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The Pathogenic Fungus Cryptococcus neoformans and Its 
Adaptation to the Host Environment 

Cheryl D. Chun 

ABSTRACT 

The interaction of a pathogen with the host immune system is a complex and 

dynamic balance of cause and effect, action and reaction. While much research has been 

devoted to understanding the elements involved in these interactions, there still remains 

much we don’t know. The research presented here has moved our understanding of these 

interactions forward, by identifying and then simplifying the relevant host conditions in 

order to examine how one particular pathogen, Cryptococcus neoformans, adapts to life 

within the host.  

This work easily falls into two sections. In the first, shorter, section, I hypothesize 

that the host environment is low in oxygen, and that an adaptive response to low oxygen 

conditions (hypoxia) is required by C. neoformans for successful growth and 

establishment of virulence in the mammalian host. The results of our study demonstrate 

that this is indeed the case, as mutants sensitive to hypoxia also demonstrate defects in 

virulence, and we characterize the role of the SREBP and Tco1 pathways in the hypoxia 

response. In the second section, which makes up the bulk of my thesis work, I examine 

the interaction of C. neoformans with macrophages, the immune cells that likely 

constitute the first line of defense in the host against cryptococcal infection. I observe that 

C. neoformans is able to avoid phagocytosis by these professional phagocytic cells, and 

examine the mechanisms through which the fungus inhibits macrophage phagocytosis, 

including copper homeostasis and a GATA transcription factor-regulated program. 
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CHAPTER ONE 
INTRODUCTION 

 

Cryptococcus neoformans, a human fungal pathogen, is one of the leading causes 

of morbidity and mortality among AIDS patients. It is estimated to be the cause of death 

in 13-44% of the over 3 million annual deaths of HIV-infected patients worldwide, and in 

some areas, such as Sub-Saharan Africa, may even surpass M. tuberculosis as the leading 

cause of death by meningitis [1]. Insight into the biology of C. neoformans and its 

mechanisms of pathogenesis may expedite vaccine and drug development. Additionally, 

the knowledge we gain about how C. neoformans can respond to and evade the host 

immune system may broaden our understanding of the immune response and aid the 

identification of general mechanisms of pathogenesis. 

 

C. neoformans and Cryptoccosis Worldwide 

Cryptococcus neoformans is a basidiomycete fungus that exists worldwide, and is 

commonly found in tree bark, soil, and avian excreta [2]. Humans frequently come into 

contact with C. neoformans, as evidenced by studies showing that individuals with no 

history of cryptococcal disease still have antibodies against the yeast [3] and that the 

majority of children have been exposed to C. neoformans by the age of five years [4]. It 

is thought that contact primarily occurs through inhalation into the lungs followed by 

colonization of the alveolar spaces [2].  In the immunocompetent host, the pulmonary 

infection is cleared or contained, leading to an asymptomatic infection. If the patient’s 
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immune system becomes compromised at a later date, the latent infection can reactivate. 

In the case of the immunocompromised individual, pulmonary infection can lead to 

pneumonia followed by dissemination via the bloodstream to other organs. C. 

neoformans is one of only a few fungal species known to cross the blood-brain barrier 

and infect the brain [5], leading to meningitis that is fatal if left untreated.  When the 

AIDS epidemic began in the 1980s, there was a concomitant surge in cryptococcosis 

cases worldwide.  In recent years, the increased usage of anti-retroviral therapy and 

antifungals has reduced the overall incidences of fatal cryptococcal meningitis.  Yet in 

areas where access to treatment is limited, C. neoformans remains an important concern 

in the care of the immunocompromised, including AIDS, cancer, and organ transplant 

patients.  In addition, recent outbreaks of cryptococcosis in immuncompetent individuals 

in the Pacific Northwest raise concerns about the risk of cryptococcal infection even in 

otherwise healthy individuals [6, 7]. 

 C. neoformans is classified into four different serotypes based on their reactivity 

with monoclonal antibodies to surface capsular polysaccharide [8].  These serotypes have 

historically been further classified into three different varieties: var. neoformans 

(serotype D), var. grubii (serotype A) and var. gattii (serotypes B and C).  However, in 

recent years, var. gattii has been proposed to comprise its own species as Cryptococcus 

gattii, based on morphological and biochemical evidence [9].  C. neoformans var. grubii, 

or serotype A, occurs worldwide and causes 99% of the cryptococcal infection in HIV-

infected patients [2].  Due to the preponderance of serotype A in clinical specimens, our 

research has focused on this serotype as exemplified by the strain H99.  
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Cryptococcus: the Fungal Pathogen 

 Cryptococcus neoformans predominantly exists in haploid yeast form. A number 

of its characteristics have been identified as important for its virulence in the mammalian 

host. These include the synthesis of a polysaccharide capsule and the pigment melanin, 

and its ability to grow at 37ºC. These virulence factors are discussed in more detail 

below. The research presented here was in a large part motivated to identify and 

characterize new C. neoformans virulence factors as a means of understanding microbial 

pathogenesis. 

 

Ability to grow at 37º 

 C. neoformans and C. gattii are the only members of the order Tremallales 

(Basidiomycota, Agarimycotina, and Tremellomycetes) that can grow optimally at 

temperatures above 30ºC.  [2]. As would be expected, temperature-sensitive mutants of 

C. neoformans are attenuated in virulence in the mammalian host. 

 

Capsule   

 C. neoformans generates a characteristic polysaccharide capsule consisting of two 

major polysaccharides: glucuronoxylomannan (GXM, ~90-95% of capsular mass) and 

galactoxylomannan (GalXM, ~5-8% of capsular mass) [10]. While predominantly found 

attached to the cell wall, capsular polysaccharides are also found in the surrounding 

medium, although it is unclear if it they are shed in an active, regulated mechanism or as 

passive by-products [10]. The capsule contributes to evasion of the immune system and 
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suppression of both the adaptive and innate immune responses [11-16]. Although some 

acapsular mutants are avirulent in animal models [2, 17-20], several studies have also 

found no correlation between virulence and in vitro capsule size [21-23].  Capsule size 

increases during infection and can be induced in vitro by high CO2 concentration, iron 

deprivation, and serum, all conditions believed to be present in the host [2]. 

 

Melanin 

 Melanin synthesis is catalyzed by a laccase and may occur when phenolic 

compounds (e.g. catecholamines such as dopamine) are present [2].  Melanins are 

synthesized during infection, and mutants that do not produce the pigment are associated 

with reduced virulence, and decreased dissemination from the lungs to other organs [24].  

The genome of C. neoformans encodes for two laccase genes, in tandem repeat 

orientation 5.3 kb apart, termed LAC1 and LAC2.  However, mutants lacking the genes 

encoding the laccases are not impaired for growth in the lungs, although lack of 

melanization is statistically correlated with decreased proliferation in the lungs, 

suggesting that melanization may be related to a linked (but currently unknown) 

virulence factor [16].  It has been shown that melanin protects C. neoformans from 

oxidative damage, both by scavenging host-produced free radicals and by the direct 

action of laccase to decrease the concentrations of hydroxyl radicals in the environment.   

 

Other Virulence Factors 

 A number of additional characteristics have also been implicated in C. 

neoformans virulence, including urease, alternative oxidase, phospholipase, superoxide 
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dismutase, and iron uptake, although these have been substantially less well-characterized 

than the above traits [25-28]. In truth, we still know relatively little about what properties 

allow an organism to successfully colonize the host, due to the complexity of the host-

pathogen interaction.  

 

Host Immunology 

 Pulmonary infection by C. neoformans begins through the inhalation of infectious 

particles, either yeast or basidiospores, from environmental sources. Nearly all adults 

have been exposed to C. neoformans, as evidenced by the presence of anti-C. neoformans 

antibodies in their sera, despite having no clinical history of cryptococcosis [3]. In 

immunocompetent hosts, the initial infection is typically contained in lung granulomas, 

macrostructures typically containing epithelioid histiocytes and macrophage-derived 

multinucleated giant cells and surrounded by lymphocytes [29-31]. Studies suggest that 

the latent, contained infection can become reactivated [32-34]. 

Alveolar macrophages residing within the lungs constitute a first line of defense 

against the invading fungal pathogen. The development of a Th1-type response from 

lymphocytes, characterized by IFN-γ production and classical activation of macrophages, 

is associated with protective immunity against C. neoformans infection [35-37]. 

Macrophage activation leads to an amplification of the immune response by increasing 

antigen-processing and presentation by the macrophages, T-cell proliferation, the 

development of the T-cell response, and chemokine-mediated recruitment of neutrophils 

and monocytes into the tissue [13, 38, 39]. Depletion of macrophages from the mouse, by 

a diptheria toxin-mediated mechanism or by administration of silica, results in a loss of 
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resistance to cryptococcal infection [41, 42], indicative of a role for these phagocytic 

cells in early clearance and/or development of adaptive immunity.  

As the lungs are the first site of infection, the adaptation of C. neoformans to the 

host environment in the alveolar space is of critical importance for its successful 

colonization. Conditions within the lungs are dramatically different from those of the 

natural habitat of C. neoformans. Nutrients and essential cofactors, such as iron and 

oxygen, are in limited supply in the host environment and are fiercely competed for by 

host and pathogen cells. Therefore, identifying the relevant host conditions can offer 

important insights into pathogen virulence factors, and vice versa. 

 My research has focused on identifying the conditions encountered by C. 

neoformans within the mammalian host, and characterizing the fungal response that 

allows C. neoformans to adapt and thrive in the host environment. The work described 

here propels the field forward in understanding the development of these relevant 

responses, and opens up new fields of research in the mechanisms of pathogenesis for the 

clinical fungal pathogen. 
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CHAPTER TWO 
A LINK BETWEEN VIRULENCE AND HOMEOSTATIC RESPONSES TO 

HYPOXIA DURING INFECTION BY THE HUMAN FUNGAL PATHOGEN 

CRYPTOCOCCUS NEOFORMANS 

 

Abstract 

Fungal pathogens of humans require molecular oxygen for several essential biochemical 

reactions, yet virtually nothing is known about how they adapt to the relatively hypoxic 

environment of infected tissues.  We isolated mutants defective in growth under hypoxic 

conditions, but normal for growth in normoxic conditions, in Cryptococcus neoformans, 

the most common cause of fungal meningitis.  Two regulatory pathways were identified:  

one homologous to the mammalian SREBP cholesterol biosynthesis regulatory pathway 

and a two-component-like pathway involving a fungal-specific hybrid histidine kinase 

family member, Tco1.  We show that cleavage of the SREBP precursor homolog Sre1—

which is predicted to release its DNA binding domain from the membrane—occurs in 

response to hypoxia and that Sre1 is required for hypoxic induction of genes encoding for 

oxygen-dependent enzymes involved in ergosterol synthesis.  Importantly, mutants in 

either the SREBP pathway or the Tco1 pathway display defects in their ability to 

proliferate in host tissues and to cause disease in infected mice, linking for the first time 

hypoxic adaptation and pathogenesis by a eukaryotic aerobe.  SREBP pathway mutants 

were found to be a hundred times more sensitive than wild-type to fluconazole, a widely 

used antifungal agent that inhibits ergosterol synthesis, suggesting that inhibitors of 

SREBP processing could substantially enhance the potency of current therapies.    
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Synopsis 

Opportunistic environmental pathogens adapt to hostile conditions within the host to 

cause disease.  Chun et al. describe two pathways in the pathogenic fungus Cryptococcus 

neoformans that are both necessary for adaptation to hypoxia and required for its 

virulence.  One pathway uses a pathway homologous to the mammalian Sterol-Response 

Element Binding Protein (SREBP) pathway to activate genes involved in sterol 

biosynthesis in response to low oxygen levels, while the other pathway involves the two-

component hybrid histidine kinase protein Tco1.  Mutant strains containing deletions of 

genes encoding components in either of these pathways were found to be less virulent in 

experimental mouse models.  This study suggests that this pathogenic fungus experiences 

low levels of oxygen in the mammalian host, and that adaptation to these conditions is 

important for infection.  Targeting components of the hypoxia response could yield more 

effective treatments for C. neoformans infections, which cause a large fraction of deaths 

worldwide from HIV/AIDS.  Notably, the authors find that mutants in the SREBP-like 

pathway are a hundred times more sensitive than wild type cells to the widely used 

antifungal drug fluconazole.
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Introduction 

 Microbial pathogens must overcome numerous blocks to infection to successfully 

colonize a host.  It has been hypothesized that one of these barriers is hypoxia.  Oxygen 

levels in mammalian tissues are found to be considerably below atmospheric levels [1-3].  

Moreover, inflammation, thrombosis, and necrosis associated with infection are thought 

to lead to increased degrees of hypoxia [4,5].  While many pathogenic microbes are 

facultative or obligate anaerobes, a number of major bacterial and fungal pathogens are 

classified as obligate aerobes.  Among these are the bacterial species Neisseria 

meningiditis, Pseudomonas aeruginosa, Mycobacterium tuberculosis, and Bordetella 

pertussis.  In N. meningitidis and B. pertussis, mutants in homologs of the E. coli 

hypoxia-responsive regulator FNR are attenuated in experimental animals, consistent 

with a role for hypoxic adaptation in virulence [6,7].  Microarray analysis indicates that 

in N. meningitidis, FNR activates genes encoding proteins involved in sugar 

transport/utilization, cytochromes, and denitrification enzymes that may promote usage 

of nitrate and nitrite instead of oxygen as a terminal electron acceptor during oxidative 

phosphorylation of ADP [6].  In contrast, a M. tuberculosis mutant defective in a nitrate 

reductase required for hypoxic growth in vitro was not attenuated in vivo [8].  

 In the fungal kingdom, some pathogens, such as Candida albicans, are capable of 

anaerobic fermentation in rich medium, but even in these species, molecular oxygen is 

thought to be essential for synthesis of ergosterol, NAD, and heme—molecules likely to 

be scarce in the host mileu and therefore difficult to obtain.  In bacterial pathogens, NAD 

and heme synthesis can be catalyzed by alternative, oxygen-independent pathways and 
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sterol synthesis is thought to not exist [9,10].  Therefore, hypoxia should in principle be a 

far more significant challenge for fungal than bacterial pathogens; yet it is unknown for 

any pathogenic fungi whether adaptation to hypoxia is necessary for virulence and there 

is currently little information on the nature of corresponding adaptive mechanisms.  In the 

best-studied human pathogenic fungus, C. albicans, one adaptive mechanism may 

involve the pleiotropic virulence regulator Efg1.  Efg1 was recently shown in hypoxia to 

promote the synthesis of unsaturated fatty acids and to repress filamentous growth, 

whereas in normoxia, Efg1 promotes filamentation, activates glycolytic gene expression 

and represses genes whose products promote oxidative metabolism [11,12].    

 Recent work in the nonpathogenic ascomycete fission yeast S. pombe has shown 

that a pathway homologous to the mammalian SREBP pathway is important for hypoxic 

adaptation [13,14].  In the mammalian pathway, sterols negatively regulate the release of 

a transcriptionally active, soluble DNA-binding portion of the SREBP transmembrane 

precursor protein through regulation of two proteolytic steps, one lumenal and one 

intramembrane [15].  Proteins required for cleavage of the mammalian SREBP precursor 

include SCAP, Insig, Site-1-protease, and Site-2-protease [15].  SCAP interacts with 

SREBP to regulate its cleavage and contains a domain thought to directly bind sterols, 

Insig negatively regulates SCAP, Site-1-protease is a member of the Kex2 family of 

lumenal proteases, and Site-2-protease is a metalloprotease responsible for 

intramembrane cleavage of the precursor [15].  The S. pombe SREBP-like pathway 

controls the expression of genes involved in ergosterol synthesis, and the available 

evidence suggests that hypoxia signals the SREBP-like pathway by reducing sterol levels, 

which, in turn, promotes the processing of the SREBP homolog, Sre1 [13,14]. 
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 One way of assessing whether a particular property of a pathogen is involved in 

virulence is to identify mutants defective in that property and then assess the 

pathogenicity of that mutant in an animal model of infection.  For example, early work in 

C. albicans demonstrated that an engineered nonfilamentous mutant displayed greatly 

reduced virulence, providing initial evidence for a link between filamentous growth and 

virulence [16].   

 We have used the genetically tractable haploid human pathogenic yeast 

Cryptococcus neoformans to probe the role of hypoxic adaptation in fungal virulence.  C. 

neoformans is an obligate aerobe that causes meningitis and other infections in 

immunocompromised individuals [17].  It exists as four distinct serotypes which are 

classified into three groups:  C. neoformans var grubii (serotype A), C. neoformans var 

gatii (serotypes B and C) and C. neoformans var neoformans (serotype D).  Together, 

these groups are estimated to cause between 15 and 40% of the 3.1M annual deaths from 

HIV/AIDS; serotype A isolates are associated with >90% of infections [18,19].  For the 

studies described below, we used the clinical serotype A isolate, H99. 

 

Results and Discussion 

 As part of an ongoing gene disruption project, we have generated targeted 

knockouts of ~1200 C. neoformans genes (O.W.L., E. Chow and H.D.M., manuscript in 

preparation).   We screened this collection for mutants that displayed sensitivity to 

hypoxia, and we report here the characterization of four genes required for hypoxic 

adaptation.  Among these are homologs of proteins that act in the mammalian SREBP 

pathway.  We identified hypoxia-sensitive mutants in cryptococcal homologs of SREBP, 
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Site-2-protease, and SCAP, which we respectively name Sre1, Stp1, and Scp1 (Figs. 1 

and 2A).  Significantly, the basic helix-loop-helix (bHLH) DNA-binding domain of Sre1 

contains a conserved tyrosine residue (Fig. 2B) that is specific to the SREBP family of 

bHLH transcription factors [20].  We generated two independent knockouts of the genes 

encoding Sre1 (sre1Δ-1 and sre1Δ-2), Stp1 (stp1Δ-1 and stp1Δ-2), and Scp1 (scp1Δ-1 

and scp1Δ-2), and in each case, independent disruptions produced a hypoxia-sensitive 

phenotype (Fig. 1).  Re-introduction of SRE1 into the sre1Δ-2 strain restored sensitivity 

to levels similar to that of wild-type (Fig. S1A). 

 As mentioned in the Introduction, it has been shown that in S. pombe, homologs 

of SREBP and SCAP are critical for survival under hypoxic conditions [13,14].  Our 

identification of a similar role for these components in the basidiomycete C. neoformans 

suggests broad conservation of this adaptive mechanism across the fungal kingdom. 

Curiously, examination of available databases yielded no clear homolog of Site-2-

protease in the S. pombe genome sequence or in the genomes of fungi other than C. 

neoformans, suggesting that either this component of the SREBP pathway does not exist 

in those species or has diverged to a point where it is no longer recognizable.  We were 

also unable to identify a homolog of Insig in C. neoformans, yet a clear homolog exists in 

S. pombe [14].  Finally, no ortholog of Site-1-protease is apparent in either genome; this 

function may be carried out by homologs of Kex2 present in each genome. Notably, the 

C. albicans protein most similar to Sre1 is Cph2 (Fig. 2A), a transcriptional regulator 

previously shown to regulate hyphal development [21].  Although Cph2 binds to DNA 

elements similar to those bound by SREBP in mammalian cells [21], it is unclear whether 

it functions in an SREBP-like pathway.  
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 In addition to components of the Sre1 pathway, we identified a hypoxia-sensitive 

mutant in Tco1, a member of a highly conserved family of fungal-specific histidine 

kinases (Fig. 1).  Tco1 has been shown previously to be required for virulence, yet the 

basis for this requirement has not been elucidated [22].  Paradoxically, Tco1 negatively 

regulates the expression of a known virulence factor, melanin formation, and, 

redundantly with Tco2, positively regulates the HOG MAPK pathway, which is 

dispensable for virulence [22]. We generated a second independent knockout of TCO1 

which confirmed the hypoxia sensitivity of this mutant.  Re-introduction of TCO1 into 

the tco1Δ-1 strain rescued its hypoxia-sensitive phenotype (Fig. S1A).  Significantly, a 

tco1∆ sre1∆ double knockout is more sensitive to hypoxia than either single mutant 

indicating that Tco1 functions in a pathway parallel to the SREBP pathway (Fig. 1). 

 Homologs of Tco1 with diverse functions have been described in a number of 

ascomycete fungi (Fig. 2C).  One of these, Drk1, has been recently shown in the human 

fungal pathogen Blastomyces dermatiditis to be required for temperature-regulated 

dimorphism and pathogenesis; its potential role in hypoxic adaptation was not reported 

[23].  A close homolog of Drk1 exists in H. capsulatum that is also involved in 

temperature-regulated dimorphism [23].  It was proposed that Drk1 is a transmembrane 

sensor that contains an N-terminal domain containing two transmembrane domains.  

However, analysis of Drk1 using the SMART database (Fig. 2C) indicates that, instead, it 

contains a series of six tandem HAMP domains characteristic of the fungal-specific 

subfamily of histidine kinases, and is therefore more likely to be a soluble signaling 

protein.  HAMP domains are found in a large number of signaling proteins, and, in one of 

these proteins, forms a four-helix bundle that may transduce signals via rotation of the 
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helices [24].   In contrast to dimorphic fungi such as B. dermatiditis, C. immitis, and H. 

capsulatum, C. neoformans grows as a yeast both in the environment and in the host, 

suggesting a distinct role in virulence for Tco1 compared to its ascomycete orthologs.   

 As with mutants in the Sre1 pathway, cells lacking Tco1 grow normally at 37°C 

in minimal (YNB) or rich (YPD) media under normoxic conditions, suggesting their 

defects in virulence are not due to a general growth defect (Fig. 3A).   We examined two 

characteristics believed to be important for virulence in C. neoformans, its polysaccharide 

capsule and its ability to melanize.  We observed no gross defect in the formation of the 

polysaccharide capsule in any of the mutants; however, quantification of the ratios of 

capsule diameters to cell diameters did reveal rather subtle defects in the sre1∆ and tco1∆ 

mutants (Fig. 3B).  Mutants in the SREBP pathway display a slight defect in melanization 

under normoxic conditions and, as previously reported, mutants in TCO1 display 

hypermelanization (Fig. 3C).  A tco1∆ sre1∆ double knockout also displays a slight 

defect in melanization.  The complemented strains sre1Δ-2 + SRE1 and tco1Δ-1 + TCO1 

displayed wild-type levels of melanization (Fig. S1B). 

 In fission yeast, processing of Sre1 occurs in response to hypoxia [14].  To test 

whether this was the case in C. neoformans, we used homologous recombination to 

precisely insert three tandem copies of the FLAG epitope tag into the Sre1 coding 

sequence upstream of the predicted DNA-binding domain (Fig. 2A).  We assessed the 

processing of the protein by immunoblotting SDS-PAGE-fractionated extracts that were 

prepared from cells grown under normoxic versus hypoxic conditions (Fig. 4).  In 

response to hypoxia, a lower molecular weight form of Sre1 could be detected.   



 

 21 

In mammalian cells, cleavage releases SREBP from ER and Golgi membranes, 

allowing it to then enter the nucleus and induce transcription of genes.  It therefore 

seemed likely that hypoxia-dependent cleavage of Sre1 in C. neoformans would correlate 

with the up-regulation of hypoxia-regulated genes.   

To test this hypothesis, we used whole-genome microarray-based transcriptional 

profiling.   We found that that the response of wild-type cells to hypoxic conditions 

involved changes in the levels of 347 transcripts.  These included the up-regulation of 

homologs of genes involved in stress and carbohydrate uptake/metabolism, similar to 

what has previously been reported in S. cerevisiae [25], S. pombe [13] and C. albicans 

[11].  Select categories are presented in Table 1, and the full dataset is available in Table 

S3.  In S. cerevisiae, S. pombe and C. albicans, genes encoding respiratory proteins are 

down-regulated in response to hypoxia.  In contrast, in C. neoformans, these genes are 

up-regulated, perhaps because it is an obligate aerobe.  Similar to what has been 

described in other fungi, transcripts of genes involved in sterol, heme, and fatty acid 

metabolism are also up-regulated in C. neoformans in response to low oxygen conditions, 

including SRE1 and homologs to the genes ERG1, ERG3, ERG5, ERG25, HEM3, 

HEM13, SCS7, SUR2, and OLE1.  Categories of genes down-regulated in response to 

hypoxia include proteins involved in translation, vesicle trafficking, and cell wall and 

capsule synthesis (CAP64 and CAP60). 

   A comparison in expression levels between wild-type and sre1Δ-2 grown under 

normoxic conditions identified only two genes as having significant differences in 

expression between the two strains: SRE1 itself and ERG5, a C-22 sterol desaturase 

involved in sterol synthesis (Table S5).  While ERG5 requires Sre1 for full expression 
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under normoxic conditions, it does not require Sre1 for its induction under hypoxic 

treatment (Fig. 5B).   

We determined that of the 347 genes that were induced or repressed in wild-type 

by hypoxic treatment, 54 required Sre1 for their induction or repression (Table S4, 

summarized in Fig. 5A). Of the subset denoting hypoxia-induced genes with weaker 

induction in sre1Δ-1 than in wild-type, the greatest difference in expression between 

wild-type and mutant were in the two genes ERG1 and ERG3.  Strikingly, these genes 

encode for homologs to oxygen-dependent ergosterol biosynthetic pathway enzymes:  

ERG1 encodes squalene epoxidase and ERG3 encodes C-5 sterol desaturase.  Both of 

these enzymes require molecular oxygen for their catalytic activities.  We confirmed 

these data using quantitative reverse transcription-PCR (RT-QPCR) analysis (Fig. 5B).    

 We also performed similar experiments in strains lacking Tco1.  In contrast to 

mutants in Sre1, the tco1∆ mutant did not show detectable defects in the regulation of 

mRNA levels for any of the 347 hypoxia-responsive genes (data not shown).   Thus, this 

kinase appears to function independently of transcription to mediate hypoxic adaptation, 

and we speculate that it may act post-transcriptionally.  The phenotype of tco1Δ is 

specific in that strains containing disruptions of the other five histidine kinases encoded 

by the C. neoformans genome do not demonstrate sensitivity to hypoxia (C.D.C., 

unpublished observations). 

 Having identified mutants in two apparently distinct regulatory pathways required 

for hypoxic adaptation, we tested their effects on growth and virulence in infected 

experimental mice.  To assess the effects on proliferation and survival in the host, we 

infected mice with 1:1 mixtures of wild-type and mutant cells and examined their relative 
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representations in various tissues after a fixed period of time.  Two infection routes were 

tested, intravenous and intranasal. 

In the intravenous competition experiments, animals were sacrificed 10 days post-

infection and the proportions of mutant cells in the lungs, brains, and spleens were 

determined.  As shown in Fig. 6A, knockout mutants in SRE1, SCP1, STP1, and TCO1 

showed a dramatic and reproducible defect in their ability to proliferate in lungs relative 

to wild-type cells.  While they represented ~50% of the cells in the inoculum, the mutant 

cells made up only ~5% of the cells recovered from the lungs.  A more moderate and 

variable defect was observed in the brains and spleens.  As a control, we co-infected 

wild-type with a knockout mutant in SXI1, a gene involved in cell identity and sexual 

differentiation that is not expressed in non-mating cells and is dispensable for virulence 

[26,27].  In these control experiments, sxi1∆ represented ~50% of the cells in the 

inoculum and ~50% of the cells recovered from the various tissues. 

 In the intranasal competition experiments, animals were sacrificed 21 days post-

infection and the proportion of mutant cells in the lungs was determined.  Again 

knockout mutants in SRE1, SCP1, STP1, and TCO1 showed a significant and 

reproducible defect in their ability to proliferate in the lungs relative to wild-type cells 

(Fig. 6B).  A control infection using a 1:1 mixture of wild-type and sxi1∆ showed equal 

proliferation between wild-type and mutant.  We also performed a co-infection using a 

mixture of wild-type and a knockout mutant in LAC1, which encodes for the laccase 

primarily responsible for melanin synthesis (Fig. 6B).  As previously reported, the lac1∆ 

mutant, which is completely defective in melanization (Fig. 3C), displayed normal 

proliferation in the lungs [28]. 
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 A role for Tco1 in virulence was established previously using an intranasal 

inoculation assay [22].  To assess the role of SREBP pathway components in virulence, 

we inoculated 8-10 animals per strain by tail vein injection with two independently 

generated knockout mutants in SRE1, SCP1, and STP1 and monitored the mice for 

progression to severe morbidity.  As shown in Fig. 6C, each of the mutants displayed a 

similar and significant decrease in virulence.  Thus, like the Tco1 pathway, the SREBP 

pathway plays a demonstrable role in pathogenesis. 

 Azole antifungals are perhaps the most widely used agents for the treatment of 

fungal infections worldwide.  They are thought to act solely as inhibitors of lanosterol-

14a-demethylase, encoded in S. cerevisiae by ERG11, another oxygen-dependent enzyme 

in the ergosterol biosynthetic pathway.  Our microarray analysis suggested a role for Sre1 

in activating transcription of genes encoding several oxygen-dependent enzymes of this 

pathway, whereas Tco1 was dispensable.  If these effects were relevant to growth, 

mutants in the Sre1 pathway should be sensitive to fluconazole treatment.  Indeed, we 

found that mutation of SRE1, STP1, or SCP1 results in a dramatic increase in sensitivity 

to fluconazole under normoxic conditions:  ~100X lower concentrations of fluconazole 

were required to inhibit their growth compared to wild-type (Fig. 7).  In contrast, a 

knockout mutant of TCO1 displayed a sensitivity that was identical to that of wild-type.  

