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Abstract

The opportunistic fungal pathogen Cryptococcus neoformans is a major cause of mortality

in immunocompromised individuals, resulting in more than 600,000 deaths per year. Many

human fungal pathogens secrete peptidases that influence virulence, but in most cases

the substrate specificity and regulation of these enzymes remains poorly understood. The

paucity of such information is a roadblock to our understanding of the biological functions

of peptidases and whether or not these enzymes are viable therapeutic targets. We report

here an unbiased analysis of secreted peptidase activity and specificity in C. neoformans

using a mass spectrometry-based substrate profiling strategy and subsequent functional

investigations. Our initial studies revealed that global peptidase activity and specificity are

dramatically altered by environmental conditions. To uncover the substrate preferences of

individual enzymes and interrogate their biological functions, we constructed and profiled

a ten-member gene deletion collection of candidate secreted peptidases. Through this

deletion approach, we characterized the substrate specificity of three peptidases within

the context of the C. neoformans secretome, including an enzyme known to be important

for fungal entry into the brain. We selected a previously uncharacterized peptidase, which

we term Major aspartyl peptidase 1 (May1), for detailed study due to its substantial contri-

bution to extracellular proteolytic activity. Based on the preference of May1 for proteolysis

between hydrophobic amino acids, we screened a focused library of aspartyl peptidase

inhibitors and identified four high-affinity antagonists. Finally, we tested may1Δ strains in a

mouse model of C. neoformans infection and found that strains lacking this enzyme are

significantly attenuated for virulence. Our study reveals the secreted peptidase activity

and specificity of an important human fungal pathogen, identifies responsible enzymes
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through genetic tests of their function, and demonstrates how this information can guide

the development of high affinity small molecule inhibitors.

Author Summary

Many pathogenic organisms secrete peptidases. The activity of these enzymes often con-

tributes to virulence, making their study crucial for understanding host-pathogen biology

and developing therapeutics. In this report, we employed an unbiased, activity-based pro-

filing assay to examine the secreted peptidases of a fungal pathogen, Cryptococcus neofor-
mans, which is responsible for 40% of AIDS-related deaths. We discovered which

peptidases are secreted, identified their substrate specificity, and interrogated their biolog-

ical functions. Through this analysis, we identified a principal enzyme responsible for the

extracellular peptidase activity of C. neoformans, May1, and demonstrated its importance

for growth in acidic environments. Characterization of its substrate preferences allowed

us to identify compounds that are potent substrate-based inhibitors of May1 activity.

Finally, we found that the presence of this enzyme promotes virulence in a mouse model

of infection. Our comprehensive study reveals the expression, regulation and function of

C. neoformans secreted peptidases, including evidence for the role of a novel aspartyl pep-

tidase in virulence.

Introduction

Cryptococcus neoformans is an opportunistic fungal pathogen responsible for 40% of all AIDS-

related deaths [1,2]. Of the one million new infections occurring worldwide annually, greater

than 60% result in death due to the limited efficacy and availability of therapeutics [3]. Only

three classes of drugs are currently approved for treatment of fungal infections, thus there is a

significant need for development of new antifungal compounds [3–5].

Peptidases are secreted by many types of pathogens including bacteria, fungi and parasites

and often serve critical roles related to survival and virulence [6–11]. Direct targeting of pepti-

dases expressed by pathogenic organisms has proven to be a successful therapeutic strategy,

notably in the development of Hepatitis C Virus (HCV) and Human Immunodeficiency Virus

(HIV) protease inhibitors [12,13]. Additionally, the identification and characterization of

peptidases secreted by pathogens have contributed to the formulation of new diagnostic

approaches based on detection of these proteolytic activities [14–16].

Pathogenic fungi express extracellular peptidases for wide-ranging functions including host

tissue invasion, nutrient acquisition and regulation of mating [17–19]. A single organism may

simultaneously secrete multiple peptidases with divergent substrate specificities and require-

ments for activity that are tailored to their biological functions. In addition, peptidase secretion

and activation are often stimulated by extracellular conditions, as distinct proteolytic functions

can be important for different environments. Candida albicans and Aspergillus fumigatus, two

prominent fungal pathogens, each secrete several peptidases with defined roles in virulence,

while dermatophytes and the causative agent of white-nose syndrome Pseudogymnoascus
destructans use extracellular peptidases to degrade host tissues [20–26]. Multiple peptidases

have been identified in the secreted proteome of C. neoformans, including a metallopeptidase

that is required for dissemination to the central nervous system (CNS) in a mouse infection

model [27–34]. Interestingly, the level of peptidase secretion has been shown to vary between
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isolates in Cryptococcus species and in many cases higher secretion has been correlated with

increased virulence [35–38]. Although these findings suggest that extracellular peptidases are

involved in C. neoformans pathogenicity, the delineation of their functions and their validation

as therapeutic targets is limited by poor understanding of their activity, specificity and

regulation.

In this work, we used a comprehensive activity-based approach to characterize secreted

peptidases in C. neoformans culture supernatants. This strategy, termed Multiplex Substrate

Profiling by Mass Spectrometry (MSP-MS), relies on mass spectrometry to identify cleavage

events within a defined 228-member library comprising physiochemically diverse tetradeca-

peptides [39]. The scope and design of the library allows detection of cleavage events from

multiple peptidases simultaneously, and the resulting data are informative for understanding

activity on both a global and individual enzyme level. Activity-based profiling stands in con-

trast to traditional proteomics methods that catalog which peptidases are present but do not

provide information on how each enzyme contributes to the overall proteolytic activity

[11,27]. Likewise, candidate-based approaches focusing on single proteolytic activities isolated

from cultures may not accurately represent how these enzymes function within the secreted

peptidase milieu [31,32].

To investigate the secreted peptidases of C. neoformans and test the influence of environ-

ment on global proteolytic activity, we cultured fungal cells under two different conditions

and then isolated the cell-free supernatants for substrate specificity profiling. These experi-

ments revealed that overall peptidase specificity differs greatly in response to extracellular con-

ditions. To uncover the contribution of individual enzymes to the total proteolytic activity, ten

candidate peptidases were individually deleted and conditioned media generated from each

mutant strain was compared to the parental strain. Through this approach, we identified and

defined the putative substrate preferences of three peptidases, including a previously uncharac-

terized secreted aspartyl peptidase. We found that this enzyme is the dominant contributor to

extracellular endopeptidase activity at acidic pH and determined that this activity is required

for tolerance to low pH environments. Analysis of its substrate specificity enabled us to screen

an appropriately focused library of aspartyl peptidase inhibitors, which led to the identification

of potent in vitro antagonists. Finally, we found that deletion strains of this enzyme are attenu-

ated for virulence in a mouse inhalation model of C. neoformans infection.

