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Abstract

The pathogenic fungus Cryptococcus neoformans must overcome iron limitation to cause disease
in mammalian hosts. Previously, we reported a screen for insertion mutants with poor growth

on heme as the sole iron source. In this study, we characterized one such mutant and found

that the defective gene encoded a Vam6/Vps39/TRAP1 domain-containing protein required for
robust growth on heme, an important iron source in host tissue. We designated this protein Vps3
based on reciprocal best matches with the corresponding protein in Saccharomyces cerevisiae. C.
neoformans encodes a second Vam6/Vps39/TRAP1 domain-containing protein designated Vam6/
VIp1, and we found that this protein is also required for robust growth on heme as well as on
inorganic iron sources. This protein is predicted to be a component of the homotypic fusion and
vacuole protein sorting (HOPS) complex involved in endocytosis. Further characterization of the
vamé6A and vps3A mutants revealed perturbed trafficking of iron acquisition functions (e.g., the
high affinity iron permease Cft1) and impaired processing of the transcription factor Rim101,
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a regulator of heme and iron acquisition. The vps34 and vamé6A mutants also had pleiotropic
phenotypes including loss of virulence in a mouse model of cryptococcosis, reduced virulence
factor elaboration, and increased susceptibility to stress, indicating pleiotropic roles for Vps3 and
Vam6é beyond heme use in C. neoformans.
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The pathogenic fungus Cryptococcus neoformans must overcome iron limitation to cause disease
in mammalian hosts. Two Vam6/Vps39/TRAP1 domain-containing proteins, Vps3 and Vame,
are required for robust growth on heme as well as proper regulation of iron homeostasis. Two
independent deletion mutants for each gene, or double mutants lacking both genes, are unable to
cause disease in a mouse inhalation model of cryptococcosis.

Introduction

The pathogenic fungus Cryptococcus neoformans causes life-threatening
meningoencephalitis in immunocompromised individuals including those suffering from
HIV/AIDS (May et al., 2016; Mayer and Kronstad, 2019; Park et al. 2009; Rajasingham
etal., 2017). Normally, infection is asymptomatic in immunocompetent hosts, and

C. neoformans remains dormant or is eliminated. However, in immunocompromised
individuals, C. neoformans can disseminate to the central nervous system to cause

death if untreated (May et al., 2016). In fact, C. neoformans causes ~180,000 cases of
meningoencephalitis per year and is thought to be responsible for 15% of HIV-related deaths
(Okurut et al., 2020; Park et al. 2009; Rajasingham et al., 2017).

In general, there is a pressing need for new antifungal drugs, drug targets, and therapeutic
approaches because effective treatment options are limited for cryptococcosis and other
fungal infections of humans. Pathogen sensing and acquisition of key nutrients such as
iron in host tissue are potential therapeutic targets. Iron is an essential nutrient as it

is involved in a variety of biochemical processes such as respiration, electron transport,
and the biosynthesis of some amino acids, lipids, and nucleotides. Free iron is scarce

in mammalian hosts because it is sequestered from microbial pathogens by binding to
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transferrin, lactoferrin, or other proteins (Kronstad et al., 2013; Legrand et al., 2008).
Consequently, pathogens have evolved competitive systems for uptake of iron to overcome
nutritional immunity (Cassat and Skaar, 2013; Schaible and Kaufmann, 2004). Additionally,
iron availability influences virulence factor elaboration by pathogens, as demonstrated by
the regulation of the polysaccharide capsule of C. neoformans (Jung et al. 2006; Vartivarian
etal., 1993).

C. neoformans possesses several systems to acquire iron including cell surface reductases,
exported reductants, and melanin, which have been shown to reduce ferric (Fe3*) to ferrous
iron (Fe2"), the form that is bioavailable and that can be acquired by low-affinity iron
permeases (Cadieux et al. 2013; Horianopoulos and Kronstad, 2019; Jung et al., 2008,

2009; Kronstad et al., 2013). A high-affinity uptake system also exists in which ferrous iron
is oxidized to ferric iron by a ferroxidase, Cfol, and then transported into the cytoplasm

of the cell by an iron permease, Cftl (Jung and Kronstad, 2008, Kronstad et al., 2013).
Although C. neoformans cannot synthesize siderophores, which are high affinity iron
binding molecules, the fungus does have a family of siderophore transporters for ferric

iron uptake (Jung and Kronstad, 2008, Kronstad et al., 2013). C. neoformans can also
acquire iron from heme although the mechanisms are not well understood. A number

of components required for heme uptake have been identified including an extracellular
Cigl mannoprotein, clathrin mediated endocytosis, and ESCRT (endosomal sorting complex
required for transport) proteins (Bairwa et al., 2019; Cadieux et al., 2013; Hu et al., 2013,
2015). In Candlida albicans, heme is taken up in endosomes and sorted to the vacuole for
storage and utilization (Navarathna and Roberts, 2010; Pendrak et al., 2004; Weissman et al.,
2008). Accumulating evidence indicates that a similar mechanism involving endomembrane
trafficking exists in C. neoformans, and our goal is to understand the roles of specific
components in this process.

Iron acquisition by fungal pathogens may depend in part on endocytic functions (Bairwa
etal., 2019; Weissman et al. 2008). The homotypic fusion and vacuole protein sorting
(HOPS) tethering complex is a key component of the endosomal pathway, mediating the
fusion events between the late endosome and the vacuole (Brocker et al., 2012). This
complex consists of six subunits: Vam6 (Vps39), Vpsll, Vpsl8, Vpsl6, Vps33, and Vps4l
(Brocker et al., 2012). Vam6 and Vps41 are located at opposite ends of the HOPS complex
and interact with Ypt7, a Rab7 GTPase present on late endosomes (Brocker et al., 2012).
V/ps33 is suggested to mediate accessory interactions with SNARE proteins, which assist
in vesicle fusion, and Vps11, Vpsl6, and Vps18 are structural components (Brocker et

al., 2012). A connection with iron acquisition is indicated by the finding that loss of the
HOPS component Vps41l results in defective high affinity iron uptake in Saccharomyces
cerevisiae due to impaired activity of the multicopper oxidase Fet3p (Radisky et al., 1997).
A previous study showed that VVps41 is involved in virulence and intracellular survival in C.
neoformans, although a connection to iron acquisition could not be established (Liu et al.,
2006). A HOPS-related complex, the class C core vacuole/endosome tethering (CORVET)
complex, shares Vps11, Vpsl16, Vpsl8, and Vps33 and is involved in endosome-endosome
fusion, acting earlier in the endocytic pathway than the HOPS complex (Balderhaar and
Ungermann 2013). The CORVET complex contains Vps3 and Vps8 instead of Vamé and
Vps4l, and interacts with a Rab5 GTPase, characteristic of early endosomes, instead of
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the Rab7 GTPase (Balderhaar and Ungermann 2013). Individual proteins of the HOPS

and CORVET complexes also participate in establishing membrane contact sites between
organelles and possess complex-independent functions (Prinz et al., 2020). For example,
Vamé is a component of the vacuole and mitochondria patch (vCLAMP) that connects these
organelles and allows the transport of phospholipids (Elbaz-Alon et al., 2014; Honscher et
al., 2014; Gonzales-Montoro et al., 2018; Ladarola et al., 2020).

We previously employed Agrobacterium tumefaciens T-DNA insertion mutagenesis to
identify C. neoformans genes involved in the use of heme as an iron source (Hu et al., 2013).
Subsequent mutant characterization identified proteins with roles in heme use including
components of ESCRT complexes and P4-ATPase subunit of the Cdc50 family (Hu et al.,
2013, 2015, 2017). Here we report that this approach identified a protein, Vps3, in the
Vam6/Vps39/TRAP1 family that was distinct from a known member of this protein family
in C. neoformans, the predicted HOPS complex protein Vam6/VIpl. The latter protein was
recently demonstrated to play a role in pathogenesis and the response to stress (Liu et al.,
2008; Fan and Liu, 2021; Lee et al. 2010; Tseng et al., 2012). As demonstrated here, mutants
lacking VPS3and/or VAMG display defects in vacuolar morphology and endomembrane
trafficking, and are impaired for growth on medium with low levels of inorganic iron

or heme. These mutants are also unable to cause cryptococcosis in mice thus supporting

the conclusion that endomembrane trafficking is important for iron acquisition and fungal
pathogenesis.

