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Abstract

Cryptococcus neoformans is a pathogen that is the most common cause of fungal meningitis. As 

with most fungal pathogens, the most prevalent clinical antifungal used to treat Cryptococcosis is 

orally administered fluconazole. Resistance to this antifungal is an increasing concern in treatment 

of fungal disease in general. Our knowledge of the specific determinants involved in fluconazole 

resistance in Cryptococcus is limited. Here we report the identification of an important genetic 

determinant of fluconazole resistance in Cryptococcus neoformans that encodes a basic region-

leucine zipper transcription factor homologous to Saccharomyces cerevisiae Yap1. Expression of 

a codon-optimized form of the Cn YAP1 cDNA in S. cerevisiae complemented defects caused by 

loss of the endogenous S. cerevisiae YAP1 gene and activated transcription from a reporter gene 

construct. Mutant strains of C. neoformans lacking YAP1 were hypersensitive to a range of 

oxidative stress agents but importantly also to fluconazole. Loss of Yap1 homologues from other 

fungal pathogens like Candida albicans or Aspergillus fumigatus was previously found to cause 

oxidant hypersensitivity but had no detectable effect on fluconazole resistance. Our data provide 

evidence for a unique biological role of Yap1 in wild-type fluconazole resistance in C. 

neoformans.
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1. Introduction

Fungal infections represent an increasing burden on the healthcare system (1). One example 

of these pathogens of emerging importance is the yeast Cryptococcus neoformans. C. 

neoformans is associated with 1,000,000 new cases resulting in more than 600,000 deaths 

yearly from meningitis caused by this organism (2). While antifungal chemotherapy is 

generally effective against C. neoformans, resistant isolates have been found (3). The 

primary and most effective drug treatment for cryptococcosis is the polyene compound 

amphotericin B (4). Although AmB is a potent antifungal, it is limited in its utility by a 

requisite intravenous route of delivery, expense and toxicity (5). In areas of the world with 

less developed healthcare delivery, AmB administration is not practical and the most 

commonly deployed antifungal is the orally deliverable azole drug fluconazole (6). FLC is 

also routinely used worldwide in maintenance therapy to avoid recurring bouts of 

cryptococcosis (4). For these reasons, FLC is the major antifungal drug used to treat 

cryptococcal disease.

A common issue with any antibiotic is the development of resistance. This problem is 

especially severe with regards to antifungal drugs as the number of different drug classes for 

these antibiotics is quite small (reviewed in (7)). Because of the importance of FLC as an 

antifungal, much work on drug resistance is focused on tolerance to this compound. 

Although a number of other azole compounds are approved for clinical use, all of them 

target the same sterol biosynthetic protein: lanosterol α-14 demethylase (8). This enzyme is 

encoded by the ERG11 gene in C. neoformans and mutant alleles of this gene are known to 

confer high level azole tolerance (9). Along with changes in the azole target enzyme, an 

ATP-binding cassette (ABC) transporter encoding gene called AFR1 has been reported to 

confer drug resistance by active efflux of these antibiotics (10). These two genes are the 

only known direct determinants conferring FLC resistance.

FLC resistance in C. neoformans may also be developed through an indirect mechanism in 

which changes in ploidy of an otherwise wild-type organism elicits drug tolerance. This 

phenomenon is referred to as heteroresistance and is typically associated with aneuploidies 

involving chromosome 1 (Chr1) (11, 12). Intriguingly, both ERG11 and AFR1 are encoded 

on Chr1. This suggests that the increased chromosome copy number associated with these 

aneuploidies may result in gene amplification and overexpression of these and other 

proteins, giving rise to FLC resistance (13). Heteroresistance caused by Chr1 amplification 

seems likely to involve participation of multiple genes for two reasons. First, even in 

heteroresistant strains, changes in ERG11 copy number are only two-fold (14); this 

alteration seems unlikely to explain the large increase in FLC tolerance. Second, loss of 

AFR1 from Chr1 did not eliminate the acquisition of heteroresistance (12), consistent with 

the belief that multiple genes are required to acquire the normal elevation in resistance seen 

in this genetic situation. It is important to note that detailed study of the fungal pathogen 