Our in-depth characterization of extracellular peptidases in C. neoformans establishes a

framework for uncovering the biological functions of these enzymes. As demonstrated by our

identification of a peptidase required for virulence, examining the roles of these enzymes is

critical to understanding the pathogenicity of C. neoformans. Furthermore, the methods

described here are applicable to the discovery and characterization of secreted peptidases from

other pathogenic organisms.

Results

Global secreted peptidase profiling in C. neoformans reveals abundant

activity and environment-dependent specificity

C. neoformans was cultured in either microbial minimal media (yeast nitrogen base [YNB] pH

5.0) or mammalian tissue-culture media (DMEM pH 7.4), and supernatants from each condi-

tion were assayed using a panel of internally quenched (IQ) fluorogenic peptides (Fig 1A, S1

Table for sequences). These substrates were previously developed to detect a broad range of

microbial peptidases from diverse peptidase families [40–42]. The speed and flexibility of this

assay allowed us to optimize the conditions for peptidase activity and to determine which

class-specific inhibitors affect it.
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Although peptidase activity was evident under both culture conditions, differential sub-

strate cleavage reflected differences in specificity. Notably, IQ-2 and IQ-6 were cleaved more

efficiently by peptidases in YNB media, while proportionally higher activity was observed

against IQ-3 and IQ-4 in DMEM media (Fig 1A). These differences suggested that alternate

peptidases were active in each culture condition, which was further confirmed by assaying the

substrates in the presence of class-specific peptidase inhibitors. This analysis revealed that

aspartyl peptidase activity was present in YNB conditioned media while metallopeptidase

activity could be detected in DMEM media (S1 Fig). Adjustment of YNB supernatants from

Fig 1. Profiling of C. neoformans conditioned media reveals abundant secreted peptidase activity with environment-

specific regulation. (A) Profiling of secreted peptidase activity present in YNB or DMEM media conditioned by wild-type cells using

a panel of internally quenched (IQ) fluorescent peptides. Columns represent mean ± S.D. (B) Schematic of Multiplex Substrate

Profiling by Mass Spectrometry (MSP-MS). Conditioned media is combined with a 228-member peptide library and mass

spectrometry analysis is run before and after incubation to identify cleavage events. Norleucine replaces methionine in the MSP-MS

library and is indicated by an “n” in representations of the peptides. (C) Several hundred cleavage events were detected in both YNB

and DMEM conditioned media profiled by MSP-MS. (D) Positional profiling of all cleaved bonds detected by MSP-MS in either media

type. (E) Two representative examples of peptides cleaved in the MSP-MS assay by both media conditions. Arrows indicate the

location of cleavage sites.

doi:10.1371/journal.ppat.1006051.g001
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pH 5.0 to 7.4 (the pH of DMEM media) yielded only very low levels of any peptidase activity,

while lowering the pH of DMEM supernatants from 7.4 to pH 5.0 produced a peptidase activ-

ity pattern similar to YNB media (S1 Fig). This result suggests that growth in DMEM media

using mammalian cell culture conditions induces peptidases optimized for neutral pH in addi-

tion to the acidic pH activities detected after growth in YNB media.

To investigate global peptidase substrate specificity, MSP-MS was conducted on YNB and

DMEM supernatants at the optimal pH for activity observed for each condition, pH 5.0 and

7.4, respectively. In the MSP-MS assay, peptide sequencing by LC-MS/MS is used to identify

all peptide cleavage products within the 228-member library, revealing peptidase substrate

specificity preferences (Fig 1B). The reproducibility of these substrate specificity preferences,

and of the cleavage events from which they derive, was confirmed by assessing three technical

replicate samples (S2 Fig and S2 Table). Importantly, since there are no modifications to either

the N- or C-termini in the peptide library, both exo- and endo-peptidases can be identified in

an unbiased manner.

Using MSP-MS we observed that peptidases in YNB media cleaved at 423 total sites,

whereas peptidases in DMEM media cleaved at 283 total sites (Fig 1C). Only 107 of these sites

were cleaved by enzymes in both samples. This difference in cleavage site preference indicated

that peptidase activity and specificity differs between the two culture conditions. Positional

analysis of all bonds cleaved within the tetradecapeptides of the MSP-MS library illustrates the

proportion of endo- and exo-peptidase activity in each sample (Fig 1D). In YNB supernatants,

the most frequently cleaved bond was the carboxyl terminal bond between amino acids thir-

teen and fourteen, representing 32% of total proteolysis events. In fact, 137 of the 228 peptides

had their carboxyl-terminal amino acid cleaved. Moreover, we observed that single amino

acids were often sequentially hydrolyzed from the carboxyl termini of substrates until an unfa-

vored residue was reached, consistent with the presence of abundant carboxypeptidase activity.

This cleavage preference was not observed for proteases in the DMEM media. These studies

indicate that carboxypeptidase activity is more abundant in conditioned media from C. neofor-
mans cultures grown in YNB. To further illustrate the differences in proteolytic activity

between the two conditions, representative examples of peptides cleaved in both samples are

shown (Fig 1E).

Identification of secreted peptidases by proteomic and genetic

approaches

To identify which C. neoformans peptidases may be contributing to the global substrate speci-

ficity profile, we conducted a proteomic analysis of secreted proteins. We observed 199 and

131 proteins in YNB and DMEM conditioned media respectively, with 52 proteins common

to both conditions (S3 Table). Recently, Geddes and colleagues identified 61 proteins in the

secretions of C. neoformans grown for 16 to 120 hours in minimal media [43], while Campell

and coworkers identified 22 secreted proteins after 168 hours growth in RPMI media [29]. In

total, 24 of the proteins detected in our study contained predicted secretion signals (SignalP

4.0) [44], 127 were predicted to be non-classically secreted (SecretomeP 2.0) [45], and 17 have

been associated with extracellular microvesicles [46]. The remaining proteins identified had

no known mechanism of secretion (S3 Fig, S3 Table). Seven of the proteins with predicted sig-

nal sequences were peptidases and included members of the aspartyl, metallo and serine pepti-

dase families. Both endopeptidases and carboxypeptidases were identified, consistent with our

predictions from analysis of C. neoformans extracellular proteolytic activity (Fig 1). Five of

these enzymes have been detected in studies of the C. neoformans secretome by other groups;

however Prc1 and CNAG_05872 have not been observed previously.
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To determine which enzymes are responsible for the proteolytic activity present in C. neo-
formans conditioned media, we performed targeted gene deletions on ten candidate secreted

peptidases (Table 1, S4 Table). Of the seven aforementioned peptidases with predicted signal

sequences that were identified by our secretome proteomics, one was predicted to be GPI-

anchored (CNAG_04380) [27,47], and thus excluded from further analysis, as our study was

focused on non-cell wall anchored enzymes. One other peptidase could not be mapped unam-

biguously to a single gene, as three paralogs of this enzyme exist in the C. neoformans var grubii
genome [48]. Therefore, all three genes were individually targeted for deletion (CNAG_00919,

CNAG_01040 and CNAG_02966). Because these genes are unnamed and lack orthologs in Sac-
charomyces cerevisiae, we propose naming them Carboxypeptidase D 1, 2 and 3 (CXD1-3),

respectively. This resulted in eight genes deleted based on our proteomics results (Table 1, S4

Table). We additionally targeted two secreted peptidases that were not identified here but have

been reported in previous proteomics studies [27]. Two independent isolates of each of the ten

deletion strains were generated and are indicated in the text and figures by the gene name or

CNAG number followed by “-1” or “-2” (S4 Table).