2 RESULTS

21

Identification of Vam6/Vps39/TRAP1-domain proteins in C. neoformans

One of the mutants from our previous screen of Agrobacterium T-DNA insertion mutants
(Hu et al., 2013) contained an insertion in the gene CNAG_07328 encoding a predicted
protein with a citron homology (CNH) domain and a Vps39-2 domain (Supplemental Figure
S1A). The latter domain, along with a Vps39-1 domain, is found in proteins of the Vam6/
Vps39/TRAP1 family including the Vam6 protein of the HOPS complex in S. cerevisiae
(Brocker et al., 2012). However, the reciprocal best match for CNAG_07328 protein in the
S. cerevisiae database was the CORVET complex component Vps3, although the E value
was high (3e-07) and sequence similarity was limited to the CNH domain (Supplemental
Figure S1B). A further analysis using PANTHER classified the CNAG_07328 protein

as vacuolar protein sorting-associated protein 3 with HMM E value score of 4.2e-258
indicating likely correct family assignment (Mi et al., 2021). An examination of the

C. neoformans genome database revealed one other protein with a Vam6/Vps39/TRAP1
domain (CNAG_05395); this protein was previously designated Vam6 or VIpl and was
shown to contribute to C. neoformans pathogenesis (Liu et al., 2008; Fan and Liu, 2021;
Lee etal., 2010; Tseng et al., 2012). The domain organization for the proteins is shown

in Supplemental Figure S1. The connection between CNAG_07328 (designated Vps3) and
heme use prompted a more detailed examination of the roles of the Vam6/Vps39/TRAP1
domain proteins in iron-related processes in C. neoformans.
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2.2 Vamé6 and Vps3 influence cell and vacuole morphology, and localize to punctate
structures in the cytoplasm.

Initially, we constructed two independent deletion mutants each for V/PS3 (designated
vps3-c7 and vps3-b8) and VAME (designated vamé6-5and vamé6-89) as well as mutants
lacking both genes, and investigated the impact on cell and vacuolar morphology (Figure
1A, B). Loss of either Vps3 or Vam6 did not cause marked defects in cell morphology
compared with the wild type (WT) strain in rich (YPD) or minimal (MM) media (Figure
1A). However, the vps3A4 vaméA double mutants exhibited enlarged, elliptical cells with
defects in cell separation and this phenotype was more pronounced upon growth in MM. To
determine whether the vps34 and vamé6A mutants displayed vacuolar morphological changes
consistent with roles in endocytic function, we stained the cells grown in MM with the
lipophilic vacuolar membrane dye MDY 64 and with the vacuole-sequestered dye c-DCFDA.
We found that cells lacking Vamé had multiple small and/or fragmented vacuoles similar to
the class B or C vacuolar phenotypes in S. cerevisiae, and a mutant lacking Vps3 displayed
enlarged vacuoles similar to the class D vacuolar phenotype in S. cerevisiae (Figure 1B)
(Arlt et al., 2011; Raymond et al., 1992). The vacuolar morphology of the vps3A vaméA
double mutant resembled that of the vaméA4 mutant. Overall, these results suggest that

Vps3 and Vam6 function in vacuole biogenesis and/or stability, a finding consistent with
participation endomembrane trafficking.

We next examined the subcellular localization of Vps3 or Vamé by fusing mCherry at

the C-terminus of each protein with expression of the fusions from the native promoters.
The resulting strains did not show any phenotypic differences compared with the parental
WT strain indicating that the Vps3-mCherry and Vam6-mCherry fusion proteins were
functional (G. Hu, data not shown). Fluorescent microscopy revealed that Vam6-mCherry
was associated with punctated structures and with vacuoles, while Vps3-mCherry was
localized on multiple punctated structures (Figure 1C). These patterns are reminiscent of
those seen for Vam6 and Vps3 in S. cerevisiae (Cabrera et al., 2013; Nakamura et al., 1997).
The vacuoles were identified by staining with the dye c-DCFDA and by examination of the
DIC images (Figure 1C). Given that Vps3 (CORVET) and Vam6 (HOPS) in S. cerevisiae
are involved in vesicle trafficking of early- and late- endosomes to vacuoles, respectively,
we hypothesize that the observed punctate structures for Vps3-mCherry and Vam6-mCherry
may represent endosomal vesicles in C. neoformans.

An inability to recover from rapamycin-induced growth arrest is one characteristic of class
C wpsmutants in S. cerevisiae (Zurita-Martinez et al., 2007). Rapamycin is a macrocyclic
lactone antibiotic that targets the TOR pathway that regulates metabolism and proliferation
(Heitman et al., 1991). We tested the sensitivity of the vps34, vam6A and double mutants
to rapamycin on solid medium and found that all of the mutants displayed increased
sensitivity across a range of temperatures, compared with the WT strain (Figure 2A). We
further examined the ability of the strains to resume the growth after a 6 h exposure to
rapamycin. Interestingly, in contrast to S. cerevisiae, the mutant lacking VAMG6 resumed
the growth after rapamycin exposure, but the deletion mutant lacking VPS3was unable to
fully recover after drug treatment (Zurita-Martinez et al., 2007). The double vps3A vaméA
mutant showed a more pronounced growth defect after rapamycin exposure compared to
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the single mutants (Figure 2B). Taken together, the characterization of the mutants revealed
phenotypes consistent with endocytic trafficking and vacuole biogenesis.

2.3 Vam6 and Vps3 are required for robust growth on heme and inorganic iron sources

We next confirmed the iron and heme-related phenotypes of the T-DNA insertion mutant
for VPS3 by examining the growth of the WT strain and targeted deletion mutants of VPS3
(vps3-c7and vps3-b8) on medium with heme as the sole iron source (Figure 3A). Deletion
mutants for VAM6 and double mutants were also tested. Each of the strains was pre-cultured
in liquid low iron media (150 uM BPS) for 2 days to induce iron starvation. None of the
strains (WT or mutant) were able to grow when cells were spotted on low iron medium after
2 days, and the WT strain grew on low iron medium with heme or inorganic iron sources
(FeClz and FeSQy,) at either 10 uM or 100 uM. Compared to WT, deletion of VPS3or
VAMSG6 caused reduced growth on medium with heme at either 10 uM or 100 uM, and we
noted greater impairment for the vamé6A mutants (Figure 3A). We also tested an independent
deletion mutant, vamé6-Am in the background of the WT strain KN99, from the deletion
collection (Liu et a/. 2008) and observed impaired growth on heme. Moreover, cells of two
independent strains lacking both VPS3and VAMSG6 exhibited even greater impaired growth
on heme compared with the single mutants (Figure 3A), indicating an additive contribution
to iron utilization from heme. Although the double mutants did show slight growth defects
on YPD and YNB media, impaired growth was much more prominent on the media with
heme compared to WT. We also found that the growth of the vaméA mutants on the
inorganic iron sources FeCls or FeSO,4 was impaired at 10 pM, but not at 100 uM, while the
vps3A mutants grew much like the WT strain at 100 uM of FeCls or FeSQOy,, but somewhat
better than WT at the 10 uM concentrations of these iron sources (Figure 3A). We also
examined the growth of the WT strain and the vps34 and vamé6A4 mutants in a liquid low
iron medium supplemented with different iron source. The results were consistent with the
spot assays, and revealed growth defects for the mutants on heme at either 10 pM or 100
UM, or with FeCls at 10 uM (Figure 3B). Again, the double mutants showed more marked
growth defects than the single mutants.