Candida albicans demonstrated a similar drug-induced, reversible aneuploidy that required 

the presence of both the C. albicans ERG11 gene but also a transcription factor (TAC1) 

controlling expression of a number of genes involved in azole resistance (15). Based on this 

precedent, it seems likely that heteroresistance in C. neoformans will require multiple genes 

on Chr1 to contribute to azole resistance.
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We have recently characterized a gene encoding a transcription factor that is both carried on 

Chr1 and required for wild-type FLC resistance. This transcription factor is a homologue of 

the budding yeast Saccharomyces cerevisiae Yap1 protein (Sc Yap1) (16). Sc Yap1 was first 

described functionally as a high-copy-mediator of drug resistance (17) and later shown to be 

required for wild-type resistance to oxidative stress (18). Oxidants inhibit the nuclear export 

of Sc Yap1, causing this factor to accumulate in the nucleus where it can activate target gene 

expression (19, 20). Oxidant regulation is affected by controlling the oxidation status of 

cysteine residues present in the protein chain in two different clusters: the N-terminal 

cysteine rich domain (n-CRD) and the C-terminal cysteine rich domain (c-CRD). Mutants 

lacking the c-CRD are constitutively retained in the nucleus and exhibit elevated expression 

of some target genes (21). Surprisingly, oxidant resistance of these mutant strains is 

complex, with c-CRD mutants conferring hyperresistance to oxidants like diamide but 

hypersensitivity to H2O2 (22). Loss of the n-CRD causes hypersensitivity to H2O2 but 

retains diamide resistance. Data from several labs demonstrated that interdomain disulfide 

bonds must form in Sc Yap1 to confer normal H2O2 tolerance while simple nuclear retention 

caused by c-CRD mutants could explain diamide and drug hyperresistance (21, 23, 24).

The Cn Yap1 protein shares significant sequence similarity with Sc Yap1. Here we 

demonstrate that the cryptococcal protein can functionally replace Sc Yap1 in S. cerevisiae 

and that mutant C. neoformans strains lacking Cn YAP1 are hypersensitive to oxidants but 

also to FLC. Hyperfunctional or hypermorphic alleles of YAP1 have been seen to elicit 

elevated drug resistance (including FLC tolerance) but the requirement by C. neoformans for 

Yap1 function to maintain wild-type FLC resistance is unique. This work provides the first 

characterization of Cn Yap1 and evidence for its special importance in FLC resistance in 

this organism.

2. Materials and Methods

2.1 Strains and media

The S. cerevisiae strain used in the study was SM12 (MATα leu2-3,112::ARE-TRP5-

lacZ::LEU2 ura3-52 his3-Δ200 trp1-Δ901 lys2-801 suc2-Δ9 Mel− yap1-Δ1::HIS3). This 

strain was used for the plasmid transformations, β-galactosidase assays, spot testing and 

fluorescent microscopy to characterize Cn Yap1 function in S. cerevisiae. SM12 was 

transformed by standard lithium acetate transformation (25). S. cerevisiae cells were grown 

at 30°C on rich YPD (2% yeast extract, 1% peptone, 2% glucose) medium or on synthetic 

complete medium lacking appropriate auxotrophic components (26). The C. neoformans 

wild type strain used was KN99α. Cn YAP1 in this strain background was deleted by 

biolistic transformation using split marker cassettes (27).

The split marker cassettes for the deletion were generated as follows: 1 kb upstream of Cn 

YAP1 was PCR amplified using the primer pairs (For: 5’-

TTAAAAAGTTTTGTCGCTGTTGC; Rev: 5’-caatagaagctCGGGGGGGAGTGGAG) and 

1 kb downstream of Cn YAP1 was amplified using the primer pairs (For: 5’-

tcatctgtcccccaTATGCGGAAACGTTGGG; Rev: 5’-AGTGCAAGGCGTTTGTTGC) using 

KN99α genomic DNA as template. The G418R selection (28) cassette was PCR amplified 

from pSKB7 plasmid (provided by Stacey Klutts, University of Iowa) as split markers. The 
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upstream split marker comprised of a 1.5kb fragment lacking the last 125 bp of the G418R 

gene as well as the Cn NMT terminator, and was amplified using the primer sets (For: 5’-

ccactcccccccgAGCTTCTATTGTCCAGGCTG; Rev: 5’-TGTCATAGCACAGCGTTAGC). 