 Fungal pathogens require molecular oxygen for the biosynthesis of several 

molecules, making hypoxic host tissues an inhospitable environment.  Using the obligate 

aerobic human pathogen C. neoformans as a model, we have identified two pathways that 

are required for hypoxic adaptation and virulence.  We show that an SREBP-like pathway 

in C. neoformans is activated by hypoxia, is required for hypoxic adaptation, and controls 
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the expression of oxygen-dependent enzymes in the ergosterol biosynthetic pathway.  

The Sre1 pathway acts in parallel with a pathway controlled by the histidine kinase 

homolog Tco1 in hypoxic adaptation.  Importantly, analysis of mutants clearly 

demonstrates both are required for pathogen growth/survival in experimental animals and 

for virulence, which strongly suggests a link between hypoxic adaptation and 

pathogenesis.  The simplest interpretation of our data is that the pathogen experiences 

hypoxia in the host to which it must adapt in order to cause disease. 

 Other pathways are also likely to play a role in hypoxic adaptation.  For example, 

transcription of OLE1, which encodes for a Δ9-fatty acid desaturase in S. cerevisiae, is 

regulated in a manner that shows remarkable parallels to the Sre1 pathway.  In response 

to low levels of oxygen or unsaturated fatty acids, a proteolytic cleavage event releases 

the putative transcription factor Mga2 from the ER membrane, allowing up-regulation of 

OLE1 transcription [29].  Indeed, our microarray data shows that OLE1 is up-regulated in 

C. neoformans in response to hypoxia in an Sre1-independent manner. 

 Although our results show that hypoxia-sensitive mutants in two distinct 

pathways are defective in virulence, it is conceivable that the dual requirement for the 

Sre1 and Tco1 pathways in virulence reflects defects other than hypoxic adaptation in the 

corresponding mutants.  However, our data argue that the requirement for these pathways 

cannot be explained by a trivial defect for either pathway for growth in minimal media at 

37°C (Fig. 3A).  Furthermore, the mutants do not display gross defects in capsule 

formation, and they display phenotypes during murine infection distinct from those 

defective in the production of two other virulence factors, melanin and urease [28,30].   

Specifically, while SREBP pathway mutants display a slight defect in melanin formation, 
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their reduced growth in the lungs of mice infected intranasally contrasts to that of lac1∆ 

mutants which are completely defective in melanization yet display normal proliferation 

in the lungs both in published work [28] and in our hands (Fig. 6B).  Likewise, mutants 

defective in urease activity have been reported to not display a defect in proliferation in 

the lungs [30], in contrast to the effects of sre1∆ and tco1∆ mutants reported here.  While 

distinct from mutants defective in melanin and urease production, the tissue 

proliferation/survival profiles of SREBP and Tco1 pathway mutants are similar to each 

other (Fig. 6), consistent with a common mechanism underlying their virulence defects.   

For each mutant strain tested, we observed a greater fold-defect in the lungs 

compared to in the brain or spleen.  At least two explanations could account for these 

observations.  First, the hypoxic conditions within the lungs could be more severe than in 

the brain or spleen, perhaps due to the fact that the lungs are a predominant site of 

inflammation.  The influx of large numbers of activated macrophages into the lungs may 

generate a locally hypoxic microenvironment that is more challenging than those of the 

brain or spleen.  Alternatively, turnover rate of C. neoformans may be greater in the lungs 

than in the brain and spleen, which would amplify any per-division growth differences 

between wild-type and mutant strains.  Assuming similar steady-state levels of 

organisms, higher turnover would require both a higher growth rate of C. neoformans in 

the lungs as well as a greater degree of killing than in the non-lung tissues.  Further 

studies will be required to distinguish between these possibilities. 

 The remarkable sensitivity of Sre1 pathway mutants to fluconazole is relevant for 

two reasons.  First, it suggests that the effectiveness of antifungals that target ergosterol 

biosynthesis may in part be aided in vivo by the sensitivity of ergosterol synthesis to 
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hypoxic conditions.  This model may explain observations in otherwise puzzling reports 

showing that while fluconazole blood levels typically only reach 10-20 mg/ml, successful 

treatment of Candida albicans isolates that display in vitro resistance towards 

fluconazole (MIC>50 mg/ml) can be achieved in a substantial fraction of cases [31].  It 

may be that hypoxic conditions in vivo lower the effective concentration of the drug 

required to clear the infection.  Second, our data suggests that if inhibitors of the Sre1 

pathway could be developed, they would strongly synergize with ergosterol pathway 

inhibitors such as azoles in the treatment of cryptococcal infections.  Given that 25% of 

North American isolates of C. neoformans are now resistant to fluconazole [32], the 

development of augmentative therapies may be of utility.  
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Methods 

Strains and Media 

Cryptococcus neoformans serotype A strain H99 (a kind gift of Dr. J. K. Lodge) was used 

as wild-type.  Strains were grown in rich media, YPD (1% yeast extract, 2% Bacto-

peptone, 2% glucose, 0.015% L-tryptophan, 0.004% adenine) or minimal media, YNB 

(0.45% Yeast Nitrogen Base w/o amino acids w/o ammonium sulfate, 1.5% ammonium 

sulfate, 2% glucose).  The strains used in this study are listed in Table S1. 

 

Strain Engineering 

 The wild-type H99 strain was transformed using biolistic techniques as previously 

described [33].  The gene-specific deletion constructs were generated with the primers 

listed in Table S2 using overlap fusion PCR.  Specifically, the nourseothricin (NAT) 

resistance (natR) cassette was amplified from plasmids derived from pHL001 using the 

primers 5’NAT-10 and 3’NAT-10.  This cassette was targeted to delete specific genes by 

fusing the cassette to the genomic sequences flanking the target gene.  These flanking 

sequences were amplified from H99 genomic DNA by PCR using the ***-W1 and ***-

W3 primers to amplify a ~1kb region 5’ to the target gene and the ***-W4 and ***-W6 

primers to amplify a ~1kb region 3’ to the target gene.  The two flanking regions and the 

natR cassette were fused into one product using PCR and biolistically transformed.  

Transformants were selected on YPD agar plates containing 100 µg/ml NAT.  sre1∆-1 

was generated using the CN4363 set of primers and deletes a portion of SRE1 including 

the DNA binding domain.  sre1∆-2 was generated using the CDS_5817 set of primers 
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and deletes all of SRE1.  scp1∆-1 was generated using the CN1329 set of primers and 

deletes a portion of SCP1 including transmembrane domains.  scp1∆-2 was generated 

using the CDS_2788 set of primers and deletes all of SCP1.  stp1∆-1 and stp1∆-2 were 

both generated using the CDS_3547 set of primers which deletes all of STP1. stp1∆-1 

and stp1∆-2 were independently generated in separate biolistic transformations. tco1∆-1 

was generated using the CN1538 set of primers and deletes all but ~200bp at the 5’ end 

of the ORF.  tco1∆-2 was generated using the CDS_3015 set of primers and deletes all of 

TCO1. sxi1∆ was generated using the CN5693 set of primers and lac1∆ was generated 

using the CN2897 set of primers.  Both of these deletions result in a complete deletion of 

the gene.  Strains referred to as complete deletions may leave intact small portions of the 

5’ or 3’ ends of the ORF due to ambiguities in the annotation, but are not likely to retain 

any function.  The recombination events were verified by PCR using the ***-V5 and 

VER-5-3 primers to detect the 5’ integration event and the ***-V3 and VER-3-2 primers 

to detect the 3’ integration event.  The tco1∆sre1∆ double mutant was generated by using 

a neomycin (NEO) resistance (neoR) cassette which was amplified from the plasmid 

pJAF1 using the primers 5’NAT-10 and 3’NEO-10.  The neoR cassette was fused to 

flanks generated using the CDS_5817 set of primers.  This knockout construct was then 

transformed into the tco1∆-1 strain.  Transformants were selected on YPD agar plates 

containing 200 µg/ml G418.   

 As a redundant test to confirm the phenotypes of independent disruptants, the 

sre1∆-2 and tco1∆-1 mutants were complemented by biolistically transforming the 

knockout strains with two linear DNA constructs simultaneously.  The first construct 

restored SRE1 or TCO1 to its original locus, replacing the natR cassette which had been 
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used to disrupt the gene.  The second construct inserted a neoR cassette ~300bp upstream 

of the start of the SRE1 ORF or ~1,100bp upstream of the start of the TCO1 ORF.  

Specifically, in order to complement sre1∆-2, the primers CDS_5817-W1 and 

CDS_5817-W6 were used to amplify the SRE1 ORF from H99 genomic DNA including 

1kb of upstream and downstream sequence, creating the first transformation construct.  

The second transformation construct was generated using overlap fusion PCR.  The 

primers C_p5817-W1h and C_p5817-W3 were used to generate the ~1kb region 

downstream of the neoR insertion site and the primers C_CPR202-W4 and C_CPR202-

3F were used to amplify the ~1kb region upstream of the neoR insertion site.  These two 

flanking regions were fused to the neoR cassette, which was amplified as above, creating 

the second transformation construct.  In order to complement tco1∆-1, the primers 

CDS_3015-W1 and CDS_3015-W6 were used to amplify the TCO1 ORF from H99 

genomic DNA including 1kb of upstream and downstream sequence, creating the first 

transformation construct.  The second transformation construct was generated using 

overlap fusion PCR.  The primers C_p3015-W1 and C_p3015-W3 were used to generate 

the ~1kb region downstream of the neoR insertion site and the primers C_p3015-W4 and 

C_p3015-W6 were used to amplify the ~1kb region upstream of the neoR insertion site.  

These two flanking regions were fused to the neoR cassette, creating the second 

transformation construct.  sre1∆-2 and tco1∆-1 were biolistically transformed with both 

constructs simultaneously and transformants were selected on YPD agar plates containing 

200 µg/ml G418.  Positive transformants were patched onto YPD agar plates containing 

200 µg/ml G418 and then replica-plated onto YPD agar plates containing 100 µg/ml 

NAT.  Colonies that were resistant to G418 and sensitive to NAT were screened using 
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PCR for the presence of the complete SRE1 or TCO1 ORF.  The phenotypes of 

complemented strains are shown in Figure S1. 

 

Generation of the 3xFLAG-tagged SRE1 strain. 

 Three copies of the FLAG epitope plus linker sequence (REQKLEL-3xFLAG-

GSGSGS) were inserted between A313 and A314 of Sre1 just upstream of the predicted 

DNA binding domain.  Insertion of the 3xFLAG construct was performed by biolistically 

transforming H99 with two linear DNA constructs simultaneously.  The first construct 

targeted the natR cassette for insertion ~300bp upstream of the start of the SRE1 ORF, 

just downstream of the adjacent gene.  The second construct targeted the 3xFLAG 

sequence for insertion into the SRE1 ORF but did not contain any resistance marker.  

Both constructs were generated using overlap fusion PCR.  Specifically, the natR cassette 

was amplified as described above.  The primers C_5817-W1FLg and C_5817-W3 were 

used to amplify the ~1,300 bp region between the site of insertion of the natR cassette 

and the site of insertion for the 3xFLAG sequence.  The primers C_CPR202-W4 and 

C_CPR202-3F were used to amplify the ~1kb region upstream of the natR insertion site.  

These two flanking regions were fused to the natR cassette using overlap PCR to create 

one of the two transformation constructs.  The 3xFLAG sequence was amplified by PCR 

from the p3FLAG-KanMX [34] plasmid using the primers C_5817-FLAGFg and 

C_5817-FLAGRg.  C_5817-W1Flg and C_5817-W3 were again used to amplify the 

upstream flanking region between the 3xFLAG insertion site and the natR insertion site 

and the primers C_5817-5FgFl and C_5817-5Re were used to amplify the ~1kb region 

downstream of the 3xFLAG insertion site.  These two flanks were fused to the 3xFLAG 
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cassette using overlap PCR to create the second transformation construct.  After biolistic 

transformation with both constructs simultaneously and selection for NAT resistance, 

transformants were screened for insertion of the 3x FLAG sequence by PCR using the 

primers C_5817V5Fle and C_5817-FLAGFg.  

 

Hypoxic cultivation. 

 Strains were grown in YPD at 37°C.  Normoxic conditions were considered 

general atmospheric levels within the lab (~21% O2).  For hypoxic conditions, two 

systems were employed.  One system consisted of a controlled atmosphere chamber 

(855-AC, Plas-Labs) maintained at 37°C and kept at below 0.2% oxygen levels utilizing 

a gas mixture containing 5% CO2, 10% H2, 85% N2 in combination with palladium 

catalyst.   While the hydrogen-palladium mixture eliminated most oxygen within the 

chamber, the architecture of the chamber did allow a small amount of oxygen to slowly 

enter the chamber, allowing for C. neoformans cultivation (as it is an obligate aerobe).  

Oxygen levels within the controlled atmosphere chamber were monitored using a QRAE 

Plus oxygen detector (RAE systems).  Low oxygen (and not high CO2) was the most 

likely source of the phenotypes presented in this paper, as all strains grew normally in 

atmospheric conditions that were supplemented with 5% CO2 (Fig. S2).  The second 

system utilized a gas mixture containing 0.2% O2, 0.25% CO2, 99.55% N2 that was 

bubbled through sterile pipettes into media contained in silicon-stoppered flasks arranged 

in parallel.  The gas mixture was humidified prior to being bubbled into the media by first 

bubbling through sterile water to minimize media-loss.  
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 For growth plate phenotypes, cultures grown in YPD at 37°C were diluted to 

OD600 nm=0.6 in water, then diluted 10-fold in series prior to being spotted onto YPD agar 

plates.  Plates were then cultured in the dark in normoxic or in the controlled atmosphere 

chamber in hypoxic conditions.   

 For the growth curve, cultures were grown overnight in liquid YNB media and 

diluted to OD600 nm=0.085 in YNB.  These were then cultured at 37°C in a roller drum.  

At the indicated time intervals, cell density was assessed via OD600 readings.  Data shown 

are an average of three independent experiments and error bars represent their standard 

deviations.   

 

Capsule assay 

 C. neoformans strains were grown in liquid YPD cultures overnight at 30oC.  The 

cultures were then diluted 1/100 in either Sabouraud media (non-inducing conditions) or 

10% Sabouraud media buffered to pH 7.3 with 50 mM MOPS (capsule-inducing 

conditions) and grown at 30oC for three days.  An equal volume of culture and India ink 

were mixed and the capsule was visualized using bright-field microscopy at 160x 

magnification using an Axiovert 200M (Zeiss) microscope running Axiovision software.  

To quantitate capsule size, the cell diameter and capsule diameter of at least 30 cells per 

strain under capsule-inducing conditions were measured using the Axiovision software.  

Statistical analysis was by Student’s t test. 
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Melanization assays. 

Cultures grown overnight in YPD media were spotted onto melanin-inducing 

plates containing L-DOPA (L-dihydroxyphenylalanine, Sigma, 100 mg l-1) and grown for 

3-5 days in the dark at 37°C. 

 

Isolation of total RNA 

Log-phase cultures were grown aerobically in YPD at 37°C, with shaking, to an 

OD600 nm = 0.6, at which point the cultures were split into two.  For hypoxic growth, cells 

were collected by centrifugation and then resuspended while in the controlled atmosphere 

chamber with 50 ml of YPD media that had been previously deoxygenated by >2 hr 

incubation with agitation in chamber.  For normoxic growth, cultures were maintained in 

atmospheric conditions.  Following two hours of hypoxic treatment, both normoxic and 

hypoxic cultures were collected by centrifugation at 4°C.  Cell pellets were flash frozen 

in liquid nitrogen and lyophilized prior to total RNA extraction using TRIzol Reagent 

(Invitrogen) following manufacturer’s instructions.  RNA samples were treated with 

DNase I (Roche) for 30 min at 37°C, followed by two extractions with chloroform, 

precipitation in isopropanol, and resuspension in DEPC-treated water.   

 

Microarray-based genome-wide transcriptional profiling 

 Total RNA was reverse transcribed by priming with oligo dT and utilizing 

aminoallyl-dUTP.  The resultant cDNA was then coupled to Cy3- and Cy5-labelled 

probes (Amersham Biosciences), and hybridized to microarrays printed on site, 

containing 6,846 70-mer oligonucleotides corresponding to C. neoformans ORFs from 
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the serotype A genome as annotated by our laboratory (http://cryptogenome.ucsf.edu).  

Labelled cDNA from wild-type grown in normoxic conditions was hybridized against 

cDNA from wild-type grown in hypoxic conditions; cDNA from sre1Δ-1 grown in 

normoxia was hybridized against sre1Δ-1 grown in hypoxia; cDNA from tco1Δ-1 grown 

in normoxia was hybridized against tco1Δ-1 grown in hypoxia; and cDNA from sre1Δ-2 

grown in normoxia was hybridized against wild-type grown in normoxia.  Data for each 

strain represents four independent experiments and includes two dye-swaps.  Arrays were 

scanned on an Axon 400B scanner with GenePix software (Axon Instruments) and the 

images generated were analyzed using SpotReader software (Niles Scientific) for spot 

identification and flagging.   Array signals were bulk-normalized and filtered for flagged 

spots using NOMAD (available at http://ucsf-nomad.sourceforge.net).  Data was log-

transformed (base 2), filtered for genes that contained data for at least 3 out of 4 arrays 

from each strain, and missing values were calculated through K-nearest neighbor 

algorithm using SAM (Significance Analysis of Microarrays) software (Stanford 

University) prior to statistical analysis by SAM.  The class of genes up- and down-

regulated in wild-type was determined in a one-class response test based on the arrays 

hybridized with cDNA from wild-type. Genes were defined as being significantly 

regulated in wild-type if they were scored by SAM as significant with a median false 

discovery rate (FDR) of less than 8% and if their expression changed by at least two-fold 

or greater.  For comparison of the differences in transcriptional response to hypoxia in 

wild-type and mutant, a two-class response test was employed, comparing the arrays 

hybridized with wild-type cDNA to either the sre1Δ-1 arrays or the tco1Δ-1 arrays.  All 

SAM analysis employed an FDR of less than 8%.  The comparison between wild-type 
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and tco1Δ-1 arrays at this FDR did not return any genes with statistically significant 

differences between the two strains.  The data from the set of genes returned from the 

comparison between wild-type and sre1Δ-1 were averaged across the four arrays per 

strain, and the average fold-change in expression in sre1Δ-1 was divided by the average 

fold-change in expression in wild-type for each gene.  For the set of genes up-regulated 

by WT in response to hypoxia, if this value was greater than 1, the gene was defined as 

having stronger induction in sre1Δ-1 than in WT, while if the value was less than 1, the 

gene was defined as having weaker induction in sre1Δ-1 than in WT.  For the set of genes 

down-regulated by WT in response to hypoxia, if this value was greater than 1, the gene 

was defined as having weaker repression in sre1Δ-1 than in WT, and if the value was less 

than 1, the gene was defined as having stronger repression in sre1Δ-1 than in WT.   

Statistically significant genes identified by SAM with two-fold or greater changes in 

expression are listed in Tables S3 and S4 in Supplementary Material. 

 

Gene naming conventions 

We refer to the generic names described by the Stanford B-3501 serotype D 

genome annotation (GenBank accession: AAEY00000000).  These are in the form 

CNXY, where X indicates the chromosome (A for chromosome I, B for chromosome II, 

etc) and Y indicate the gene position.   In addition, if a gene has a homolog in S. 

cerevisiae with a BLASTP expect value of less than 10-4, we refer to it by the name of the 

best S. cerevisiae homolog.  In cases where the same gene in S. cerevisiae was the closest 

homolog to multiple genes in C. neoformans, two digits were added to the end of the S. 
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cerevisiae name to generate unique specific names (e.g. SPS1901 is one C. neoformans 

gene homologous to the S. cerevisiae gene SPS19) (Chow et al., submitted). 

 

RT-QPCR 

 Microarray results were confirmed utilizing reverse transcription quantitative 

PCR (RT-QPCR).  cDNA was synthesized from the same DNase I-treated total RNA that 

was used for microarray analysis using Superscript III Reverse Transcriptase (Invitrogen) 

and oligo dT primers.  Approximately 0.2 ng of cDNA was used as template in a QPCR 

reaction containing SYBR Green dye (Molecular Probes). Fluorescent signal was 

measured on an Opticon DNA Engine PCR machine (MJ Research).  For each primer set, 

standard curves were generated using five-fold sequential dilutions of cDNA to account 

for differences in priming efficiencies.  For each sample, values obtained were 

normalized to the levels of actin (ACT1).  Data shown are averages of the four 

independent samples, and are normalized to the levels of transcript present on average in 

wild-type under normoxic conditions.  The following primers were used: for ERG1, 

C_ERG1-3-5 and C_ERG1-5-5; for ERG3, C_ERG3-3-5 and C_ERG3-5-5; for ERG5, 

C_ERG5-3-1 and C_ERG5-5-1; for ACT1, C_ACT1-1 and C_ACT1-2.   

 

Immunoblotting 

 Strains containing FLAG-SRE1 as the sole allele were grown to OD600 nm = 0.4 in 

100 ml YPD at 37°C.  For the normoxic growth sample, half the culture was then 

harvested.  For hypoxic growth, the remaining culture was spun down and the cell pellet 

was then resuspended in 50 ml YPD media that had been previously de-oxgenated for >2 
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hr by the bubbling of gas (a mixture containing 0.2% O2, 0.25% CO2, 99.55% N2) 

through sterile pipettes into the media contained in silicon stopper-sealed flasks.  The 

cultures were then cultivated in the presence of bubbling gas mixture for an additional 2 

hours before harvesting.  Both normoxic and hypoxic cultures were pelleted by 

centrifugation, and following a wash with cold water, were flash frozen in liquid nitrogen 

and lyophilized.  The lyophilized cells were lysed in 24 mM NaOH and 1% (v/v) β-

mercaptoethanol on ice for 30 min, and proteins were precipitated with 6.4% 

trichloracetic acid while on ice.  After centrifugation, the protein pellet was washed once 

with acetone, dried, and then resuspended in HU buffer (200 mM phosphate buffer pH 

6.8, 8M urea, 5% SDS, 1 mM EDTA, 100 mM DTT, bromophenol blue) and loaded onto 

a bis-Tris gel.  Following SDS-PAGE, the fractionated proteins were transferred to 

nitrocellulose membrane (MSI Nitrobind membrane, Fisher).  Immunoblotting was 

performed using mouse anti-FLAG IgG (Sigma) and rabbit anti-PSTAIRE IgG (Santa 

Cruz Biotech), which were respectively recognized by horseradish peroxidase-conjugated 

goat anti-mouse IgG and goat anti-rabbit IgG secondary antibodies (Bio-Rad).  

Visualization was performed utilizing SuperSignal West Pico Chemiluminescent 

Substrate (Pierce).  

 

Intravenous co-infection experiments. 

   C. neoformans strains were individually grown in liquid YPD cultures overnight 

at 30oC.  Cells were counted using a hemacytometer and an equal number of WT cells 

and cells of the co-infecting strain were combined.  The cells were washed twice in PBS 

and resuspended in PBS to a final concentration of 2 x 107 cells/ml.  5-6 week-old female 
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A/J (NCI) mice were anesthetized with inhaled isoflurane and 100µl of the inoculum (2 x 

106 total cells) was injected via tail vein.  Four mice were infected per inoculum.  A 

dilution of each inoculum was also plated on Sabouraud agar plates containing 40 mg/ml 

gentamicin and 50 mg/ml carbenicillin.  The plates were incubated for two days at 30°C, 

colonies were counted to verify the concentration of cells in the inoculum, and the 

proportion of mutant cells in the inoculum was determined by assaying 100-200 colonies 

for NAT resistance on YPD agar plates containing 100mg/ml NAT.  Mice were sacrificed 

by CO2 inhalation followed by cervical dislocation 10 days post-infection and the lung, 

brain, and spleen were removed and homogenized in 5 ml sterile PBS.  Serial dilutions of 

each organ sample were plated on Sabouraud agar plates containing 40 mg/ml gentamicin 

and 50 mg/ml carbenicillin. The plates were incubated for two days at 30°C, colonies 

were isolated, and the proportion of mutant cells within each organ was determined by 

assaying 100-200 colonies for NAT resistance on YPD agar plates containing 100mg/ml 

NAT. 

 

Intranasal co-infection experiments. 

 Inocula were prepared as in the intranvenous co-infection experiments except 

cells were resuspended in PBS to a final concentration of 1 x 107 cells/ml.  4-5 week-old 

female A/J (NCI) mice were anesthetized by intraperitoneal injection of ketamine (75 

mg/kg) and medetomidine (0.5-1.0 mg/kg).  The mice were then suspended from a silk 

thread by their front incisors and 50µl of the inoculum (5 x 105 cells) were slowly 

pipetted into the nares.  After 10 minutes, the mice were lowered and the anesthesia was 

reversed by intraperitoneal injection of atiplamezole (1.0-2.5 mg/kg).  Four mice were 
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infected per inoculum.  The concentrations of the inocula and the proportions of mutant 

cells in the inocula were determined as in the intravenous co-infection experiments.  

After 21 days post-infection, the animals were sacrificed by CO2 inhalation followed by 

cervical dislocation and the lungs were analyzed as in the intravenous co-infection 

experiments.  

 

Mouse virulence studies. 

   Inocula were prepared as in the intravenous-co-infection experiments except cells 

were resuspended in PBS to a final concentration of 2 x 106 cells/ml.  5-6 week-old 

female A/J (NCI) mice were anesthetized with inhaled isoflurane and 100µl of the 

inoculum (2 x 105 cells) were injected via the tail vein.  The concentration of cells in the 

inoculum was confirmed by plating serial dilutions.  Mice were monitored several times a 

week until onset of symptoms (weight loss, ruffled fur, abnormal gait) and then 

monitored daily.  Mice that displayed signs of severe morbidity (weight loss, abnormal 

gait, hunched posture, swelling of the cranium) were sacrificed by CO2 inhalation 

followed by cervical dislocation. 

 

Fluconazole sensitivity assay 

 Strains were cultured overnight in YNB media at 30°C, spun down, washed once 

in PBS, and then resuspended in YNB to a concentration of 104 cells/ml.  This 

resuspension was aliquoted into 96-deep well plates at a volume of 500 µl/well.  To this, 

100 µl of fluconazole (Sigma, stock solution of 1mg/ml prepared in DMSO [dimethyl 

sulfoxide] and subsequently diluted in YNB) was added to give final fluconazole 
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concentrations ranging from 0.0046 to 30 µg/ml. The plates were cultured for 48 hours at 

30°C with shaking (1k rpm), at which point measurements were taken on a 

spectrophotometer. For each culture, 100 µl of YNB was added to one well instead of 

fluconazole.  The OD600 reading for this well was set to a value of one and growth in all 

other wells for that culture were normalized to that reading.  For each strain, appropriate 

dilutions of DMSO without fluconazole were added to a series of cultures as a negative 

control.  Growth with DMSO for all strains at all concentrations tested was similar to 

growth without DMSO (data not shown). 

 

Supporting Information 

Accession numbers.   

Microarray data described in this paper has been submitted to the NCBI’s GEO database 

(http://www.ncbi.nlm.nih.gov/geo/); accession number GSE6226. 
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Figures 

 

 

Figure 1.  Mutants in SREBP pathway and Tco1 are sensitive to hypoxia 

Growth in normoxic and hypoxic conditions.  Cultures diluted to OD600nm=0.6 were 

diluted serially in 10-fold increments prior to being spotted onto YPD plates.  Plates were 

incubated in normoxic or hypoxic (controlled atmosphere chamber; less than 0.2% 

oxygen) conditions in the dark at 37°C.  Top and bottom panels are from the same plates, 

middle panels are from plates grown under the same conditions. 
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Figure 2.  Predicted protein domains for SREBP pathway component orthologs and Tco1 

histidine kinase family members 

(A) Protein domains as predicted by SMART (http://smart.embl-heidelberg.de) for C. 

neoformans Sre1 (Broad locus CNAG_04804.1), Scp1 (Broad locus CNAG_01580.1), 

and Stp1 (Broad locus CNAG_05742.1).  Transmembrane segments for Sre1 were 

predicted using MEMSAT3 (http://bioinf.cs.ucl.ac.uk/).  Arrowhead indicates site of 3X-

FLAG insertion into Sre1.  bHLH = basic helix-loop-helix DNA-binding domain; 

Peptidase = peptidase M50 family domain. 

 

(B) ClustalW sequence alignment between C. neoformans Sre1 and its orthologs in 

Candida albicans (Accession no. AAK69672), Ustilago maydis (Accession no. 



 

 44 

XP_761868), S. pombe (Accession no. CAB52036), and human (SREBP-1A, Accession 

no. NP_001005291), depicting a portion of the predicted DNA-binding domain.  All five 

contain a conserved tyrosine residue (indicated by asterisk) specific to the SREBP family 

of basic helix-loop-helix transcription factors.   