Although our focus was on Vps3 and Vam6, we also examined the vacuolar morphology and
iron/heme-related phenotypes for mutants lacking the candidate HOPS component Vps41l
and the candidate CORVET component Vps8 (Figure 4). The genes for these proteins were
identified by comparisons with the corresponding S. cerevisiae genes (Supplemental Figure
S1B). We tested two independent mutants for each component and representative mutant
phenotypes are shown. The mutant lacking Vps41 had small or fragmented vacuoles (a class
B or C phenotype), and the vps8 mutant displayed enlarged vacuoles similar to the class A
or D phenotype in yeast (Figure 4A) (Arlt et al., 2011; Raymond et al., 1992). We found
that loss of VVps41 but not Vps8 caused reduced growth on medium with heme (Figure

4B). Similar to the vamé6A mutants, deletion of VV/PS41 led to growth defects on medium
with FeCl3 or FeSOy as the sole iron sources at 10 pM (and to a lesser extent with 100

uM) (Figure 4B). Taken together, the results revealed that Vamé and Vps41 (as candidate
components of the HOPS complex), but not VVps3 and Vps8, play important roles in iron
utilization from heme. Additionally, Vam6 and Vps41 were found to be important for the use
of inorganic iron sources.
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To more broadly assess and compare the roles of Vps3 and VVam6, we tested the sensitivity
of the WT, vps34, vamé6A and vps34 vam6A strains to agents related to iron, heme and
vacuolar function (Supplemental Figure S2). We found that loss of both Vam6 and Vps3
caused minor growth defects on the hypoxia-mimicking agent CoCl, and on the drug
chloroquine which influences vacuolar acidification (a result consistent with the observed
alteration in vacuolar morphology (Figure 1B)). Loss of Vam6 also caused a minor growth
defect on chloroquine. We also noted increased sensitivity of the vam64 mutants to the
antifungal drug fluconazole that targets ergosterol biosynthesis (a process that involves
heme-dependent enzymes). The vps34 mutant had similar growth to WT, and the double
mutant had similar phenotypes to the vaméA mutant on fluconazole and chloroquine but
slightly increased sensitivity to CoCl,. The mutants also all showed increased sensitivity
to the iron-dependent drug bleomycin suggesting impaired iron homeostasis, although the
vps3A mutant was less sensitive compared to the other mutants. Taken together, the data are
consistent with roles for Vps3 and VVamé in iron- and vacuole-associated functions.

2.4 Vamé6 or Vps3 are required for proper sorting of the iron permease Cftl

To investigate the underlying mechanisms of VVps3 and VVamé contributions to iron and
heme acquisition, we examined the subcellular localization of the iron permease Cftl in the
mutants. Cftl functions with the ferroxidase Cfol as a high-affinity reductive iron uptake
system in C. neoformans and is important for iron acquisition and pathogenesis (Caza et
al., 2018; Jung et al., 2008, 2009). We hypothesized that the growth defects of the vps34
and vaméA mutants on iron sources might perturb iron homeostasis and lead to impaired
trafficking of high affinity iron uptake functions. This idea is supported by the finding that
iron availability influences the localization of the iron permease/ferroxidase proteins Ftrl
and Fet3 by recycling them to the plasma membrane (low iron) or targeting them to the
vacuole for degradation (high iron) in S. cerevisiae (Felice et al., 2005). Additionally, loss
of the HOPS component Vps41 results in defective high affinity transport due to impaired
Fet3p activity (Radisky et al., 1997). We therefore constructed a gene for a Cft1-mCherry
fusion and introduced it into the WT strain and the vps34 or vaméA mutants. After pre-
growth in YPD medium and transfer of the cells to iron-chelated medium, Cft1-mCherry
was initially and predominantly distributed in intracellular vesicles in the cytoplasm, and
the fusion protein eventually accumulated in vacuoles (identified by staining with MDY 64)
and at the plasma membrane (by 3 — 4 hours) (Figure 5A). This result may indicate cycling
of the protein between vacuoles and the plasma membrane (Figure 5A). For the vps34
mutant, the location of the fusion protein in punctate structures in the cytoplasm was initially
similar to the WT strain, but with time the protein accumulated at the plasma membrane.

In contrast to the WT strain, the Cft1-mCherry protein in the vps34 mutant failed to locate
to the vacuoles even after 3 — 4 hours of incubation in the low iron medium, and the signal
remained in the plasma membrane (Figure 5A). For the vam64 mutant, the Cft1-mCherry
signal was generally weaker compared with the WT strain and the vps34 mutant. After
transfer of the mutant to low iron medium, Cft1-mCherry accumulated in punctate structures
and the signal was visible both on the plasma membrane and dispersed in the cytoplasm

at 3 h. The Cftl-mCherry signal remained primarily dispersed by 4h (Figure 5A), perhaps
indicating defective cycling between vacuoles and plasma membrane.
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We also examined the subcellular localization of Cft1-mCherry in the mutants in response to
different iron sources. In this experiment, cells expressing Cft1-mCherry were pre-cultured
in YPD overnight and transferred into yeast nitrogen base (YNB) medium that has an
intermediate level of iron, YNB with BPS, or YNB with BPS and heme or FeCls, and
incubated for 16h. Upon incubation in YNB, Cft1-mCherry was mainly found in punctate
structures in the WT strain and the vamé6A mutant, while the protein was mainly present

at the plasma membrane in the vps34 mutant. In iron-chelated medium containing BPS,

a strong Cft1-mCherry signal was observed both in vacuoles and on plasma membrane in
the WT strain, while Cft1-mCherry was mainly on the plasma membrane in the vps3A

and vaméA mutants, with some association with punctate structures in the latter mutant
(Figure 5B). Addition of 100 uM FeCl3 to the YNB with BPS medium resulted in a
predominantly vacuolar localization for Cft1-mCherry in the WT strain, vacuolar and
plasma membrane signals in the vps34 mutant, and association with multiple small punctate
structures in the vamé64 mutant (Figure 5B). In contrast, addition of heme promoted Cft1-
mCherry accumulation mainly on the plasma membrane and in vacuoles in the WT strain,
predominantly on the plasma membrane in the vps34 mutant, and on the plasma membrane
and punctate structures in the cytoplasm in the vam64 mutant (Figure 5B). It was notable
that Cft1-mCherry was similarly internalized in the WT strain and both mutants upon iron
repletion, but distinctions were clear upon addition of heme. That is, Cft1-mCherry was
maintained at the plasma membrane in the vps34 mutant in the medium with heme but
some internalization was observed in the WT strain and the vaméA mutant. The different
responses to heme may parallel the more pronounced growth defects of the vamé4 mutant
on heme compared to the vps34 mutant (Figure 3A). Overall, the observations support

the hypothesis that Vps3 and Vam6 play a role in iron homeostasis by influencing Cft1
localization between the plasma membrane, punctate structures which may be endocytic
vesicles, and vacuoles.

2.5 Loss of Vam6 or Vps3 caused mis-localization of Rim101 and increased sensitivity to
alkaline pH and ionic stress

Iron utilization in fungi is influenced by environmental pH, and the pH-responsive
transcription factor Rim101 (PacC) is known to regulate iron uptake functions and growth
on heme in C. neoformans (Cadieux et al., 2013; Hu, et al., 2015; Kronstad et al., 2013;
O’Meara et al., 2010). Given that the vps34 and vaméA deletion mutants exhibited growth
defects on heme, we next tested the hypothesis that the mutants were impaired in the
Rim101-regulated pH response pathway. The regulation of the pH response by Rim101

is influenced by the localization of the protein. For example, nuclear Rim101-GFP is mis-
localized to the cytoplasm in response to alkaline pH, and in rim and ESCRT mutants in C.
neoformans (Hu et al., 2015, 2017; Ost et al., 2015). We therefore assessed the localization
of Rim101-GFP in the vps34 and vaméA mutants. While Rim101-GFP was localized in
the nucleus in the WT strain, as verified by comparison with DAPI staining, we found that
Rim101-GFP was mis-localized to the cytoplasm in the vps3A and vaméA mutants (Figure
6A). Taken together, these suggest that part of the defect in growth on iron and heme for the
vps34 and vamé6A mutants may be due to impaired function of the Rim101 pathway.
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To further test the link to the Rim101 pathway, we examined the vps34, vaméA and double
mutants for the known phenotypes of the r/im1014 mutant including the impaired growth at
alkaline pH and under stress conditions (Hu et al., 2015; O’Meara et al., 2010). We found
that the WT, vps34 and vameéA strains grew equally well on YPD from pH 5 to pH 7,