The downstream split marker comprised of a 1.7kb fragment lacking the first 80bp of the 

G418R gene as well as the actin promoter, and was amplified using the primer sets (For: 5’- 

GTGCACGGACCCTATTGTC; Rev: 5’-gtttccgcataTGGGGGACAGATGATATCC). The 

upstream split marker deletion construct was amplified by fusion PCR using primer pairs 

(For: 5’-TTAAAAAGTTTTGTCGCTGTTGC; Rev: 5’- TGTCATAGCACAGCGTTAGC) 

and the PCR products corresponding to 1 kb upstream of Cn YAP1 and the upstream G418R 

split marker were used as templates. The downstream split marker deletion construct was 

amplified by fusion PCR using primer pairs (For: 5’- GTGCACGGACCCTATTGTC; Rev: 

5’- AGTGCAAGGCGTTTGTTGC) and the PCR products corresponding to 1 kb 

downstream of Cn YAP1 and the downstream G418R split marker were used as templates. 

The PCR amplified upstream and downstream split marker deletion constructs, which had a 

~600 bp overlap, were gel purified and then used in biolistic transformation of C. 

neoformans. Transformants were selected on YPD supplemented with 100 µg/ml G418 

disulphate and confirmed by PCR. Each yap1Δ isolate presented here derived from a 

separate transformation plate and thus represents an independently derived isolate.

2.2 Plasmids

DNA manipulations were done using standard procedures (29) or according to manufacturer 

instructions. The plasmid harboring Cn YAP1 for heterologous expression in S. cerevisiae 

was generated as follows. An artificial Cn YAP1 cDNA that was codon optimized for better 

expression in S. cerevisiae (Sc-adapted Cn YAP1) was synthesized and cloned in the plasmid 

vector pUC57 (Genscript, Inc.). This sequence (available on request) was designed to 

contain codons that were optimal for expression in S. cerevisiae but still encoded the correct 

700 amino acids of the CNAG_00239 protein product. The Sc-adapted Cn YAP1 was PCR 

amplified using primers (For: 5’- CTCGCGAATGCATCTAGATCC; Rev: 5’- 

aagatcTcTCTAAAGGTGAAGAATTATTCACTGGTGTTGTCCCAATT) and cloned into 

pJPS10 gapped with EcoRI/ClaI by recombinational cloning in S. cerevisiae to generate 

pSP64. The plasmid pJPS10 contained a cDNA for the Aspergillus fumigatus ypkA gene 

under control of Sc CUP1 promoter and fused to a green fluorescent protein (GFP)-HA tag 

at its C-terminus (data not shown). The structure of pSP64 was verified by partial 

sequencing and multiple restriction digestions. Sc-adapted Cn YAP1 in pSP64 was under the 

control of the Sc CUP1 promoter and was C-terminally tagged with GFP-HA. We used 

pJPS10 as a control GFP-labeled protein for the fluorescent microscopy experiments. Two 

plasmids expressing Sc Yap1, pNT13 (pRS316 GFP-YAP1) (23) and pSEY18-R2.5 (a 2µ 

vector containing Sc YAP1) (30), were used as positive controls for localization and function 

of Sc Yap1.

2.3 Spot Assays

S. cerevisiae cultures grown overnight in SC-ura at 30°C were re-inoculated in fresh media 

at an A600 of 0.05 and grown to mid-log phase (A600 of around 0.5) at 30°C. 500 cells were 

spotted onto gradient plates and incubated at 30°C. For spot testing of C. neoformans 

strains, cells were grown overnight in YPD at 30°C, and were re-inoculated in fresh media at 
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an A600 of 0.05 and grown to mid-log phase cells (A600 of around 0.8) at 30°C. 500 cells 

were spotted onto gradient plates at indicated oxidant/drug concentrations and incubated at 

30°C. The concentration of reagent indicated on the gradient plate corresponds to the 

maximum reagent concentration on the plate.