 

(C) Domains as predicted by SMART for Tco1 homologs. Tco1 (Broad locus 

CNAG_01850.1), and orthologs to Tco1 from B. dermatiditis (Accession no. 

ABF13477), H. capsulatum (Broad locus HCAG_04501.1), C. albicans (Accession no. 

BAA24952), and Neurospora crassa (Accession no. AAB03698). HisKa = histidine 

kinase A domain; HATPase = histidine kinase ATPase domain; REC = cheY-like 

homologous receiver domain. 



 

 45 

 

 

Figure 3.  Phenotypic characterization of mutants in the SREBP pathway and in TCO1 

(A) Growth in YNB media at 37 °C.  Growth was monitored via OD600 measuments.  

Data shown are an average of three independent cultures for each strain, and error bars 

represent standard deviations. 

 

(B) Capsule assays.  Capsule synthesis was induced in wild-type, sre1Δ-1 and tco1-1 

strains, and subsequently visualized using India ink staining. 
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(C) Melanin assays. The indicated strains were grown to saturation and spotted onto L-

DOPA containing media.  The plates were then cultured at 37°C in the dark. 
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Figure 4.  FLAG-Sre1 is processed in low oxygen conditions 

Proteins extracts from wild-type and two independent cultures of FLAG-SRE1 grown in 

normoxic and hypoxic (bubbling mixed gas into flasks; 0.2% oxygen) conditions were 

fractionated by SDS-PAGE and immunoblotted with antibodies against the FLAG 

epitope.  Immunoblotting with antibodies against the cyclin-dependent protein kinase 

PSTAIRE was used to control for variation in loading.  
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Figure 5.  Microarray hybridization and RT-QPCR studies demonstrate that a subset of 

genes involved in the hypoxia response require Sre1 for their regulation 

(A) Summary of profiling transcriptional response to hypoxia in sre1Δ and wild-type 

cells. cDNA from wild-type cells cultivated in normoxic conditions was hybridized 

against cDNA from wild-type cells exposed to hypoxic conditions on arrays containing 

6846 features from the genome of C. neoformans.  Similarly, cDNA from sre1Δ-1 grown 

in normoxia was hybridized against cDNA from sre1Δ-1 grown in hypoxia.  Statistical 
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analysis of the resulting arrays was conducted using the software SAM (Significance 

Analysis of Microarrays).  The transcriptional response to hypoxia in wild-type was 

identified as the set of genes with statistically significant changes in gene expression as 

determined by SAM.  A cutoff of two-fold or greater changes in gene expression was 

imposed upon this gene set to determine the number of genes up- and down-regulated in 

wild-type in response to hypoxia.  The arrays hybridized with cDNA from sre1Δ-1 were 

compared to those hybridized with wild-type cDNA to determine which hypoxia-induced 

transcriptional changes were significantly different between sre1Δ-1 and wild-type.  The 

resulting gene set is summarized above, where relative degree of induction/repression in 

sre1Δ-1 and wild-type were compared by dividing fold-change in expression in sre1Δ-1 

with fold-change in expression in WT. 

 

(B) Reverse-transcription quantitative PCR (RT-QPCR).  cDNA from sre1Δ-1 and WT 

cells grown in normoxia and hypoxia were amplified using primers against ERG1, ERG3, 

and ACT1.  Values obtained for ERG1 and ERG3 were normalized against ACT1 for each 

sample to give relative expression, and then expression for both genes were normalized to 

their expression in wild-type in normoxic conditions.   Error bars represent standard 

deviation across four samples.  
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Figure 6.  Hypoxia-sensitive mutants display proliferation and virulence defects   

(A) Tail vein inoculation competition experiments.  Approximately 1:1 mixtures of H99 

and the indicated mutant (marked with a nourseothricin [NAT] resistance gene) were 

injected into mice (A/J) intravenously via the tail vein (2 x 106  total cells/mouse).  The 

actual proportion of mutant cells in each inoculum were determined by plating a dilution 

of the inoculum on non-selective medium and then assaying 100-200 individual colonies 

for NAT resistance.  At 10 days post-infection, animals were sacrificed and the lungs, 

brains, and spleen from each animal were homogenized and serial dilutions were plated.  

100-200 colonies per organ were assayed for NAT resistance to determine the percentage 

of mutant cells.  Error bars represent the standard deviation from four mice per inoculum. 

 

(B) Intranasal inoculation competition experiments.  Approximately 1:1 mixtures of H99 

and the indicated mutant were inoculated intranasally into mice (A/J) (5 x 105 total 

cells/mouse).  The actual proportions of mutant cells were determined as in (A).  At 21 

days post-infection, animals were sacrificed and the lungs from each animal were treated 

as in (A).  Error bars represent the standard deviation from four mice per inoculum.   

 

(C) Virulence assays.  8-10 mice (A/J) were injected intravenously via the tail vein with 2 

x 105 cells of the indicated strain and progression to severe morbidity was monitored.   
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Figure 7.  Mutants in the SREBP pathway, but not the tco1Δ mutant, display 

hypersensitivity to fluconazole 

Cells (104 cells/ml) of wild-type and each mutant strain were cultured in YNB in 96-well 

format in the presence of 0.0045-30 µg/ml fluconazole.  Data shown are an average of at 

least three independent cultures for each strain.  Error bars represent standard deviations. 
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Supplemental Figures 

 

Figure S1. Complementation of hypoxia-sensitivity and melanization phenotypes sre1Δ 

and tco1Δ strains by homologous targeting of the corresponding wild-type genes 

(A) SRE1 was re-introduced into its endogenous locus in sre1Δ-2 and TCO1 was re-

introduced into its endogenous locus in tco1Δ-1. Cultures diluted to OD600nm = 0.6 

were diluted serially in 10-fold increments prior to being spotted onto YPD plates. Plates 

were incubated in normoxic or hypoxic (controlled atmosphere chamber; less than 0.2% 

oxygen) conditions in the dark at 37 °C. 

 

(B) Melanin assays. The indicated strains were grown to saturation and spotted onto L-

DOPA–containing medium. The plates were then cultured at 37 °C in the dark. 
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Figure S2.  Knockout mutants in SREBP pathway components and in TCO1 are not 

sensitive to high levels of carbon dioxide 

Cultures diluted to OD600nm = 0.6 were diluted serially in 10-fold increments prior to 

being spotted onto YPD plates. Plates were incubated in the dark at 37 °C in normal 

atmospheric conditions or in air supplemented with 5% CO2 (NuAire IR Autoflow CO2 

Water-Jacketed Incubator, http://www.nuaire.com). 
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Supplementary Tables 

Supplementary tables can be found online on the PLoS Pathogens website: 

http://www.plospathogens.org/article/info:doi/10.1371/journal.ppat.0030022 

 

Table S1. Strains Used in This Study 

Table S2. Primers Used in This Study 

Table S3. Microarray Dataset 

Table S4. Sre1-Regulated Genes in Hypoxia 

Table S5. Sre1-Regulated Genes in Normoxia 
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CHAPTER THREE 

SYSTEMATIC GENETIC ANALYSIS OF VIRULENCE IN THE HUMAN 
FUNGAL PATHOGEN CRYPTOCOCCUS NEOFORMANS 

 

Summary 

The fungus Cryptococcus neoformans is a leading cause of mortality and 

morbidity among HIV-infected individuals.  We utilized the completed genome sequence 

and optimized methods for homologous DNA replacement using high-velocity particle 

bombardment to engineer 1,201 gene knockout mutants.  We screened this resource in 

vivo for proliferation in murine lung tissue and in vitro for three well-recognized 

virulence attributes — polysaccharide capsule formation, melanization, and growth at 

body temperature.  We identified dozens of previously uncharacterized genes that affect 

these known attributes as well as 40 infectivity mutants without obvious defects in these 

traits.  The latter mutants affect predicted regulatory factors, secreted proteins, and 

immune-related factors, and represent powerful tools for elucidating novel virulence 

mechanisms.  In particular, we describe a GATA family transcription factor that inhibits 

phagocytosis by murine macrophages independently of the capsule, indicating a 

previously unknown mechanism of innate immune modulation. 
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INTRODUCTION 

Systematic profiling of gene deletion strain collections has been essential for the 

comprehensive study of biological processes in the nonpathogenic yeast Saccharomyces 

cerevisiae (1).  Likewise, forward genetic screens of large mutant collections of bacterial 

pathogens have been extremely fruitful in identifying virulence pathways in prokaryotic 

organisms (2).  In contrast, the study of fungal pathogenesis has historically been 

hindered by a relative lack of genetic tools and techniques in these eukaryotic species. 

With the release of complete genome sequences for numerous fungal pathogens (3-5), 

there are now unprecedented opportunities to create genome-scale resources and to apply 

systematic methods to the study of fungal virulence. 

Cryptococcus neoformans is the most common cause of systemic fungal 

infections in people infected with HIV (6).  Whereas primary pulmonary infections are 

typically mildly symptomatic and self-resolving in patients with intact immune systems, 

these infections commonly disseminate through the bloodstream to infect the meninges in 

HIV-positive patients.  In sub-Saharan Africa and Southeast Asia, where over 80% of the 

world’s HIV-infected population lives, studies indicate that 10-40% of HIV-related 

deaths are caused by cryptococcal meningitis (7, 8).  The high cost and limited 

availability of antifungal drugs often prohibit effective medical treatment in these areas 

(9) and mortality rates in parts of sub-Saharan African approach 100% (10). 

There are three well-established mediators of C. neoformans virulence: a 

polysaccharide capsule, cell wall-associated melanin, and the ability to grow at human 

body temperature.  The capsule has been shown to have both anti-phagocytic and 
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immunomodulatory properties (11, 12).  Melanin is believed to protect the fungus from a 

broad range of toxic insults, both in the environment and the host (13).  

Molecular studies of C. neoformans virulence pathways have focused almost 

exclusively on the regulation of capsule and melanization (Table S1).  Attempts to 

identify novel virulence mechanisms using random insertional mutagenesis have been 

hampered by biases in the insertion sites, chromosomal rearrangements, and relatively 

low ORF hit rates (14, 15).  The release of the complete C. neoformans genome sequence 

now makes it possible to use directed gene knockout mutants to screen for novel 

virulence mechanisms.  To this end, we constructed a large library of 1,201 signature-

tagged, targeted gene deletion strains.  Below, we describe insights gained from 

systematic profiling of this library in a murine infection model and in three in vitro assays 

for virulence-associated attributes (Figure 1).  We also describe detailed analysis of a key 

transcriptional regulator that has pointed to the existence of an unsuspected capsule-

independent mechanism for inhibition of phagocytosis. 

Results 

Generation of signature-tagged C. neoformans gene deletion collection 

Approximately 1,500 genes in C. neoformans were targeted for deletion by 

homologous recombination.  The majority (~900) were selected because of the absence 

of obvious homologs in the nonpathogenic fungus S. cerevisiae.  The remainder encode 

proteins with sequence motifs implicating them in a broad variety of cellular processes.  

Because these targets were chosen prior to the availability of detailed gene models and 

were based on BLAST-based annotations (16), there was a bias against genes that are C. 

neoformans-specific.  We utilized fusion PCR to create deletion constructs in a high-
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throughput manner and optimized biolistic transformation for efficient recombination.  

For reasons described below, each mutant strain contains one of 48 unique signature tag 

DNA sequences adjacent to the deletion marker.  The resulting set of 1,201 verified 

mutants represents deletions of 1,180 genes (in some cases, different domains of the same 

gene were targeted separately).  For comparison, the genome of C. neoformans is 

predicted to contain ~6,500 genes (4), and ~190 targeted gene deletions in C. neoformans 

have previously been reported in the literature (Table S1).  The deletion collection is 

currently available without restriction through the Fungal Genetic Stock Center 

(www.fgsc.org) or ATCC (www.atcc.org).   

Quantitative screen for infectivity mutants in a murine inhalation model of disease  

To identify C. neoformans genes involved in infectivity, we adopted signature-

tagged mutagenesis (STM), a strategy that enables high-throughput, parallel analysis of 

pathogen mutants in experimental infections (2).  In this method, individual mutants are 

marked in their genomes with a unique DNA sequence (termed a signature tag or a 

barcode).  This allows a pool of many mutants to be tested in a single animal infection by 

comparing the relative representation of each mutant in the pool before and after 

selection in the host.  In practice, this is accomplished by isolating DNA from mutant 

pathogen pools before and after infection and quantifying the abundance of each tag in 

the sample.  

We developed a robust, quantitative STM assay utilizing a previously established 

mouse model of pulmonary cryptococcal infection (17).  C. neoformans deletion mutants 

were grown independently and then pooled into groups of 48 for intranasal infection of 

mice.  Infections were allowed to progress until the mice displayed signs of significant 
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morbidity (~5-6 weeks), at which time the mice were sacrificed and C. neoformans cells 

were recovered from the lung tissue.  Quantitative PCR using tag-specific primers 

together with a common primer in the gene deletion cassette was used to measure the 

relative abundance of each mutant in both the input and recovered pools.  The ratio of 

these two values ([recovered] / [input]) was calculated on a log2 scale and termed the 

STM score (see Experimental Procedures).  As shown in Figure 2A, STM scores 

demonstrated remarkable consistency among the three mice infected with each pool of 

signature-tagged mutants.  In total, 1,100 deletion mutants were screened using the STM 

assay. 

We next determined if the STM score for a given mutant was affected by the 

composition of mutants in that pool.  104 mutants were removed from their original pools 

and sorted into new pools containing different mutants.  Infections were repeated and 

STM scores were recalculated for each mutant.  The original STM scores were highly 

correlated with the re-pooled STM scores (R2=0.84), demonstrating that the STM scores 

were largely independent of the identities of the competing mutants and were highly 

reproducible from pool to pool (Figure 2B). 

As an additional control for reproducibility of the assay, we constructed 43 

independent disruptions of the gene SXI1, which is required for mating but dispensable 

for virulence (18); each mutant was marked with a different signature tag.  The 43 sxi1∆ 

mutant strains were tested a total of 293 times throughout the STM screen and, as 

expected, the distribution of STM scores for the sxi1∆ strains was centered near zero 

(median=0.1) and showed a tight range (SD=0.5) (Figure 2C).  The distribution of STM 

scores for the deletion library as a whole was also centered on zero (median=0.0); 



 

 66 

however, in this case, the distribution of scores was much broader (SD=3.3), suggesting a 

wide range of fitness in the assay. 

STM phenotypes correlate with virulence 

STM screens are designed to measure the relative competitive fitness of mutants 

in a mixed infection.  Thus, the term “infectivity” in this context refers to this ability to 

proliferate/survive within host tissue. “Virulence,” on the other hand, is classically 

defined as the ability of an individual strain not only to proliferate, but to cause disease as 

well.  To assess the ability of our STM screen phenotypes to predict virulence defects, we 

performed two additional tests.   

First, we asked whether previously identified virulence mutants included in our 

deletion collection were detected by the screen.  Among 24 previously-reported virulence 

mutants, 21 displayed STM scores significantly below zero, ranging from –12.8 to –1.9 

(labeled on the x-axis of Figure 2C and Table S2).  Two published virulence mutants, 

lac1∆ and ure1∆, had normal STM scores.  These mutants, however, are known to 

replicate normally in mouse lungs and have late defects in dissemination (19, 20); such 

mutants would not be anticipated to have defects in our screen.  The final virulence 

mutant, scp1∆, was retested in our assay using a different pool of mutants, and a 

significantly lower STM score was detected (-3.6 vs. –0.8).  These results demonstrate a 

robust sensitivity of the STM screen for virulence genes known to affect propagation in 

pulmonary tissue (21 mutants identified of 22 mutants with known lung defects).  

Conversely, the sxi1∆ STM data described above did not yield a single negative outlier 

and all seven mutants in the collection containing deletions of genes known to be 
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dispensable for virulence had normal STM scores suggesting a screen specificity for 

infectivity defects approaching 100% (Figure 2C, Table S2).   

In a second test, we conducted classical time-to-endpoint survival analyses for 

seven previously-uncharacterized mutants with a wide range of STM scores.  In these 

experiments, virulence was directly measured by determining the rate at which mice 

infected with a single strain of C. neoformans reach a defined disease endpoint (see 

Supplementary Materials).  Monotypic intranasal infections of 8-10 mice per mutant and 

a wild-type control were performed and the time to significant morbidity was assessed for 

each mouse.  Survival curves were plotted for the mutant strains and compared to that of 

the wild-type control.  Two mutants with STM scores close to zero were 

indistinguishable from wild-type in these survival curves (Figure 2D).  Four mutants with 

STM scores significantly below zero were attenuated for virulence (Figure 2E) with the 

degree of attenuation closely correlated with the magnitude of the STM defect.  

Interestingly, a mutant with an STM score significantly above zero (zap103∆) was 

hypervirulent (Figure 2E).  Together, these studies suggest that the STM assay is a 

sensitive and specific measure for infectivity and that in this pulmonary infection model 

of cryptococcosis, altered infectivity correlates well with altered virulence. 

Based on these results, we chose STM scores of < –2.5 and > +2.5 as the cutoff 

points for reduced infectivity and increased infectivity, respectively. Application of these 

criteria to our data yielded 164 (15%) mutants in the former category and 33 (3%) in the 

latter. 
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Systematic in vitro phenotyping of the deletion collection identifies mutants defective in 

known virulence attributes 

To complement the in vivo STM screen, we systematically assayed the deletion 

collection in vitro for three known virulence-associated phenotypes: 1) growth in 

minimal medium at 37°C, 2) melanization, and 3) synthesis of the polysaccharide 

capsule.   

A high-throughput, 96-well format assay was developed to measure the growth of 

each mutant in synthetic minimal medium (YNB) at 37°C.  As expected, a large overlap 

existed between mutants that displayed poor growth at 37°C and mutants with STM 

defects (P=8.2E-30) (Figure 2F).  Using hypergeometric distribution analysis, we 

determined that mutants that displayed growth scores greater than –0.5 did not show a 

significant enrichment for mutants with virulence phenotypes (P > 0.01) (Figure S1); 

thus, we used a growth score of –0.5 as a cutoff for determining which mutants were 

categorized as having significant growth defects.  Some mutants displayed severe growth 

defects but not STM defects.  We attributed at least a portion of this inconsistency to the 

fact that minimal medium does not perfectly mimic the nutritional environment found 

within the host.  For example, mutants in peroxisome function (pex1∆ and pex6∆) have 

been shown previously to have normal virulence despite being unable to grow on YNB 

with glucose as the sole carbon source (21).    

To identify mutants defective in melanin synthesis, we grew the deletion 

collection on agar plates containing L-DOPA (a diphenolic substrate).  Wild-type cells 

turned dark brown over 2-3 days as they synthesized and accumulated melanin.  Thirty-

eight deletion mutants displayed decreased levels of melanization compared to wild-type, 
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including known melanin mutants such as lac1∆, cac1∆, and pka1∆ (19, 22, 23).  As 

noted above, the lac1∆ mutant (which lacks the laccase primarily responsible for melanin 

synthesis) has late defects in dissemination from the lungs but grows normally in lung 

tissue (19); as such, it was not identified by the STM screen.  Likewise, a mutant 

containing a deletion of the second C. neoformans laccase gene, LAC2, as well as a 

double knockout mutant, lac1∆ lac2∆, did not display STM phenotypes (Table S2).  This 

is consistent with melanization playing a role in dissemination, but not lung infectivity.  

Thus, we were surprised to note that overall there was a significant overlap between 

mutants with melanization defects and those with STM defects in the lungs (Figure 2F).  

This association remained significant (P =1.4E-11) even after excluding mutants with 

growth defects from the analysis.  Given that the laccases were dispensable for lung 

infection, additional defects beyond poor pigment production must be proposed in this 

subset of melanin-defective mutants to account for their lung infectivity defects.  These 

deficits may affect co-regulated pathways that function independently of and/or 

redundantly with melanization to promote lung proliferation.  

To identify mutants defective in polysaccharide capsule formation, we screened 

for mutants with a dry colony appearance on rich medium (YPAD) agar plates.  A dry 

colony morphology is characteristic of most known C. neoformans mutants with absent 

or greatly reduced amounts of capsule (24-26).  Using this simple assay, we identified 

eleven potentially capsule-defective mutants including six strains (cap59∆, cap64∆, 

cap60∆, cap10∆, cas35∆, and nrg1∆) that contain deletions in genes previously 

implicated in capsule synthesis (25, 27, 28).  In addition, PBX1 and PBX2 were first 

identified in this screen; deletion of PBX1 or PBX2 affects the fidelity of polysaccharide 
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synthesis and their detailed analysis has been described elsewhere (29). As expected, all 

mutants with dry colony morphologies also had STM defects, consistent with the well-

established importance of the capsule for causing disease (Figure 2F).   

Certain mutants, such as pka1∆ and cac1∆, are known to produce reduced or 

structurally-altered capsules (22, 23), but do not have dry colony morphologies.  To 

identify this class of mutant, we tested a subset of mutants in the collection for the ability 

to induce capsule formation using an India ink assay.  This stain yields a characteristic 

halo around cells with enlarged capsules (we note this analysis does not rule out subtle 

capsule structure defects that would otherwise only be detectable by NMR analysis).  We 

tested 82 mutants that displayed melanin and/or STM defects but normal colony 

morphology.  Only one mutant, containing a deletion of GAT201 (which encodes a 

GATA-family zinc finger DNA-binding transcriptional regulator, Figure S2), produced 

no visible capsule by India ink staining under capsule-inducing conditions (Figure 4C).  

Further investigation of the role of GAT201 in C. neoformans pathogenesis is described 

below.   

In total, among 164 mutants with STM defects, 85 also had defects in growth at 

37°C, polysaccharide capsule formation, and/or melanization.  The remaining 79 mutants 

appeared normal in all three in vitro assays (Figure 2F).  To verify that the observed 

phenotypes were linked to the targeted deletions, we reconstructed 107 deletion strains 

and retested for the original phenotype: 5 of 5 reconstructed strains reproduced the 

original capsule phenotype; 33 of 35 reproduced the original melanin phenotype; 53 of 67 

reproduced an STM score significantly below zero; and 8 of 11 reproduced an STM score 

significantly above zero (Figure S3).  The results overall indicate strong linkage between 
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the targeted mutation and the observed phenotypes.  Slightly higher variability in 

reproduction of STM phenotypes may reflect both higher variability of the assay and the 

potential for a larger number of unlinked mutations to affect this phenotype. 

Novel melanin and capsule genes 

Thirty-three novel genes that regulate melanization and five novel genes that 

regulate capsule formation were identified and verified by knockout reconstruction and 

retesting (Figure 3, Table 1).  As described previously (16), gene names were assigned 

based on homology to known S. cerevisiae genes when available.  Four melanin genes 

and one capsule gene could not be named using this approach and, instead, were 

designated MLN1-MLN4 and CPL1 respectively.  The melanin and capsule genes 

identified in these screens implicate a number of novel pathways in the regulation of 

these two virulence attributes.  For example, mutants that lack the transcription factor 

Rim101 and its predicted upstream regulator Rim20 both display melanization defects 

(Figure S3).  Similarly, deletion of components of the Set3 deacetylase complex resulted 

in significantly larger capsules compared to wild-type as well as defects in melanization 

(Figure S3-S4).  

Novel infectivity genes 

A particularly interesting category of mutants identified in these screens had 

defects in lung infectivity but were normal for growth, capsule, and melanin.  Forty of 

these mutants were verified by knockout reconstruction and retesting using the STM 

assay (Figure 3, Table 2).  Again, gene names were assigned based on homology to 

known S. cerevisiae genes when available.  Fifteen unnamed genes were designated 

LIV1-LIV15 (Lung InfectiVity).  
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In addition to capsule, melanin, and growth, a number of other less-studied factors 

have been implicated in C. neoformans virulence based on genetic studies.  These include 

urease, alternative oxidase, phospholipase, reductive iron uptake, glucosylceramide 

synthesis, and resistance to nitrogen and oxygen species (30-36).  In most cases, mutants 

in these pathways display growth defects on certain media.  For example, mutants lacking 

the phospholipase gene (PLB1) are sensitive to SDS (37), mutants lacking the 

flavohemoglobin gene (FHB1) are sensitive to acidified nitrite, and mutants lacking the 

alternative oxidase gene (AOX1) are sensitive to potassium cyanide (KCN).  Thus, in 

order to identify potential roles for these infectivity genes, we systematically tested the 40 

mutants described above for growth on five media conditions as well as for urease 

activity using an enzymatic assay.  This analysis revealed five mutants with sensitivity to 

acidified nitrite, two with sensitivity to SDS, and two with sensitivity to KCN (Table 2, 

Figures S5-S7).  In contrast, none of the mutants displayed decreased growth in pH 4 

media (Figure S5) or in low ferrous iron conditions (Figure S8) and none of the mutants 

displayed a defect in urease activity (Figures S9).  

Two of the mutants that displayed increased sensitivity to acidified nitrite contain 

deletions of DNA repair genes (rad54∆ and rad23∆), suggesting that unrepaired DNA 

damage, perhaps via free radical attack by phagocytes, can be deleterious to infection 

(Figure S5).  Notably, a mutant containing a deletion of LIV8, which encodes an RGS 

(Regulator of G-protein Signaling) domain, was exquisitely sensitive to acidified nitrite, 

SDS, and KCN (Figures S5-S7).  We note that since these media assays are relatively 

nonspecific, the sensitivities observed may or may not explain the virulence defects of 

particular mutants.  For example, a mutant containing a deletion of the virulence gene 
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SRE1, which has been shown to be involved in ergosterol biosynthesis (38, 39), displayed 

sensitivity to both SDS and KCN (Figures S6-S7).  

Nonetheless, the 33 mutants that did not display phenotypes in any of these in 

vitro assays represent the genes that are the strongest candidates for novel C. neoformans 

virulence factors.  Seven genes in this category encode predicted sequence-specific 

transcription factors.  Another five genes encode factors likely involved in chromatin 

regulation.  Of particular note, three genes encode factors with strong homology to 

proteins previously implicated in pathogenesis or regulation of the human immune 

response (Figure 3, Table 2).  LIV5 encodes a protein homologous to one required for 

pathogenesis by the plant fungal pathogen Magnaporthe grisea (40).  LIV7 encodes a 

putative secreted protein that is homologous to a human protein induced by 

lipopolysaccharide.  Finally, LIV6 encodes a protein highly homologous to the human T-

cell immunomodulatory protein (TIP).  Secreted TIP has been shown to directly regulate 

cytokine production by T-cells (41).  Protein structure prediction indicated that Liv6 

contains FG-GAP repeats, which are commonly found in alpha integrins, as well as a 

signal peptide sequence, suggesting that it may be secreted (Figure S2).  Deletion of LIV5 

and LIV6 were confirmed to result in virulence defects by survival curve analysis (Figure 

2E, Figure S10). 

We also identified mutants that reproducibly showed significant increases in the 

STM assay.  Eight mutants were confirmed by knockout reconstruction and retesting to 

display enhanced colonization of lung tissue (Table 2).  These include deletions of genes 

encoding two members of Rho signaling pathways (RGD1 and RHO104), two kinases 

(RCK2 and KSP1), and a transcription factor (ZAP103).  One unnamed gene was 
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designated LIV16.  Deletions of ZAP103 and RGD1 were confirmed to result in increased 

virulence by survival curve analysis (Figure 2E, Figure S10). 

Gat201: a key regulator of virulence and capsule-independent anti-phagocytic 

mechanisms 

Among mutants with normal growth at 37oC, the strain containing a deletion of 

GAT201 exhibited the largest decrease in the STM screen (STM score = -18.3).  Indeed, 

the gat201∆ mutant strain was avirulent in monotypic infection of mice using our 

standard inoculum (Figure 4A).  This mutant was chosen for further investigation. 

As described above, capsules of gat201∆ cells could not be visualized by India 

ink staining under capsule-inducing conditions (Figure 4B).  However, a more sensitive 

assay using a monoclonal antibody to stain the main capsular polysaccharide, 

glucoronoxylomannan, detected capsule polysaccharide on the cell surface of gat201∆ 

cells (Figure 5B).  These data suggest GAT201 is not required for production of basal 

levels of capsule polysaccharide but is needed for proper induction of large capsules.  

gat201∆ cells were also hypermelanized when grown on L-DOPA plates (Figure 4C).  

Previously-identified hypermelanized mutants have been associated with both increased 

and decreased virulence and often display additional phenotypes such as altered capsule 

production (42, 43).  Similarly, our studies indicate GAT201 participates directly or 

indirectly in the regulation of both capsule induction and melanization.  

Consistent with this notion, overexpression of GAT201 in wild-type cells using 

the promoter of a constitutive ribosomal protein gene (pRPL2b) was sufficient to induce 

large capsule formation, even in normally non-inducing growth conditions (Figure 4B, 

Figure S11).  As shown in Figure 4C, the pRPL2b::GAT201 strain also displayed a slight 
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melanization defect.  The pRPL2b::GAT201 strain was hypervirulent in mice after 

monotypic intranasal infection (Figure 4A), demonstrating that overexpression of 

GAT201 is sufficient to activate key virulence pathways.  A reconstructed gat201∆ strain 

recapitulated the phenotypes of the original gat201∆ strain in these assays (Figure 4A-

4C). 