Based on our characterization of secreted peptidase activity present in wild type C. neofor-
mans, we selected deletion strains for in-depth substrate profiling analysis by MSP-MS under

either DMEM or YNB culture conditions. Subsequently, by comparing the secreted peptidase

activity in conditioned media from the wild type and mutant strains, we were able to correlate

extracellular proteolytic activities to specific candidate enzymes.

DMEM conditioned media contains a metallopeptidase Mpr1 and

trypsin-like endopeptidase activity

To analyze the peptidase substrate specificity of DMEM media conditioned by wild-type cells,

we generated a frequency plot from the 283 cleavage events detected by MSP-MS (Fig 2A, S5

Table) [50]. The amino acid preferences are shown for four positions on either side of the

cleaved bond (P4-P4’), as the majority of substrate specificity is determined by residues closest

to the scissile bond. This analysis revealed that peptidases in DMEM supernatants prefer posi-

tively charged residues on either side of the cleaved bond, as well as hydrophobic residues in

Table 1. Peptidase deletion strains generated in this study. Gene names were determined where possible by following the recommended naming guide-

lines for C. neoformans [49]. NatR is nourseothricin resistance. An asterisk indicates the observation of a phenotype in subsequent mutant characterization

studies (S8 and S9 Figs). Evidence for activity in YNB or DMEM conditioned media was determined in subsequent experiments analyzing proteolytic activity

in media conditioned by the peptidase deletion strains (Figs 2 and 3, S4 and S5 Figs). Proteins identified in the present study’s secretome proteomics are

indicated.

Genotype Name Peptidase Type Proteomics identification Evidence for

activity

Prior secretome identification

YNB DMEM

CNAG_05973Δ::NatR SCX1 Serine carboxypeptidase [27]

CNAG_06640Δ::NatR PRC1 Serine carboxypeptidase +

CNAG_00919Δ::NatR CXD1 Carboxypeptidase D + + [27]

CNAG_01040Δ::NatR CXD2 Carboxypeptidase D Predicted homolog [48]

CNAG_02966Δ::NatR CXD3 Carboxypeptidase D Predicted homolog [48]

CNAG_00150Δ::NatR - Serine endopeptidase [27]

CNAG_04625Δ::NatR PRB1* Serine endopeptidase + [27]

CNAG_00581Δ::NatR PEP4* Aspartyl endopeptidase + [27]

CNAG_05872Δ::NatR MAY1* Aspartyl endopeptidase + +

CNAG_04735Δ::NatR MPR1 Metallo endopeptidase + + [27]

doi:10.1371/journal.ppat.1006051.t001
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the P1’ position. Negatively charged amino acids are disfavored at the majority of positions,

and proline and glycine are both highly disfavored in most positions from P2-P2’ (Fig 2A).

To identify the enzymes responsible for this activity, we examined proteolytic activity in

peptidase deletion strains. Because DMEM conditioned media contained metallopeptidase

activity (S1 Fig) and a single metallopeptidase (Mpr1) was identified by proteomics (Table 1,

S3 Table), we began by investigating the contribution of this enzyme to the global specificity

profile. Mpr1 had previously been characterized as a secreted factor that is important for C.

Fig 2. DMEM conditioned media contains a metallopeptidase and trypsin-like endopeptidase activity. (A) The peptidase

substrate specificity profile of DMEM media conditioned by wild type. Residues are significantly favored or disfavored as determined

by the frequency of detection in substrates versus the frequency of the residue in the peptide library, p < 0.05. (B) Substrate

specificity profile of peptidase activity from mpr1Δ conditioned media, p < 0.05. (C) Peptidase substrate specificity profile constructed

from cleavage events detected in wild type but not mpr1Δ, p < 0.05. (D) A representative peptide cleaved by peptidases in both wild

type and mpr1Δ conditioned media.

doi:10.1371/journal.ppat.1006051.g002
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neoformans invasion of the CNS [28]. Matched comparison of the substrate specificity profiles

obtained from DMEM media conditioned by wild type or mpr1Δ cells revealed that Mpr1 defi-

ciency caused a loss of the P1’ preference for hydrophobic amino acids seen in wild type (Fig

2A and 2B). However, the selection for positively charged residues on either side of the cleaved

bond remained unaltered and the same amino acids were disfavored in most positions.

To further analyze the impact of MPR1 deletion, a Venn diagram was used to compare the

overlap of cleavage events between wild type and mpr1Δ (Fig 2C). A majority of cleaved pep-

tides were detected in both samples; however 107 cleavage events were detected in wild type

but not media conditioned by mpr1Δ. These cleavages, presumed to be absent due to the loss

of this enzyme, were used to generate a frequency plot representing the putative specificity of

Mpr1 (Fig 2C). A prominent feature of this substrate specificity profile is enrichment for phe-

nylalanine, leucine and norleucine (a replacement for methionine in the MSP-MS library) at

the P1’ position, a result that is consistent with the specificity of other peptidases predicted to

be related to this enzyme (members of the M36 peptidase family) [51]. It is also notable that

the P1’ site exhibits the greatest degree of selectivity of any position from P4-P4’. To further

illustrate the changes in substrate specificity observed in the mpr1Δ deletion strain, a represen-

tative example of a peptide cleaved by enzymes in both wild type and mpr1Δ supernatants is

shown (Fig 2D).

An additional activity in DMEM media conditioned by wild type displays a trypsin-like

preference for proteolysis between two positively charged residues, indicating the presence of

serine peptidase activity [51]. This specificity is particularly evident in the mpr1Δ culture

media (Fig 2B). Two serine endopeptidases were present in the deletion collection and DMEM

conditioned media was analyzed from both strains (prb1Δ and CNAG_00150Δ). Deletion of

either gene did not substantially impact the extracellular peptidase activity profile, suggesting

functional redundancy or the existence of additional, unidentified peptidases (S4 Fig). One

predicted serine peptidase with a secretion signal, KEX2, was identified in a genome search.

However, our attempts to delete this gene were unsuccessful, indicating it may be essential for

C. neoformans survival.

In some cases, media conditioned by knockout cells produced additional peptide cleavage

sites as compared to wild type conditioned media, despite similar overall peptidase specificity

profiles (e.g., S4C Fig). This observation is consistent with the fact that iterative cleavage of an

MSP-MS substrate peptide can hinder identification of a given cleavage event due to loss of the

cleavage’s reaction product. In this way, the loss of a minor peptidase activity can result in the

appearance of new cleavage sites [25].