and that the vam64 mutants did not show significant differences from WT at pH 8 and

pH 9 (Supplemental Figure S3). However, the vps34 and the vps3A vamé6A double mutants
displayed reduced growth at both pH 8 and pH 9, indicating a requirement for robust growth
at alkaline pH. The Rim101 pathway is also involved in the response to salt stress (Hu et

al., 2015; O’Meara et al., 2010; Ost et al., 2015). We therefore tested the growth of the WT,
Vs34, vam6A and vps3A vam64 mutant strains on medium supplemented with 1.2 M KClI,
1.2 M NaCl, or 0.2 M LiCl (or with 1.5 M sorbitol) (Figure 6B). As expected, the WT strain
grew well on all of the media, but deletion of VPS30or VAMG6 caused increased sensitivity to
NaCl and LiCl, similar to the phenotypes of the rim101A mutant (Hu et al., 2015; O’Meara
etal., 2010; Ost et al., 2015). Loss of either VPS3or VAME6 did not cause a growth defect
on 1.2M KCI but loss of both VPS3and VAMSG caused a defect (Figure 6B). Notably, none
of the mutants had a growth defect on sorbitol indicating sensitivity to osmotic stress similar
to WT (Figure 6B). Overall, we found that the vps34 and vam64 mutants shared some of the
phenotypes reported for a rim101A mutant.

2.6 Vps3 influences the expression of iron-regulated genes

We further examined the influence of Vam6 or Vps3 on the transcript levels for iron-
regulated genes, including CF71 and CFOI encoding the high affinity iron transport system,
in response to iron availability (low iron, FeClz or heme). Our goal was to develop a

more detailed understanding of the impact of Vam6 and Vps3 on iron homeostasis by
evaluating the levels of transcripts that are known to be influence by iron limitation. We
also included the rim101A mutant to further evaluate the potential impact of mis-localization
of Rim101 in the vps34 and vaméA mutants, and we also evaluated additional iron/Rim101-
regulated genes (C/G1, SIT1and PHO89) (O’Meara et al., 2010). As expected, the levels

of the CFO1, CFT1, CIG1, SIT1and PHOS89transcripts were elevated in cells grown in
iron-limiting condition for all strains, compared with growth with FeClz or heme (Figure
7A-E) (Jung et al, 2006; Lian et al, 2005; O’Meara et al., 2010; Tangen et al., 2007). The
influence of the vamé6A mutation was minimal in all conditions in comparison with the

WT strain, with the exception that the CF71 transcript was slightly higher in cells grown
with FeCls (Fig. 7B). Notably, loss of Vps3 had a more pronounced influence in that the
transcripts for CFO1 and CFT1 are up-regulated in the mutant in all conditions compared
with all other strains (i.e., the WT strain, and the vamé6A4 and rim1014 mutants), indicating
an involvement of Vps3 in regulation of the high affinity iron transport system (Fig. 7A,

B). The vps34 mutant also had a higher level of transcripts for PHO&9in the low iron
condition compared with the WT strain (Fig. 7D). Loss of Rim101 had an influence on the
transcripts of the CFO1, CFT1and C/GI genes such that higher levels were observed in

the FeCl3 condition compared with the WT strain (Fig. 7A, B, E). A somewhat lower level
was found for CFO1 in the rim1014 mutant in the low iron condition, and for PHOS89in

the FeCls condition. Taken together, these results indicate a substantial impact for Vps3 but
only a partial overlap with Rim101 in the regulation of iron-responsive genes. Additional
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regulatory mechanisms may influence the growth of the vamé64 mutants on inorganic and
heme iron sources given the minimal influence on transcript levels.

2.7 Vps3 and Vam6 each contribute to pathogenesis

We hypothesize that VVps3 and Vamé would be required for virulence in mice given the
reduced growth of the mutants on heme and inorganic iron sources and previous findings
that mutants with impaired iron acquisition have attenuated virulence (Attarian et al., 2018;
Hu et al., 2015, 2017; Jung et al., 2008). We therefore challenged mice by intranasal
inoculation with the WT strain or two independent mutants for vps34, vamé4, and the
vps34 vam6A mutant, and monitored disease progression. In contrast to the WT strain,
which caused disease in all mice by day 22, each of the mutants was avirulent in this

model; i.e., the infected mice did not show disease symptoms and survived to the end of

the experiment at day 50 post-inoculation (Figure 8A). An examination of fungal burden

in organs harvested from infected mice revealed much lower colony forming units in the
lungs and brains of mice infected with the mutants (Figure 8A). In contrast, high numbers of
fungal cells were retrieved from these organs for mice infected with the WT strain (Figure
8A). Overall, the mutants were unable proliferate in mice and to disseminate to other organs
indicating that both Vps3 and Vamé are required for virulence in mice.

In light of the avirulence of the vps34 and vam6A mutants, we postulated that the proteins
might also influence the elaboration of the major virulence factors of C. neoformans as

well as iron acquisition. We examined the strains for the phenotypes related to virulence
including growth at elevated temperature, and production of melanin and formation of the
polysaccharide capsule. We found that the single and double mutants displayed poor growth
at 39°C (Figure 8B) and that loss of VPS3or VAMG6 resulted in reduced production of
melanin on medium containing L-DOPA as a substrate (Figure 8C). The double mutant
appeared to have an additive defect for melanin formation. Addition of 1 mM CuSO4 or 100
UM FeSO,4 partially remediated the melanin production of the vps3A mutants (Figure 8C).
The capsule size of the vps34 mutant was similar to the WT strain with subtle reductions

in size for the vamé6A4 and vps34 vam64 mutants (Figure 8D). Overall, it appears that Vam6
and Vps3 make additional contributions such as thermotolerance that may contribute to
virulence.

3 DISCUSSION

In this study, we demonstrate that two Vam6/Vps39/TRAP domain proteins, Vps3 and
Vame6, contribute to robust growth on heme, and that Vam6 is important for growth in media
with a low level of inorganic iron. The Vps3 protein displays quite weak sequence similarity
to the corresponding best hit in S. cerevisiae, although Vamé6 has greater similarity to the
yeast ortholog and has been identified previously in C. neoformans (Liu et al., 2008; Fan
and Liu, 2021; Lee et al. 2010; Tseng et al., 2012). We hypothesize that these proteins

are components of the CORVET and HOPS complexes, respectively, because the vaméA
mutant and the vps3A vamé6A double mutant showed fragmented vacuoles as found with
vam6A mutants of S. cerevisiae and C. albicans (Balderhaar and Ungermann, 2013; Mao et
al., 2021; Nakamura et al., 1997; Raymond et al., 1992). Loss of another candidate HOPS
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subunit Vps41 from C. neoformans resulted in a similar phenotype. The vps3A4 deletion
mutant displayed enlarged vacuoles similar to the class D phenotype of the vps34 mutant of
S. cerevisiae and a defect in another candidate CORVET-specific subunit, Vps8, resulted in a
similar vacuolar morphology (Arlt et al., 2011; Balderhaar and Ungermann, 2013; Raymond
et al., 1992). Additionally, both Vps3 and Vam6 localized to punctate structures in the
cytoplasm, a phenotype consistent with association with endosomes (Cabrera et al., 2013;
Nakamura et al., 1997). As discussed below, the impact of Vps3 and Vam6 on the trafficking
of Cftl and Rim101 also supports proposed roles in endocytosis. However, additional work
is needed to directly link Vps3 to CORVET complex-mediated fusion events at early
endosomes, and Vam6 function to the HOPS complex role in fusion of late endosomes,

and endosomes with vacuoles. In particular, it will be important to test interactions with the
CORVET and HOPS core components Vps11, 16, 18, and 33.