Whole-genome, microarray-based expression profiling of the pRPL2b::GAT201 

strain identified 543 genes that were significantly upregulated and 24 genes that were 

significantly downregulated compared to a wild-type strain (Figure 4D).  Consistent with 

the enhanced nutritional and metabolic requirements necessary for ectopic polysaccharide 

capsule formation, the induced set contained a substantial number of genes encoding 

proteins involved in carbohydrate regulation, including sugar transporters (40 genes), 

glycosyl hydrolases (8 genes), and glycosyl transferases (5 genes).   In addition, twenty-

five genes that encode DNA-binding transcription factors were upregulated in the 

pRPL2b::GAT201 strain, suggesting that Gat201 exerts at least a portion of its effects by 

activating the expression of other transcription factors.  Using a previously described 

annotation database (16), we identified C. neoformans genes that do not have homologs 

in nine sequenced ascomycetes and two sequenced basidiomycetes.  Over 29% of 

Gat201-upregulated genes (159 genes) fall into this C. neoformans-specific gene class, 

which represents a significant enrichment over their general representation on the 

microarray (P =1.2E-35).  Sixteen of these genes are predicted to produce proteins with 

signal sequences but no transmembrane domain; these potential secreted effectors include 

all members of a unique four-gene family (CNF2230, CNF2240, CNF2250, and 

CND5620).  
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To further probe the role of Gat201 in virulence, we examined the interaction of 

gat201∆ cells with RAW264.7 mouse macrophages. Phagocytic cells play a central role 

in the host immune response against C. neoformans, and the ability of C. neoformans to 

avoid phagocytosis and killing by these cells is crucial to pathogenesis (11).  In contrast 

to most fungi, such as C. albicans and S. cerevisiae, wild-type C. neoformans undergoes 

negligible phagocytosis by cultured macrophages in the absence of opsonizing antibodies 

or complement (44).  The anti-phagocytic properties of C. neoformans have largely been 

attributed to the polysaccharide capsule (11).  We recapitulated these results with wild-

type C. neoformans, observing both robust induction of capsule and a very low rate of 

phagocytosis after 24 hours of co-culturing with RAW264.7 macrophages (<2% of 

macrophages contained internalized wild-type C. neoformans, Figures 5A-B, Figure 

S12).  Deletion of the capsule-associated genes CAP10, CAP60, or CAP64 resulted in 

approximately a three- to seven-fold increase in the number of macrophages containing 

C. neoformans (4-14%).  As previously reported (26), cap10∆, cap60∆, and cap64∆ 

mutants had no detectable capsular material, either by antibody or India ink staining 

(Figure 5C).  Unexpectedly, a dramatic increase in the amount of phagocytosis was seen 

when RAW264.7 macrophages were co-cultured with gat201∆ cells; 66% of 

macrophages contained internalized C. neoformans after 24 hours (Figure 5A-B).  Since 

gat201∆ mutants were phagocytosed more readily than CAP gene mutants, yet displayed 

a weaker capsule defect, the phagocytosis phenotype of gat201∆ cells could not easily be 

explained by its hypocapsular phenotype.  To examine the role of GAT201 in the absence 

of capsule, we asked whether double mutants lacking both GAT201 and one of the CAP 

genes were phagocytosed to a greater extent than the CAP gene single mutants.  
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Strikingly, we found this to be the case: high levels of phagocytosis were seen in 

gat201∆ cap10∆ (47%), gat201∆ cap60∆ (57%), and gat201∆ cap64∆ (52%) double 

mutant strains (Figure 5B).   Unlike gat201∆ single mutants, these double mutant strains 

had no detectable capsules by antibody or India ink staining and displayed clumpy 

phenotypes characteristic of cap10∆, cap60∆, and cap64∆ single mutants (Figure 5C), 

indicating that the capsule is not the basis for the difference in phagocytosis between 

gat201∆ and the CAP mutants.   

Discussion 

  The incidence of invasive fungal infections in humans has risen 

dramatically in the last two decades (9), yet our understanding of the molecular 

mechanisms relevant to fungal pathogenesis remains limited.  The analysis of the C. 

neoformans gene deletion collection described here demonstrates the potential for 

harnessing genome sequencing efforts to implement systematic approaches for 

identifying and dissecting fungal virulence mechanisms.  Since biolistic gene knockout 

methods for C. neoformans were introduced in 1993, ~190 targeted deletions have been 

reported in the literature (Table S1 summarizes the phenotypes of previously-described 

gene deletions).  We report the construction and analysis of 1,201 targeted gene deletion 

strains, significantly extending the genetic resources for this pathogen.  Systematic 

profiling of the deletion collection yielded a number of insights into C. neoformans 

virulence: 

(1) Melanization:  By identifying and analyzing numerous novel factors required 

for melanization, we obtained strong evidence that virulence and melanization are co-
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regulated, but that the lung proliferation defects observed in a large subset of melanin 

mutants result from defects beyond poor melanization.   

(2) Polysaccharide capsule: We confirmed the role of the polysaccharide capsule 

in virulence.  Our screen identified four novel hypocapsular mutants, all of which 

displayed defects in infection.  Gat201, following Nrg1 (27), is the second DNA-binding 

transcription factor found to regulate capsule formation.  Gat201 is normally limiting for 

synthesis of this virulence factor since overexpression of GAT201 is sufficient to induce 

capsule synthesis under classically non-inducing conditions.  As Gat201 also controls 

melanization, inhibition of phagocytosis, and virulence, it appears to be a central point of 

regulation for cryptococcal pathogenesis.   

(3) Capsule-independent anti-phagocytic pathways: The anti-phagocytic 

properties of C. neoformans have largely been attributed to its polysaccharide capsule 

(11).  Our analysis of the Gat201 transcriptional regulator has identified a previously 

unsuspected capsule-independent mechanism of anti-phagocytosis since deletion of 

GAT201, both in wild-type and capsule-deficient genetic backgrounds, resulted in a 

dramatic increase in phagocytosis of untreated C. neoformans by macrophages.  Some 

CAP mutants do produce the minor capsule polysaccharide, galactoxylomannan 

(GalXM), which is detectable in culture supernatant (45). Whether GAT201 functions by 

controlling the synthesis of GalXM, protein factors, and/or lipids, and whether the effect 

seen in gat201∆ mutants is due to the lack of an anti-phagocytic factor or the presence of 

a pro-phagocytic factor remain unclear.  Transcriptional profiling of a GAT201 

overexpression strain detected a significant enrichment (P =1.2E-35) for transcripts of C. 

neoformans genes that are not found in other sequenced fungi including a number of 
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predicted secreted proteins—some of these could contribute to C. neoformans-specific 

virulence pathways, including ones involved in inhibiting phagocytosis by macrophages.  

Finally, 25 genes encoding DNA-binding transcription factors were upregulated in the 

overexpression strain, suggesting that Gat201 may control a large, virulence-associated 

transcriptional regulatory circuit. 

(4) Potential novel virulence pathways: Molecular studies of C. neoformans 

virulence have focused primarily on the regulation of the capsule and melanization.  The 

discovery of 48 previously undescribed genes (40 mutants with decreased infectivity, 8 

mutants with increased infectivity), that affect proliferation in lung tissue, but not 

capsule, growth or melanin, strongly suggests the existence of additional unknown 

virulence mechanisms and provides tools for their identification.  In principle, these 

genes could code for 1) regulators of novel virulence pathways or 2) direct effectors of 

virulence.  Potential regulators include seven predicted transcription factors, whose 

targets presumably include pathogenesis factors.  Possible direct effectors of virulence 

include three factors with homology to proteins previously linked to pathogenesis and/or 

immune modulation (Liv5, Liv6 and Liv7).  A substantial number of proteins required for 

infectivity were identified whose function cannot be inferred from sequence 

relationships, indicating that novel molecular functions yet to be assigned to specific 

proteins in any organism are likely to play a role in fungal virulence.  Taken together, the 

identification and categorization of infectivity mutants in a large deletion library 

highlight the advantages of using a multipronged, systematic genetic analysis to dissect 

pathogenic mechanisms.  



 

 80 

Experimental Procedures 

Generation of gene deletion strains 

Cryptococcus neoformans var. grubii serotype A clinical strain H99 (a gift from J. 

Lodge) was used as wild-type.  A previously described strategy for gene deletion (39) 

utilizing overlap fusion PCR and biolistic techniques was used to generate knockout 

strains (see Supplementary Materials).  Details on the deletion collection including the 

targeted regions in each mutant can be found in Table S4.  

Signature-tagged mutagenesis 

Groups of 48 C. neoformans deletion strains were individually grown in liquid 

YPAD and combined into a single pool. These pooled inocula were used to intranasally 

infect three mice each.  Three aliquots of each inoculum (~5 x 105 cells) were also plated 

on Sabouraud agar plates containing 40 mg/mL gentamicin and 50 mg/mL carbenicillin. 

Genomic DNA (Input DNA) was purified independently from each plate using 

hexadecyltrimethyl ammonium bromide (CTAB, Sigma).  Infected mice were monitored 

and sacrificed at the disease endpoint.  Lungs were removed and homogenized in 5 mL 

sterile PBS.  Serial dilutions of each organ sample were plated on Sabouraud agar plates 

containing 40 mg/mL gentamicin and 50 mg/mL carbenicillin.  Genomic DNA (Output 

DNA) from each set of lungs was purified using CTAB. 

The amounts of each signature tag in a genomic DNA prep were measured using 

48 simultaneous quantitative PCR reactions.  Each reaction was identical except for a 

different tag-specific primer (Table S7). The threshold cycle (Ct) was determined for 

each reaction and an STM score was calculated for each mutant using a variation of the 2-

DDCt method for quantitation analysis (46).  STM scores from three mice were averaged to 
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determine a final STM score for each mutant.  A detailed description of this STM method 

can be found in the Supplementary Materials. 

In vitro phenotyping 

 Polysaccharide capsule formation, melanin synthesis, urease activity, and growth 

on acidified nitrite, SDS, potassium cyanide, pH 4, and low iron medium were assayed 

using standard conditions (see Supplementary Materials).  Growth in minimal medium 

was quantified by measuring the change in optical density at 600 nm (OD600) after 24 

hours growth using an optical plate reader (Molecular Devices).  Growth scores were 

normalized to the median growth in groups of 48 (see Supplementary Materials). 

Statistical analysis 

 Significances of overlaps between STM, capsule, and melanin phenotypes were 

measured using a hypergeometric test.  Correlation of STM and growth defects was 

analyzed by measuring enrichment for STM defects in a 25-mutant moving average 

across growth scores using a hypergeometric test. 

 Significances of mutant STM scores were calculated by measuring the divergence 

of a mutant STM score from the distribution of sxi∆ STM scores using a z-score 

calculation.  For retesting of STM phenotypes in reconstructed knockouts, an STM score 

of –1.5 was used as a threshold for significance (P < .001).   

 Survival curves were analyzed using the Kaplan-Meier method and log rank test. 

Macrophage assays 

To test for phagocytosis of untreated C. neoformans, RAW264.7 macrophages 

(4x104 cells/well) were seeded in 96-well tissue culture-treated glass bottom plates 
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(Nunc) in DMEM media and allowed to adhere overnight.  C. neoformans cells from 

overnight cultures grown in liquid YPAD were washed three times with PBS and then 

lightly sonicated using a Sonifer 450 equipped with a microtip (Branson, two one-second 

pulses at a power setting of 2) to break up any clumps of cells prior to incubation with 

macrophages.  Sonication did not affect the viability of cells and similar results were 

obtained in phagocytosis assays that utilized wild-type and gat201∆ cells that were not 

sonicated (Figure S13).  The yeast cells were resuspended in PBS to a concentration of 

107 cells/mL, and 10 µL (105 cells) were co-incubated with RAW264.7 cells (in 200 µL 

fresh DMEM/well) for an MOI of ~ 2:1.  Following 24 hours of co-incubation, 

unphagocytosed C. neoformans cells were removed with three washes of PBS, and yeast 

and macrophages were fixed with 1% formaldehyde/PBS.  Remaining extracellular yeast 

were labeled with a mixture of an anti-glucoronxylomannan antibody, mAb 339 (47), and 

an anti-beta-glucan mouse monoclonal antibody (Biosupplies Australia) in PBS, a 

combination which labels both encapsulated and acapsular strains.  Following three 

washes with PBS, the cells were then incubated with FITC-conjugated donkey anti-

mouse secondary antibody (Jackson ImmunoResearch) in PBS.  Phagocytosis of C. 

neoformans was quantified on an Axiovert 200M (Zeiss) microscope running Axiovision 

software.  Percentage of macrophages with phagocytosed yeast was determined by 

counting the number of macrophages with internalized yeast (as defined by the absence 

of FITC-labeling).  At least 200 macrophages were assayed per well, and each strain was 

tested in triplicate.   
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Microarrays 

Four replicate cultures each of H99 and pRPL2b::GAT201 were grown overnight to 

saturation in YNB at 37°C.   Cultures were diluted to an OD600 of 0.1 in YNB (pre-

warmed to 37°C), grown to an OD600 of 1.0, and then harvested by centrifugation and 

snap freezing.  RNA isolation, array hybridizations, and data analysis using SAM 

analysis were performed as previously described (39).  Microarray data can be found at 

the Gene Expression Omnibus (GSE10750) 
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Figures and Tables 

 

 

Figure 1 

Schematic overview of systematic phenotypic profiling strategy utilized in this work.   
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Figure 2 

In vivo signature-tagged mutagenesis (STM) analysis of gene deletions.  (A) Mutants 

were pooled in groups of 48 and used to intranasally infect three mice.  Quantitative PCR 

with signature tag-specific primers was used to calculate an STM score for each mutant.  

Red-dotted lines indicate cutoffs used to identify STM phenotypes of interest.  (B) 104 

mutants assayed by STM were sorted into new pools containing different competitors and 

retested.  Original STM scores show a strong correlation with repooled STM scores.  (C) 

The frequencies of STM scores observed in this screen were plotted for both the deletion 

collection and the sxi1∆ control strains.  Red-dotted lines indicate cutoffs used to identify 

STM phenotypes of interest.  Indicated below are the STM scores of gene knockouts in 

the collection previously reported to have (red) or not to have (black) virulence defects.  

(D-E) Survival curve analyses of mice infected with individual strains demonstrate the 

correlation between STM phenotypes and virulence phenotypes.  Both hypovirulent and 

hypervirulent strains were accurately identified by STM.  P-values indicate the 

significance of the virulence phenotype.  (F) Shown is the distribution of in vivo and in 

vitro phenotypes in the deletion collection.  Significant overlaps were seen between 

mutants with defects in the three virulence attributes and mutants with in vivo infectivity 

defects.  



 

 96 

 

Figure 3 

Proteins identified in this work that regulate capsule formation, melanization, and/or 

infectivity.  Factors previously reported to affect these phenotypes and factors that affect 

growth in YNB are not included.  Proteins predicted to encode signal peptides are 

outlined in red.  The relationships between melanization, dissemination, and lung 

infectivity are discussed in the text. 
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Figure 4 

Gat201 is a regulator of multiple virulence pathways.  (A) gat201∆ mutant strains (two 

independent knockout strains) were avirulent during monotypic infection and a GAT201 

overexpression strain was hypervirulent.  (B) gat201∆ mutant strains did not induce an 

observable capsule by India ink staining in capsule-inducing conditions, though capsule 

polysaccharide on the cell surface was detected by antibody staining (Figure 5B).  
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GAT201 overexpression resulted in ectopic capsule formation in normally non-inducing 

conditions.  Quantification of capsule size is shown in Figure S11.  (C) gat201∆ mutants 

strains showed increased melanization while a GAT201 overexpression strain showed 

decreased melanization.  (D) Transcriptional profiles of pRPL2b::GAT201 and wild-type 

grown at 37°C in minimal medium were compared using whole-genome microarrays.  

Values represent the average of four microarrays. 
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Figure 5 

Gat201 inhibits phagocytosis independent of capsule.  (A-B) Phagocytosis of untreated 

wild-type (WT) and gat201∆ cells by RAW264.7 macrophages was measured in both 

WT and capsule-deficient backgrounds.  The percentage of macrophages containing 

internalized C. neoformans cells was determined after 24 hours of co-incubation.  Data 

are represented as mean +/- SD from triplicate wells.  (C) GXM can be detected on the 

cell surface of gat201∆ cells, but not in single and double mutants containing deletions of 

CAP genes.  (D) Model of GAT201 regulation of phagocytosis.  “X” represents a novel 

capsule-independent mechanism for inhibiting phagocytosis by macrophages.  
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TABLE 2   Infectivity mutants without defects in capsule formation, melanization, or growth in           

YNB 

Gene Deletion Phenotype 

 

KO# 

Gene 

Name 

Broad 

Annotation Description 

STM 

Score 

Growth 

Score 

Additional 

Phenotypes 

 

Decreased Infectivity (STM Score < -2.5) 

Transcription 

 D883 PDR802 CNAG_03894 Binuclear cluster DNA-binding regulator -7.2↓* -0.08 None detected 

 D231 LIV1 CNAG_00460 bHLH family DNA-binding regulator -6.1↓* -0.35 None detected 
 D725 HCM1 CNAG_03116 Forkhead DNA-binding regulator -4.2↓* -0.46 None detected 
 D140 SNT1 CNAG_00051 SANT domain protein related to human NCOR 

corepressor subunit 

-4.0↓* -0.10 None detected 

 D177 LIV2 CNAG_00201 LAG1 family DNA-binding regulator -3.9↓* 0.06 None detected 
 D1338 LIV3 CNAG_05835 WOR1 family DNA-binding regulator -3.7↓* 0.03 None detected 
 D1420 LIV4 CNAG_03116 Myb family DNA-binding regulator -2.5↓* -0.03 None detected 
Chromatin      

 D111 RPD304 CNAG_05690 Class II histone deacetylase -11.5↓* -0.30 None detected 
 D1296 RPH1 CNAG_05622 Histone H3 lysine 36 demethylase -8.0↓* -0.25 None detected 
 D933 HIRA CNAG_04158 Histone chaperone -6.7↓* -0.15 Inc. sensitivity to NO 
 D790 SPP101 CNAG_03406 PHD domain protein of unknown function -6.1↓* -0.09 None detected 
 D1428 SAS3 CNAG_06322 Histone acetyltransferase -4.4↓* -0.18 None detected 
 D62 HST302 CNAG_02085 Homolog of Sir2; Class III histone deacetylase -2.8↓* -0.11 None detected 
Protein sorting / Protein degradation      

 D1266 HRD1 CNAG_05469 Transmembrane ubiquitin ligase required for ER-

associated degradation 

-8.0↓* -0.38 Inc. sensitivity to NO 

 D317 UBA4 CNAG_00986 Urm1 activating protein -6.0↓* -0.20 None detected 
 D399 RMD5 CNAG_01350 Ubiquitin ligase of unknown function -4.3↓* 0.02 None detected 
 D729 CUL3 CNAG_03138 Cullin subunit of SCF-like ubiquitin ligase -3.6↓* -0.11 None detected 
 D1166 UBC8 CNAG_04611 Ubiquitin conjugating enzyme -3.5↓* 0.16 None detected 
 D1278 JJJ1 CNAG_05538 DnaJ-like cochaperone; contains U1 snRNA-type 

Zn finger 

-3.4↓* 0.11 None detected 

DNA Repair      

 D352 RAD54 CNAG_01163 SWI/SNF family ATPase that promotes 

recombinational DNA repair 

-9.3↓* -0.49 Inc. sensitivity to NO 

 D288 RAD23 CNAG_00772 Ubiquitin-binding protein required for nucleotide 

excision repair 

-7.6↓* 0.09 Inc. sensitivity to NO 

 D832 YKU80 CNAG_03637 Double strand break repair factor and silencing 

regulator 

-4.9↓* 0.04 None detected 

 D632 RAD502 CNAG_02630 SWI/SNF family ATPase that promotes 

recombinational DNA repair 

-2.7↓* -0.04 None detected 

 D855 RINT1 CNAG_03760 Rad50-interacting protein implicated in DNA repair -2.5↓* 0.01 Inc. sensitivity to 

KCN 
Pathogenesis / Immunity      

 D576 LIV5 CNAG_02409 TB2/DP1 family member homologous to M. grisea 

pathogenicity protein 

-12.6↓* -0.09 None detected 

 D166 LIV6 CNAG_00170† Related to human T-cell immunomodulatory 

protein; FG-GAP repeats 

-6.2↓* 0.14 None detected 

 D1466 LIV7 CNAG_06464† Protein of unknown function; human homolog is 

LPS-inducible 

-3.2↓* -0.17 None detected 

Signaling      

 D972 HSV2 CNAG_04371 WD40 protein related to 3-phosphorylated -15.9↓* 0.18 None detected 
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Table 2 

Tables 1 and 2 legends 

Genes identified in this work that regulate capsule formation, melanization, and/or 

infectivity.  Previously characterized genes can be found in Table S2.  Down arrows (↓) 

indicate significant decreases compared to wild-type.  Up arrows (↑) indicate significant 

increases compared to wild-type.  Asterisks (*) indicate that the STM phenotype was 

 D280 HRK1 CNAG_00745 Protein kinase; S. cerevisiae ortholog regulates 

metabolite transport 

-6.8↓* 0.14 Inc. sensitivity to 

SDS 
 D437 LIV8 CNAG_01611 RGS protein homolog - G protein GAP -2.7↓* 0.10 Inc. sensitivity to NO, 

SDS, KCN 
Unknown      

 D70 HOS4 CNAG_02727 Ankyrin repeat protein of unknown function -7.6↓* 0.09 None detected 
 D736 LIV9 CNAG_03149 RING and ubiquitin-binding protein with BRAP2 

domain 

-7.3↓* -0.04 None detected 

 D686 LIV10 CNAG_02930 DUF1765 domain protein of unknown function -7.1↓* -0.19 None detected 
 D171 FYV10 CNAG_00181 LisH, CTLH domain protein of unknown function -6.5↓* -0.06 None detected 
 D1256 LIV11 CNAG_05422 Protein of unknown function -5.0↓* -0.49 None detected 
 D1035 LIV12 CNAG_05105 Protein of unknown function -3.9↓* -0.11 None detected 
 D660 LIV13 CNAG_02753 UPF0121 domain protein of unknown function -3.2↓* -0.34 None detected 
 D1448 LIV14 CNAG_06397 Protein of unknown function -2.9↓* 0.06 None detected 
 D1357 LIV15 CNAG_05934 Translin domain protein of unknown function -2.8↓* 0.09 None detected 
Transporter      

 D1091 ENA2 CNAG_00531 Sodium pump -11.1↓* 0.11 None detected 

         

      

Increased Infectivity (STM Score > 2.5)      

Transcription      

 D88 ZAP103 CNAG_04352 Zinc finger DNA-binding regulator 3.2↑* -0.14   

Signaling      

 D1340 RGD1 CNAG_05838 Rho GAP homolog 5.3↑* 0.07   

 D1490 RHO104 CNAG_06606 Rho family GTPase 4.4↑* -0.33   

 D1156 RCK2 CNAG_00130 Ca-CaM kinase homolog 3.7↑* 0.03   

 D488 KSP1 CNAG_01905 Protein kinase 3.4↑* -0.04   

Cell wall      

 D61 BNI4 CNAG_02071 S. cerevisiae ortholog is a scaffold protein involved 

in cell wall assembly 

4.8↑* -0.27   

Actin-related      

 D359 LSB1 CNAG_01183 BAR-SH3 domain; S. cerevisiae homolog binds 

actin nucleator WASP 

3.6↑* 0.11   

Unknown      

 D1179 LIV16 CNAG_07193† Conserved protein of unknown function 3.8↑* 0.05   
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verified in a reconstructed knockout strain.  Crosses (†) indicate gene models that are 

predicted to encode signal peptides. Table 2 includes only infectivity mutants that did not 

display defects in capsule formation, melanization, or growth in YNB.  These mutants 

were tested for six additional phenotypes: decreased urease activity and sensitivity to 

acidified nitrite (NO), SDS, potassium cyanide (KCN), pH 4, and low-iron. 
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Supplementary Figures 

 

Figure S1 

In vitro growth defects correlate with in vivo infectivity defects.  Enrichment for mutants 

with infectivity defects for a given YNB growth score (growth at 37°C in minimal 

medium) was determined using a 25-mutant moving average across growth scores and a 

hypergeometric test.  The red-dotted line indicates the cutoff used to identify significant 

growth defects. 
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Figure S2 

Predicted structures of proteins encoded by genes discussed in this work.  Predicted 

protein domains were identified using SMART (see Supplementary Experimental 

Procedures).  
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Figure S3 

Identification and verification of genes involved in mutant phenotypes.  Linkage of 

observed phenotypes and the expected gene deletions was confirmed by reconstructing 

107 independent gene knockout strains and retesting for the original phenotypes.  (A) 67 

reconstructed knockout mutants were retested by STM and confirmed to reproduce (blue 

dots) or not to reproduce (red dots) infectivity phenotypes.  The blue line shows the 

correlation of STM scores of original and reconstructed knockouts that reproduced the 

expected phenotype.  (B) Capsule defects in both the original and reconstructed cpl1∆ 

mutant strains were verified by India ink staining under capsule-inducing and non-

inducing growth conditions.  (C) Melanin phenotypes in both the original and 

reconstructed mutant strains were verified by growth at 30°C on plates containing L-
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DOPA.  rco1∆ displayed no melanin defect.  ssn801∆ displayed an increase in 

melanization.  The remaining mutant strains shown in this figure displayed defects in 

melanization (D) Summary of phenotype retesting by knockout reconstruction. 
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Figure S4 

Deletion of SET3 and HOS2 results in enlarged capsules.  (A) The capsules of wild-type 

and set3∆ and hos2∆ mutant strains grown under capsule-inducing conditions were 

directly visualized by India ink staining.  set3∆ and hos2∆ cells are slightly larger than 

wild-type.  (B) The sizes of these capsules were quantified relative to the diameters of the 
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cells.  Capsules from at least 30 cells per strain were measured.  Error bars represent the 

SD. 
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Figure S5 

Growth on acidified nitrite and pH 4 medium.  (A) Serial dilutions of wild-type (WT) and 

mutant strains were grown on pH 4 YPAD agar and pH 4 YPAD agar containing 2 mM 

NaNO2.  A mutant containing a deletion of the flavohemoglobin gene (fhb1∆) was used 

as a positive control for NO sensitivity.  Red boxes indicate mutants that displayed 

sensitivity to acidified nitrite.  These phenotypes were confirmed in repeated independent 

experiments (data not shown).  Asterisks indicate strains that displayed potential growth 

defects on pH 4 medium in general.  (B) Mutants that displayed potential growth defects 

on pH 4 medium were retested on pH 4 and pH 7 media using individually-grown 5mL 
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starting cultures.  A mutant containing a deletion of the inositol phosphosphingolipid-

phospholipase C1 gene (isc1∆) was used as a positive control for pH 4 sensitivity.  

Neither of the mutants displayed discernible growth defects on pH 4 medium upon retest. 
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Figure S6 

Sensitivity to SDS.  Serial dilutions of wild-type (WT) and mutant strains were grown on 

YPAD plates and YPAD plates containing 0.03% SDS.  Red boxes indicate mutants that 

displayed sensitivity to SDS.
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Figure S7 

Mutants containing deletions of SRE1, RINT1, or LIV8 display increased sensitivity to 

potassium cyanide (KCN).  Approximately 1 x 104 cells were grown for 24 hours in 

YPAD containing 1 mM KCN.  Quantitative plating was used to determine colony 

forming units (CFU) before and after KCN treatment.  Data is shown as a percentage of 

starting CFU.  Error bars represent the SD.  A mutant containing a deletion of the 

alternative oxidase gene (aox1∆) was used as a positive control for KCN sensitivity.   
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Figure S8  

Growth in low-iron conditions.  Serial dilutions of wild-type (WT) and mutant strains 

were grown on low-iron medium (LIM) plates and low-iron medium plates supplemented 

with 100 mM FeCl3 and 1 mM ascorbic acid (LIM + iron).  A mutant containing a 
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deletion of an iron permease gene (cft1∆) was used as a positive control for decreased 

growth in low ferrous iron conditions.  Asterisks indicate two deletion strains that 

displayed growth defects on LIM.  However, unlike with the cft1∆ mutant, these defects 

were not compensated for by addition of ferrous iron. 
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Figure S9 

Urease assay.  Wild-type (WT) and mutant strains were placed in Christensen’s urea 

medium for 24 hours at 37°C to test for urease activity.  A pink color indicated an 

increase in pH due to degradation of urea by urease.  A yellow color indicated a lack of 
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urease activity.  A C. neoformans mutant containing a deletion of the urease gene (ure1∆) 

was used as a negative control for urease activity.  The strain in each well is indicated in 

the key below.  All tested mutants displayed normal urease function. 
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Figure S10 

Virulence phenotypes of liv6∆ and rgd1∆ during monotypic infection.  8-10 mice per 

strain were intranasally infected with WT, (A) liv6∆, or (B) rgd1∆, and progression to the 

disease endpoint was monitored.  Two independent knockout strains were tested for each 

gene.  P-value < 0.001 for all strains.  
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Figure S11 

Quantification of the sizes of capsules shown in Figure 4B.  Capsule sizes were measured 

relative to the diameters of the cells.  Capsules from at least 30 cells per strain were 

measured.  Error bars represent the SD. 
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Figure S12 

Antibody staining using a mixture of anti-capsule and anti-beta-glucan antibodies was 

used to distinguish internalized C. neoformans cells from those attached to the exterior of 

the macrophage.  Arrows identify internalized C. neoformans cells.  
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Figure S13  

Light sonication prior to incubation with macrophages does not affect viability of C. 

neoformans cells or phagocytosis by macrophages.  (A) Viability of wild-type (WT) and 

gat201∆ cells before and after light sonication (see Experimental Procedures) was 

determined by calculating CFU using quantitative serial dilutions of cultures.  Post-
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sonication CFU was compared to pre-sonication CFU.  We attribute the increase in CFU 

after sonication to the separation of clumps of cells in the cultures.  (B) WT and gat201∆ 

cells were prepared with and without sonication and incubated with RAW264.7 

macrophages as in Figure 5.  Sonication did not have any effect on the degree of 

observed phagocytosis.  Error bars represent the SD. 
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Supplementary Tables 

Supplementary tables can be found online on the Cell website: 

http://www.cell.com/cgi/content/full/135/1/174/DC1/ 

Table S1 

Summary of targeted gene deletions in C. neoformans that have been reported in the 

literature.  Virulence defects may have been determined using various models and routes 

of infection. 