An aspartyl endopeptidase May1 and the carboxypeptidase Cxd1 are

the major activities in conditioned YNB media

A substrate specificity profile constructed from the 423 cleavages observed in YNB media con-

ditioned by wild-type cells indicated a preference for hydrolysis between hydrophobic resi-

dues, while positively charged residues, proline and glycine are disfavored (Fig 3A). From

positional analysis of these cleavage sites, we identified carboxypeptidase activity as the domi-

nant proteolytic activity in this media (Fig 1D). Since carboxypeptidases cleave the carboxyl-

terminal bond, no enrichment of amino acids is evident in the P2’ to P4’ positions in these sub-

strates (Fig 3A).

To determine whether any of the three carboxypeptidase D paralogs we identified in our

proteomics analysis were responsible for the observed carboxypeptidase activity, the gene for

each enzyme was deleted and conditioned media from the resulting mutant strains (cxd1Δ,

cxd2Δ and cxd3Δ)was profiled by MSP-MS. After comparison of the specificity profiles, it was
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clear that the carboxypeptidase specificity was most dependent on Cxd1. In media conditioned

by this deletion strain only 17 primary carboxyl-termini were cleaved, as compared to 137 in

wild type (Fig 3B, 3D and 3E). By comparison, 134 and 123 primary carboxyl-termini were

cleaved in media conditioned by cxd2Δ and cxd3Δ, respectively, suggesting that these enzymes

do not contribute substantially to the extracellular carboxypeptidase activity (S5 Fig, S5 Table).

As anticipated, endopeptidase cleavages were not affected in any of the three carboxypeptidase

deletion strains (Fig 3B and 3D, S5 Fig).

Fluorogenic assays demonstrated aspartyl endopeptidase activity in wild type YNB superna-

tants (S1 Fig). To assign activity to the candidate aspartyl peptidases, conditioned YNB media

was profiled from the two aspartyl peptidase deletion strains listed in Table 1 (CNAG_05872Δ

Fig 3. May1 and Cxd1 are the major proteolytic activities in YNB conditioned media. (A) The substrate specificity profile of YNB

media conditioned by wild type, p < 0.05. (B) The substrate specificity profile of the carboxypeptidase D deletion strain cxd1Δ,

p < 0.05. (C) The substrate specificity profile of the aspartyl peptidase deletion strain may1Δ, p < 0.05. (D) Positional profiling of all

bonds cleaved within the tetradecapeptides of the MSP-MS library. (E) A representative example of a peptide in the MSP-MS library

cleaved by wild type and both deletion strains. (F) Deletion of May1 abolishes endopeptidase activity against IQ-2. Columns

represent mean ± S.D.

doi:10.1371/journal.ppat.1006051.g003
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and pep4Δ). Proteolytic activity remained unchanged relative to wild type in the pep4Δ strain

(S5 Fig). In contrast, CNAG_05872Δ conditioned media exhibited a near-total loss of endopep-

tidase cleavage events as well as substantially decreased carboxypeptidase activity as evidenced

by proteolysis of only 55 primary carboxyl termini (Fig 3C–3E). This result suggests that

CNAG_05872 is the dominant endopeptidase under these culture conditions. This finding is

consistent with fluorogenic assays, where deletion of CNAG_05872 led to a loss of endopepti-

dase activity in conditioned YNB media, while all other strains exhibited activity levels similar

to wild type (Fig 3F, S6 Fig). As the putative dominant endopeptidase, we propose renaming

CNAG_05872 to Major Aspartyl peptidase 1 (MAY1).

May1 is a pepsin-like aspartyl peptidase, with optimal expression and

activity at acidic pH

Due to its substantial contribution to peptidase activity in YNB supernatants, we performed an

in-depth biochemical characterization of May1. This enzyme consists of a 16 residue secretory

signal (SignalP 4.0) [44] followed by an 82 residue prodomain (Fig 4A). The prodomain is pos-

itively charged (pI = 9.97), which likely facilitates interaction with the negatively charged cata-

lytic domain (pI = 4.03) at neutral or slightly acidic pH [52]. The pepsin-like aspartyl peptidase

domain includes residues 100–434 and is expected to auto-activate in acidic environments,

causing release of the pro-domain. The N-terminal region (position 101–223) is also an N-ter-

minal xylanase inhibitor domain, TAXi_N [53]. Homology between xylanase inhibitors and

fungal aspartyl peptidases has been noted previously and likely indicates an evolutionary rela-

tionship [54].

May1 readily cleaves IQ-2 between phenylalanine and leucine (S1 Table, S6 Fig), which

allowed us to use fluorogenic assays to monitor enrichment of this enzyme from YNB super-

natants and investigate the impact of pH on its activity. Ion exchange chromatography was

used to enrich May1 from conditioned YNB media, resulting in a 292 nM peptidase stock

solution. May1 was diluted from this stock into buffers ranging from pH 1.5 to 7.0 and activ-

ity against IQ-2 was tested. Optimal activity was observed between pH 3.5–4.5, a range that is

consistent with other members of the aspartyl peptidase family of enzymes (Fig 4B) [55]. The

aspartyl peptidase antagonist pepstatin A fully inhibited proteolysis of IQ-2 in this assay, pro-

viding further verification that May1 is the predominant endopeptidase activity under these

conditions.

To investigate the time- and growth-dependent secretion of May1, we added a CBP-

2xFLAG tag to the carboxyl-terminus through homologous recombination. By monitoring

activity using IQ-2, we confirmed that the addition of this tag did not diminish May1 activity

in YNB conditioned media. Interestingly, although recombinant May1 activity could be

detected in the culture supernatant after overnight growth, it could not be detected by immu-

noblot even after three days of growth. We hypothesized that the enzyme rapidly hydrolyses

the C-terminal tag; therefore pepstatin A was added to the culture to inhibit this processing.

This inhibitor also prevented activation of pro-May1 to mature May1, resulting in the observa-

tion of only the pro form of recombinant May1. Under these conditions the protein was

detected by immunoblot after 48 hours of growth (Fig 4C). The apparent molecular weight of

pro-May1 was approximately 13 kDa greater than the predicted 56.8 kDa for the tagged

enzyme, suggesting that this protein could contain post-translational modifications. When C.

neoformans was cultured in YNB media buffered to pH 6.5, the May1 activity detectable in

supernatants using IQ-2 was approximately 10-fold lower than in unbuffered YNB, and no sig-

nal could be seen by immunoblot after 48 hours of growth (Fig 4D). This result suggests that

low extracellular pH could stimulate May1 secretion and activation.
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May1 activity is required for wild-type saturation density in YNB cultures

We observed that may1Δ strains grown in YNB had a lower cell density at saturation than wild

type or any of the other nine peptidase deletion strains (Fig 5A, S7 Fig, S6 Table). Higher cell

density could not be achieved by the may1Δ strains even after culturing for 96 hours. These

data suggested that may1Δ strains were not merely slow to replicate but were incapable of

growth at high density. In fact, during the exponential growth phase, may1Δ strains had an

average doubling time of 2.36 hours, which was on par with the other nine peptidase deletion

strains. However, all other deletion strains exhibited wild-type saturation densities (S6 Table).