2.4 β-galactosidase Assay

Yeast transformants grown overnight in SC-ura at 30°C were re-inoculated in fresh media at 

an A600 of 0.1 and grown to mid-log phase (A600 of around 0.8) at 30°C. An equal number 

of cells from each sample were harvested, washed, and assayed for β-galactosidase activity 

as described (31). The assay was carried out in triplicates and represented two independent 

trials.

2.5 Fluorescence Microscopy

SM12 strains transformed with pJPS10, pSP64 or pNT13 plasmids were grown overnight in 

SC-ura at 30°C, reinoculated into fresh media and grown to an A600 of 0.8–1 in SC-ura at 

30°C. Cells were then incubated in 5µg/ml 4',6-diamidino-2-phenylindole (DAPI) for 30 

minutes, either untreated or treated with 1mM H2O2 for 20 min, washed and resuspended in 

sterile water and visualized for GFP fluorescence, DAPI staining and Nomarski optics using 

an Olympus (Tokyo, Japan) BX-60 microscope with a 100× oil immersion objective. Images 

were captured using a Hamamatsu (Shizuoka, Japan) ORCA charge-coupled device camera.

2.6 Virulence Assay

C. neoformans strains were tested for virulence as described previously (32) using a mouse 

inhalation model. Isogenic wild-type (KN99α) and two yap1Δ::G418R derivatives were 

grown overnight in rich medium and washed in phosphate-buffered saline. Anesthetized 

female mice were inoculated with fungal strains and progress of the infection was followed 

daily by observation and weight monitoring. Survival data was evaluated using Kaplan-

Meier estimation and P values were calculated using Prism software. All animal studies 

followed institutional guidelines.

3. Results

3.1 Cryptococcus neoformans encodes a Yap1 homologue

S. cerevisiae Yap1 is an important participant in stress-responsive gene transcription and 

required for normal oxidative stress tolerance (recently reviewed in (33)). Sc Yap1 often 

cooperates with a winged helix transcription factor called Skn7 to induce gene expression 

(34, 35). Previous studies in C. neoformans have identified a Skn7 homologue but the 

identity of a potential Yap1 partner protein was less clear (36). Studies on expression of the 

C. neoformans thioredoxin genes identified several transcription factors containing basic 

region-leucine zipper (bZIP) DNA-binding domains that were related to the cognate region 

from Sc Yap1 (37). We focused our attention on the protein that shares the most sequence 

similarity with Sc Yap1, encoded by the sequence designated CNAG_00239. We propose to 

designate this protein as the Cryptococcus neoformans Yap1 and will present the evidence in 

support of this assignment below.
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Sequence comparisons with other known fungal Yap1 homologues from 
Schizosaccharomyces pombe, Aspergillus fumigatus, Candida albicans, Candida glabrata 

and S. cerevisiae demonstrated that Cryptococcal homologues of this factor were more 

closely related to one another than to the other fungi (Figure 1A). Note that C. gattii also 

contains a similar Yap1 homologue. Comparison of the amino acid sequences between these 

factors identified two regions that show the most sequence conservation (Figure 1B). The 

highest degree of sequence conservation corresponded to the bZIP domains of these factors. 

This similarity suggests that all of these transcription factors recognize related DNA 

elements and we provide evidence in support of this suggestion for Cn Yap1 below.

The second conserved domain is contained at the extreme carboxy-terminus of all these 

proteins. This region contains several cysteine residues and is referred to in case of the Sc 

Yap1 as the carboxy-terminal cysteine-rich domain (c-CRD) (21). In the Yap1 homologues 

where it has been evaluated, the c-CRD is required for oxidant-induced nuclear localization 

(38, 39). Oxidation of the cysteines prevents nuclear export and leads to the factor being 

retained in the nucleus, triggering a rise in Yap1- dependent gene expression (21). The 

Cryptococcal proteins have 3 cysteine residues in their c-CRD as do the other fungal Yap1 

proteins, but interestingly have shifted the position of first cysteine (cysteine 632 in the C. 