Table S2  

Genes in the knockout collection that have previously been characterized for virulence.    

Phenotypes represent those identified in this work.  Down arrows (↓) indicate significant 

decreases compared to wild-type.  Asterisks (*) indicate that this mutant was placed in a 

different pool of mutants and retested by STM.  Results of the second assay are in 

parentheses. 

Table S3  

Results of systematic in vivo and in vitro profiling of the deletion collection and 

reconstructed knockout strains.  Melanin and capsule phenotypes were scored 

qualitatively with negative numbers indicating a defect and positive numbers indicating 

an enhancement.   

Table S4  

Deletion strains in the knockout collection.  
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Table S5  

Additional strains used in this study including reconstructed deletion strains. 

Table S6  

Primers used in this study (not including primers used to create gene deletion strains). 

Table S7  

Signature tag sequences found in the deletion strains and tag-specific primers used for 

quantitative PCR. 
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Supplementary Experimental Procedures 

Strains and media 

Cryptococcus neoformans var. grubii serotype A strain H99 (a gift from Dr. J. K. 

Lodge) was used as wild-type.  Strains were routinely grown in rich medium, YPAD (1% 

yeast extract, 2% Bacto-peptone, 2% glucose, 0.015% L-tryptophan, 0.004% adenine) or 

minimal medium, YNB (0.45% Yeast Nitrogen Base w/o amino acids w/o ammonium 

sulfate, 1.5% ammonium sulfate, 2% glucose). 

Generation of Gene Deletion Strains 

Targeted regions in the reconstructed knockouts and the double knockout mutants 

can be found in Table S5 and by entering the gene names at 

http://cryptogenome.ucsf.edu.  Gene deletions were generated using nourseothricin 

(NAT) resistance (natR) cassettes containing signature tag sequences.  Constructs were 

targeted using 1kb flanking regions upstream and downstream of the targeted sequence.  

The expected 5’ recombination event was detected by colony PCR using a primer within 

the natR cassette and a primer outside the 1kb flanking region.  Positive transformants 

were streaked onto YPAD agar plates and single colonies were repatched onto YPAD 

agar plates containing 100 mg/mL NAT.  The expected 3’ recombination event was then 

verified by colony PCR using a primer within the NAT cassette and a primer outside the 

1 kb flanking region.  Double mutant strains were generated using a neomycin (NEO) 

resistance cassette (neoR) as a second marker as previously described.  CAP10, CAP60, 

and CAP64 were deleted in the D429 strain background (gat201D-1) and LAC2 was 

deleted in the D1127 strain background (lac1D). 
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Signature-tagged mutagenesis 

Groups of 48 C. neoformans deletion strains were individually grown in liquid 

YPAD at 30°C in 96-well deep-pocket plates (Greiner) without shaking for 3 days.  

200mL of each culture were combined into a single pool and cells were counted using a 

hemacytometer.  1 x 107 cells were washed twice in PBS and resuspended in 1 mL of 

PBS.  This pooled inoculum was used to infect mice as described below.  Three mice 

were infected per pool.  Three aliquots of each inoculum (~5 x 105 cells) were also plated 

on Sabouraud agar plates containing 40 mg/mL gentamicin and 50 mg/mL carbenicillin.  

The plates were incubated for two days at 30°C.  The resulting cells were resuspended in 

water and lyophilized.  Genomic DNA (Input DNA) was purified independently from 

each plate using hexadecyltrimethyl ammonium bromide (CTAB, Sigma).    

Infected mice were monitored and sacrificed as described below.  Lungs were 

removed and homogenized in 5 ml sterile PBS.  Serial dilutions of each organ sample 

were plated on Sabouraud agar plates containing 40 mg/mL gentamicin and 50 mg/mL 

carbenicillin. The plates were incubated for two days at 30°C and genomic DNA (Output 

DNA) from each set of lungs was purified as above. 

The amounts of each signature tag in a genomic DNA prep were measured using 

48 simultaneous quantitative PCR reactions.  Each reaction was identical except for a 

different tag-specific primer (Table S7).  SYBR Green dye (Molecular Probes) was used 

to detect double-stranded DNA and fluorescent signal was measured on an Opticon DNA 

Engine PCR machine (MJ Research).  Melting curves were collected to confirm that only 

a single product was produced in the reaction.  The threshold cycle (Ct) was determined 

for each reaction. 
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To calculate the STM score, a variation of the 2-DDCt method for quantitation 

analysis was utilized (Livak and Schmittgen, 2001).  Specifically, for each input DNA 

prep, a DCt was calculated for each signature tag by comparing to the median Ct value in 

that set of reactions (Ctmedian – Cttag).  The DCt values from three independent input DNA 

samples were averaged to determine the DCttag-input.  Next, for each output DNA prep, a 

DCttag-mouse was calculated for each signature tag by comparing to the median Ct value in 

that set of reactions (Ctmedian – Cttag).  The STM score of each mutant after infection in a 

given mouse was then calculated as the DDCt (DCttag-mouse – DCttag-input).  STM scores 

from three mice were averaged to determine a final STM score for each mutant. 

Animal studies 

Pooled inocula for STM infections were prepared as described above.  For monotypic 

infections, C. neoformans strains were grown in liquid YPAD cultures overnight at 30oC.  

Cells were counted using a hemacytometer and 1 x 107 cells were washed twice in PBS 

and resuspended in 1 mL of PBS.  5-6 week-old female A/J (NCI) mice were 

anesthetized by intraperitoneal injection of ketamine (75 mg/kg) and medetomidine (0.5-

1.0 mg/kg).  The mice were then suspended from a silk thread by their front incisors and 

50µL of the inoculum (5 x 105 cells) were slowly pipetted into the nares.  After 10 

minutes, the mice were lowered and the anesthesia was reversed by intraperitoneal 

injection of atipamezole (1.0-2.5 mg/kg).  For survival curves, 8-10 mice were infected 

per inoculum.  The concentrations of the inocula were confirmed by plating serial 

dilutions.  Mice were monitored several times a week until onset of symptoms (weight 

loss, ruffled fur, abnormal gait) and then monitored daily.  Mice that displayed signs of 

severe morbidity (weight loss, abnormal gait, hunched posture, ruffled fur, swelling of 
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the cranium) were sacrificed by CO2 inhalation followed by cervical dislocation.  The 

lungs were harvested as described above for STM analysis.  This protocol was reviewed 

and approved by the UCSF Institutional Animal Care and Use Committee. 

Polysaccharide capsule 

To induce polysaccharide capsule formation, C. neoformans strains were grown in 

Sabouraud medium overnight at 30oC.  The cultures were then diluted 1/100 in either 

Sabouraud medium (non-inducing conditions) or 10% Sabouraud medium buffered to pH 

7.3 with 50 mM MOPS (capsule-inducing conditions) and grown at 30oC for two days.  

5mL of India ink was added to 20mL of culture and the capsule was visualized using 

bright-field microscopy at 160x magnification using an Axiovert 200M (Zeiss) 

microscope running Axiovision software.  To quantify capsule size, the cell diameter and 

capsule diameter of at least 30 cells per strain per condition were measured. 

For antibody staining of the capsule, a previously described mouse monoclonal 

antibody (mAb339) specific for the main capsule polysaccharide, glucoronoxylomannan, 

was used (Belay et al., 1997).  C. neoformans strains were grown in liquid YNB medium 

overnight at 30oC.  1x107 cells from each culture were washed three times with PBS, 

resuspended in 1 mL DMEM, and cultured at 37ºC with 5% CO2 in 24-well tissue culture 

plates (BD Biosciences).  After 24 hours, the cells were collected and washed twice with 

PBS.  The cells were then incubated with mAb 339 for 1 hour at 37º, then washed twice 

with PBS prior to incubation with FITC-conjugated donkey anti-mouse secondary 

antibody (Jackson ImmunoResearch) for 1 hour at room temperature in the dark.  The 

cells were then washed twice with PBS, resuspended in PBS and placed on a microscope 
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slide.  The cells were visualized using an Axiovert 200M (Zeiss) microscope running 

Axiovision software (exposure times for the FITC channel ranged from 350-400 ms). 

Melanin 

Cultures grown to saturation in YPAD medium were spotted onto melanin-

inducing plates containing 100 mg/mL L-DOPA (L-dihydroxyphenylalanine, Sigma) and 

grown at 30°C.  Accumulation of pigment was observed over 2-3 days. 

Growth in YNB 

Groups of 48 C. neoformans deletion strains were individually grown in liquid 

YPAD at 30°C in 96-well deep-pocket plates (Greiner) without shaking for 3 days.  

Cultures were then diluted 1/50 in 800mL of YNB prewarmed to 37°C using a Multimek 

automated pipettor (Beckman).  An aliquot of 200mL was removed to measure the 

starting OD600 using an optical plate reader (Molecular Devices).  Plates were grown at 

37°C with shaking at 1000 rpm for 24 hours in a Multitron shaker-incubator (Infors).  An 

aliquot of 200mL was removed to measure the finishing OD600.  The amount of growth 

was measured as (OD24h – OD0h)/OD0h – 1.  A growth score was calculated for each 

mutant by normalizing to the median growth in that group of 48 mutants as follows: 

Growth score = log2(growthmutant / growthmedian). 

Additional Phenotyping 

 For growth on pH 4 medium and sensitivity to nitric oxide, cultures were grown 

to saturation in YPAD at 30°C in 96-well deep-pocket plates (Greiner) without shaking 

and serial dilutions were plated on pH 4 YPAD agar plates (pH adjusted using 25 mM 

succinic acid) and pH 4 YPAD agar plates containing 2 mM NaNO2.  pH 7 YPAD agar 
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plates were made using 25 mM MOPS buffer.  For growth on SDS, cultures were grown 

to saturation in YPAD at 30°C in 96-well deep-pocket plates without shaking and serial 

dilutions were plated on YPAD agar plates and YPAD containing 0.03% SDS.  For 

growth on low ferrous iron media, cultures were first grown in 96-well deep-pocket 

plates without shaking in low iron medium (LIM, Zaragoza and Casadevall, 2004) for 

two days to deplete intracellular stores of iron.   Serial dilutions were then plated on 0.5x 

LIM agar plates and on 0.5x LIM agar plates supplemented with 100 mM FeCl3 and 1 

mM ascorbic acid.  Ascorbic acid reduces ferric iron in the medium to ferrous iron. 

 For growth in potassium cyanide (KCN), an initial screen of mutants was 

performed by growing cultures to saturation in YPAD at 30°C in 96-well deep-pocket 

plates without shaking, transferring approximately 1 x 104 cells to 600 mL of YPAD 

containing 1 mM KCN, and incubating the cultures at 30°C for 24 hours.  Serial dilutions 

of both the starting cultures and the KCN-treated cultures were pinned onto YPAD plates 

and relative colony counts were determined by estimating the number of colonies in a 

given spot.  Mutants that demonstrated potential sensitivity to KCN were retested using 

more precise quantitative plating of serial dilutions.  Mutants identified using this 

approach are shown in Figure S7. 

To measure urease activity, cultures were grown to saturation in YPAD at 30°C in 

96-well deep-pocket plates without shaking and diluted 1:10 in Christensen’s urea 

medium (5g NaCl, 2g KH2PO4, 1g glucose, 1g peptone, 0.012g phenol red, 20g urea in 

1L water, pH 6.8).  Reactions were kept at 37°C for 24 hours and monitored for a change 

in color from yellow to pink, indicating an increase in pH due to the degradation of urea. 



 

 132 

GAT201 overexpression    

 To overexpress GAT201, the promoter of the ribosomal gene RPL2b was inserted 

upstream of the endogenous GAT201 coding sequence.  Insertion of the pRPL2b 

sequence was performed by biolistically transforming H99 with two linear DNA 

constructs simultaneously.  The first targeted the pRPL2b sequence for insertion just 

upstream of the GAT201 start codon but did not contain any selection marker.  The 

second targeted the natR cassette for insertion upstream of the pRPL2b sequence and 

downstream of the pGAT201 sequence.  Thus, the proper targeting of the natR cassette 

requires the insertion of the pRPL2b sequence upstream of the GAT201 sequence.  Both 

constructs were generated using overlap fusion PCR.  Overexpression of the GAT201 

transcript was verified by quantitative RT-QPCR as described previously (Chow et al., 

2007) and microarray analysis (Figure 4).   

RAW264.7 cells 

RAW264.7 murine macrophages were maintained in feeding media consisting of 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated 

fetal bovine serum, 20mM HEPES, and 2mM glutamine (UCSF Cell Culture Facility) 

and cultured at 37°C, 5% CO2.  Macrophages were used between passages 4-15.   

Assignment of gene function 

 Description of gene functions in this work were assigned using several 

approaches.  First, the predicted protein domains encoded by genes (using Pfam, 

SMART, and SignalP algorithms) provided by the Broad Institute, by an annotation 

database (http://cryptogenome.ucsf.edu), and by direct submission 

(http://pfam.janelia.org/, http://smart.embl-heidelberg.de/, and 
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http://www.cbs.dtu.dk/services/SignalP/) were used to assign putative function.  Second, 

BLASTX data available at http://cryptogenome.ucsf.edu were used to identify proteins in 

the non-redundant database with strong homology to predicted C. neoformans proteins. 

Finally, this annotation database previously identified the best BLASTX hit for a given 

C. neoformans gene model in the genomes of nine ascomycetes (Saccharomyces 

cerevisiae, Schizosaccharomyces pombe, Neurospora crassa, Candida albicans, 

Aspergillus fumigatus, Aspergillus nidulans, Coccidiodes immitis, Fusarium 

gaminearum, and Magnaporthe grisea) and two basidiomycetes (Ustilago maydis and 

Phanerochaete chrysosporium) (Chow et al., 2007).  Gene models that did not have 

BLASTX hits with expect values < 0.001 in any of the other genomes were termed C. 

neoformans-specific. 
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CHAPTER FOUR 
THE TRANSCRIPTION FACTOR GAT201 REGULATES PHAGOCYTIC 

INHIBITION IN CRYPTOCOCCUS NEOFORMANS 
 

Introduction 

Cryptococcus neoformans is one of the leading causes of morbidity and mortality 

in AIDS patients, leading to an estimated 13-44% of the over 3 million AIDS-related 

deaths worldwide [1].  It is therefore of extreme clinical importance to understand 

cryptococcosis disease progression in order to develop improved therapies for treating 

and preventing infection. Additionally, although cryptococcosis is typically associated 

with immunodeficient individuals, a recent outbreak in the Pacific Northwest among 

immunocompetent individuals has stressed the importance of understanding the complex 

interactions of this fungal pathogen with the host immune system [2].  

 C. neoformans is thought to be predominantly acquired through the inhalation of 

spores or yeast into the lungs. Therefore, alveolar macrophages residing in the lungs are 

believed to be one of the first lines of defense. Indeed, experimental evidence indicates 

that macrophages play an important role in host defense against cryptococcosis, 

especially early in infection [3, 4]. Macrophage activation has been shown to be 

important for T-cell proliferation, the development of the T-cell response, and 

chemokine-mediated recruitment of neutrophils and monocytes into the tissue [5-7]. 

Interestingly, previous studies have observed that in the absence of opsonizing 

agents such as complement or antibodies, C. neoformans is rarely taken up by 

macrophages, even after 24 hours of co-incubation [8-10]. This is in striking contrast to 
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other yeast such as Sacchromyces cerevisiae or Candida albicans, which are taken up 

after less than an hour of co-incubation [11, 12]. 

 However, within the lungs, complement is not present in constitutively high 

levels and must be synthesized by many different cell types in the lungs and other tissues, 

a process that is estimated to take up to a week [13, 14]. Antibody generation is estimated 

to take two to five weeks for peak production [15]. Therefore, cell-mediated killing by 

macrophages during the initial infection prior to complement- and antibody-generation is 

likely to play an important role in limiting proliferation by the invading pathogen. Indeed, 

studies have shown that AIDS patients generate less anti-C. neoformans antibody than 

healthy patients, and it has been hypothesized that the severe prognosis for 

cryptococcosis in AIDS patients can be attributed to defects in antibody-generation. It is 

possible that the antibodies generated by infected AIDS patients are less protective 

against C. neoformans infection, are produced in too low enough number for effective 

opsonization, or that antibody production may be critically delayed early in infection [16, 

17]. It is likely that yeast evasion of phagocytosis by macrophages plays an important 

role in the development of cryptococcosis in individuals with impaired immunity.  

The characteristic polysaccharide capsule of C. neoformans is considered one of 

its chief virulence traits. The capsule has been shown to have immunomodulatory 

properties, including suppression of both adaptive and innate immune mechanisms [5, 

18-21]. The production of capsule by C. neoformans has been previously associated with 

inhibition of phagocytosis, although this correlation was predominantly seen in C. 

neoformans cells opsonized with serum [8, 9, 22]. It remains unclear how and to what 

extent capsular polysaccharide contributes to inhibition of unopsonized phagocytosis. 
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Previously, our lab reported the identification and characterization of the GATA-

family transcription factor Gat201 [10]. A knockout in GAT201 is hypocapsular and 

displays a dramatic attenuation for virulence in a mouse inhalation model of infection. 

We previously observed that gat201∆ is robustly taken up by macrophages in 

unopsonized conditions, and that this phenotype appears to operate in a capsule-

independent manner. In this study, we sought to better characterize the transcriptional 

program of Gat201, particularly examining how it relates to phagocytosis inhibition. We 

identified a set of conditions in which Gat201 regulates a robust transcriptional program, 

including a set of genes that are both bound by Gat201 in their promoter regions and 

require Gat201 for gene induction. Two of these downstream targets of Gat201, Gat204 

and Blp1, are themselves involved in phagocytosis inhibition in what appears to be a 

capsule-independent manner.  

 

Results 

Gat201 transcriptional program 

Our previous work [10] indicated that Gat201 is a key virulence regulator, 

possibly through its inhibition of phagocytosis by macrophages. As Gat201 is a GATA-

family transcription factor, we sought to identify those genes that are transcriptionally-

regulated by Gat201 that contribute to phagocytosis inhibition. When we compared the 

gene expression profiles of wild type cells to gat201∆ cells grown in standard yeast 

culture conditions (30ºC, YPAD medium, atmospheric CO2), we observed few changes in 

gene expression by statistical analysis of microarrays (SAM). In comparison, when the 

strains were cultured in tissue culture conditions (37ºC, DMEM, 5% CO2), the same 
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conditions used for culturing macrophages, we saw induction of a dramatic Gat201-

dependent transcriptional program (Figure 1A). Over 1,100 genes, or ~16% of the 6800-

gene genome, were identified by SAM as differentially up- or down-regulated in a 

Gat201-dependent manner. We performed a time course utilizing RT-qPCR to examine 

gene expression of two representative genes from the up-regulated set (MEU1 and 

CNJ1810) following transfer from yeast culture to tissue culture conditions. Through the 

time course, we observed steady increases in transcript levels, with maximal expression 

occurring between 8 and 24 hours post-transfer into tissue culture conditions (Figure 1B). 

Interestingly, GAT201 expression was also induced following transfer to tissue culture 

conditions, suggestive a positive feedback circuit. 

Direct targets of Gat201 

In order to examine what genes may be directly-regulated by Gat201, we 

performed chromatin immunoprecipitation of a strain in which Gat201 was tagged on its 

C-terminus with calmodulin binding protein (CBP) and two tandem copies of a FLAG 

epitope (Gat201-CBP-2XFLAG). A Gat201-CBP-2XFLAG-expressing strain and the 

untagged parent strain were grown in tissue culture conditions and their DNA was 

immunoprecipitated using anti-FLAG antibodies. The immunoprecipitated DNA (IP) and 

reference DNA (WCE) were amplified, respectively labeled with Cy5 and Cy3 esters, 

and hybridized to a custom designed Agilent 244k tiling array spanning the entire 

genome of the C. neoformans strain H99. Upon analysis of the 2kb of sequence flanking 

the start codon of each gene, we identified a set of 126 genes that show enrichment of 

Gat201-CBP-2XFLAG in their promoter regions when compared to reference DNA and 

to the untagged control (Figure 2A). This subset of genes are therefore likely to be direct 
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transcriptional targets of Gat201 transcriptional regulation. As predicted based on our 

time course analysis of GAT201 transcript levels, Gat201-CBP-2XFLAG binds in the 

promoter of GAT201 itself (Figure 2B).  

Having identified the set of genes with Gat201-CBP-2XFLAG bound in their 

promoters, we next sought to determine if their transcription were in fact Gat201-

dependent. We performed RT-qPCR on all 126 genes with the strongest enrichment for 

Gat201-CBP-2XFLAG in their promoters. We examined the transcript levels in wild type 

and gat201∆ cells grown in yeast culture and tissue culture conditions. Transcript levels 

were normalized to the levels found in wild type cells grown in yeast culture conditions. 

Our previous studies examining over-expression of GAT201 [10] indicated that Gat201 

functions predominantly as a transcriptional activator. By comparing the transcript levels 

in wild type and gat201∆ cells grown in tissue culture conditions, we identified a set of 

62 genes that demonstrated Gat201-dependent transcription induction in tissue culture 

conditions (Table 1). The promoter regions of these genes are enriched for a seven-

nucleotide motif when compared to the promoters of all genes in the H99 C. neoformans 

genome (Supplemental Figure 1). This motif (GATC-T/C-T/C) shows strong similarity to 

the binding motifs of several S. cerevisiae GATA-family transcription factors [23]. 

Gat204 and Blp1 inhibit phagocytosis 

The set of 62 genes were determined to be direct downstream targets of Gat201, 

and therefore likely effectors of Gat201-mediated phagocytosis inhibition. To test this 

hypothesis, we systematically targeted each of these genes for deletion. We successfully 

knocked out 46 genes, and tested each of the mutant strains for phagocytosis defects by 

co-incubation with RAW264.7 macrophages. Two genes emerged as having a role in 
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phagocytosis inhibition: CNAG_06346 and CNAG_06762. CNAG_06346 encodes for a 

gene with a highly conserved Barwin-like domain (see below), and we thus propose to 

name it Barwin-like protein 1 (Blp1). CNAG_06762 encodes for the GATA-family 

transcription factor Gat204. Following co-incubation with blp1∆ for 24 hours, 

approximately 2.5% of RAW264.7 macrophages were found associated with the yeast, a 

small but statistically significant (p<0.05) increase over association with wild type C. 

neoformans (Figure 3A). Co-incubation with gat204∆ cells resulted in ~9% RAW264.7 

macrophages co-associating with the mutant. Strikingly, two independently-derived 

double knockouts in GAT204 and BLP1 showed 25-30% of RAW264.7 macrophages co-

associating with C. neoformans, indicating a functional synergy in their mechanism of 

phagocytosis inhibition.  As demonstrated above (Table 1), BLP1 and GAT204 show 

enhanced binding of Gat201-CBP-2XFLAG in their promoter regions (Supplemental 

Figure 2) and their transcription are Gat201-dependent in tissue culture conditions 

(Figure 3B).  The dramatic synergy of the double mutant recapitulates almost 40% of the 

original Gat201-dependent phagocytosis inhibition phenotype.  

Interestingly, the levels of capsule synthesis (Figure 3D) were unchanged in these 

mutants, unlike in the gat201∆ strain, which we have previously characterized as having 

little visible capsule by India ink staining, but detectable capsule production using anti-

capsule antibody [10]. Growth at 37ºC was unchanged in the mutant strains 

(Supplementary Figure 3A).  None of the mutants were deficient in the production of 

melanin, a pigmented compound thought to be important for virulence in the host 

(Supplementary Figure 3B), although gat201∆, gat204∆ and gat204∆blp1∆ were 

hypermelanized in the conditions tested. 
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As Gat204 is itself a transcription factor, we examined BLP1 transcription in 

gat204∆ cells. Surprisingly, BLP1 expression is increased in gat204∆ cells in tissue 

culture conditions (Figure 3C), suggesting that Gat204 may negatively regulate BLP1 

transcription, or that loss of Gat204-regulated transcription may lead to up-regulation of 

BLP1 transcription as a compensatory mechanism.  

As stated above, Blp1 contains a conserved Barwin-like domain, as identified by 

SMART protein sequence analysis (Figure 4A). This domain consists of a double-psi 

beta-barrel fold and is found in a number of protein families in plants, fungi, and bacteria. 

These families include expansins (e.g. YoaJ from B. subtilis), peptidoglycan lytic 

transglycosylases, glycoside hydrolase family 45 (GH45), lipoproteins (e.g. rare 

lipoprotein A [RlpA] from E. coli) and the barley protein barwin [24] (Figure 4B). 

Curiously, many barwin-domain containing proteins have been characterized to have 

antifungal properties [25, 26]. There is no conserved function for this domain, although 

some barwin-like proteins are thought to be involved in polysaccharide recognition.  

Analysis of predicted protein sequence by SignalP reveals a high probability of a signal 

peptide (probability 1.000) with cleavage between residues 17 and 18 (probability 0.549) 

(Figure 4). Capsule formation appears grossly unchanged in blp1∆ and gat204∆blp1∆ 

cells, although we cannot rule out the possibility of subtler changes to the capsule 

composition. 

Inhibition of phagocytosis correlates with successful colonization of the lungs 

If alveolar macrophages are a crucial component of the host defense early in 

infection, then we would expect that the increased phagocytosis of these mutant strains 

would present itself as decreased colonization of the lungs early in infection. To test this 
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hypothesis, we performed competitive infections where wild type was mixed in equal 

proportion with gat201∆, gat204∆, blp1∆ and gat204∆blp1∆. We also utilized a 

knockout mutant in SXI1 as a control strain. SXI1 is involved cell identity and sexual 

differentiation, is not expressed in non-mating cells, and is dispensable for virulence [27, 

28] These inocula were then administered to mice through an inhalation model of 

infection (5x105 cells/mouse). After three days, the lungs were harvested and the 

proportion of mutant to wild type cells was assessed by plating on selective medium. 

Strikingly, we observed a correlation between the degree of phagocytosis inhibition in a 

given strain and the relative ability of that strain to colonize the lung tissue. While the 

mutant cells made up ~50% of each inoculum, their representation following three days 

in the lungs was directly correlated with their degree of phagocytosis inhibition. gat201∆, 

which showed the least phagocytic inhibition of all the strains tested, was absent entirely 

from the colonies tested from the lung tissue. gat204∆, which displays a decreased level 

of phagocytic inhibition than wild type, also displays decreased representation in the 

lungs (~25%). Interestingly, gat204∆blp1∆, which displayed a level of phagocytic 

inhibition between that of gat201∆ and gat204∆, showed a level of representation in the 

lungs also intermediate to the two strains. In the strain blp1∆, which showed phagocytic 

inhibition on a level comparable to wild type, and in the control strain sxi1∆, the mutant 

cells represented ~50% of the cells recovered from the lungs.  

 

Discussion 

 In this study, we determined that the transcription factor Gat201 regulates an 

extensive transcriptional program in response to environmental stimuli. Over one 
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thousand genes, or approximately 1/6 of the C. neoformans genome, showed statistically 

significant changes in expression in gat201∆ when compared to wild type. Strikingly, this 

transcriptional program was only induced when the yeast cells were cultured in tissue 

culture conditions. Indeed, expression of GAT201 itself was induced in these conditions, 

suggesting that it functions downstream of an environmental sensor signaling pathway to 

modulate a massive reprogramming of the cell state. 

 We identified a core set of 126 genes in the C. neoformans genome that 

demonstrate robust binding of Gat201-CBP-2XFLAG in their promoter regions. Further 

analysis determined that 62 of these genes also showed Gat201-dependent transcription 

induction in tissue culture conditions. As a number of these genes include transcription 

factors, it is probable that the large transcriptional program mediated by Gat201 is 

effected through the transcription factors downstream of Gat201. 