Fig 4. May1 is a member of the pepsin-like aspartyl peptidase family with optimal expression and activity at acidic pH. (A)

The domain architecture of May1. The catalytic aspartic acids are indicated by stars. (B) pH titration of May1 activity using IQ-2.

Averages and standard deviation (S.D.) of triplicates are shown. (C) Immunoblot detection of May1 tagged with a CBP-2xFLAG tag in

supernatants after culturing in YNB for different lengths of time. (D) Activity against IQ-2 in conditioned media from wild type C.

neoformans grown in unbuffered or pH 6.5 buffered YNB. All samples were adjusted to pH 4.5 prior to being assayed. Columns

represent mean ± S.D.

doi:10.1371/journal.ppat.1006051.g004
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Studies of deletion strains did not clarify whether May1 activity, as opposed to simply the

presence of the May1 protein, was required to reach a saturation density equivalent to wild

type. Therefore, we assessed growth of wild type C. neoformans in the presence and absence of

pepstatin A. Treatment of wild type cultures with this aspartyl peptidase inhibitor resulted in a

saturation density defect equivalent to that observed for the MAY1 deletion strains (Fig 5B).

Fig 5. May1 activity is required for wild-type growth at acidic pH. (A) Culture density was recorded over time by measuring

OD600 of cultures grown in YNB. The average density and S.D. of triplicates are shown. (B) Culture density of wild-type C.

neoformans grown in YNB containing 2 μM pepstatin A was recorded. Mock indicates DMSO treatment. The average and S.D. of

cultures grown in triplicate are shown. (C) Mutant characterization assays were conducted using YNB agar plates. Cultures were

adjusted to an OD600 of 5 and then spotted in 10-fold serial dilutions on plates. (D) Full rescue of may1Δ saturation density in YNB

was observed after buffering to pH 6.5. Average density and S.D. of triplicates are shown.

doi:10.1371/journal.ppat.1006051.g005
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Importantly, the inhibitor had no effect on may1Δ cells, suggesting that the growth defect

observed in wild-type cells treated with pepstatin A was mediated through inhibition of May1.

Mutant characterization assays reveal a may1Δ growth defect at low pH

Plating assays on various stress conditions were conducted with two independent isolates of

each of the ten peptidase deletion strains (S8 and S9 Figs). After 48 hours may1Δ strains exhib-

ited a growth defect at pH 3.5 but not at pH 5.0 or 6.5 (Fig 5C). Longer growth periods at pH

3.5 did not allow may1Δ colonies to overcome this sensitivity and after three days of growth, it

became apparent that may1Δ colonies also had a slight defect at pH 5.0 but not pH 6.5 (S8

Fig). None of the other peptidase deletion strains displayed sensitivity to acidic pH, although

pep4Δwas sensitive to hydrogen peroxide and SDS, and prb1Δ had a slight sensitivity to hydro-

gen peroxide (S8 and S9 Figs). Based on this result, we hypothesized that the inability of

may1Δ strains to reach wild-type saturation densities in YNB was a result of acidification of

the media and would be rescued by buffering the media to pH 6.5. These culture conditions

fully rescued the saturation density of may1Δ (Fig 5D). Surprisingly, it also allowed the final

saturation densities of both wild type and may1Δ cultures to approximately double, revealing

that low pH is a condition limiting growth even for wild-type C. neoformans.
We also assessed melanization, an established virulence factor, for each of the ten peptidase

deletion strains. Because melanin production occurs extracellularly, we hypothesized that this

process could be influenced by secreted peptidase activity. Only the serine endopeptidase dele-

tion strain prb1Δ exhibited a hypomelanization phenotype (S9 Fig).

A screen of an aspartyl peptidase inhibitor library yields compounds

antagonistic to May1

While pepstatin A inhibits May1 with an IC50 of 1.4 nM, it is a broad acting antagonist of

many members of the aspartyl class of peptidases, thereby limiting its utility. To determine

whether additional inhibitors targeting May1 could be obtained, we conducted an in vitro
screen using knowledge of May1 substrate specificity derived from MSP-MS analysis. We

screened a panel of 21 peptidomimetic molecules with similarities to May1 substrate prefer-

ences but with a non-cleavable bond between the P1 and P1’ position (S7 Table). Compounds

1 to 11 are linear peptidomimetics, while compounds 12 through 21 are macrocycles (S7

Table) [56–59]. We also screened ten HIV protease inhibitors because some of these molecules

have been reported to inhibit C. neoformans peptidase activity [60,61].

May1 was incubated with 100 μM, 10 μM and 1 μM of each inhibitor and activity was

detected using IQ-2 (Fig 6A, S10 Fig). IC50 values were then calculated for the most potent

compounds. The best inhibition by an HIV protease inhibitor was observed with Brecanavir,

which reduced activity by 80% at 1 μM and had an IC50 of approximately 352 nM (S10 Fig).

Among the peptidomimetic molecules, the macrocycles were the most potent, with the best

compounds (15 to 21) containing P2 –P3’ tethered side chains, statines in P1 and an α-amino

acid in P2’ (Fig 6, S7 Table). Compounds 16, 21, and 18 all exhibited nanomolar IC50 values of

1.6 nM, 9.4 nM and 41 nM, respectively (S10 Fig). Among the linear peptidomimetic inhibi-

tors, those with a phenylstatine or hydroxyethylamine scissile bond isoster (compounds 4, 7, 8

and 11) were superior to compounds with a reduced bond (1, 2, 5, 6 and 9) or a homo-amide

(2). Compound 4 was the most potent May1 antagonist out of this group of inhibitors, with an

IC50 of 3.1 nM (S10 Fig).