It is also possible that VVps3 and Vamé (as well as Vps41 and Vps8) have complex-
independent trafficking activities in C. neoformans, as previously demonstrated in yeast

and mammalian cells. For example, Vps41 has a HOPS-complex-independent function

in transporting lysosomal proteins to endosomes (Asensio et al. 2013; Pols et al 2013).
Similarly, Vam6 has roles in the regulation of TORCL1, in vacuole-mitochondrial connections
(VCLAMP), and in phospholipid transport independent of HOPS (Binda et al., 2009; Elbaz-
Alon et al., 2014; ladarola et al., 2020; Mao et al., 2021). In mammalian cells, Vps3 and
Vps8 also have roles independent of the CORVET complex and participate in a specialized
endosome recycling pathway (Jonker et al., 2018; Perini et al., 2014; van der Beek et al.,
2019).

We hypothesized that impaired iron homeostasis resulting in the mis-localization of iron
and heme uptake proteins represented a potential mechanism underlying the iron-related
growth defects of the vps34 and vam64 mutants. We tested this idea by examining the
localization of the iron permease Cftl that partners with the ferroxidase Cfol in a high
affinity iron transport system for iron from FeCls or transferrin (Jung et al., 2008, 2009).
Previously, we found that iron availability and cAMP signaling influence the localization of
Cfol; the protein localizes to the plasma membrane after transfer into low iron condition
and accumulates in vacuoles before recycling back to plasma membrane (Caza et al., 2018;
Jung et al., 2009). Similarly, we demonstrated here that Cft1-mCherry accumulated both in
vacuoles and on the plasma membrane of WT cells after incubation in low iron medium.
Loss of either Vps3 or Vam6 altered the intracellular distribution of the protein such that the
Cft1-mCherry signal generally remained in the plasma membrane in the low iron condition,
but was not located in vacuoles. The presence of inorganic iron resulted in internalization of
the signal to punctate structures in the vaméA mutant and partially to a vacuolar structure

in the vps34 mutant. Addition of heme generally resulted in plasma membrane localization
in the vps3A mutant, or at the plasma membrane and in dispersed punctate structures in

the cytoplasm for the vam6A mutant. Overall, these results indicated that loss of Vps3

or Vam6 perturbed iron homeostasis. However, Cft1-mCherry generally appeared to be
more prominently maintained at the plasma membrane in the vps34 mutant, compared

to the vam6A mutant, and this may account for the better growth of vps34 mutants on
concentrations of inorganic iron sources (10 uM) that would require high affinity transport
(Figure 3). In this regard, the more pronounced growth defects on heme and inorganic iron

Cell Microbiol. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 12

sources for the vam64 mutant may reflect impaired trafficking of uptake proteins due to the
fragmentation of the vacuole leading to general interference with iron use.

Importantly, our observations are consistent with the influence of endocytic sorting of the
iron permease/ferroxidase proteins Ftrl and Fet3 in S. cerevisiae (Radisky et al, 1997;
Strochlic et al., 2007, 2008). In this yeast, iron deprivation results in sorting of the

proteins back to the plasma membrane and iron addition causes targeting to the vacuole

for degradation via the ESCRT protein mediated multivesicular body pathway. Additionally,
the HOPS subunit Vps41l is required for growth in the low iron condition and proper
transport and function of the ferroxidase Fet3 (Jo et al, 2009; Radisky et al., 1997). In
general, impaired vacuolar function in the mutants may also impact iron homeostasis as
demonstrated by the influence of mutants with defects in vacuole assembly in S. cerevisiae
(Szczypka et al., 1997). The involvement of the HOPS subunit Vps41 in iron utilization
was previously found in other fungi including C. albicans, and in the parasite protozoan
Trypanosoma brucei (Lu et al., 2007; Nakamura et al.,1997; Radisky et al., 1997; Weissman
et al., 2008). Notably, loss of Vps41 resulted in defective growth in iron utilization from
haemoglobin in C. albicans (Weissman et al., 2008). Furthermore, cycling of the Arnl
transporter for the siderophore ferrichrome between endosomes and the plasma membrane
is important for its function in S. cerevisiae (Kim et al., 2002). In this case, mutants

with defects in endocytosis can maintain Arnl at the plasma membrane but demonstrate
reduced uptake of ferrichrome. Our previous studies on ESCRT complex functions, the
Sec1/Munc18 (SM) protein Vps45, and the clathrin heavy chain Chcl also indicate a role for
endocytosis and endomembrane trafficking of heme (Bairwa et al., 2019; Caza et al., 2018;
Kronstad et al., 2013, Hu et al., 2013, 2015). In light of these findings, we speculate that
proper endocytosis and recycling of Cfol and Cftl contributes to robust iron uptake, correct
intracellular distribution, and overall iron homeostasis.

Deletion of VPS3, VAME, or both genes revealed shared and distinct phenotypes in response
to alkaline pH conditions, compared with the r/m101A4 mutant, and with the ESCRT
complex mutants that we previously described (Hu et al., 2013, 2015; O’Meara et al.,

2010). Shared phenotypes included retarded growth at alkaline pH, and in the presence of
salt stresses (e.g., NaCl and LiCl). Interestingly, the vps34 vaméA double mutant exhibited
additive phenotypes under these conditions suggesting that they may influence parallel
processes in conditions of stress sensitivity. Moreover, both Vps3 and Vam6 have a major
influence on Rim101 localization similar to the impact of ESCRT complex mutations (Hu et
al., 2015). Specifically, deletion of either VPS3or VAME caused a Rim101-GFP fusion to
remain in the cytoplasm, and prevented the localization of the protein to the nucleus as seen
in WT strain. However, in contrast with the influence of ESCRT and Rim101, the vps34,
vam6A4 or vps34 vamé6A mutants did not show marked reduced capsule formation in defined
low iron medium, indicating a distinct role. In general, our findings for the role of Vamé are
similar to those of Fan and Liu (2021) with regard to sensitivity to salt stress and capsule
formation. The impact of the vam64 mutation on Rim101 trafficking may also be due to
impaired acidification in endocytic compartments (Raymond et al., 1992; Solinger, J.A., &
Spang, 2013).
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One potential impact of impaired translocation of Rim101 to the nucleus in vps34 and
vam64 mutants would be altered expression of genes dependent on the transcription factor,
including genes for iron uptake and heme use. It is known that Rim101 in C. neoformans
regulates the transcript levels of iron-responsive genes in the cells grown in Dulbecco’s
modified Eagle’s media with NaHCOg3 or in low iron medium (Hu et al. 2015; O’Meara et
al 2010). Furthermore, we previously showed that a rim01A mutant has impaired growth on
heme and that Rim101 regulates expression of Cigl, a protein required for growth on heme
(Cadieux et al., 2013; Hu et al., 2015). An analysis of the transcript levels of genes (CFOJ,
CFT1, CIG1, S5IT1and PHOS89) known to be regulated by Rim101 in mutants lacking Vps3,
Vam6 or Rim101 did not reveal similar patterns of regulation. Specifically, higher levels for
the transcripts of the CFO1, CFT1and C/G1 genes were observed in the FeClg condition for
the rim101A mutant compared with the WT strain. In contrast, loss of Vamé had little impact
of transcript levels, and Vps3 had a greater influence such that the transcripts for CFOZ

and CFT71 were up-regulated in the mutant in all conditions compared with all other strains
(WT, vaméA and rim101A mutants), indicating an involvement of Vps3 in regulation of the
high affinity iron transport system. These results suggest that the mis-localization of Rim101
in the vps34 and vam6A mutants does not entirely account for the growth defects on iron
and heme. Rather, VVps3 appears to influence the repression of iron-responsive genes upon
iron addition suggesting an iron starved state for the mutant even in the presence of iron.
These findings are interesting in light of the influences of Vam6 and Vps3 on Cft1-mCherry
localization such that impaired trafficking of uptake functions may play a greater role in the
growth defects of the mutants.