 We systematically screened the direct targets of Gat201 to identify factors 

involved in phagocytosis inhibition. Through our screening effort, we identified two 

genes, BLP1 and GAT204, that affect the ability of C. neoformans to evade unopsonized 

phagocytosis by macrophages.  blp1∆, gat204∆, and the double knockout blp1∆gat204∆ 

have levels of capsule grossly similar to wild type, although there may be more subtle 

changes to the capsule composition. Gat204 is itself a transcription factor, and is likely to 

transcriptionally regulate a number of the genes identified by microarray as regulated by 

Gat201. Further study will be required to determine what proportion of downstream 

Gat201 targets are regulated by Gat204, and to identify the effectors mediating the 

phagocytosis phenotype of Gat204.  
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 The second effector of phagocytosis inhibition was Blp1, a previously 

uncharacterized protein of unknown function. Blp1 contains a Barwin-like domain and a 

signal sequence predicted with high confidence by SignalP. The presence of a signal 

peptide on the protein suggests that it may be present on the surface of the cryptococcal 

cell or secreted into the medium. Although there is no consensus on the function of the 

Barwin-like domain, several proteins containing the domain have been characterized as 

having interactions with polysaccharides, including chitin and glucans. The cryptococcal 

cell wall contains chitin, glycosylated proteins, and glucans, any of which has the 

potential to be modified by Blp1, although these proteins are usually masked from the 

macrophage by the surrounding capsule. The capsule itself is made of the 

polysaccharides glucuronoxylomannan (GXM) and galactoxylomannan (GalXM), and 

small amounts of mannoproteins, and it is conceivable that Blp1 may function in 

generating the precursors to capsule or modifying its structure after assembly to enhance 

the immunosuppressive properties of the capsule [29]. However, it is worth noting that 

whatever benefits the capsule confers on C. neoformans for immune evasion, this only 

accounts for a relatively minor fraction of phagocytosis inhibition, as acapsular strains 

such as mutants in the CAP genes, are taken up by macrophages to a lesser extent than 

gat204∆blp1∆ and gat201∆ [10], both of which generate more capsule than the CAP 

knockouts. 

 In addition to polysaccharides found on the yeast, the macrophage also generates 

extensive glycoproteins located on its cell surface as receptors (e.g. mannose receptor, 

MARCO scavenger receptor, and CD14) and secreted into the medium as cytokines (e.g. 

CSF-1, GM-CSF, and IL-6) [30-33]. Another intriguing hypothesis is that Blp1 may 
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function to modulate glycoproteins from the macrophage, perhaps by inactivating 

stimulatory molecules or by activating immunosuppressive receptors. The 

characterization of the exact mechanism of action for Blp1 will offer substantial insight 

into the interactions of this fungal pathogen with the host immune system. 

 Crucially, we show in this study that the relative ability of a given strain to evade 

or inhibit phagocytosis correlates with its ability to survive and proliferate within the lung 

tissue. We examined a time point relatively early in infection, when we expect 

macrophages play a crucial role in the initial host response. The data presented here 

support that model, and offer important evidence for the role of phagocytic evasion in a 

successful C. neoformans infection. 

 Taken together, the results of this study further confirm that Gat201 is a key 

regulator in C. neoformans biology, and offer new insights into the interactions between 

host and pathogen. 

 

Materials and Methods 

Gene nomenclature 

Genes were identified using annotation from the H99 sequence from the Broad Institute 

(http://www.broadinstitute.org/annotation/genome/cryptococcus_neoformans/MultiHome

.html) and from our own annotation of the H99 sequence (http://cryptogenome.ucsf.edu). 

Gene annotations from the Broad are designated by their nomenclature “CNAG_#”, 

while our own annotations are designated “CDS_#”. 
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Strains and media 

C. neoformans was routinely grown in yeast culture conditions (on YPAD medium [1% 

yeast extract, 2% Bacto-peptone, 2% glucose, 0.015% L-trytpophan, 0.004% adenine] at 

30ºC) or in tissue culture conditions (in Dulbelco’s Modified Eagle Medium [DMEM] 

with 4.5 g/L glucose at 37ºC with 5% CO2). All strains were constructed by biolistic 

transformation into the serotype A strain H99. The construction of strains gat201∆-1 and 

gat201∆-2 was previously described [10]. Gat201-CBP-2X FLAG was generated by the 

insertion of the epitope CBP-2XFLAG at the 3’ end of the endogenous GAT201 gene, 

marked with a NAT resistance cassette at the 3’ end of the transformation construct. 

gat204∆ was constructed by disrupting the GATA-domain of CNAG_06762 with a NAT 

resistance cassette. blp1∆ was constructed by disrupting the entire coding sequence of 

CNAG_06346 with a NAT resistance cassette. blp1∆gat204∆ was constructed by 

disrupting the entire coding sequence of CNAG_06346 with a NEO resistance cassette in 

the gat204∆ strain. gat204∆blp1∆ was constructed by disrupting the entire coding 

sequence of CNAG_06762 with a NEO resistance cassette in the blp1∆ strain. Strains 

used in this study are listed in Table 1. 

Phagocytosis assay 

RAW264.7 macrophages (2x104 cells/well) were seeded into 96-well tissue-culture 

treated plates in DMEM medium and allowed to adhere overnight. C. neoformans cells 

grown in YPAD medium were washed three times with PBS then resuspended to a 

density of 5x106 cells/ml in PBS, and 10 µl (5x104 cells) were co-incubated with the 

RAW264.7 macrophages in 200 µl fresh DMEM. Following 24 hours co-incubation, the 

marophages were washed three times with PBS to remove unphagocytosed yeast, then 
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fixed with 1% formaldehyde/PBS prior to visualization on an inverted light microscope. 

Percentage of cell-associated macrophages was determined by counting the number of 

macrophages with yeast internalized or associated with their cell surface, divided by the 

number of macrophages counted. At least 200 macrophages were assayed per well, and 

each strain was tested in triplicate.   

Transcriptional Microarrays 

Three or eight replicate cultures each of H99 and gat201∆ were grown overnight to 

saturation in YPAD at 30ºC. For microarrays grown in YPAD medium, cultures were 

diluted to an OD600 of 0.1 in YPAD, grown at 30ºC to OD600 = 1.0, and then harvested by 

centrifugation and snap freezing.  For samples grown in DMEM, the volume of YPAD-

grown culture equivalent to OD600 = 50 was washed three times with PBS prior to 

resuspension in 20 ml DMEM. The cultures were incubated for 24 hours in 15 cm tissue 

culture-treated dishes (Corning) at 37ºC with 5% CO2. The cultures were harvested by 

centrifugation and snap freezing. RNA isolation, array hybridizations, and data analysis 

using SAM analysis were performed as described previously [34]. Shown are the genes 

that have at least a two-fold average difference in gene expression between wild type and 

mutant following SAM analysis of the arrays from tissue-culture conditions. 

ChIP-on-chip  

The ChIP-chip tiling arrays were designed on 244,000 probes of 60-bp length, averaging 

80-bp between probes, across the entire H99 sequence as it was published by the Broad 

Institute, current to 2007. C. neoformans strains were grown overnight to saturation in 

YPAD at 30ºC. The equivalent volume of OD600 = 200 were washed three times with 



 

 147 

PBS prior to resuspension in 80 ml DMEM. The cultures split between four 15 cm tissue 

culture-treated dishes (Corning) and incubated for 8 hours at 37ºC with 5% CO2. The 

cultures were fixed with 1% formaldehyde, followed by quenching with 125 mM glycine, 

then harvested by centrifugation and snap freezing. Samples were lyophilized, and 

chromatin immunoprecipitation performed as previously described [35] with the 

following minor modifications: zirconia/silica beads (0.5 mm diameter) were used to lyse 

the cells via a Bead Beater-8, used for thirty minutes with frequent rests on ice. The 

chromatin in the cell pellet was sonicated for 1 hr in a Diagenode Bioruptor (settings: 

4x15 min, 30 s on, 1 min off) at 4ºC. Immunoprecipitation was performed with an anti-

FLAG antibody. Following ChIP, strand displacement amplifiation and labeling were 

performed as previously described to generate DNA probes with incorporated aminoallyl-

dUTP which were then hybridized as described to the tiling arrays [35]. Analysis was 

performed by calculating the median of the top five probes in the 2kb flanking the start 

codon of each gene. The median value for the untagged strain was subtracted from the 

median value of the tagged strain, yielding the difference for the pair of untagged/tagged 

arrays. The calculation was repeated for a second duplicate pair of untagged/tagged 

arrays. The calculated differences were clustered using the software Cluster, and the 

cluster showing increased binding in both pairs was isolated for additional analysis. In 

this cluster, the differences were averaged between the two pairs, and the genes with 

greater than 1.9-fold median enrichment in tagged versus untagged arrays were selected 

for screening for Gat201-dependent gene expression by RT-qPCR. 
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Binding Motif Analysis 

A putative binding motif for Gat201 was identified using MochiView software v.1.37 

(http://johnsonlab.ucsf.edu/sj/mochiview-software/) [36]. 1 kb of sequence upstream of 

the start codon of each gene was isolated and used as a reference set, with which to 

compare the 1 kb sequences upstream from the start codon of the 62 genes 

transcriptionally-induced by Gat201. The Motif Finder feature of MochiView was used 

for this analysis, and identified the seven bp putative binding motif.  

RT-qPCR 

Gene expression was confirmed utilizing RT-qPCR. cDNA was synthesized using 

Suprscript III Reverse Transcriptase (Invitrogen) and oligo-DT and random nonamer 

primers. Approximately 0.2 ng of cDNA was used as template in a qPCR reaction 

containing SYBR Green dye (Molecular Probes). Fluorescent signal was measured on an 

Opticon DNA Engine PCR machine (MJ Research). For each primer set, standard curves 

were generated using 5-fold serial dilutions of cDNA to account for differences in 

priming efficiencies. For each sample, values were normalized to the levels of actin 

(ACT1).  MEU1 (CNAG_00165) qPCR primers were C1550/C1551.  CNJ1810 

(CNAG_04735) qPCR primers were C1554/C1555. GAT204 qPCR primers were 

C2416/C2417. BLP1 qPCR primers were: AAG AGG ATC ACC CAC AC TGG and 

ATC ATT GCA ACC AGG ACA CA. 

Capsule assay 

C. neoformans strains were grown in YPAD overnight to saturation.  2x107 cells were 

washed three times in PBS prior to resuspension in 2.5 ml DMEM. Cultures were 

incubated in 6-well tissue culture-treated dishes (BD Biosciences) for 24 hours at 37ºC 
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with 5% CO2. The cells were collected, fixed with 1% formaldehyde, and washed twice 

with PBS. The cells were incubated for 1 hour at 37ºC with a previously described mouse 

monoclonal anibody (mAB339) specific for the main capsule polysaccharide 

glucoronoxylomannan [37]. The cells were then washed twice with PBS, prior to 

incubation with FITC-conjugated donkey anti-mouse antibody (Jackson 

ImmunoResearch) for 1 hour at room temperature in the dark. The cells were then 

washed twice with PBS, and 4 µL of India ink was added to 20 µL of sample. The 

capsule was visualized at 63x magnification using an Axiovert 200M (Zeiss) microscope 

running Axiovision software. To quantify capsule size, the cell diameter and capsule 

diameter of at least 30 cells per strain were measured. 

Growth curve 

Overnight YPAD cultures grown at 37ºC were diluted back to OD600=0.1 in YPAD, in 

triplicate. Cultures were grown at 37ºC for 7 hours, and the OD600 was measured every 

two to three hours. 

Melanin assay 

From overnight culture, C. neoformans cells were diluted to OD600 = 0.6 in water then 

spotted onto melanin-inducing plates containing L-DOPA (L-dihydroxyphenylalanine, 

Sigma, 100 mg l-1) and grown for three days at 37°C. 

Intranasal co-infection experiments. 

C. neoformans strains were individually grown in liquid YPD cultures overnight at 30oC.  

Cells were washed twice in PBS then counted using a hemacytometer and an equal 

number of WT cells and cells of the co-infecting strain were combined to a final 
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concentration of 1 x 107 cells/ml.  6 week-old female A/J (NCI) mice were anesthetized 

by intraperitoneal injection of ketamine (75 mg/kg) and medetomidine (0.5-1.0 mg/kg).  

The mice were then suspended from a silk thread by their front incisors and 50µl of the 

inoculum (5 x 105 cells) were slowly pipetted into the nares.  After 10 minutes, the mice 

were lowered and the anesthesia was reversed by intraperitoneal injection of atiplamezole 

(1.0-2.5 mg/kg).  Three mice were infected per inoculum. A dilution of each inoculum 

was also plated on Sabouraud agar plates containing 40 mg/ml gentamicin and 50 mg/ml 

carbenicillin.  The plates were incubated for two days at 30°C, colonies were counted to 

verify the concentration of cells in the inoculum, and the proportion of mutant cells in the 

inoculum was determined by assaying 100-200 colonies for NAT resistance on YPD agar 

plates containing 100mg/ml NAT.  Mice were sacrificed by CO2 inhalation followed by 

cervical dislocation three days post-infection and the lungs were removed and 

homogenized in 5 ml sterile PBS.  Serial dilutions of each organ sample were plated on 

Sabouraud agar plates containing 40 mg/ml gentamicin and 50 mg/ml carbenicillin. The 

plates were incubated for two days at 30°C, colonies were isolated, and the proportion of 

mutant cells within each organ was determined by assaying 100-200 colonies for NAT 

resistance on YPD agar plates containing 100mg/ml NAT. 

Table 1. Strains used in this study. 

Genotype Strain Reference 

WT (H99) CM18 gift from J.K. Lodge 

gat201∆ D1725 Liu et al (2008) 

gat204∆ D1521 Liu et al (2008) 

blp1∆ D1863 this study 

gat204∆blp1∆ CM197 this study 

blp1∆gat204∆ CM201 this study 
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Figures 

 

Figure 1.  

Gat201 regulates a transcriptional program in response to environmental cues.  (A) 

Transcriptional microarrays were performed comparing gene expression in gat201∆ 

versus wild type cells grown in tissue culture conditions (DMEM, 37ºC, 5% CO2) and in 

yeast culture conditions (YPAD, 30ºC, atmospheric CO2). Shown are the set of genes 

with at least a two-fold average statistically significant difference in gene expression 

between WT and gat201∆ in tissue culture conditions as determined by Statistical 

Analysis of Microarrays (SAM), and their corresponding expression in YPAD. Values 

are plotted as the ratio of transcript level in gat201∆ cells vs wild type cells (log2). (B) 

RT-qPCR of the indicated transcripts following transfer from yeast culture conditions 

into tissue culture conditions. Samples were harvested at the indicated time points 

following transfer for RNA isolation and cDNA synthesis. 
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Figure 2.    

Gat201-CBP-2XFLAG binds in the promoter regions of a set of genes.  (A) Chromatin 

immunoprecipitation was performed on Gat201-CBP-2XFLAG and an untagged control 

using anti-FLAG antibodies. The sheared immunoprecipitated (IP) DNA and reference 

genomic DNA from whole cell extract (WCE) were amplified by strand displacement 

amplification, respectively labeled with Cy5 and Cy3 esters, and hybridized on custom-

designed 244k feature Agilent tiling arrays with 60-bp probes spaced on average 80-bp 

apart across the entire C. neoformans H99 genome.  Genes with enriched Gat201-CBP-

2XFLAG bound in their promoter regions were determined by cluster analysis of the 

median of the top five probe values among the probes from 1 kb upstream and 

downstream of the start codon for each gene. Depicted are the ratios (log2) of 

immunoprecipitated DNA to whole cell extract for each probe 1 kb upstream and 
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downstream of each genes start codon. (B) Example data from ChIP-chip. Ratios (log2)  

of immunoprecipitated DNA (IP) to whole cell extract (WCE) were plotted for each 

probe of the two tiling arrays at the chromosomal coordinates indicated.  



 

 154 

 

Table 1 

CNAG # CDS # 

qPCR:  
WT/ 
gat201∆  WT Name Annotation 

CNAG_06517 CDS_4922 144.51 117.50 YOR296W02 C2 domain-containing protein 
CNAG_04736 CDS_5892 103.76 153.95 CNJ1800 unknown 
CNAG_06186 CDS_1099 37.53 103.95 CNM1740 sugar transport 

CNAG_01553 CDS_3244 35.87 36.20 CNC0890 
putative CHORD-containing protein 
homologue 

CNAG_05867 CDS_3724 32.25 239.48 CNF3650 fucose permease 
CNAG_01601 CDS_2811 31.95 195.53 ATG15 potential vacuolar triglyceride lipase 
CNAG_06389 CDS_7034 31.10 20.86   unknown 
CNAG_05147 CDS_5668 23.64 51.11 CNI2090 unknown 
CNAG_04735 CDS_5889 23.00 69.96 CNJ1810 metalloprotease 
CNAG_00165 CDS_4036 18.59 39.71 MEU1 phosphorylase 
CNAG_04756 CDS_5770 15.69 72.05 CNJ1610 ribonuclease H-related protein 
CNAG_00331 CDS_4152 8.49 22.77 YMR210W01 alpha/beta hydrolase fold-containing protein 
CNAG_02553 CDS_1762 8.31 17.90 SPS1904 putative oxidoreductase 
CNAG_05821 ND 8.20 20.59   unknown 
CNAG_03848 CDS_6469 8.07 22.97 CNB2310-B putative glutaredoxin 
CNAG_05312 CDS_5280 7.93 3.45 CNI3590 macrophage activating glycoprotein 
CNAG_00456 ND 6.93 24.06   unknown 
CNAG_00374 CDS_6603 6.27 10.73   unknown 

CNAG_01777 CDS_2931 6.19 1.47 YNL274C03 
Glyoxylate reductase/hydroxypyruvate 
reductase 

CNAG_00919 CDS_669 5.67 3.05 KEX101 carboxypeptidase S3, penicillopeptidase S3 
CNAG_06762 CDS_5944 5.57 36.16 GAT204 GATA-family transcription factor 
CNAG_01552 CDS_3426 5.38 44.66 BET1 T-SNARE membrane protein 
CNAG_06346 ND 5.04 5.14 BLP1 Barwin-like domain 
CNAG_05640 CDS_5612 5.02 7.19 SMF1 putative NRAMP manganese transporter 
CNAG_06493 CDS_4944 4.81 14.99 CNN2220 unknown 
CNAG_02189 CDS_1614 4.68 7.46 YJL216C putative alpha-amylase 
CNAG_03012 CDS_2777 4.52 2.07 QSP1 quorum sensing peptide 
CNAG_02777 CDS_3007 4.49 158.67 PHO840 putative phosphate transporter 
CNAG_05664 CDS_5254 2.17 1.22 BAT1 branched-chain-amino-acid transaminase 
CNAG_03136 CDS_2688 4.29 20.43 CNG0410 putative fatty acid synthase 

CNAG_04768 CDS_5907 4.14 6.35 CNBJ1500-A 
Gal4-like DNA binding domain-containing 
protein 

CNAG_06098 CDS_1286 4.09 5.40 CNM0910 glucosamine-6-phosphate 
CNAG_03122 ND 3.82 772.37   unknown 
CNAG_06200 CDS_1088 3.70 3.92 CNM1860 PAS domain-containing protein 
CNAG_06242 CDS_1107 3.56 8.20 CFT1 high-affinity iron permease 
CNAG_06108 ND 3.40 2.83   unknown 
CNAG_01778 CDS_3364 3.30 6.15 CNC4450 mitochondrial carrier protein-like 
CNAG_04737 CDS_5893 3.25 1.50 CNJ1790 potential methyltransferase 
CNAG_04517 ND 3.21 3.64   unknown 

CNAG_00883 CDS_781 3.00 11.16 ECM2201 
Gal4-like DNA binding domain-containing 
protein 

CNAG_05229 CDS_5329 2.86 19.11 CNI2770 stomatin-like protein 
CNAG_00884 CDS_775 2.74 5.74 SEC10 unknown 
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CNAG_03413 CDS_2415 2.73 9.52 CNG3070 alginate lyase 
CNAG_04312 CDS_112 2.43 2.88 PMI4001  mannose-6-phosphate isomerase 
CNAG_05835 CDS_3521 2.35 3.21 LIV3 Wor1-ilke transcription factor 
CNAG_03915 CDS_6280 2.32 9.78 CNB1700 unknown 
CNAG_04140 CDS_43 2.20 4.99 CNH2650 unknown 
CNAG_02856 CDS_3358 2.20 2.05 TRK1  putative potassium transporter 
CNAG_03412 CDS_2417 2.16 3.97 CTS202 chitinase 

CNAG_02219 CDS_1876 2.08 1.71 YLR247C02  
zinc finger (C3HC4-type RING finger) 
family protein 

CNAG_03847 CDS_6346 2.08 7.85 CNB2320 unknwon 
CNAG_01681 CDS_2877 2.07 10.13 FCY2201 putative purine-cytosine permease 
CNAG_06763 CDS_5942 2.05 6.61 DIA4 putative seryl-tRNA synthetase 
CNAG_04864 CDS_5991  2.01 3.22 CIR1 GATA-type transcription factor 
CNAG_04436 CDS_146 1.99 12.71 CNH1150 unknown 

CNAG_04435 ND 1.97 6.83   
ferric reductase transmembrane component 2 
(Broad) 

CNAG_00184 CDS_4067 1.84 1.87 PCF11 
similar to Pre-mRNA cleavage complex II 
protein Pcf11 

CNAG_00068 CDS_4631 1.81 7.46 MET32 Zn C2H2-domain containing protein 
CNAG_06187 ND 2.54 3.39 STR1 streptomycin biosynthesis protein (Broad) 
CNAG_01040 CDS_703 24.63 10.64 KEX102 carboxypeptidase S3, penicillopeptidase S3 
CNAG_05159 ND 18.83 6.09   unknown 
CNAG_00546 CDS_4340 2.95 5.68 CHS301 chitin synthase 

 

Table 2.    

Genes with Gat201-CBP-2XFLAG bound in their promoter with Gat201-dependent 

induction in tissue culture conditions. CNAG numbers are gene identifiers from the H99 

annotation from the Broad Institute, CDS numbers are gene identifiers from our 

annotation. “qPCR” data is the ratio of transcript level for a given gene in wild type cells 

over that in gat201∆ cells in tissue culture conditions. “WT” is the amount of transcript 

for a given gene in wild type cells grown in tissue culture conditions relative to the 

transcript level in wild type cells grown in yeast culture conditions. When previously 

characterized in the literature, the name for a gene has been given. If there is no prior 

reference to the gene, the name assigned in our annotation is given, where available. 

Annotations were assigned by BLASTP and SMART protein analysis. Italics indicate 

those genes that were not knocked out. 
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Figure 3.  

(A) RAW264.7 macrophages were co-incubated with the designated C. neoformans 

strains for 24 hours, then washed three times with PBS to remove unphagocytosed yeast. 

The macrophages were then counted to assay the number of macrophages with yeast 

associated. At least 200 macrophages were counted per well and each strain was assayed 

in triplicate. By Student’s t-test, the difference between blp1∆ and wild type association 

with macrophages was determined to be statistically significant. (B) BLP1 (left panel) 

and GAT204 (right panel) transcript levels were assessed in wild type and gat201 cells 

grown in tissue culture conditions for 24 hours. Error bars are standard deviation of 2-4 

samples. (C) BLP1 transcript levels were assessed in wild type and gat204∆ cells grown 

in tissue culture conditions for 24 hours. Error bars are standard deviation of two 

samples. (D) Capsule was induced in the indicated strains by incubation in tissue culture 

conditions for 24 hours. Capsule and cell size were measured for at least 30 cells per 

strain, and the ratio of capsule to cell diameter calculated and averaged for each strain. 

Error bars denote SD.  
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Figure 4. 

(A) Blp1 is a 138 amino acid protein predicted by SMART protein analysis to have a 

Barwin-like domain (residues 39-102). SignalP analysis predicts a signal sequence in the 

first 17 residues with a probability of 1.000. (B) ClustalW comparison of C. neoformans 

Blp1 with other Barwin-like domain-containing proteins, including RlpA (E. coli), YoaJ 

(B. subtilis), and Barwin (Hordeum vulgare). 
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Figure 5 

Intranasal inoculation competition experiments.  Approximately 1:1 mixtures of H99 and 

the indicated mutant (marked with a nourseothricin [NAT] resistance gene) were 

inoculated intranasally into mice (A/J) (5 x 105 total cells/mouse). The actual proportion 

of mutant cells in each inoculum were determined by plating a dilution of the inoculum 

on non-selective medium and then assaying 100-200 individual colonies for NAT 

resistance.  At 10 days post-infection, animals were sacrificed and the lungs, brains, and 

spleen from each animal were homogenized and serial dilutions were plated.  100-200 

colonies per organ were assayed for NAT resistance to determine the percentage of 

mutant cells. Error bars represent the standard deviation from three mice per inoculum. 
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Supplementary Figure Legends 
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Supplemental Figure 1.  

(A) A distinct motif is enriched in the promoters of Gat201-bound genes. A motif-finding 

algorithm as part of the MochiView software identified a motif enriched in the promoters 

of Gat201-bound genes when compared to the overall sequence of the genome. The motif 

shows striking similarity to already characterized binding sequences of S. cerevisiae 

GATA-family transcription factors Srd1, Gat3 and Gat4. (B) Plot showing enrichment of 

Gat201 motif in 1kb promoter sequence of Gat201-bound genes when compared to 1kb 

promoter sequence of all H99 genes. (C) Locations of motif in the promoter region of 

GAT201. 
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Supplemental Figure 2. 

Gat201-CBP-2xFLAG binds in the promoter regions of BLP1 and GAT204. Ratio of 

immunoprecipitated DNA (IP) to whole cell extract (WCE) plotted for each probe of the 

two tiling arrays at the chromosomal coordinates indicated. 
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Supplemental Figure 3. 

(A) Log-phase wild type and mutant strains were grown for 7 hours at 37ºC in YPAD 

medium, and OD600 was measured every two-three hours. Error bars denote SD for  

cultures grown in triplicate. (B) Melanin assay on L-DOPA plates demonstrates that none 

of the strains are hypomelanized. gat201∆ is hypermelanized, as previously noted in Liu 

et al (2008). gat204∆ is also hypermelanized, as in the gat204∆blp1∆ mutant.
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CHAPTER FIVE 

THE ROLE OF COPPER HOMEOSTASIS IN C. NEOFORMANS CAPSULE 

FORMATION AND INHIBITION OF PHAGOCYTOSIS BY MACROPHAGES. 

 

Introduction 

 The fungus Cryptococcus neoformans is one of the leading causes of morbidity 

and mortality in immunocompromised patients, including organ transplant recipients on 

immunosuppressive therapy and AIDS patients. It is estimated that C. neoformans is 

responsible for 13-44% of the over 3 million AIDS-related deaths worldwide [1].  

Although cryptococcosis is typically associated with immunodeficient individuals, a 

recent outbreak in the Pacific Northwest among immunocompetent individuals has 

stressed the importance of understanding the complex interactions of this fungal pathogen 

with the host immune system.  

 Cryptococcus neoformans is thought to be predominantly acquired through 

inhalation of spores or yeast into the lungs. Therefore, alveolar macrophages are believed 

to be one of the first lines of defense against cryptoccosis. Indeed, experimental evidence 

indicates that macrophages play an important role in host defense against cryptococcosis, 

especially early in infection [2, 3]. 

Previous studies have observed that in the absence of opsonizing agents such as 

complement or antibodies, C. neoformans is rarely taken up by macrophages, even after 

24 hours of co-incubation [4-6]. This is in striking contrast to other yeast such as 

Sacchromyces cerevisiae or Candida albicans, or inert objects such as latex beads, all of 

which are taken up after less than an hour of co-incubation [7-9]. These studies suggest 
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the possibility that C. neoformans may inhibit or evade unopsonized phagocytosis by 

macrophages. 

C. neoformans has a number of traits known to be correlated with its virulence. 

These include its production of a polysaccharide capsule and its ability to synthesize the 

pigmented compound melanin. The production of capsule has been previously associated 

with inhibition of phagocytosis, although this correlation was predominantly seen in C. 

neofomans cells opsonized with serum [4, 5, 10]. Our group and others have shown a 

correlation between the ability of a C. neoformans strain to generate melanin pigment and 

its virulence in the host [11-13]. However, a recent screen performed by our group [6] 

demonstrated that while hypomelanization is correlated with defects in growth in the 

murine lung, a strain lacking the sole enzyme responsible for melanization, the laccase 

Lac1, does not display this growth defect. This suggests the possibility that melanization 

per se may not be a virulence trait, but may be tightly co-regulated with another trait that 

plays an important role in virulence. 

Lac1 is a diphenol oxidase that utilizes copper for its function. Thus far, C. 

neoformans has one known copper transporter: Ctr4. CTR4 expression is known to be 

copper-regulated and is dependent on the transcription factors Cuf1 and Rim101 [14, 15]. 