From analysis of the four most effective inhibitors identified in our screen (compounds 4,

16, 18 and 21), it is clear that a phenylalanine side chain, either unsubstituted (4 and 16) or

with a small substituent (18 and 21), is preferred in P1 while a bulkier P1 side chain leads to
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Fig 6. A screen of aspartyl peptidase inhibitors uncovers compounds antagonistic to May1. (A) Three groups of compounds

were screened for inhibition of May1 activity using IQ-2. Compounds completely inhibiting May1 at 1 μM are denoted with red

triangles. Averages and S.D. of triplicates are shown. (B) The structures of three macrocyclic compounds screened for inhibition of

May1. (C) The IC50 for the most potent May1 inhibitor (compound 16) was found to be 1.6 nM, while peptstatin A had an IC50 of 1.4

nM. The average and S.D. of measurements in triplicate are shown. (D) Density at saturation (after 48 hours of growth) is shown for

YNB cultures of wild type C. neoformans treated with May1 inhibitors. Average values and S.D. of triplicates are shown.

doi:10.1371/journal.ppat.1006051.g006
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decreased potency, for example compounds 17, 19 and 20. These results match the P1 sub-

strate preference for phenylalanine that we had predicted for May1 and fit our expectations

that bulkier residues such as tryptophan are not well tolerated in this position (Figs 3 and

6B).

Next, we selected the two best in vitro hits to test their potency in culture relative to pepsta-

tin A by measuring inhibition of May1 and restriction of culture growth using fluorogenic

assays and OD600 respectively. Wild-type C. neoformans was grown in YNB treated with 5 μM,

1 μM or 0.1 μM of compound 4, 16 or pepstatin A and the culture density and May1 activity

were measured at saturation. While compound 16 exhibited an in vitro IC50 comparable to

pepstatin A, it was not as effective at inhibiting May1 activity or restricting culture growth (Fig

6D, S11 Fig). Curiously, despite having an in vitro IC50 approximately twice that of compound

16, compound 4 was better at inhibiting culture growth. None of the three compounds affected

the culture density of a may1Δ strain, consistent with the idea that May1 is the compounds’ rel-

evant target in this context (S11 Fig). These results demonstrate that May1 can be targeted by

small molecule inhibitors and provide a discovery framework for further inhibitor develop-

ment. However, additional medicinal chemistry efforts are necessary for in vivo applications.

Therefore, subsequent studies investigating the role of May1 in virulence were carried out

using deletion strains of this enzyme.

May1 is required for virulence

Because may1Δ strains exhibit phenotypes in both peptidase activity assays and growth at low

pH, we examined the role of this protein in virulence using an established mouse inhalation

model of Cryptococcal infection [81]. Wild-type cells were mixed with an equivalent number

of may1Δ cells and used to infect mice intranasally (Fig 7A). These experiments were con-

ducted using two independent isolates of may1Δ as well as a negative control known not to

affect fungal replication in this assay (sxi1Δ) [63]. In each isolate, genes neighboring may1Δ
were tested by RT-qPCR to confirm expression (S12 Fig). Ten days after infection, mouse

lungs were harvested and plated for colony forming units (CFUs), at which point may1Δ
strains contributed only 22 ± 3% of the colonies recovered from the lungs, a substantial

decrease from the approximately 50% present upon infection. This result reveals that may1Δ
cells have a growth defect within a mammalian host because the ratio between deletion strain

and wild type cells was reduced after host infection.

Given the defect in may1Δ cell accumulation in the lung, we evaluated the role of May1

during Cryptococcus interaction with macrophages. Opsonized wild type and may1Δ
strains were phagocytosed with equal efficiency by bone marrow-derived macrophages

(S13A Fig). We next tested the ability of may1Δ cells to accumulate within macrophages

after phagocytosis, since the phagolysosome environment may represent a low-pH setting

in which May1 is active. Indeed, cells lacking May1 accumulated significantly more slowly

within macrophages than did wild type cells (S13B Fig), consistent with a role for May1

within host cells.

The defect in accumulation of may1Δ cells during intranasal infection and within macro-

phages suggested that these strains would be attenuated for virulence. We directly investigated

the virulence of may1Δ strains by performing monotypic infections [62]. Ten mice per group

were infected intranasally with wild type, may1Δ-1 or may1Δ-2 cells (Fig 7B). Loss of May1

caused significant attenuation of virulence, with mice infected by may1Δ-1 or may1Δ-2 exhib-

iting a mean survival time of 60.1 and 60.7 days respectively, whereas those infected by wild

type had a mean survival time of 25 days. The results from these in vivo experiments indicate

an important role for May1 during mammalian infection.
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Fig 7. May1 is required for virulence in a mouse inhalation model of infection. (A) Three mice per group were infected with a

1:1 ratio of wild type to mutant cells using the mutant strains may1Δ-1, may1Δ-2 or sxi1Δ. The 1:1 ratio of wild type to mutant strain

was confirmed by plating the inoculums on plates containing nourseothricin as a selection agent. Ten days after infection, lungs were

harvested and plated to determine the ratio of wild type to deletion strain. Average values and S.D. are shown. DPI: days post

infection. (B) Ten mice per group were infected with wild type, may1Δ-1 or may1Δ-2 cells. Significance was determined by a log-rank

test, ** indicates p < 10−5.

doi:10.1371/journal.ppat.1006051.g007
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Discussion

In this work, we investigated secreted proteolytic activity in C. neoformans var. grubii culture

media using an unbiased approach that can detect both endo- and exo-peptidase activity. In

combination with proteomic methods and single gene deletion approaches, this strategy

allowed us to characterize peptidase activity from a global perspective as well as interrogate the

roles of individual enzymes in the C. neoformans secretome. By comparing the overlap in pep-

tidase activity between wild type and these deletion strains, we were able to identify and define

the substrate specificities of a carboxy, aspartyl and metallopeptidase which contribute sub-

stantially to the total peptidase activity profile. Additionally, we delineated the substrate speci-

ficity of an unidentified trypsin-like peptidase activity, an intriguing result given previous

reports implicating secreted serine peptidases in C. neoformans pathogenicity [31,34].

Deletion of some peptidase genes, such as the predicted carboxypeptidase D genes CXD2
and CXD3, caused no significant change in secreted proteolytic activity or cellular phenotype.

Instead, it appears that a third carboxypeptidase D paralog CXD1 is responsible for the major-

ity of exopeptidase activity under these conditions. The broad specificity of Cxd1 suggests that

one possible role for this enzyme could be in nutrient acquisition by providing C. neoformans
with free amino acids from extracellular protein sources [17,18,64].

The serine peptidase deletion strain prb1Δ also had a minimal effect on total secreted pepti-

dase activity; however, a phenotype of reduced melanin production was evident, indicating

function under these conditions (S9 Fig). One possibility is that this gene encodes an enzyme

with very strict substrate specificity, thus its deletion did not have a substantial impact on total

extracellular peptidase activity as measured by the MSP-MS assay (S4 Fig).