neoformans protein). This point will be considered further in the discussion. Importantly, the 

only cysteine residues present in the Cryptococcal proteins are located in the c-CRD. The 

other fungal Yap1 proteins possess a second cysteine rich domain (N-terminal cysteine-rich 

domain: n-CRD) that is lacking from both Cryptococcal proteins. Although there are some 

interesting differences between these fungal Yap1 proteins, the overall sequence 

conservation suggests that the CNAG_00239 protein might represent the Cn Yap1 

homologue. We directly tested this idea by expressing this C. neoformans protein in a yap1Δ 

strain of S. cerevisiae

3.2 Cn Yap1 complements defects of a S. cerevisiae yap1Δ strain

To determine if Cn Yap1 (CNAG_00239) was able to function as a Yap1 transcription 

factor, we expressed this protein in S. cerevisiae on a low-copy-number vector driven by the 

Sc CUP1 copper-inducible promoter. This plasmid was introduced into a S. cerevisiae strain 

constructed earlier (40) that had two key features. First, this strain lacked an endogenous 

copy of the Sc YAP1 gene. Second, an integrated copy of a Yap1-sensitive reporter gene was 

present in the genome. This reporter construct contains 3 copies of the SV40 AP-1 response 

element (ARE) from the early enhancer placed upstream of a translational fusion between 

the Sc TRP5 gene and E. coli lacZ (16). Yap1 binds to the AREs and activates expression 

from the TRP5-lacZ fusion because the normal TRP5 upstream activation sequences are 

deleted from this construct. This strain, designated SM12, was transformed with a high-

copy-number plasmid expressing wild-type Sc Yap1, low-copy-number plasmids expressing 

either a green fluorescent protein (GFP) fusion with Sc Yap1 or the Cn Yap1-GFP fusion, or 

the empty vector plasmid alone. Transformants were grown to mid-log phase and then tested 

for oxidant resistance (Figure 2A) or TRP5-lacZ expression by β-galactosidase assay (Figure 

2B).
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Oxidant resistance was tested using a gradient plate assay in which different test compounds 

are present in a gradient embedded in selective media. Expression of CnYap1 in a yap1Δ 

strain restored growth on H2O2, diamide, 4-nitroquinoline-N-oxide and cadmium. At the 

concentrations tested, Cn Yap1 was able to restore growth to levels comparable to wild-type 

Sc Yap1 with the striking exception of H2O2. On this oxidant, the CnYap1-expressing cells 

grew better than cells carrying the empty vector but much less well than cells expressing the 

wild-type Sc Yap1. Since normal H2O2 tolerance in S. cerevisiae requires the formation of 

interdomain disulfide bonds between the n- and c-CRD (24), the lack of the n-CRD from Cn 

Yap1 may explain this selective defect in the ability to confer H2O2 resistance.

The levels of ARE-TRP5-dependent β-galactosidase activity present in the S. cerevisiae cells 

expressing cryptococcal Yap1 described above were also determined (Figure 2B). As 

anticipated from the observed complemention of the Sc yap1Δ phenotypes, expression of Cn 

Yap1 also induced expression of the ARE-TRP5-lacZ fusion gene to a level similar to that of 

native Sc Yap1.

Since Cn Yap1 was expressed with a carboxy-terminal fusion to GFP, we wanted to 

determine if localization of this heterologous Yap1 was regulated in S. cerevisiae as is the 

resident Sc Yap1 protein. Transformants were grown to mid-log phase, treated with DAPI to 

visualize DNA and then either challenged with H2O2 or left untreated (Figure 3).

Even in the S. cerevisiae environment, Cn Yap1-GFP was enriched in the nucleus in the 

presence of H2O2. This closely resembles the behavior of the native Sc Yap1 and suggests 

the possibility that regulated nuclear export might be an important control mechanism for Cn 

Yap1 as it is in S. cerevisiae (19, 20). Together, these data argue that the Cn Yap1 protein 

functions in S. cerevisiae in a manner very much like the native protein.

3.3 Cn YAP1 is required for oxidant and antifungal drug resistance

While expression of Cn Yap1 in the S. cerevisiae background provides a useful measure of 

the heterologous function of this transcription factor, the key issue is the role of this protein 

in its native environment. To examine the roles of Cn Yap1 in C. neoformans, we 

constructed disruption mutant strains lacking this gene. We used a split marker strategy to 

replace the sequence encoding Cn Yap1 with the G418R resistance gene (41). We verified 

gene replacement in 4 independent isolates and tested them for phenotypes of resistance to 

various agents that are influenced by Yap1 homologues in other fungi (Figure 4).