In this study, we performed a screen using an insertional mutant library to identify 

genes important for inhibiting unopsonized phagocytosis. We identified a gene with 

homology to known copper transporters, which we have termed CTR2, and determined 

that CTR2 falls into a class of genes that when mutated all show an increased sensitivity 

to copper starvation, reduced melanization and capsule formation, and increased uptake 

by macrophages. We hypothesize that copper uptake may play a previously 
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uncharacterized role in capsule formation, and is important for the strong phagocytic 

inhibition evidenced by wild type C. neoformans cells. 

 

Results 

Screen for mutants defective in phagocytosis inhibition 

Our lab and others have previously observed that wild type C. neoformans cells 

are seldom phagocytosed by macrophages in the absence of opsonizing agents such as 

complement or anti-C. neoformans antibodies [4-6]. This is in stark contrast to the rapid 

uptake by macrophages of other unopsonized yeast such as S. cerevisiae and Candida 

albicans, suggesting that C. neoformans may possess a system for evading phagocytic 

cells. Previous studies have suggested that the polysaccharide capsule surrounding the C. 

neoformans cell may contribute to immune evasion [22]. 

We sought to identify and characterize this putative mechanism of phagocytosis 

evasion by screening a mutant library generated in wild type C. neoformans cells for 

increased phagocytosis by macrophages. Through Agrobacterium tumefaciens-mediated 

insertional mutagenesis, an estimated 30,000 mutants were created and then pooled into a 

single library. The library predominantly contained strains with one site of insertion per 

mutant (Supplemental Figure 1).  

The library was screened by co-incubation in RAW264.7 macrophages for 24 

hours, followed by PBS washes to remove the unphagocytosed yeast. The macrophages 

were then lysed to release the internalized yeast, and these yeast were cultured and plated 

to single colonies. Individual colonies were rescreened for increased levels of 

phagocytosis by RAW264.7 macrophages. This screen identified a mutant, designated 
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1F8, that leads to an increase in C. neoformans phagocytosis upon retesting (Figure 1A). 

Genomic DNA was prepared from this clone and the DNA sequnce flanking the site of 

insertion was determined by Vectorette PCR [19]. We determined that the T-DNA 

insertion occurred in the promoter region of the gene CNAG_07701, 303 bp upstream of 

the start codon (Figure 2A). The disruption in pCNAG_07701 reduced CNAG_07701 

transcript levels by ~60% (Figure 1B). When we replaced the disrupted promoter with a 

copy of the intact promoter region of CNAG_07701 (Figure 2B), we observed full 

complementation of the phagocytosis and expression phenotypes (Figures 1A,B).  

CNAG_07701 has homology to copper transporters 

CNAG_07701 encodes for a protein of 228 amino acids with one predicted 

transmembrane domain between residues 15 and 37 (Figure 3A). It also contains three 

MXXM motifs at its N-terminus, where M represents a methionine and X is any amino 

acid. Methionine motifs such as these have been previously characterized as being 

important for copper uptake under copper-limiting conditions in S. cerevisiae [23]. A 

BLASTP search with the predicted protein sequence showed significant similarity 

between CNAG_07701 and copper transporters in Pleurotus ostreatus (Ctr1: 20.7% 

sequence identity, 25.9% sequence similarity by EMBOSS needle), Histoplasma 

capsulatum (Ctr: 15.6% sequence identity, 23.3% similarity), Aspergillus fumigatus 

(putative Ctr, 18.3% identity, 26.4% similarity), Homo sapiens (Ctr2: 4.7% identity and 

6.5% similarity), and S. cerevisiae (Ctr2: 8.3% identity, 14.7% similarity) (Figure 3B).  

Much of the similarity occurs in the first 50 residues of the N-terminus of the sequence, 

surrounding and including the predicted transmembrane domain, where CNAG_07701 
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shares 42% sequence identity with P. ostreatus Ctr1, 46% sequence identity with A. 

fumigatus Ctr, and 42% sequence identity with H. capsulatum Ctr.  

If CNAG_07701 encodes for a copper transporter, we hypothesized that the 

mutant would demonstrate a growth defect when grown in copper-limited conditions. We 

tested the mutant (1F8) and complemented (1F8 + pCNAG_07701) strains for sensitivity 

to copper starvation using the copper chelator bathocuproinedisulfonic acid (BCS).  Cells 

were grown in YNB containing 1.6 mM BCS overnight to deplete internal copper stores, 

then plated in five-fold serial dilution onto YNB plates or YNB plates containing 3.2 mM 

BCS.  1F8 showed sensitivity to growth on copper-limited medium, as hypothesized 

(Figure 4A).  As with the phagocytosis phenotype, complementation with the intact 

promoter to CNAG_07701 rescued this defect. Based on its homology to known copper 

transporters and the phenotypic evidence, we propose to rename CNAG_07701 as CTR2.  

Ctr2 mutant is defective in capsule and melanin production 

Two of the key virulence factors of C. neoformans are its production of the dark 

pigment melanin and a polysaccharide capsule. Melanin is produced by the copper-

dependent enzyme laccase. We next sought to determine what role if any Ctr2 plays in 

production of these virulence traits. 1F8 demonstrated a defect in melanization, showing 

much less pigment accumulation than wild type cells (Figure 4B). This is as we 

hypothesized, as we expected that loss of the copper transporter might have functional 

consequences for the copper-dependent enzyme laccase.  

Strikingly, we observed a strong defect in capsule production, where 1F8 

generates little capsule visible by India ink staining (Figure 5A). Staining with an 

antibody generated to one of the main components of the capsule, glucoronoxylomannan, 
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demonstrated that the strain was able to generate capsule, but to a much lesser extent than 

the wild type cell (Figure 5B). 

Melanin mutants show copper-starvation sensitivity 

We were interested in the relationships between copper transport, capsule, 

melanization and phagocytosis inhibition. Our previous study had identified a number of 

genes that when mutated, demonstrate lower levels of melanization [6]. We screened 

these 29 mutants to determine if their melanization defects may be coupled to defects in 

copper transport, capsule production and phagocytosis inhibition. From this screen, we 

determined that rim20∆, rim101∆, and vps25∆ are sensitive to growth in copper-limited 

conditions (Figure 4A). Vps25 is an ESCRT-II complex subunit, responsible for 

trafficking vesicles to the lysosome or vacuole.  Rim101 is a pH-responsive transcription 

factor, and Rim20 is one of its regulators [15]. Rim20 localizes to vesicles where it is 

thought to bring Rim101 in close proximity with an activating protease [24].  

Melanin mutants produce less capsule 

As in 1F8, capsule synthesis was reduced in rim20∆, rim101∆, and vps25∆ but 

was still visible by immunofluorescent staining with an anti-capsule antibody (Figures 

1A, 5B). This is in contrast with the acapsular strains cap10∆, cap59∆, cap60∆, and 

cap64∆ (Figure 5B) which show no visible antibody binding. Interestingly, while the 

cap∆ mutants displayed an overall growth defect, they did not display increased 

sensitivity to copper-starvation (Figure 4A). Additionally, the phagocytosis phenotypes 

of 1F8, rim20∆ and rim101∆ were more dramatic than the cap∆ strains despite the 

different levels of capsule synthesis. These data suggest that lack of capsule does not 
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universally confer sensitivity to copper-limitation, but that sensitivity to copper limitation 

is correlated with increased phagocytosis.  

cuf1∆ phenotypes 

As a control, we examined the phenotypes of a knockout of the known copper-

dependent transcription factor Cuf1 [14]. As previously described, cuf1∆ demonstrated a 

profound growth defect in copper-limited conditions (Figure 4A), but no capsule (Figure 

5A) defects (Figure 4B) [14]. Surprisingly, in our hands cuf1∆ does not display a 

melanization defect, in contrast to the findings of Waterman et al (2007) where it showed 

decreased melanin production. This phenotype may be attributable to the different media 

used to assay melanization; our study utilized L-DOPA while Waterman et al utilized 

norepinephrine as the phenolic substrate for laccase. Strikingly, cuf1∆ cells also showed 

increased phagocytosis by macrophages, consistent with a role in copper homeostasis in 

phagocytosis inhibition. 

Uncoupling of copper and iron uptake in these mutants 

Copper and iron are closely co-regulated in the cell, so we sought to determine if 

these phenotypes were attributable to defects in solely copper or in both copper and iron 

uptake [25, 26]. The yeast were cultured in low iron medium (LIM) for 2 days to deplete 

internal iron stores and then plated on LIM plates to assay for sensitivity to iron 

limitation (Figure 4A). As expected, a mutant in the gene for the iron permease Cft1 

showed decreased growth on LIM [27], and also on copper-limited media. vps25∆ also 

showed a defect in growth in low iron, suggesting that Vps25 and Cft1 play roles in both 

iron and copper uptake. Interestingly, 1F8, rim20∆, and rim101∆ displayed no growth 
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defects in LIM despite their strong phenotypes on copper-limited medium, indicating that 

their phenotypes are uncoupled from iron uptake (Figure 4A).  

Taken together, these observations support a role for copper homeostasis in 

phagocytosis inhibition, and in capsule synthesis (Figure 6). It is currently unknown if the 

two pathways are linked. 

 

Discussion 

We screened a library of insertional mutants to identify C. neoformans genes 

involved in inhibition or evasion of phagocytosis by macrophages. Through this screen, 

we identified the copper transporter Ctr2, which has homology to known copper 

transporters in other yeast. As expected, a mutant with reduced CTR2 expression shows 

sensitivity to growth in copper-limited conditions. Unexpectedly, it also shows defects in 

capsule formation. We determined that this is not an isolated relationship – knockouts in 

rim20∆, rim101∆ and vps25∆ are also sensitive to growth in copper-limited conditions 

and show decreased capsule production. We believe this points to a new, previously 

uncharacterized link between copper uptake and capsule synthesis, and a link between 

copper uptake and anti-phagocytic behavior (Figure 6).  

It remains uncertain if the reduced capsule production is directly responsible for 

the reduction in anti-phagocytic behavior. It is striking that 1F8, rim20∆, rim101∆ and 

cuf1∆ display more phagocytosis than cap10∆, cap59∆, cap60∆ and cap64∆, despite 

generating more capsule, suggesting that the relationship between capsule and 

phagocytosis inhibition is not a linear one. This may suggest copper-dependent synthesis 

of an inhibitory factor, or a copper-dependent modification of the capsule.  
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This study is the first to link sensitivity to growth on copper-limited conditions 

with capsule production in C. neoformans.  It is interesting that the ESCRT-II component 

Vps25 emerged as important for capsule formation and copper uptake, as it is important 

for vesicular trafficking to the vacuole. Previous studies have shown that the copper 

transporters Ctr2 (S. cerevisiae) and Ctr6 (S. pombe) are localized to the vacuole, which 

may serve as a site for copper storage and mobilization [28, 29]. In S. cerevisiae, a recent 

screen identified vps25∆ as well as mutants in other members of the ESCRT-II and 

ESCRT-III complexes as sensitive to copper overload, confirming a role for Vps25 and 

the ESCRT machinery in copper homeostasis [30]. Additionally, studies have suggested 

that capsule formation occurs within the cell and is transported by vesicles, as evidenced 

by anti-GXM antibody staining of vesicles in a mutant defective for secretion [31]. It is 

therefore possible that the defects of vps25∆ in both capsule synthesis and copper 

homeostasis may be attributable to a requirement for both for proper vesicle formation.  

Cft1 is a homolog to the S. cerevisiae high affinity iron transporter Ftr1. Ftr1 

complexes with the multicopper ferroxidase Fet3, which utilizes copper to oxidize Fe2+ to 

Fe3+ for transport by Ftr1 into the cell. Therefore, depletion of copper is known to render 

cells defective in iron uptake, although there is no known reciprocal requirement for iron 

in copper uptake in yeast [32]. As copper uptake is presumed to also be normal in C. 

neoformans cft1∆ cells, it is therefore as predicted that cft1∆ does not display a 

phagocytosis phenotype. 

It is currently unknown what factors regulate CTR2 transcriptional expression.  

Previous studies have shown that CTR4 is regulated by Cuf1 and Rim101 [14, 15]; it 

remains to be seen if CTR2 is similarly regulated. However, O’Meara et al (2010) 
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performed microarrays comparing gene expression in rim101∆ to wild type and did not 

identify CTR2 in their analysis, suggesting that its expression is Rim101-independent. In 

our hands, rim101∆ displayed some surprising phenotypes that were unexpected based on 

the studies performed by O’Meara et al. Specifically, we observed no growth defect in 

LIM and increased levels of phagocytosis. O’Meara et al observed a mild growth defect 

for rim101∆ when grown in liquid LIM culture, but noted that the mutant did eventually 

reach saturation phase. Our LIM assay utilized cultures at saturation in LIM prior to 

spotting onto LIM plates, and it is possible that in those conditions there are Rim101-

independent adaptations to growth in limited iron that allow for robust growth on LIM 

plates. In addition, while we saw increased levels of phagocytic uptake of rim20∆ and 

rim101∆, O’Meara et al reported no change in the phagocytic index of the rim101∆ strain 

when compared to wild type. This is likely due to their use of opsonization (personal 

communication), as we have observed robust uptake of wild type and mutant strains 

when opsonized with anti-capsular antibodies that masks subtler phagocytosis 

phenotypes (data not shown). We were able to confirm their observation that rim20∆ and 

rim101∆ cells do not display capsule by India ink staining when cultured in DMEM, at 

37ºC with 5% CO2. This is in contrast with our findings in Liu et al (2008) where we 

reported no capsule phenotypes for these strains or vps25∆. This is due to a difference in 

conditions used to induce capsule: in Liu et al (2008), capsule-induction was performed 

in 10% Saboraud dextrose medium, and in these conditions, rim20∆ and rim101∆ 

generate capsule on levels comparable to wild type (Supplemental Figure 2). This 

suggests that there are different signaling pathways that feed into capsule production, and 

that Rim101 is required for capsule attachment in one condition but not the other. This is 
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to our knowledge the first evidence for transcriptional regulation of different pathways 

for capsule synthesis in response to different stimuli. O’Meara et al determined that 

rim101∆ produces normal levels of capsule but has defects in capsule attachment. In this 

study, we have confirmed that rim101∆ does produce capsule that is stainable by anti-

GXM antibodies. 

This study links for the first time capsule biogenesis and phagocytosis inhibition 

to copper homeostasis in C. neoformans. Future studies are required to determine the 

exact mechanisms through which copper affects these two processes.  

 

Materials and Methods.  

Gene nomenclature 

Genes were identified using annotation from the H99 sequence from the Broad Institute 

(http://www.broadinstitute.org/annotation/genome/cryptococcus_neoformans/MultiHome

.html) and from our own annotation of the H99 sequence (http://cryptogenome.ucsf.edu). 

Gene annotations from the Broad are designated by their nomenclature “CNAG_####”, 

while our own annotations are designated “CDS_####”. 

Strains and media 

Agrobacterium tumefaciens strain C601 containing the plasmid pYCC710 (which has the 

nourseothricin resistance gene [NAT]) was a gift from June Kwon-Chung [16], and was 

maintained on LB agar plus 100 µg/ml kanamycin. For cryptococcal transformations, 

C601 was grown in agrobacterium minimal medium [17] with 100 µg/ml kanamycin or 

in induction medium [18] with 100 µg/ml kanamycin and 200 µM acetosyringone.  C. 
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neoformans strains relevant to this study are listed in Table 1.  All strains were 

constructed in the H99 strain background. C. neoformans was routinely grown on YPAD 

medium (1% yeast extract, 2% Bacto-peptone, 2% glucose, 0.015% L-trytpophan, 

0.004% adenine).  Selective medium contained nouseothricin (Werner BioAgents, Jena-

Cospeda, Germany, 0.1 mg/ml) or G418 (VWR, 0.2 mg/ml). The strain cuf1∆ was 

generated by knocking out the gene CDS_2478 using biolistic transformation as 

previously described [6]. RAW264.7 macrophages were maintained in RAW medium 

(Dulbelco’s Modified Eagle Medium [DMEM] with 4.5 g/L glucose, 20 mM 

HEPES/NaOH buffer [pH 7.4], 20 mM glutamine, 10% heat-inactivated fetal bovine 

serum [FBS] at 37ºC with 5% CO2, and were used between passages 3-15. For 

phagocytosis assays, macrophages were plated in DMEM with 4.5 g/L glucose. 

A. tumefaciens-mediated transformation of C. neoformans 

Transformation was carried out as in McClelland et al (2004) with minor changes: prior 

to mixing strain C601 with H99, the OD600 of C601 was adjusted to 0.5 and H99 was 

adjusted to 5.85. Equal aliquots of C601 and H99 were mixed together. 400 µl of 

C601+H99 were plated onto 0.45 um Biodyne® A membranes (PALL Life Sciences, 

Cat. no. 601012) placed on induction medium agar plates containing 200 µM 

acetosyringone. The plates were incubated at 25ºC for 3 days. The membranes were then 

transferred to YPAD plates containing 0.1 mg/ml nourseothricin and 200 µM cefotaxime.  

These plates were then incubated at 30ºC for two days until C. neoformans growth was 

seen. The membranes were then washed with PBS to remove the C. neoformans cells and 

the cells from all membranes were pooled together.  The resulting library was washed 
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three times with PBS, before being frozen down in 15% glycerol. We estimated ~30,000 

transformants were generated in this library. 

Complementation of 1F8 

Fusion PCR as described elsewhere [6] was used to generate a construct containing the 

G418 resistance marker flanked by 1kb of the 3’ end of the gene CNAG_07702 upstream 

of CNAG_07701 and flanked by the promoter of CTR2 (CNAG_07701), spanning the 

region from the start codon of CNAG_07701 to the stop codon of the upstream gene 

CNAG_07702. Through biolistic transformation, this construct was introduced into the 

strain 1F8. Transformants were screened on YPAD plates containing G418, then replica-

plated onto YPAD plates containing nourseothricin to assay for sensitivity to 

nourseothricin and hence loss of the T-DNA insertion.  

Phagocytosis Screen with Insertional Mutant Library 

2x107 RAW264.7 macrophages were seeded into 15 cm tissue culture dishes (Corning) in 

20 ml DMEM medium and allowed to adhere overnight. C. neoformans cells from 

overnight cultures grown in YPAD medium with 200 µm cefotaxime were washed three 

times with PBS then added to the RAW264.7 macrophages in 20 ml fresh DMEM at an 

MOI of 10:1. Following 24 hours co-incubation, the macrophages were washed three 

times with PBS to remove unphagocytosed yeast, then lysed with 0.01% SDS. Cell lysis 

was confirmed visually on a light microscope. The lysed cells were collected and washed 

three times in PBS prior to resuspension in YPAD medium with 200 µM cefotaxime. The 

harvested yeast were then plated on YPAD agar plates containing nourseothricin and 200 

µM cefotaxime. Colonies that grew up were picked and individually assayed for rates of 

phagocytosis. 
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Phagocytosis assay 

RAW264.7 macrophages (2x104/well) were seeded into 96-well tissue-culture treated 

plates (Corning) in DMEM medium and allowed to adhere overnight. C. neoformans 

cells grown in YPAD medium were washed three times with PBS then resuspended to a 

density of 5x106 cells/ml in PBS, and 10 µl (5x104 cells) were co-incubated with the 

RAW264.7 macrophages in 200 µl fresh DMEM. Following 24 hours co-incubation, the 

macrophages were washed three times with PBS to remove unphagocytosed yeast, then 

fixed with 1% formaldehyde/PBS. Percentage of cell-associated macrophages was 

determined by counting the number of macrophages with yeast internalized or associated 

with their cell surface, divided by the number of macrophages counted. At least 200 

macrophages were assayed per well, and each strain was tested in triplicate.   

Nucleic acid protocols 

For the Southern Blot of the insertional mutant library, genomic DNA was extracted 

using CTAB phenol-chloroform extraction and digested with BamHI and XhoI restriction 

enzymes, separated on a 0.8% gel, and blotted onto Hybond N+ membrane (Amersham 

Biosciences).  Radiolabeled probes were generated by amplifying the nourseothricin-

resistance cassette, including the ACT1 promoter and TRP terminator. To identify the site 

of mutagenesis in the strain 1F8, genomic regions flanking the T-DNA insertion were 

amplified using Vectorette PCR [19]. Briefly, genomic DNA was isolated and digested 

with RsaI. A bubble anchor primer was annealed with T4 ligase. The ligated fragments 

were amplified by PCR using a primer specific to the T-DNA insertion (NAT-BUB-3’) 

and a primer specific to the bubble anchor (P224-3). The reaction was then run out on 2% 

gel, and amplified bands were cut out, purified, and TA-cloned into a TOPO vector prior 
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to transformation into TOP10 bacterial cells. Plasmid DNA from positive transformants 

was isolated and sequenced. For RT-qPCR, RNA was extracted from OD600 = 50 cells 

grown in 20 ml DMEM for 24 hours at 37ºC with 5% CO2. The RNA was DNaseI-treated 

(Roche) and reverse transcribed with random nonamers and oligo dT to prime. The RNA 

was then digested from the cDNA with RNaseH prior to qPCR using primers against the 

CNAG_07701 transcript (primers C2629/C2360) and against ACT1 (C1208/C1209). For 

each primer set, standard curves were generated using five-fold sequential dilutions of 

cDNA to account for differences in priming efficiencies.  For each sample, values 

obtained were normalized to the levels of actin (ACT1). 

Sequence Analysis 

The predicted protein sequence of CNAG_07701 was obtained from the Broad Institute 

H99 annotation. SMART sequence analysis (http://smart.embl-heidelberg.de) predicted a 

transmembrane domain in residues 15-37. ClustalW analysis was performed with the 

sequences of C. neoformans CNAG_07701, H. capsulatum Ctr (ABF22675.1), Pleurotus 

ostreatus Ctr1 (CAG29170.1), A. fumigatus hypothetical copper transporter Ctr 

(XP_747796.1), S. cerevisiae Ctr2, and H. sapiens Ctr2.  

Sensitivity to Copper Starvation 

C. neoformans strains were grown in YNB medium (0.15% yeast nitrogen base w/o 

amino acids, w/o dextrose, w/o ammonium sulfate [Bio101], 75 mM ammonicum sulfate, 

2% glucose) containing 1.6 mM bathrocuproine disulfonic acid (BCS, Sigma) overnight. 

The cultures were diluted in water to an OD600 = 0.6, then five-fold serially diluted in 

water prior to spotting on YNB plates or YNB plates containing 3.2 mM BCS.  Plates 

were incubated at 37ºC for three days. 
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Sensitivity to Iron Starvation 

C. neoformans strains were grown in 96-well deep-pocket plates without shaking in 0.6 

ml LIM medium [20] for two days to deplete intracellular iron stores. The cultures were 

then diluted in water to an OD600 = 0.6, then five-fold serially diluted in water prior to 

spotting on 0.5X LIM plates. Plates were incubated at 37ºC for three days. 

Melanin assay 

From overnight culture, C. neoformans cells were diluted to OD600 = 0.6 in water then 

spotted onto melanin-inducing plates containing L-DOPA (L-dihydroxyphenylalanine, 

Sigma, 100 mg l-1) and grown for three days at 37°C. 

Capsule assays 

From overnight YPAD culture, 5x106 C. neoformans cells were washed with PBS prior 

to incubation in 0.5 ml DMEM in 24-well tissue culture-treated dishes (BD Biosciences) 

for 2 days, with 5% CO2 at 37ºC to induce capsule formation.  The cells were harvested, 

fixed with 1% formaldehyde/PBS, then washed three times with PBS. For 

immunofluorescent imaging of capsule, the cells were then incubated with a previously 

described monoclonal antibody against the main capsular polysaccharide 

glucoronoxylomannan (mAb 339), for one hour at 37ºC [21]. The cells were then washed 

three times with PBS and incubated with FITC-conjugated donkey anti-mouse antibody 

for one hour at room temperature in the dark. The cells were washed with PBS prior to 

resuspension with India ink for imaging.  Images were taken using an Axiovert 200M 

(Zeiss) microsocope running Axiovision software. Exposure times for the FITC channel 

were kept constant at 500 ms for all strains tested. Capsule measurements were 

performed on at least thirty cells of each strain.
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Table 1. Strains used in this study 

Genotype Strain number reference 
WT (H99) CM18 gift from J.K. Lodge 
ctr2 CM199 (1F8) this study 
ctr2::CTR2 CM200 (1F8 + p) this study 
rim20∆ D825 Liu et al (2008) 
vps25∆ D1222 Liu et al (2008) 
rim101∆ D1258 Liu et al (2008) 
cft1∆ D1785 Liu et al (2008) 
cap10∆ D629 Liu et al (2008) 
cap59∆ D45 Liu et al (2008) 
cap60∆ D42 Liu et al (2008) 
cap64∆ D679 Liu et al (2008) 
cuf1∆ D1882 this study 
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Figures 
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Figure 1. Strains with increased rates of unopsonized phagocytosis. 

(A) Mutant C. neoformans strains show increased rates of phagocytosis by RAW264.7 

macrophages.  The indicated C. neoformans strains were co-incubated with RAW264.7 

macrophages for 24 hours. The macrophages were then washed three times with PBS to 

remove unphagocytosed yeast, and the percentage of macrophages with associated yeast 

was assayed. At least 200 macrophages were counted per strain, and each strain was 

performed in triplicate. Error bars denote SD. (B) RT-qPCR of CNAG_07701 transcript 

in wild type, the mutant strain 1F8, and the strain 1F8 + pCNAG_07701 (1F8 + p), where 

the mutated promoter of CNAG_07701 has been replaced with an intact copy. Error bars 

denote SD from strains grown in duplicate. 
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Figure 2. Disruption and complementation of promoter of CNAG_07701 

(A) Schematic of A. tumefaciens-mediated disruption of the promoter of CNAG_07701 in 

the strain 1F8. Vectorette PCR was used to determine the site of T-DNA insertion in the 

strain 1F8. (B) Schematic of complementation of 1F8 using the full promoter of 

CNAG_07701, as in the strain 1F8 + pCNAG_07701. A construct containing the 

promoter of CNAG_07701 flanked by a G418-resistance cassette was transformed into 

1F8, and transformants were screened for acquisition of G418-resistance and loss of 

nourseothricin (NAT)-resistance.  
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Figure 3. CNAG_07701 shows homology to copper transporters. 

(A) Schematic of CNAG_07701. Dark grey boxes indicate presence of three MXXM 

motifs (residues 1-10). Light grey box indicates predicted transmembrane domain 

(residues 15-37).  (B) CNAG_07701 shows homology to known copper transporters. 

Shown is a ClustalW diagram comparing the sequence of CNAG_07701 to copper 

transporters in Aspergillus fumigatus, Histoplasma capsulatum, Pleurus ostreatus, Homo 

sapiens, and Sacchromyces cerevisiae.  Asterisks (*) denote locations of MXXM motif in 

CNAG_07701 
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Figure 4. Mutants with growth and melanization defects. 

(A) Growth on YNB, YNB plates containing 3.2 mM BCS (a copper chelator, for copper-

limiting conditions), and LIM (limited iron medium). The indicated strains were spotted 

from overnight culture in five-fold serial dilution.  LIM plate, right panel, the images 

shown are all from the same plate on the same day – strains were re-arranged in image 

post-processing to reflect YNB and YNB + BCS plate arrangement. (B) Melanization of 

indicated strains. Overnight cultures were spotted on L-DOPA melanin-inducing plates.  
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Figure 5. Capsule phenotypes. 

(A) Cells were grown in capsule-inducing conditions, and capsule and cell diameters 

were measured, and their ratio calculated, for at least thirty cells per strain. Error bars 

denote SD. (B) Cells from capsule-inducing conditions were stained by India ink (DIC) 

and anti-capsular polysaccharide antibody (FITC). Scale bar denotes 5 um.  
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Figure 6. Model. 

Copper is required for iron uptake, through the actions of the oxidoreductase Cfo1. 

Copper uptake and copper-dependent growth depend on CTR2, CUF1, RIM20, RIM101, 

and VPS25. There appears to be a requirement for copper for capsule synthesis and 

attachment, and for inhibition of phagocytosis although it remains unclear if the two 

phenotypes are linked.  
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Supplemental Figure 1. Southern blot of mutants from insertional mutant library. 

Genomic DNA from wild type (WT) and eight clones (1-8) from the mutant library 

generated by A. tumefaciens-mediated transformation were probed with radiolabeled 

probe to nourseothricin resistance cassette, which consists of the NAT gene flanked by the 

ACT1 promoter and TRP terminator. 
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Supplemental Figure 2. rim20∆ and rim101∆ produce capsule in 10% Saboraud dextrose 

medium. 

C. neoformans strains  were grown overnight in Saboraud dextrose medium and then 

diluted in 10% Saboraud dextrose for capsule induction. The cultures were grown for two 

days at 30ºC prior to India ink staining. 
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CHAPTER SIX 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Conclusions  

 The major conclusions of the work presented here are: 

1. Hypoxia is a relevant environmental condition within the lungs of the mammalian 

host, and the adaptation of C. neoformans to hypoxic growth is crucial for its 

growth and virulence.  

2. The transcription factor Gat201 represents a major virulence determinant in C. 

neoformans, regulating a vast transcriptional program in response to 

environmental stimuli that has pleiotropic effects on multiple known virulence 

factors. 