Through the application of our global profiling approach to different culture conditions, we

were able to demonstrate that the landscape of secreted peptidase activity shifts in response to

alterations in environment. This result raises the possibility that changes in extracellular pro-

teolytic activity could be relevant for adaptation. For example, we detected the activity of the

metallopeptidase Mpr1 only after growth under neutral pH conditions, whereas we find that

May1 is optimally active under acidic conditions. Thus, these enzymes may function in differ-

ent settings within the host or within other environments encountered by C. neoformans.
Through proteolytic profiling and mutant characterization assays, we identified the aspartyl

peptidase May1 as the dominant endopeptidase at low pH and found that its activity is

required for tolerance to acidic environments. The strongest determinant of May1 substrate

specificity was shown to be a preference for cleavage between hydrophobic residues, in partic-

ular phenylalanine, leucine and norleucine (Fig 3A). Based on these results, we screened a

focused panel of aspartyl peptidase inhibitors with similarity to the P1-P1’ substrate specificity

of May1. Several of these compounds had IC50 values in the nanomolar range, whereas the

HIV protease inhibitors had relatively poor affinity for May1. Previous reports have shown

that some HIV protease inhibitors reduce secreted aspartyl peptidase activity produced by C.

neoformans [60,61]. The concentrations of inhibitors required to achieve statistically signifi-

cant inhibition in previous studies were much higher than those used in the experiments

reported here although the trends for inhibitor potency match our results [60]. Therefore, it is

possible that the inhibition of C. neoformans aspartyl peptidase activity seen in previous publi-

cations could be explained by the inhibition of May1.

We found that strains lacking May1 are attenuated in a competition infection assay, a mac-

rophage accumulation assay and a monotypic infection assay. In microbial culture it is likely

that May1 cleaves one or more secreted or cell wall-bound fungal proteins to facilitate low pH

tolerance. However, it is possible that during an infection May1 cleaves host proteins and

either or both of these proteolytic events impacts virulence. An additional important
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consideration for defining the role of May1 in C. neoformans pathogenicity is the cleavage con-

text within the host. Our pH titration determined that May1 has very low levels of activity

above pH 6.5; however few environments of lower pH than this exist within the mammalian

host. Therefore, it is possible that residual May1 activity at neutral pH is important, or alterna-

tively that May1 could be relevant for survival in acidic host environments such as dendritic

cell or macrophage phagolysosomes, which exhibit a pH of ~5.0 in the context of Cryptococcal

phagocytosis [65,66]. A third possibility is that a combination of these factors contributes to

the attenuated virulence of may1Δ strains.

We have identified orthologs of MAY1 in many other basidiomycetes including the oppor-

tunistic pathogens Trichosporan asahii and Cryptococcus gattii, the latter of which is capable of

infecting immunocompetent individuals [67] [48]. Many pathogenic ascomycetes also contain

MAY1 orthologs, including Histoplasma capsulatum, Coccidioides immitis and Aspergillus spe-

cies, although the sequence identity is low [48]. None of the MAY1 orthologs in basidiomy-

cetes has been well studied and only one ortholog in an ascomycete has been examined. This

enzyme, from A. fumigatus, encodes a protein secreted during infection of the virulence model

Galleria mellonella [68]. The hypovirulent phenotype observed in C. neoformans may1Δ strains

and the identification of May1 orthologs in other fungal pathogens raises the possibility that

this peptidase family displays a conserved virulence function and suggests that the roles of

these orthologs are important to investigate.

Small molecule drug development requires a thorough understanding of the target enzyme

as well as the surrounding peptidase milieu [69–73]. The results described in this report lay the

groundwork for investigating the functions of C. neoformans secreted peptidases and the use

of inhibitors to modulate their activity. The substrates and inhibitors presented here may also

be of value for interrogating related fungal peptidases. Furthermore, our approach to investi-

gating secreted peptidases through integration of activity profiling, proteomics, and genomics

strategies is broadly applicable to other genetically tractable pathogens.

Materials and Methods

Ethics statement

Studies in mice were carried out according to the recommendations in the Guide for the Care

and Use of Laboratory Animals of the National Institutes of Health. All protocols were

reviewed and approved by the Institutional Animal Care and Use Committee, University of

California, San Francisco, approval number AN091509-02C. During infections, mice were

anesthetized by an intraperitoneal injection of ketamine (75 mg/kg) and dexmedetomidine

(0.5 mg/kg), which was reversed by an intraperitoneal injection of atipamezole (1.5 mg/kg).

Mice were sacrificed in accordance with protocol guidelines by CO2 inhalation and cervical

spine dislocation.

Peptide-based detection of peptidase activity and characterization of

substrate specificity

Fluorogenic peptide assays. Assays were conducted at room temperature on a Biotek

Synergy H4 plate reader in a 50 μl volume using 96-well round bottom, polystyrene plates

(Corning) with λex 328 nm λem 393 nm unless otherwise stated. Substrates were each 7 or 8

amino acids with 7-methoxycoumarin-4-acetic acid or 7-methoxycoumarin-4-yl-acetyl-L-

lysine on the amino terminus, and at the carboxyl terminus 4-dinitrophenyl-L-lysine or

4-dinitrophenyl bound directly to the carboxyl terminus as indicated (For sequences see S1

Table). Substrates were assayed at a 10 μM final concentration from DMSO stocks. Biotek

Secreted Peptidases Impact Virulence of C. neoformans

PLOS Pathogens | DOI:10.1371/journal.ppat.1006051 December 15, 2016 18 / 30



Gen5 software was used to calculate initial velocities in relative fluorescent units per second

(RFU/sec) from 20 points over the linear portion of each assay. To assay activity, YNB condi-

tioned media was adjusted to pH 4.5 using 100 mM MES, 100 mM NaCl buffer, pH 6.5 at a

final concentration of 26 mM MES, 26 mM NaCl, unless otherwise stated. Conditioned

DMEM media was first buffer exchanged into PBS using a centrifugal filter unit with a 3 kDa

cutoff (Millipore) before use. The peptidase inhibitors pepstatin A, 1-10-phenanthroline,

AEBSF and E64 were dissolved in DMSO and were obtained from Sigma-Aldrich.

Multiplex substrate profiling by mass spectrometry. Full methods are available else-

where [39]. Minor modifications to the published method are as follows: The library contained

104 additional tetradecapeptides designed using the same algorithm as published for a total of

228 synthetic peptides. The library was split into two pools of 114 peptides to optimize detec-

tion by LC-MS/MS and 500 nM of each peptide was present in the assay. YNB supernatants

(32 hour cultures) were adjusted to pH 5 and diluted 1:2 in fresh YNB prior to assaying by

MSP-MS, whereas DMEM supernatants (32 hour cultures) were buffer exchanged into PBS

and used undiluted in the assay. The assay was conducted at room temperature and samples

were removed at the time points defined [39].

Mass spectrometry was conducted on either the LTQ Orbitrap XL or an LTQ FT machine

as described [39]. The full length sequences of all substrates were then deduced by comparison

to the intact peptides found in the library using the Protein Prospector program v5.10.15

(UCSF), and an excel format of the results was generated using the Extractor program (UCSF)

[39,74]. The frequency with which each amino acid was detected in the P4 to P4’ positions was

illustrated using iceLogo software [50]. All possible P4 to P4’ sequences in the 228-member

library were used as the reference dataset (S5 Table).