Loss of Yap1 from C. neoformans sensitized the resulting mutant strain to several different 

oxidative stress agents including H2O2, t-butylhydroperoxide, diamide and diethylmaleate 

(Figure 4A). These oxidant hypersensitivities were seen in other fungi lacking their 

endogenous Yap1 protein (42–44). Loss of Cn YAP1 did not detectably increase 

susceptibility to cadmium sulfate. Cadmium sensitivity was first seen in S. cerevisiae strains 

lacking YAP1 (30) and can be observed in other fungi with similar YAP1-deficient genotypes 

(42, 43).

We next compared the resistance of wild-type and isogenic yap1Δ::G418R strains to a 

variety of azole drugs and amphotericin B (AmB). For all azoles, loss of YAP1 resulted in an 
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azole hypersensitive phenotype (Figure 4B). This phenotype is not commonly seen in other 

fungi lacking Yap1 and represents a unique contribution of this transcription factor to drug 

resistance in C. neoformans. Interestingly, loss of YAP1 increased AmB resistance.

To directly compare the Yap1-dependent contribution to fluconazole resistance with that in 

other fungi, we used the gradient plate assay to test fluconazole resistance of isogenic wild-

type and yap1D derivatives of C. neoformans, Candida albicans (YAP1 gene referred to as 

CAP1 in C. albicans (45)) and S. cerevisiae (Figure 5). Only in the case of yap1Δ C. 

neoformans was growth inhibited by FLC challenge. Removal of this gene from either C. 

albicans or S. cerevisiae had no detectable effect on the growth of these organisms in the 

presence of antifungal drug and was consistent with previous data (42) (43). These data 

support the view that Yap1 plays a role of special importance in normal FLC tolerance in C. 

neoformans.

3.4 Yap1 does not play a major role in virulence of C. neoformans

To determine if Yap1 was required for virulence of C. neoformans, we utilized a mouse 

inhalation model of infection (32) to compare infection isogenic wild-type C. neoformans 

(K99α:wt) and two independent yap1Δ derivatives. No significant difference in the 

virulence of the yap1Δ strains compared to wild-type could be seen as P values for the 

difference between wild-type and either independent yap1Δ strain were >0.01. We conclude 

that Yap1 is not required for virulence of C. neoformans in this experimental paradigm.

4. Discussion

Yap1 homologues are present in virtually every fungus that has been examined and are 

involved in oxidative stress tolerance in fungi ranging from plant to human pathogens (42–

44, 46). The role of this transcription factor in controlling redox potential in fungal cells is 

one of its best-characterized activities (see (33, 47, 48) for reviews). Yap1 stimulates 

expression of antioxidant genes such as those encoding thioredoxins, glutathione 

peroxidases, and enzymes involved in glutathione biosynthesis (49). This type of a 

biological function seems almost certain to be conserved in C. neoformans as Cn yap1Δ 

strains are highly sensitive to a wide range of oxidants.

The unusual feature of Cn Yap1 is its critical contribution to FLC resistance at wild-type 

gene dosage. This phenotype is not a common attribute of other fungi lacking their 

respective Yap1 homologue. YAP1 hypermorphic alleles, caused by loss of the c-CRD or 

simply overproduction of the wild-type factor, caused increased elevated azole resistance in 

the resulting fungal mutant (38, 45). Organisms with a Yap1 protein that does not influence 

FLC resistance at its normal gene dosage/function include C. albicans (42), C. glabrata (43) 

and A. fumigatus (38). C. neoformans is an exception to this behavior as loss of endogenous 

Yap1 produces a strain that is highly sensitive to FLC compared to wild type.

It is also striking that loss of YAP1 causes C. neoformans to acquire resistance to AmB. 

Since AmB kills cells by binding to ergosterol in the cell membrane, it is possible that the 

yap1Δ cells have reduced sterol exposed to the outside of the cell. This might be triggered 

by reduction in sterol transport or synthesis which would also be consistent with the azole 
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hypersensitive phenotype of these yap1Δ mutant strains. Previous exposure of C. 

neoformans to azole drugs prior to challenge with AmB has been found to be antagonistic in 

some cases (reviewed in (50)). Further analysis of this phenotype is underway.