3. Inhibition or evasion of phagocytosis by macrophages is a Gat201-regulated trait 

that operates independently of capsule formation. GAT204 and BLP1, both 

downstream targets of Gat201, contribute to the evasion of phagocytosis in a 

synergistic mechanism that also appears to be capsule-independent. Evasion of 

phagocytosis is correlated with increased proliferation within the lung tissue. 

4. Copper homeostasis contributes to evasion of phagocytosis through a currently 

uncharacterized mechanism, and may play a role in capsule formation 

independent of copper-mediated iron uptake.  

The work presented here identifies and characterizes a number of new proteins and 

mechanisms in C. neoformans as they pertain to adaptation to the mammalian host 

environment.   
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Future Directions 

 As with any scientific work, the research presented here brings up a number of 

new questions. 

Tco1 

Despite its clear role in hypoxic adaptation, the function and mechanism of action 

of Tco1 remains uncharacterized. It has strong homology to bacterial response regulators, 

so Tco1 may have a role transducing the low oxygen environmental signal to downstream 

effectors. If so, what are the effectors upstream and downstream of this signaling 

component? 

Gat204 

 Despite the huge transcriptional program induced by Gat201 in response to 

growth in tissue culture conditions, there are relatively few genes directly bound by 

Gat201 in their promoter region. It is therefore likely that much of the Gat201-dependent 

transcriptional program derives from indirect effects, and is mediated by the transcription 

factors that are directly targeted by Gat201. Gat204 is a likely candidate for these effects, 

as we have already characterized its role in phagocytosis evasion. Its negative regulation 

of BLP1 suggests there are complex interactions and feedback components between 

Gat201 and its downstream targets, and a complete understanding of the downstream 

targets of Gat204 itself will help elucidate those mechanisms.  

Blp1 

 Blp1 remains an enigma in terms of its function. Its homology to known proteins 

that contain the Barwin-like domain offers tantalizing hints as to potential mechanisms of 
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action, but considering the scope of diversity in the protein family, no one mechanism 

leaps out as an obvious candidate. The characterization of its method of function will 

offer immense insights into the host-pathogen interaction, but will require extensive trial 

and error to elucidate.  In addition, Blp1 is a member of a six-gene family in C. 

neoformans (CNAG_06347 [BLP2], CNAG_06205 [BLP3], CNAG_01562 [BLP4], 

CNAG_05372 [BLP5], and CNAG_03716 [BLP6]), all of which contain a signal 

sequence peptide and a Barwin-like domain. There is some limited preliminary evidence 

that Gat204 and Gat201 also regulate at least a subset of the BLP family of genes 

(notably, CNAG_06347 [BLP2] and CNAG_01562 [BLP4]), and that these two genes 

regulate capsule and cell size (see Appendix for more detail). It remains unclear if these 

proteins play a role in capsule synthesis that is has a subtler phenotype in blp1∆, if these 

phenotypes are indirect effects from the loss of these genes, or if Blp2 and Blp4 may 

function in pathways unrelated to Blp1.  

Capsule Formation 

 We have observed distinct genetic requirements for capsule production depending 

on the capsule-inducing conditions used (e.g. rim101∆ and rim20∆ in tissue culture 

conditions [Chapter 5], or blp2∆ and blp4∆ in 10% Saboraud dextrose medium [see 

Appendix]. Previous studies have noted that different conditions induce different levels 

of capsule within clinical strains, and studies have noted either a presence or absence of 

capsule in individual mutant strains, but to our knowledge, this is the first 

characterization of condition-dependent genetic requirements for capsule regulation. It 

would be interesting to identify what genes are required in each condition, and identify 

the signaling pathways involved. 
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APPENDIX 
MISCELLANEOUS WORK 

Introduction 

The work above is only part of the story we have pieced together about the 

functions of Ga201, Gat204 and Blp1. Contained in this section is the detritus of data that 

suggest interesting models of action that, due to the constraints of time, we were unable 

to properly follow up on. 

 

BLP family 

 Interestingly, Blp1 appears to belong to a six-member family of proteins in C. 

neoformans, all of which contain a Barwin-like domain and a signal sequence, as 

predicted by the program SignalP (Figures 1, 2). We hypothesized that the Blp family 

may all act to inhibit phagocytosis, and so attempted construction of single mutants in the 

BLP genes and double knockouts of the BLP genes in our existing blp1∆ strain. We 

obtained blp2-6∆, and all of the doubles except for blp4∆blp1∆. We noted that blp4∆ has 

a growth defect, and hypothesize that the double mutant may be lethal for unknown 

reasons. We tested the single and double mutants in phagocytosis assays but noted that 

there did not appear to be any synergy between the single BLP mutations and any of the 

double mutations, as no double mutant displayed more phagocytosis than the blp1∆ 

single mutant (Figure 3). Our initial phagocytosis assay (20091217b) suggested that 

despite lack of synergy, the single mutants in BLP3-5 might also demonstrate a 

phagocytosis phenotype. However, these phenotypes disappeared upon retesting 
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(201001015a). It is worth noting that in this second assay, blp1∆ itself did not 

demonstrate the phagocytosis phenotype, suggesting the possibility that these 

macrophages were desensitized, perhaps from an advanced number of passagings. It may 

be worthwhile to repeat this assay to ascertain if the single mutants do or do not display a 

phagocytosis phenotype. A subsequent assay (Figure 6C) focusing on blp2∆ and blp4∆ 

indicated that these two mutants do not demonstrate a phagocytosis phenotype nor do 

their mutations have a synergistic effect with gat204∆, unlike blp1∆.  

Transcriptional Regulation 

 As BLP1 transcription is Gat201- and Gat204-regulated, we tested if the 

transcription of other BLP genes were similarly regulated. Strikingly, BLP2 and BLP4 

showed Gat201- and Gat204-dependent transcriptional repression when examined by RT-

qPCR (Figure 4).  As none of the BLP genes other than BLP1 showed Gat201-CBP-

2XFLAG bound in their promoters (Figure 5), it is likely that Gat201 is regulating BLP2 

and BLP4 expression through Gat204. It would be interesting to ChIP Gat204 to the BLP 

promoters to see if the transcriptional regulation is a result of direct Gat204 binding in the 

promoters of BLP2 and BLP4.  

Capsule of BLP mutants 

 When we examined capsule in blp2∆, blp4∆, blp2∆gat204∆, and blp4∆gat204∆, 

we observed no changes in their capsule formation when grown in tissue culture 

conditions (Figure 6A). Interestingly, when grown in alternative capsule inducing 

conditions (10% Saboraud dextrose medium), we observed misregulation of capsule and 

cell size by blp2∆ and blp4∆ (Figure 6B). Specifically, blp2∆ showed little to no capsule 

formation and reduced cell size, while blp4∆ showed increased capsule formation when 
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compared to wild type and slightly larger cells.  This experiment has not been repeated to 

see if this phenotype is consistent in 10% Saboraud dextrose medium.  

 As reported above, despite the capsule and cell size phenotypes, blp2∆ and blp4∆ 

displayed no phagocytosis phenotypes as single mutants nor synergy with gat204∆ in the 

double mutants (Figure 6C).  

Recombinant BLP1 

 In an effort to better understand the function of Blp1 and its role in phagocytosis 

inhibition, we cloned the cDNA sequence of BLP1, absent its signal sequence, into a 

pET28b vector, thereby placing a 6XHis tag on its N-terminus (see below for more 

details). This construct was made with a shorter linker tag (cloned into NdeI and XhoI 

sites in the pET28b vector) and a longer linker tag (cloned into the EcoRI site in the 

pET28b vector). In addition, BLP1 without its signal sequence was also cloned into a 

vector with 6XHis-MBP (bRZ75, from the Johnson lab) at its N-terminus (cloned into 

NdeI and XhoI sites) – this strain was sequenced and identified as having perfect 

consensus with the expected sequence, but expression of the protein was never checked. 

These strains are listed in Table 1.  

 In a first, preliminary experiment, wild type and blp1∆ strains were grown in 

YPAD medium overnight, then 107 cells were washed three times in PBS and 

resuspended to 5x106 cells/ml. 200 ul fresh DMEM was added to RAW264.7 

macrophages, plated the night before at ~2x104 cells/well in 96-well tissue culture-treated 

plates, and 10 ul of the C. neoformans cells were added to each well (~5x104 cells/well) 

plus 10 ul of rBlp1 (~60 ug, long linker, Ni-NTA bead purified, but not size fractionated). 

The cells were co-incubated for 24 hours before unphagocytosed yeast were washed 
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away with three PBS washes and the percent cell-associated macrophages were assessed. 

We saw no rBlp1-mediated repression of phagocytosis of blp1∆ in these conditions 

(Figure 7A).  

In a second experiment, wild type, blp1∆, gat201∆, gat204∆ and gat204∆blp1∆ 

strains were grown in YPAD medium overnight, then 107 cells were washed three times 

in PBS and resuspended to 107 cells/ml. 30 ul (3x105 cells) was mixed with 30 ul of  (a) 

rBlp1 (long linker, ~60 ug) or (b) rBlp (short linker, ~80 ug) or (c) storage buffer or (d) 

PBS. The cells were incubated with shaking for 2.5 hours at 30ºC. 200 ul fresh DMEM 

was added to RAW264.7 macrophages, plated the night before at ~2x104 cells/well in 96-

well tissue culture-treated plates, and 10 ul of the C. neoformans cells and protein 

mixture were added to each well (~5x104 cells/well). After 24 hours co-incubation, the 

macrophages were washed to remove unphagocytosed yeast and the percent cell-

associated macrophages was assessed (Figure 7B). Surprisingly, pre-incubation with 

rBlp1 of both the shorter and longer linker constructs actually showed increased 

phagocytosis of gat201∆, gat204∆ and gat204∆blp1∆ compared to pre-incubation with 

either storage buffer or PBS. It is important to note that blp1∆ and wild type were 

unaffected by pre-incubation with rBlp1, and also that blp1∆ did not show increased 

phagocytosis in these conditions, again likely due to the age of the macrophages being 

used (passage 14).  

 This phenotype poses  an obvious conflict with our hypothesis that Blp1 functions 

to antagonize phagocytosis, hence explaining why blp1∆ shows increased phagocytosis 

compared to wild type. There are two, and probably more, models to explain this 

phenotype. In Model A (Figure 8), our original hypothesis holds true and the increased 
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phagocytosis from pre-incubation with rBlp1 is a secondary artifact from the protein 

purification protocol. For example, it is possible that there is lipopolysaccharide or some 

other immunoreactive bacterial protein contaminating the protein prep, and that this is 

activating the macrophages and leading to increased phagocytosis of those strains 

(gat201∆, gat204∆, gat204∆blp1∆) that have lost the dominant C. neoformans anti-

phagocytic factor. In this model, Blp2 and Blp4 have phenotypes relating to capsule 

when grown in 10% Saboraud dextrose medium, but these phenotypes are unrelated to 

phagocytosis. In Model B, we assume that the increased phagocytosis with rBlp1 is a true 

representation of the function of Blp1. In this model, Blp1, Blp2 and Blp4 all function 

similarly to increase phagocytosis, and the phenotype of blp1∆ may actually result from a 

compensatory up-regulation in the expression of BLP2 and BLP4, perhaps by down-

regulating Gat201 and/or Gat204 in a feedback loop. At this point, these two models are 

indistinguishable without further controlled studies.  

 

Complement receptors 

 The observation that RAW264.7 macrophages generate complement component 

C3 in tissue culture medium raised the question if our C. neoformans cells were being 

opsonized by endogenous C3 in the medium. Goodrum (1987) noted that RAW264.7 

cells generated the least C3 of the four cell lines tested (RAW264.7, J774A.1, P388D1, 

and PU5-1.8), but nonetheless, secreted a detectable amount. Zaragoza et al  (2003) noted 

that serum-opsonized phagocytosis of C. neoformans was inhibited by anti-CD18 and 

anti-CD11b antibodies, suggesting that CR3 is required for complement-mediated uptake 

of C. neoformans. To test if gat201∆ is phagocytosed through a CR3- (or CR4-) 
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dependent mechanism, we tested its uptake in bone marrow derived macrophages 

(BMDM) from mice with either a null allele of CD11b (Jackson lab, strain 003991), or 

hypomorphic for CD18 (Jackson labs, 002128). We also examined its uptake in wild type 

mice of the same strain as the parents of the mutant mice (C57BL/6). We observed that, 

the overall pattern remained the same between wild type and gat201∆ cells in CD11 null 

or CD18 hypomorpuh BMDM when compared to C57BL/6 or RAW264.7 macrophages 

(Figure 9A). The CD18 hypomorph BMDM showed overall decreased levels of 

phagocytosis, but it should also be noted that these cells showed abnormal physiology, 

showing less cell spreading on the plate than C57BL/6 macrophages. Based on these 

data, we conclude that CR3 and CR4 do not play a role in the phagocytosis of gat201∆.  

 

Dectin-1 receptor 

 Another common means of uptake of fungi for macrophages is through 

recognition of the beta-glucan on the fungal cell wall by the receptor Dectin-1. As 

gat201∆ has less capsule than wild type cells, it is possible that there is more exposure of 

its cell wall and hence could be recognized by Dectin-1 for uptake by the macrophages. 

We tested this hypothesis by co-incubating C. neoformans strains with BMDM from 

Dectin-1 knockout mice and BMDM from wild type mice of the same parent strain 

(129/Sv) (Figure 9B). While phagocytosis levels overall were enhanced in these BMDM, 

we observed no difference in the rates of gat201∆ uptake between the Dectin-1 null 

BMDM and the wild type BMDM. We concluded that Dectin-1 does not play a role in 

gat201∆ uptake by macrophages. 
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rim101∆ Infectivity 

 rim101∆ and rim20∆ emerged from the STM screen as having unusually high 

infectivity in the brain (+7.5 and +10.5 log2, respectively). We were interested if this 

would hold true upon retesting, so we performed tail vein infections with these strains in 

1:1 competition with wild type C. neoformans. We made inocula of rim101∆:WT, 

rim20∆:WT, and sxi1∆:WT at 2x107 cells/ml. 100 ul of these inocula (2x106 cells) were 

infected per mouse by tail vein injection. Three mice received rim20∆:WT, six mice 

received rim101∆:WT and six mice received sxi1∆:WT.  Six hours post-infection, three 

rim101∆:WT and three sxi1∆:WT mice were sacrificed and their organs homogenized 

and plated out. The plates were grown for two days, the colony forming units (CFUs) for 

each organ assessed, and then at least 100 colonies were patched onto selective medium 

(YPAD + NAT) to examine the representation of the mutants in the population (Figure 

10A).  We saw no significant differences in rim101∆ compared to sxi1∆ in either initial 

distribution to the organs (right panel) or in the ratio of mutant to wild type (left panel) in 

any of the organs.  The remaining mice were sacrificed 10 days post infection, and again, 

the organs were homogenized and plated out. The CFUs per organ were assessed and 

then at least 100 colonies were patched onto selective medium. At this time point, we saw 

a dramatic over-representation of rim101∆ and rim20∆ in the brains (Figure 10B), 

consistent with what we observed in the STM screen. These data suggest that rim101∆ 

and rim20∆ possess some survival advantage for colonization of the brain, whether that 

advantage comes from increased traversal across the blood-brain barrier or through 

enhanced replication or decreased death while in the brain. This is reminiscent of our 

observation follwing intravenous infection of hap3∆ (D545) and hap5∆ (D1348), which 
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were also dramatically over-represented in the brain (near 100% of CFU were NAT-

resistant) but not in the lungs after 10 days post-infection (data not shown). 
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Figures 

 

Figure 1 

ClustalW comparison of the six-member Blp family of proteins in C. neoformans. 
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Figure 2 

Schematic of Blp family members. Signal sequences were predicted by SignalP, barwin-

like domains were predicted by BLASTP.  
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Figure 3 

Phagocytosis assays of the mutants in the BLP genes, performed on two separate days 

(20091217b and 201001015a). There appeared to be no synergy when other BLP genes 

were knocked out in the blp1∆ strain. The 20091217b experiment suggested that other 

BLP products may contribute to phagocytosis (despite the lack of synergy with BLP1), 
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although the repeated experiment on 20100105a shows little increased phagocytosis for 

the BLP mutants. However, it is worth noting that in the 20100105a macrophages, blp1∆ 

was also not showing the phagocytosis phenotype, which may suggest repeating the 

experiment. 
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Figure 4 

RT-qPCR of the indicated transcripts from cultures of WT, gat201∆ or gat204∆ cells 

grown in tissue culture conditions for 24 hours. While in this data set BLP6 transcript 

appears reduced in gat201∆ and gat204∆, this phenotype was not reproducible in a 

duplicate qPCR, while the phenotypes of BLP2 and BLP4 were reproduced at least twice. 
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Figure 5 

Promoters of BLP genes from ChIP-chip of Gat201-CBP-2XFLAG and WT strains 

grown in tissue culture conditions. Arrow indicates direction of transcription for each 

BLP gene.  
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Figure 6 

(A) Quantifications of capsule formation (left panel) and cell size (right panel) from BLP 

mutants grown in tissue culture conditions for 2 days. Shown are representative cells. At 
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least thirty cells were measured per strain. Error bars denate SD. (B) Quantifications of 

capsule formation from BLP mutants grown in 10% Saboraud dextrose medium for 2 

days. Shown are representative cells. Also shown is a quantification of average cell size 

for the indicated strains (right panel). At least 20 cells were measured per strain. Error 

bars denote SD. (C) Phagocytosis assay with the indicated strains in RAW264.7 

macrophages for 24 hours, prior to washing away the unphagocytosed yeast with PBS 

washes. Note the lack of synergy in the blp2∆gat204∆ and blp4∆gat204∆ strains, in 

comparison with gat204∆blp1∆. 
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Table 1 

Strain bacteria vector (cut sites) insert 
BHM1640 TOP10 pET28b (EcoRI)  

[6XHis] 
BLP1 (no signal sequence) 

BHM1641 TOP10 pET28b (NdeI, XhoI) 
[6XHis] 

BLP1 (no signal sequence) 

BHM1642 TOP10 bRZ75 (NdeI, XhoI) 
[6XHis-MBP] 

BLP1 (no signal sequence) 

BHM1643 BL21 pET28b (EcoRI)  
[6XHis] 

BLP1 (no signal sequence) 

BHM1644 BL21 pET28b (NdeI, XhoI) 
[6XHis] 

BLP1 (no signal sequence) 

BHM1645 BL21 bRZ75 (NdeI, XhoI) 
[6XHis-MBP] 

BLP1 (no signal sequence) 
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Figure 7 

Phagocytosis assay of the indicated strains. 4x104 cells of the indicated strains were 

added to 2x104 macrophages along with 10 ul (~60 ug) of Ni-NTA bead purified rBlp1 or 

10 ul of PBS. Yeast were co-incubated for 24 hours. (B) Phagocytosis assay of the 

indicated strains after pre-incubation in rBlp1 (long or short linker forms) or protein 

storage buffer or PBS for 2.5 hours prior to co-incubation of C. neoformans strains and 

proteins/buffer/PBS with macrophages for 24 hours.  
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Figure 8 

Two models for the Blp proteins and their relationship to phagocytosis, capsule and cell 

wall synthesis. In Model A, we assume that the increased phagocytosis by pre-incubation 

with rBlp1 is attributable to secondary artifacts from the purification protocol (e.g. 

lipopolysaccharide present in the purified protein fraction). In Model B, we assume that 

the increased phagocytosis by pre-incubation with rBlp1 is a genuine function of rBlp1.  
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Figure 9 

(A and B) Phagocytosis assay with RAW264.7 macrophages and BMDM of the indicated 

lineages. Phagocytosis assays were performed in BMM for BMDM or DMEM for RAW 

macrophages for 24 hours.  
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Figure 10 

Competitive intravenous infection of A/J mice (inocula: 2x106 cells). All mutant strains 

were competed 1:1 against WT (CM18). (A) 6 hours post infection. left panel, percent 



 

 227 

Nat-resistant colonies from the organs indicated. right panel, CFUs from the indicated 

organs as a percentage of the initial inocula. (B) 10 days post infection. Percent Nat-

resistant colonies from the organs indicated. At least 100 colonies were assessed for 

resistance to NAT.  

 

 

 

His-Blp1 

BHM1643 map 

pBR322\origion\region 2088...2077

lacI 4597...3518

T7\promoter 5000...4984
Start\Codon\[towards\0] 5073...5071

N-term\HisTag 5100...5083
Thrombin\Cleavage\Site 5126...5110

T7\tag 5163...5131
MCS 5172...5166

EcoRI 5172...5172
from PCR 5173...5541

CNAG_06346 5179...5544
from PCR 5547...5547

EcoRI 5548...5552

C-term\His\Tag 5604...5587

BHM1643
5743 bp

T7\terminator 5718...5672

MCS 5586...5548

f1\origin 467...12

KanR 1375...563
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BHM1644 map 

KanR 1375...563

pBR322\origion\region 2088...2077

lacI 4597...3518

T7\promoter 5000...4984
Start\Codon\[towards\0] 5073...5071

N-term\HisTag 5100...5083
Thrombin\Cleavage\Site 5126...5110

NdeI 5128...5133
T7\tag 5133...5131

CNAG_06346 5134...5499
MCS 5505...5500

BHM1644
5662 bp

f1\origin 467...12

XhoI 5500...5505
C-term\His\Tag 5523...5506

T7\terminator 5637...5591

 

BHM1645 map 

kan\sequence 1235...423

RZO371 279...254

RZO369 5091...5107
6His 4943...4960
start 4931...4933

lac\operator 4863...4887
T7\promoter 4844...4860

lac\I 4457...3378

MBP\frag 4973...6076
RZO370 5634...5653

PreScission\Site 6125...6148

BHM1645
6868 bp

His\tag 6572...6589
T7\terminator 6657...6703

FLAG 6539...6562

ColE1\pBR322\origin 1944...1944

CNAG_06346 6167...6532
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Protocol for Purification 

1. Start overnight culture of BL21 cells in 20 ml 2x LB + kan (1:1000 dilution), 30 

degrees 

2. Next morning, dilute 1:100 in 1L 2X LB + kan (1:1000 dilution).  Grow at 37º 

until OD = 0.5-0.6.  Harvest 1 ml as uninduced control. 

3. Add IPTG to 0.5 mM final concentration (1 ml of 0.5M stock).  Culture at 37º for 

three hours.  Harvest 1 ml as induced whole cell control.  

4. Pellet cells at 3.5k rpm for 10 min at 4ºC.  Transfer in water to 50 ml conical. 

5. Pellet cells at 3k rpm for 10 min in table top centrifuge at 4ºC.  Dump out 

supernatant, flash freeze pellet in liquid nitrogen.  Store at -80 or thaw in ice cold 

water.   

6. Resuspend each pellet in 20 ml of ice-cold lysis buffer + 10 mM BME + 1 mg/ml 

lysozyme, + 1 Complete Mini Protease inhibitor cocktail tablet, EDTA-free 

(Roche). Let sit at 4º for 20 min. 

7. Sonicate with microtip sonicator for 15 pulses, three times (50% duty cycle, 

power 4).  Keep in ice water bath between sonication cycles. 

8. Optional: Add DNaseI (50U/ml), incubate at 4º for 30 min. (did not do, but 

should make the prep less viscous, and therefore elute from column faster. 

Maybe.) 

9. Remove 200 ul as lysed control.  Spin down at max speed for 10 min to check 

solubility – transfer supernatant to new tube, keep pellet fraction. 

10. Centrifuge the tubes at 16k rpm (ultacentrifuge, in Johnson lab) for 25 minute at 4º 

in a microcentrifuge.   
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11. While lysed cells are being pelleted, wash Ni-NTA beads.  1.5 ml Ni-NTA beads 

is about 1 ml bead volume.  Wash by resuspending in 10 ml lysis buffer (no 

additives), invert to mix, spin down at 500 rpm, remove supernatant.  Repeat 3 

times.  Resuspend in 5 ml lysis buffer + protease inhibitor + BME + lysozyme.  

Put on nutator at 4º.   

12. Decant liquid into a new conical.   

13. Optional: Filter with 0.45 um syringe filter (did not do, but again, should make 

the prep less viscous). 

14. Pour washed Ni-NTA beads onto the soluble fraction.  Put on nutator at 4º for 1-

1.5 hours.  Prepare wash and elution buffers by adding 5 mM BME (solution is 

14.3M).   

15. Pour beads and supernatant onto a polyprep chromatography column (held up by 

a clamp on a ring stand), let liquid flow-through.  Do NOT let the column dry out! 

Warning: the column steps take forever. Prepare in advance to be checking the 

column often (every ~10 minutes) for a couple of hours, minimum. 

16. Add 2 ml wash buffer to the tube of soluble fraction, add to the column. 

17. Add 15 bead volumes (eg 15 ml) of wash buffer to the column by pipetting down 

the side of the column to avoid disturbing the beads.  Collect some of this 

flowthrough to run out on a gel. 

18. Add 5-6 volumes (eg 5-6 ml) of elution buffer, elute into a conical. 

19. Concentrate the eluate with an amicon ultra 10kDa (30-40 min at 3k rpm at 4ºC).   



 

 231 

20. Exchange buffer for storage buffer by adding 5 ml storage buffer on top of 

concentrated protein on amicon ultra, spin again. Do at least three times to replace 

elution buffer with storage buffer.  

 

Note: I never actually had to run out any of my harvested controls since the protein prep 

looked good. So you might not need to actually save the controls in above. 

 

For 2x1L cultures:  

Need 70 ml of lysis buffer + 49 ul (10 mM) BME + 70 mg (0.07g) lysozyme + 1 tablet 

Protease Inhibitor, EDTA-free cocktail tablets.   

 

Need 40 ml of wash buffer + 14 ul BME (5 mM) 

 

Need 20 ml of elution buffer + 7 ul BME (5 mM) 

 

(1000x) 500 mM IPTG in ddH2O.   MW=238.31 g/mol.  1.192 g in 10 ml ddH2O.  Store 

at -20º 

 

Lysis buffer (1L) (from Qiaexpressionist) 

50 mM NaH2PO4 6.9 g NaH2PO4•H2O 

300 mM NaCl  17.54g NaCl 

10 mM imidazole 0.68g imidazole 

pH to 8.0 using NaOH 
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Wash buffer (1 L) (from Qiaexpressionist) 

50 mM NaH2PO4 6.9 g NaH2PO4•H2O 

300 mM NaCl  17.54g NaCl 

20 mM imidazole 1.36g imidazole 

pH to 8.0 using NaOH 

 

Elution buffer (1 L) (from Qiaexpressionist) 

50 mM NaH2PO4 6.9 g NaH2PO4•H2O 

300 mM NaCl  17.54g NaCl 

250 mM imidazole 17.00g imidazole 

pH to 8.0 using NaOH 

 

1x storage buffer (1L) 

10 mM Tris pH 7.4 10 ml of 1M Tris pH 7.4 

100 mM NaCl  20 ml of 5M NaCl 

5 mM DTT  0.77 g of DTT 
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Figure 11 

Ni-NTA bead-purified rBlp1. Long linker was cloned into EcoRI sites in pET28b. Short 

linker was cloned into NdeI and XhoI sites in pET28b. For each, the left lane is 5 ul of 

the purified construct, and the right lane is 1:10 dilution. BSA is, from left to right, 25 ug, 

5 ug, 1 ug, and 0.2 ug.  
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Figure 12 

rBlp1 from Ni-NTA bead purification (see Figure 1) was further purified on a Superdex 

200 column (GE Healthcare). 24 1-ml fractions were collected. Seven fractions of each 

construct were run out on the above gel. Lanes marked with  * were protein from Ni-

NTA bead purification prior to further purification with the size exclusion column. Long 

linker, fractions are A3-A9. Short linker, fractions are A5-A11. By Bradford assay, long 

linker (BHM1643) fraction 7 (A7) is 1.379 ug/ul, and short linker (BHM1644) fraction 9 

(A9) is 0.684 ug/ul. 
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Figure 13 

Size fractionation of rBlp1 on Superdex 200 column, with 1 ml fractions. Blue is UV260nm 

measurement. Red along the bottom denotes the fractions. Top, fractionation of rBlp1 

(long linker). Bottom, fractioniation of rBlp1 (short linker). 
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Expression microarrays 

WT (CM18) and gat201∆ (D1725) cells grown in DMEM (50 ODs in 20 ml DMEM, 

37ºC, 5% CO2) for 24 hrs 

array Cy3 Cy5 
CHM7-256 WT D1725 (gat201∆) 
CHM7-257 WT D1725 (gat201∆) 
CHM7-258 D1725 (gat201∆) WT 
CHM7-259 D1725 (gat201∆) WT 
CHM7-251 D1725 (gat201∆) WT 
CHM7-253 WT D1725 (gat201∆) 
CHM7-260 WT D1725 (gat201∆) 
CHM7-254 D1725 (gat201∆) WT 
 

WT (CM18) and gat201∆ (D429) cells grown in YPAD (log-phase cultures) at 30ºC.  

array Cy3 Cy5 
CHM3-180 WT D429 (gat201∆) 
CHM3-209 WT D429 (gat201∆) 
CHM3-211 D429 (gat201∆) WT 
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