We hypothesize that the inability of the vps34, vaméA and vps34 vam6A mutants to

cause disease results from the combination of defects in iron acquisition from heme and
inorganic iron sources, a defect in virulence traits such as melanin formation, and increased
susceptibility to the stress conditions. Additionally, proper vacuolar function and vesicular
acidification are needed for C. neoformans to causes disease (Erickson et al., 2001).
Previous studies showed that a vaméA mutant in C. neoformans has impaired infectivity
and transmigration into the central nervous system in mice (Liu et al., 2008; Tseng et al.,
2012), decreased survival in cerebral spinal fluid and in macrophages (Lee et al. 2010; Fan
and Liu, 2021), and increased sensitivity to SDS and NaCl (Fan and Liu, 2021). Vam6 and
Vps41 are also known to play a role in the virulence of several plant pathogenic fungi (Li et
al., 2017, 2018; Ramanujam et al., 2013; Yang et al., 2016; Zhang et al., 2017). As revealed
in our study, Vps3 is also important for the ability of C. neoformansto cause disease in

a mouse model of cryptococcosis. The contributions to proliferation in infected mice may
be similar given the shared phenotypes with the vamé4 mutant although the greater impact
of the vps3A mutation on the expression of iron-regulated genes may suggest additional
contributions of Vps3.

In summary, Vamé and Vps3 are each required for robust growth on heme in C. neoformans,
but display distinct properties. Mutants lacking Vps3 have a less severe growth defect on
heme but better growth on medium with a low level of iron, have a single large vacuole,
display impaired cycling of the iron permease Cftl away from the plasma membrane, show
a lack of repression of iron-responsive gene transcription and are avirulent. In contrast,
vam6A mutants are impaired for growth both on heme and low levels of inorganic iron, have
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fragmented vacuoles, show impaired cycling of Cftl between the plasma membrane and the
vacuole, have little change in the transcription of iron-regulated genes, but are also avirulent
in mice. Given the observed differences, further work is needed to understand the roles of
these two proteins, their potential participation in CORVET and HOPS complexes, and their
possible functions independent of the complexes.

4 EXPERIMENTAL PROCEDURES

4.1 Strains, plasmids, and media.

Strains used for all experiments were derivatives of C. neoformans var. grubii (serotype A)
strain H99. Strains were propagated and maintained on YPD rich medium (1% yeast extract,
2% peptone, 2% dextrose, 2% agar). Plasmid pCH233 was the source of a nourseothricin
resistance cassette, pJAF15 was the source of a hygromycin resistance cassette, and pJAF1
was the source of a neomycin resistance cassette. YPD plates containing either neomycin
G418 (200 pg/ml), or nourseothricin (ClonNAT) (100 pg/ml), or hygromycin (200 pg/ml)
were used to select C. neoformans HOPS and CORVET complex deletion transformants.
All chemicals used were from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.

Solid plate assays for iron-associated phenotype assessment were made with yeast nitrogen
base (YNB) (Difco) supplemented with the iron chelator, bathophenanthroline disulphonate
(BPS), adjusted to pH 7.0 with 1M 3-(N-Morpholino) propanesulfonic acid (MOPS).
Iron-chelated dH,O was prepared through passage of dH,0 through a column containing
Chelex-100 resin (BIORAD Chelex-100) and used in the preparation of YNB-BPS (Jung

et al., 2010). Defined low-iron media (LIM) (0.5% glucose, 38 mM L-asparagine, 2.3

mM KyHPOy, 1.7 mM CaCl,-2H,0, 0.3 mM MgSO,4-7H,0, 20 mM HEPES, 22 mM
NaHCO3, 1 ml of 1000X salt solution (0.005 g/L CuSQO4-5H,0, 2 g/L ZnSO4-7H,0, 0.01
g/L MnCl3-4H,0, 0.46 g/L sodium molybdate, 0.057 g/L boric acid), in iron-chelated dH,0
adjusted to pH 7.4 with 0.4 mg/L sterile thiamine added post-filtering) was prepared as
described previously (Griffiths et al., 2012; Lian et al., 2005).

4.2 Construction of gene deletion constructs and deletion mutants.

The sequences of the VPS3, VAME6, VPS41 and VPS8 genes and corresponding proteins in
C. neoformans were identified using the H99 genome database (https://fungidb.org/fungidb/
app) (Stajich et al., 2012) and compared with the reciprocal best matches from S. cerevisiae,
as listed in Supplemental Figure S1. All deletion mutants were constructed by homologous
recombination using gene-specific knockout cassettes, which were amplified by three-step
overlapping PCR (Hu et al., 2008) with the primers listed in Supplemental Table S1. The
resistance markers for neomycin (NEO), nourseothricin (NAT) and hygromycin (HYG) were
amplified by PCR using primers 2 and 5 and the plasmids pJAF1, pCH233 and pJAF15,
respectively, as the templates. In general, the gene-specific knockout primers 1 and 3 and

4 and 6 were used to amplify the flanking sequences of their respective genes; and primers
1 and 6 were used to amplify the gene-specific deletion construct containing the resistance
marker. All constructs for deletions were introduced into the H99 WT strain, or a vaméA
mutant (for generation of vps34 vamé6A double deletion mutants) of the H99 strain, by
biolistic transformation, as described previously (Davidson et al., 2000). Colony PCR was
performed to screen positive transformants using primers 7NE and 8NE, 9PO and NAT3L,
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and 10PO and NAT5R, respectively, and confirmed by genomic hybridization analysis
(Supplemental Figure S4). Primers used in screening are also summarized in Supplemental
Table S1. For all experiments, two independent mutants of each gene were used, with the
exception of a previously characterized vps41-1 mutant (M. Scofield, unpublished results),
in order to validate the results seen from phenotypic assays. The deletions were confirmed
by colony PCR and DNA hybridization (Supplemental Figure S4). The vps41-mhand
vps8-mh mutants were obtained from the whole genome deletion collection described by
Liu et al. (2008).

4.3 Construction of mCherry and GFP fusion alleles.

The Rim101-GFP fusion was constructed and nuclei were stained with DAPI (4’,6-
diamidino-2-phenylindole) as previously described (Hu et al., 2017). The C-terminal
region of the Cftl, Vps3 and Vam6 proteins was tagged with mCherry to examine the
subcellular localization of Cftl, Vps3 and Vam6, respectively. A modified overlapping PCR
strategy was used to generate the constructs for the Cft1-mCherry, Vps3-mCherry and
Vam6-mCherry strains. Briefly, to generate Cft1-mCherry tagging construct, the upstream
sequence (598 bps) and downstream sequence (622 bps) for the fusion construct were
amplified from WT gDNA using the primer set Cft1-mCherry-P1F and Cft1-mCherry-P1R
and the primer set Cft1-mCherry-P3F and Cftl-mCherry-P3R, respectively. The gene
encoding mCherry and the neomycin resistance gene (Neo) were amplified from the
plasmid pGHO25 using primers Cft1-mCherry-P2F and Cft1-mCherry-P2R. Overlap PCR
was performed using primers Cft1-mCherry-P1F and Cftl-mCherry-P3R to yield the ~5
kb construct. The construct was then used to transform either the WT (H99), or vps34,

or vaméA mutant strains by biolistic transformation. Following biolistic transformation,
mutants were screened for resistance to hygromycin and G418, and the proper location
and orientation of mCherry were determined by PCR. Primer sequences for Cft1-mCherry
tagging construct are listed in Supplemental Table S2.

To generate Vps3-mCherry construct, the left and right arms for the Vps3-mCherry fusion
construct were amplified from WT genomic DNA using the primer set Vps3-mCherry-P1F
and Vps3-mCherry-P1R and the primer set Vps3-mCherry-P3F and Vps3-mCherry-P3R,
respectively. The mCherry gene and the neomycin (Neo) resistance gene were amplified
from the plasmid pGHO025 using primers Vps3-mCherry-P2F and Vps3-mCherry-P2R.
Overlap PCR was performed using primers Vps3-mCherry-P1F and Vps3-mCherry-P3R

to yield a 5-kb construct. The Vps3-mCherry constructs were then used to transform the WT
strain by biolistic transformation. Transformants were screened for resistance to hygromycin
and G418, and the proper location and orientation of the gene fusions at VPS3loci were
determined by PCR. Primer sequences for the Vps3-mCherry fusion construct are listed in
Supplemental Table S2.

