vph1p in
the vps45Δ background. Further analysis can be performed on the exopolysaccharide fraction
associated and shed from the cell via antibody blotting, and the ratio of sugars within the capsule
by immunofluorescence. These studies would determine whether vacuolar function is important
for capsule synthesis and export. Secretion of associated virulence factors such as secreted
proteinases, urease, and the phospholipase Plb1p may help explain the phenotypes observed in
macrophage uptake. Further work can be performed with the cognate SNARE proteins to prove
interactions with Vps45p as well as individual deletion studies to analyze the impact each of
these factors has on cell physiology and virulence.
Fungal pathogens represent a significant global health, economic, and ecological burden.
The development of new antifungal drugs to combat these outbreaks represents a prominent
scientific and social concern. Recent work has illustrated that fungal physiology is reliant on a
functional vacuole because it is a central component of biosynthetic, endocytic and autophagic
traffic [184-186, 197, 270]. By developing this organelle as a biological model future discoveries
may be made which can be leveraged as future drug targets. For example, comparison of the VATPase organization in mammals and fungi have identified significant differences between
structure, regulation and disassembly that it is being utilized in drug development screens as a
therapeutic target in the model fungal pathogen C. albicans [278]. We strongly believe that the
pursuit to understand physiological vacuolar function in C. neoformans will lead to similar
discoveries, and potential avenues of therapeutic applications within and outside of the genus
Cyrptococcus.
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Appendix A
Below is genomic DNA isolated from the cheek cells of Erik David Nielson. This DNA
was extracted from a 0.5 % saline solution swished thoroughly in the mouth to harvest cheek
cells. Subsequent cell lysis was mediated by 500 μL of 10% SDS, followed by an ethanol
precipitation. In case of emergency open packet, rehydrate DNA, and clone.
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