While we do not yet understand the basis for the singular importance of Cn Yap1 in FLC 

resistance, a possible explanation is provided by the known cadre of target genes for Yap1-

like proteins from other fungi. In S. cerevisiae, C. albicans and C. glabrata, major facilitator 

superfamily (MFS) transporter proteins are regulated by the respective Yap1 proteins 

present in these fungi (43, 45, 51, 52). MFS proteins are important determinants of drug 

antiporter activity and serve to reduce the intracellular drug concentration directly (reviewed 

in (53)). In bacteria, MFS proteins serve a more significant role in drug resistance than ABC 

transporters (54), a relationship apparently reversed in eukaryotic fungi (55). The 

importance of MFS proteins in drug resistance can be illustrated by early genetic 

experiments on Sc Yap1. S. cerevisiae cells lacking the PDR5 gene, a key ABC transporter 

involved in multidrug resistance (reviewed in (56)), are extremely sensitive to drugs. 

However, overproduction of Sc Yap1 was able to normally elevate drug resistance, likely 

through activation of expression of a MFS protein known as FLR1 (57). As mentioned 

above, other fungi do not show a requirement for their Yap1 homologue in terms of basal 

azole resistance but mutationally-activated forms of Yap1 homologues can elevate azole 

resistance via activation of MFS-encoding genes (45). It may be that C. neoformans places a 

greater importance on the role of MFS proteins in FLC tolerance. Confirmation of this 

suggestion requires better understanding of the comparative importance of AFR1 with the 

targets of Cn Yap1.

Along with its unique role in FLC resistance, the structure of Cn Yap1 is unusual among 

fungal Yap1 homologues. As mentioned above, Yap1 proteins typically contain two 

different cysteine-rich domains (reviewed in (47, 58)). Cn (and C. gattii) Yap1 lacks the 

amino-terminal cysteine-rich domain that is present in the other fungal Yap1 proteins shown 

in Figure 1. Interdomain disulfide bonds between the c-CRD and n- CRD are required for 

resistance to oxidative stress triggered by exposure to H2O2 (23, 24). C. neoformans also 

lacks a homologue of a trans-acting factor (Ybp1) that is required for oxidative folding in 

the presence of H2O2 (59, 60). In S. cerevisiae, this folded structure is required to recruit a 

transcriptional Mediator component required for H2O2 but not diamide resistance (61). The 

lack of the n-CRD region in the Cryptococcal proteins precludes any formation of this 

dually disulfide-bonded structure and argues that Cn Yap1 utilizes a different mechanism for 

H2O2 tolerance.

The finding that loss of Yap1 from C. neoformans had no significant effect on virulence 

may be explained by the selective role of this factor in FLC resistance. Growth of yap1Δ 

derivatives of C. neoformans was normal unless stress agents were present. Loss of Cap1 (C. 

albicans Yap1 homologue) did not reduce the virulence of the resulting C. albicans mutant 

strains in a mouse model (62, 63). It will be important to determine if C. neoformans yap1Δ 

mutant strains are more sensitive to azole challenge in the animal model as they are seen to 

be in vitro (Figure 4 and 5). The provocative location of YAP1 on Chr1 also suggests that 

this gene might be involved in heteroresistance, a hypothesis that can now be tested with the 

availability of the yap1Δ strain.
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Abbreviations

ABC ATP-binding cassette

AmB Amphotericin B

ARE AP-1 response element

bZIP basic region-leucine zipper DNA-binding domain

Cn Cryptococcus neoformans

CRD cysteine-rich domain

FLC fluconazole

Sc Saccharomyces cerevisiae

SC-ura synthetic complete medium lacking uracil

YPD yeast-peptone-dextrose growth medium
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Highlights

- Cryptococcus neoformans expresses a functional homologue of S. cerevisiae 

Yap1

- C. neoformans lacking YAP1 are hypersensitive to fluconazole and oxidative 

stress

- C. neoformans Yap1 does not play a major role in fungal virulence.
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Figure 1. Cryptococcal species encode a homologue of Sc Yap1
A. An evolutionary tree diagram is shown illustrating the relatedness of different Yap1 

homologues from both pathogens and nonpathogens. Sp: Schizosaccharomyces pombe; Afu: 