To generate Vam6-mCherry construct, the left and right arms for the Vam6-mCherry fusion
construct were amplified from WT genomic DNA using the primer set Vam6-mCherry-P1F
and Vam6-mCherry-P1R and the primer set Vam6-mCherry-P3F and Vam6-mCherry-P3R,
respectively. The mCherry gene and the neomycin (Neo) resistance gene were amplified
from the plasmid pGHO025 using primers Vam6-mCherry-P2F and Vam6-mCherry-P2R.
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Overlap PCR was performed using primers Vam6-mCherry-P1F and Vam6-mCherry-P3R to
yield a 5-kb construct. The Vam6-mCherry constructs were then used to transform the WT
strain by biolistic transformation. Transformants were screened for resistance to hygromycin
and G418, and the proper location and orientation of the gene fusions at the VAMé6 loci were
determined by PCR. Primer sequences for the Vam6-mCherry fusion construct are listed in
Supplemental Table S2.

4.4 Capsule formation and melanin production, and visualization of vacuole morphology.

Formation of polysaccharide capsule was examined by differential interference microscopy
(DIC) on an Axioplan 2 imaging microscope (Zeiss), after incubation for 24 h at 30°C

in defined low-iron medium (L1M) and staining with India ink. Melanin production was
examined on L-3,4-dihydroxyphenylalanine (L-DOPA) plates containing 0.1% glucose
(Tangen et al., 2007). The influence of copper on melanin production was investigated

on L-DOPA plates supplemented with 100 pM or 1 mM of CuSQy,. To observe vacuole
morphology, cells from overnight cultures were incubated with lipophilic vacuole dye
MDY-64 (Invitrogen, USA, 2.5 uM final concentration) for 15 minutes on ice and washed
with liquid YPD medium. Cells were incubated at 30°C in YPD for an additional 30 minutes
before visualized under fluorescence and DIC microscopy on an Axioplan 2 imaging
microscope (Zeiss) with magnification 1000X, and a Zen Lite software. An additional
vacuole-sequestered dye, carboxy-DCFDA (5-(and-6)-carboxy-2’,7’-dichlorofluorescein
diacetate, Invitrogen, USA, at 10 uM final concentration), was used to assess vacuole
morphology (Harrison et al., 2002).

4.5 Analysis of growth upon iron limitation

Strains were grown overnight at 30°C in YPD. Cells were then washed with iron-chelated
dH,0 and inoculated in defined LIM at a 1/100 dilution and grown for 48 hours at 30°C.
Cells were then washed in sterile iron-chelated dH,0 and adjusted to 2x107 cells/ml using
a hemocytometer. 5 pl 10-fold serial dilutions were spotted on solid agar-based media
from 10° to 100 cells. Plates were incubated at 30°C or 37°C for 2-3 days before being
photographed. Growth of the strains was also assessed in liquid media. Cells for growth
assays in liquid media were pre-grown overnight at 30 °C with shaking in YPD. The cells
were then washed twice with low-iron water, inoculated into YNB-LIM at 4 x 106 cells per
milliliter, and grown at 30 °C for 2 days to starve the cells for iron. After starvation, the
cells were harvested, washed, and inoculated in YNB-LIM with or without supplemented
iron sources to a final concentration of 5 x 104 cells per milliliter. Cultures were incubated
at 30°C, and growth was monitored by measuring the optical density at 600 nm using a
microplate reader (Infinite M200, Tecan).

4.6 Stress and drug response assays.

To examine the response of the WT, vps34, vamé6A and vps34 vame6A strains to various
stress conditions, exponentially growing cultures were washed, resuspended in H,0, and
adjusted to a concentration of 2 x 10 cells per milliliter. The cell suspensions were
diluted 10-fold serially, and 5 pl of each dilution was spotted onto YPD and/or YNB
plates supplemented with different compounds. Plates were incubated for 2—-10 days at
30 or 37 °C and photographed. The responses of strains to oxidative, salt, or osmotic
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stress were examined. The specific assays were performed on YPD and/or YNB plates
supplemented with or without 1.2 M KCI, 1.2 M NacCl, or 100 mM LiCl. Sensitivity of
strains to rapamycin was tested on YPD containing either 15 or 30 pg/ml of rapamycin
dissolved in ethanol.

4.7 Real-time PCR.

Real-time PCR analysis was conducted as previously described (Hu et al., 2007,

2015) using primers designed with Primer Express (Applied Biosystems, http://
www.appliedbiosystems.com). Briefly, total RNA from frozen cells was extracted the using
RNeasy mini kit (Qiagen), DNA was removed by treatment with Turbo DNase (Ambion)
for 30 min at 25°C, and cDNA was synthesized using a mixture of anchored oligo dT and
random hexamers (3:1) and Superscript transcriptase Il (Invitrogen, Canada). The resulting
cDNA was used for real-time PCR with Green-2-Go qPCR Mastermix — low ROX (Bio
Basic, Canada) according to manufacturer’s recommendations. An Applied Biosystems
7500 Fast Real-Time PCR System was used to detect and quantify the PCR products using
the following conditions: incubation at 95°C for 10 min followed by 40 cycles of 95°C for
15 s and 60°C for 1 min. The cDNA of the actin gene was used to normalize the data.
Dissociation analysis on all PCRs confirmed the amplification of a single product for each
primer pair and the lack of primer dimerization (Applied Biosystems). The primers for each
gene are listed in Supplemental Table S3. Relative gene expression was quantified using
SDS software 1.3.1 (Applied Biosystems) and the 2"ACt method (Livak and Schmittgen,
2001).

4.8 Assessment of virulence

The virulence of the WT, two independent vps3A mutants, two vaméA mutants, and two
s34 vaméA double deletion mutant strains was also tested with female BALB/c mice.
Female BALB/c mice, 4 to 6 weeks old, were obtained from Charles Rivers Laboratories
(Pointe-Claire, Quebec, Canada). Fungal cells were cultured in 5 ml YPD at 30°C overnight,
washed twice with PBS, and resuspended in PBS (pH 7.4). A cell suspension of 2 X 10°
cells in 50 pl was intranasally instilled. The status of the mice was monitored once per day
post-inoculation. Mice reaching the humane end point were euthanized by CO5 inhalation.
For determination of the fungal load in organs, the brains and lungs were excised, weighed,
and homogenized in 2 volumes of phosphate-buffered saline using a MixerMill (Retsch,
Cole-Parmer, Montreal, Canada). Serial dilutions of the homogenates were plated on YPD
plates containing 50 pg/ml chloramphenicol, and colony-forming units were counted after
an incubation for 48 hr at 30 °C. Differences in virulence were statistically assessed by log
rank tests using the GraphPad Prism 7 software program (GraphPad Software, San Diego,
CA). All experiments with mice were conducted in accordance with the guidelines of the
Canadian Council on Animal Care and the protocols for the virulence assays (protocol A17—
0117) were approved by the University of British Columbia Committee on Animal Care.
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Take Away

. Two Vam6/Vps39/TRAP1-domain proteins, Vps3 and Vam6, support the
growth of C. neoformans on heme.

. Loss of Vps3 and Vamé6 influences the trafficking and expression of iron
uptake proteins.

. Loss of Vps3 or Vam6 eliminates the ability of C. neoformansto cause
disease in a mouse model of cryptococcosis.
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Figure 1. Vps3 and Vam6 are localized on endosomes and influence vacuolar and cell
morphology

(A) Differential interference microscopy (DIC) to examine the cell morphology of the

WT, vps34, vamé6A and vps3A vamé6A deletion strains. Cells were harvested from the
overnight cultures in either yeast extract peptone dextrose (YPD) or minimum medium
(MM). The absence of either VPS3or VAM6 resulted in a similar morphology to

the WT strain. Cells lacking both VPS3and VAME displayed swollen or ecliptic

shape and tended to be unseparated. (B) Vacuolar morphology in the WT strain and

the indicated mutants. Vacuoles were stained with MDY 64 or 5-(and-6)-carboxy-2’,7-
dicholorofluorescein diacetate (carboxy-DCFDA). (C) Localization of Vam6-mCherry and
Vps3-mCherry in WT cells upon growth of cells in minimum medium (MM). Vacuoles were
stained with carboxy-DCFDA. Bar =5 um in all images.

DCFDA Merge
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Figure 2. Loss of Vps3 and/or Vam6 results in enhanced sensitivity to rapamycin and a double
mutant fails to recover from rapamycin-induced growth arrest.

(A) Growth of the WT strain and the mutants on YPD medium supplemented with
rapamycin (30 pug/ml). Tenfold serial dilutions of each strain (labeled on the right) were
spotted on the agar and the plates were incubated at the indicated temperatures for two days
before being photographed. (B) The cells of each strain were cultured with 30 pg/ml of
rapamycin for 6 h at 30°C, washed twice, and serial dilutions of cells were then spotted on
YPD plates without drug. The plates were incubated at 30°C for 2 and 5 days before being
photographed.
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Figure 3. Vam6 and Vps3, are required for growth on heme and inorganic iron sources.
(A) The growth of vps34, vam6A4 and vps3A4 vaméA double mutants and the WT strain was

tested on yeast extract peptone dextrose (YPD), yeast nitrogen base (YNB) and YNB plus
bathophenanthrolinedisulfonic acid (BPS) supplemented with either heme or FeCls at 10
UM or 100 uM at pH 7.0. Tenfold serial dilutions of each strain (labeled on the right) were
spotted on the indicated media after iron starvation and the plates were incubated at 30 °C
for 2 days before being photographed. (B) Iron-starved cells of the indicated strains were
inoculated in liquid YNB medium plus 150 uM BPS with and without supplementation with
iron sources. A representative single mutant is shown for each gene and both double mutants
are included. The cultures were incubated at 30°C, and ODggg was measured. WT = wild

type
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Figure 4. Other candidate CORVET and HOPS complex components influence vacuolar
morphology and growth on heme and inorganic iron sources.

(A) Analysis of vacuolar morphology of the WT (both H99 and KN99 background strains)
and the deletion strains lacking VPS41 or VPS8 by differential interference microscopy

and fluorescent microscopy. The vps41-1 and vps8-2 mutants were constructed in the H99
background for this study, and the vps41-mh vps8-mhwere derived from the KN99 strain
background (Liu et al., 2008). Cells were harvested from the overnight cultures in minimum
medium (MM) and vacuoles were stained with MDY-64 or c-DCFDA. Representative
mutants are shown. Bar =5 pym. (B) The growth of vps4Zand vps§8 mutants and the WT
strain was tested on yeast extract peptone dextrose (YPD), yeast nitrogen base (YNB) and
YNB plus BPS supplemented with either heme at 10 uM or 100 uM at pH 7.0, or with FeCl3
or FeSO,4 at 10 uM or 100 uM at pH 7.0. For all spot assays, tenfold serial dilutions of each
strain (labeled on the right) were spotted on the indicated media after iron starvation and the
plates were incubated at 30 °C for 2 days before being photographed.
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Figure 5. Localization of the high affinity iron permease Cftl is influenced by iron availability
and deletion of either VPS3 or VAMS.

(A) Localization of Cft1-mCherry in low iron medium. Strains (WT, and representative
s34 and vamé6A mutants) containing a Cft1-mCherry construct were cultured overnight

in YPD, washed 3 times and counted. Subsequently, 1X10° cells/mL were inoculated in
YNB-BPS and incubated at 30°C for the indicated time intervals. A vacuole membrane stain
MDY-64 was employed to detect the vacuole. Bar = 5 pm. (B) Localization of Cft1-GFP
after 16h incubation in YNB, YNB + 150 uM BPS, and YNB + BPS + 100 uM FeCl3 YNB
+ BPS + 100 pM Heme at 30°C. DIC indicates differential interference contrast microscopy.
Bar =5 um.
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Figure 6. Vam6 and Vps3 influence Rim101 localization, growth at alkaline pH and sensitivity to
salt stress.

(A) Localization of Rim101-GFP in the WT strain and in representative vps34and vaméA
mutants. Nuclear DNA was stained with DAPI. Bar = 10 ym. WT = wild type. (B) Tenfold
serial dilutions of the strains were spotted onto solid YPD with or without 1.2 M NaCl, 1.5
M KCI, 1.5 M sorbitol, or 100 mM LiCl. The plates were incubated at 30 °C for 5 days
before photographed.
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Figure 7. The relative expression of iron-regulated genes is altered in vps3A, vam6A and rim101A

mutants.

(A-E) Analysis of transcript levels of target genes in Rim101 pathway (C/G1, PHO89and
SIT1) as well as the genes for high affinity transport (CFOZ and CFT1I) in response to iron
availability in the WT strain, and representative vps34, vam6A4 and rim101A mutants by RT-
gPCR. The data were from three biological replicates, the analyses were performed twice,
and each gene was normalized to WT in 10 uM FeCls. * indicates significance at P<0.05,

and ** at P<0.01.
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Figure 8. Vps3 and Vam6 are required for virulence in mice and elaboration of virulence factors.
(A) BALB/c mice were inoculated intranasally with cells of the wild type (WT) strain, two

independent vps34 mutants, two vamé6A4 mutants, or two vps34 vamé6A mutants, and the
survival of the mice was monitored daily. Survival differences between groups of mice were
evaluated by log-rank tests. The p values for the mice infected with the WT and mutant
strains were statistically significantly different (p < 0.01). Fungal burden was determined

in lung and brain for all mice infected with the strains at the end of the experiment. The
Mann-Whitney U test was used for statistical analysis. Differences in the fungal loads
between the WT and deletion mutants in each organ examined were statistically significant
(p <0.01). (B) The ws34and vam6A mutants are sensitive to elevated temperatures (37°C
and 39°C). Serial 10-fold dilutions of the indicated strains were spotted on yeast extract
peptone dextrose (YPD). The plates were incubated at indicated temperature for 2 days
before being photographed. WT = wild type strain H99. Two independent mutants of either
VPS3or VAMS, or both VPS3and VAME were included in the assay. (C) Deletion of
either VVps3 or Vam6 or both has an effect on melanin production. Melanin production was
tested after growth at 30°C for 2 days by spotting serial 10-fold dilutions of the indicated
strains onto L-3,4-dihydroxyphenylalanine plates. Addition of either 10 or 100 uM of copper
remediates the defects of melanin production of the single mutants. (D) Cells were grown in
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defined low-iron medium at 30°C for 48 hr, and capsule formation was assessed by India ink
staining for the indicated strains. Bar = 5 um.

Cell Microbiol. Author manuscript; available in PMC 2022 December 01.



	Abstract
	Graphical Abstract
	Introduction
	RESULTS
	Identification of Vam6/Vps39/TRAP1-domain proteins in C. neoformans
	Vam6 and Vps3 influence cell and vacuole morphology, and localize to punctate structures in the cytoplasm.
	Vam6 and Vps3 are required for robust growth on heme and inorganic iron sources
	Vam6 or Vps3 are required for proper sorting of the iron permease Cft1
	Loss of Vam6 or Vps3 caused mis-localization of Rim101 and increased sensitivity to alkaline pH and ionic stress
	Vps3 influences the expression of iron-regulated genes
	Vps3 and Vam6 each contribute to pathogenesis

	DISCUSSION
	EXPERIMENTAL PROCEDURES
	Strains, plasmids, and media.
	Construction of gene deletion constructs and deletion mutants.
	Construction of mCherry and GFP fusion alleles.
	Capsule formation and melanin production, and visualization of vacuole morphology.
	Analysis of growth upon iron limitation
	Stress and drug response assays.
	Real-time PCR.
	Assessment of virulence

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.