Aspergillus fumigatus; Sc: Saccharomyces cerevisiae; Ca: Candida albicans; C. gattii: 

Cryptococcus gattii; Cn: Cryptococcus neoformans. Note that the C. albicans Yap1 

homologue is referred to as Cap1. B. Amino acid sequence alignments from the proteins 

described above. The numbers at the top refer to the amino acid position along the Sc Yap1 

protein chain while the numbers at the right indicate position in each factor. Residues that 

are in shaded boxes are conserved in at least 3 different proteins. The top panel represents 

the basic region-leucine zipper domain of each factor with each section of this DNA-binding 
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domain indicated and underlined. Asterisks denote the positions of the canonical leucine 

residues in the leucine zipper (see (64) for a review). The bottom panel represents the C-

terminal cysteine-rich domain that is involved in control of nuclear localization (in all 

species where it has been examined). The asterisks indicate positions where cysteine 

residues are found. Note that the most amino-terminal cysteine is in a different position in 

the Cryptococcus species compared to the others. This unique cysteine residue is indicated 

by the open box and labeled Cn/Cg-specific cysteine.
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Figure 2. Functional expression of Cn Yap1 in S. cerevisiae
A. A S. cerevisiae strain designated SM12 (relevant genotype: yap1Δ leu2::ARE-TRP5-

lacZ-LEU2) was transformed with a high-copy- (2µm Sc YAP1) or low-copy-number (CEN 

Sc YAP1) plasmid containing wild-type Sc YAP1, a low-copy-number plasmid carrying the 

CUP1-Cn YAP1-GFP fusion gene (CEN Cn YAP1) and an empty vector plasmid (Vector). 

Transformants were grown to mid-log phase and equal numbers of cells were then placed on 

media containing a gradient of the indicated oxidants (H2O2, diamide), drug (4-

nitroquinoline-N-oxide: 4-NQO) or heavy metal (cadmium sulfate). Increasing 

concentration along the gradient is indicated by the bar of increasing width. Plates were 

incubated at 30°C for 48 hours and then photographed. B. Transformants from above were 
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grown to mid-log phase and then β-galactosidase activity determined as described before 

(31).
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Figure 3. Regulated nuclear localization of Cn Yap1 in S. cerevisiae
Plasmids expressing an irrelevant GFP fusion protein (pJPS10) or GFP fusion proteins 

forms of either Cn Yap1 (pSP64) or Sc Yap1 (pNT13) were introduced into S. cerevisiae 

cells containing a yap1Δ allele. Appropriate transformants were grown to mid-log phase and 

then incubated in the presence of DAPI for 30 minutes. Aliquots were withdrawn (0 time 

point) and then 1 mM H2O2 added with incubation continued for 20 minutes. Cells were 

visualized by fluorescence microscopy for GFP and DAPI or by Nomarski optics (DIC).
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Figure 4. Phenotypes resulting from loss of YAP1 in C. neoformans
A. Isogenic wild-type was compared to four independent yap1Δ::G418R strains as in Fig. 

2A for growth in the presence of oxidants (A) or antifungal compounds (B). t-BOOH, t-

butylhydroperoxide; DEM, diethylmaleate; AmB, amphotericin B; Itra, itraconazole; Vori, 

voriconazole; Keto, ketoconazole; FLC, fluconazole.
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Figure 5. A role for Yap1 in fluconazole is unique to C. neoformans
Isogenic fungal strains containing or lacking their endogenous Yap1 genes were tested for 

fluconazole (FLC) resistance using a gradient plate assay. Cn: C. neoformans; Ca; Candida 

albicans; Sc; S. cerevisiae. The C. albicans strains used here are diploids that are either 

homozygous CAP1/CAP1 or cap1Δcap1Δ.
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Figure 6. Yap1 is not required for virulence in a mouse inhalation model
Mice were inoculated intranasally with 2×105 of KN99α (wild-type:wt) or two different 

isogenic yap1Δ isolates. Mice were weighed daily and sacrificed if their weight was found to 

drop to <80% of peak weight.
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