Proteomics

Conditioned media was prepared from wild type C. neoformans cultured in YNB (32 hours)

or DMEM (48 hours) as described below and concentrated using Millipore centrifugation fil-

ters, (3 kDa molecular weight cutoff). Trypsin digestion was conducted as previously

described using a 1/40 mass ratio of trypsin/protein [39]. Peptides were recovered and

desalted using C18 tips (Rainin). Peptide identification was conducted as previously

described using the LTQ-Orbitrap XL mass spectrometer (Thermo) [25]. To identify pro-

teins, searches were carried out against the Uniprot database (downloaded March 21, 2012),

with Cryptococcus species entered as the taxonomy. This database was concatenated with a

fully randomized set of proteins for determination of false-identification rate. Peptides were

matched with up to 2 missed trypsin cleavages, carbamidomethylated cysteines as a fixed

modification and oxidation of methionine, N-terminal methionine loss with or without acet-

ylation, N-terminal acetylation or oxidation and pyroglutamate from glutamine at the N-ter-

minus as variable modifications. Tolerance for mass accuracy was 20 ppm for parent and 0.8

Da for fragment errors.

For protein identification from the database search, the Protein Prospector settings were:

15 for the minimum protein score and 10 for the minimum peptide score. The maximum

expectation value for proteins was set at 0.009 and for peptides it was 0.05. At the time of this

study, the Uniprot database did not contain annotated C. neoformans var grubii genes, thus

protein matches were identified within other C. neoformans serotypes and the var grubii
orthologs were identified by searching the H99 genome either manually or through BLASTp

searches using the NCBInr database (http://blast.ncbi.nlm.nih.gov/blast/Blast.cgi).

SignalP version 4.0 was used to predict secretion signals, while SecretomeP version 2.0 was

used to predict non-classical secretion pathways [44,45]. Data are reported in S3 Table.
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Identification of May1 orthologs was conducted by searching for CNAG_05872 in FungiDB

(www.fungidb.org) [48]. The functional domains of May1 were annotated using BLASTp. Iso-

electric point and molecular weights were determined using ExPASy (http://www.expasy.org/)

[52].

Yeast genetics

Yeast strains. C. neoformans genes were defined by Broad Institute (Cambridge, MA)

annotations of the var. grubii H99 genome (http://www.broadinstitute.org/annotation/

genome/cryptococcus_neoformans/MultiHome.html), where each gene is named numerically

as “CNAG_#” [75]. All C. neoformans strains used in this study were derived from strain H99

using standard procedures [62] (S4 Table). If unpublished, names for C. neoformans peptidases

were assigned following the guidelines established in Inglis et al. [49].

Preparation of conditioned media. Yeast cultures were grown in either YNB (1.5 g/L

yeast nitrogen base, 5 g/L ammonium sulfate, 2% glucose) or in Dulbecco’s Modified Eagle

Medium (DMEM) without phenol red (4.5 g/L glucose, 0.584 g/L L-glutamine, 3.7 g/L

NaHCO3). YNB media is unbuffered and has a starting pH of 5.0, acidifying to a final pH

between 1.5–2.0 in saturated cultures, while DMEM is buffered to pH 7.4. For YNB condi-

tioned media, a single yeast colony was inoculated into 100 ml YNB and grown with shaking

for a defined duration at 30˚C (32 hours unless otherwise noted). The cultures were then cen-

trifuged; the supernatant was filtered (0.45 μm), flash frozen and stored at -20˚C. For DMEM

conditioned media, 90 ODs of log-phase C. neoformans cells grown in YNB (the equivalent of

90 ml of a culture at an optical density at 600 nm (OD600) of 1) were centrifuged, inoculated

into mammalian cell culture dishes containing 25 ml DMEM and maintained in a tissue cul-

ture incubator at 37˚C with 5% CO2. After 32 hours (unless otherwise noted), the media was

harvested as described above. Because C. neoformans responds to light, strains were grown in

darkness [76].

Mutant characterization assays. Overnight YNB cultures were adjusted to an OD600 of 5

and 3 μL spots of 10-fold dilutions were spotted onto 2% YNB agar plates. Growth at 37˚C was

measured as well as tolerance to low pH, high pH, NaCl, hydrogen peroxide, sorbital, caffeine

and SDS were measured through inclusion of 25 mM succinic acid, 25 mM MES pH 6.5, 0.75

M NaCl, 0.5 mM peroxide, 1 M sorbitol, 26 mM caffeine and 0.02% SDS respectively. Melani-

zation using L-DOPA containing plates was assayed as previously described [77]. Melanization

and all plate assays apart from growth at 37˚C were conducted at 30˚C. Doubling times were

calculated using http://doubling-time.com/compute.php [78].

RNA isolation and RT-qPCR. C. neoformans cultures were grown at 30˚C in YNB

medium until log phase (OD600 = 1.0) or stationary phase (32 hr), then harvested by centrifu-

gation and snap frozen. Cells were lyophilized overnight, after which RNA was extracted using

TRIzol (Invitrogen). Total RNA was treated with DNaseI (Roche) and reverse transcribed by

addition of SuperScript III (Invitrogen), using oligo-dT20N (38 ng/μl) and random 9-mers

(10 ng/μl) as primers. The cDNA was treated with RNaseH (New England Biolabs) and

assessed by qPCR using a CFX96 Real-Time system (Bio-Rad).

May1 characterization and enzymatic assays

Immunoblot. Samples were collected at the designated time points from liquid YNB cul-

tures and OD600 determined. 42 ODs (the equivalent of 42 ml of a culture at an OD600 of 1)

were then centrifuged and the supernatant removed and frozen. The samples were lyophilized

and then dissolved in 0.17 mM Tris base pH 8 and 1X SDS loading dye containing tris(2-car-

boxyethyl)phosphine. After boiling for 15 minutes the samples were loaded onto a 4–12% Bis-
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Tris gel and run using MES buffer (Life Technologies). Gels were transferred to nitrocellulose

membranes using the iBlot dry transfer system (Life Technologies) and blocked in 2% BSA.

The monoclonal mouse anti-flag primary antibody (Sigma-Aldrich) diluted 1:2,000 in 2% BSA

was used followed by HRP conjugated goat anti-mouse secondary antibody (Thermo Scien-

tific) diluted 1:10,000 in 2% BSA. The Luminata Forte Western HRP substrate was used (EMD

Millipore) and the blot imaged using a BioRad ChemiDoc imager.

Determination of May1 cleavage site within IQ-2. Matrix assisted laser desorption ioni-

zation-time of flight (MALDI-TOF) analysis was conducted to identify the site of May1 cleav-

age within IQ-2. 100 μM IQ-2 was digested in a 50 μl assay with 14.6 nM May1 in 100 mM

MES, 100 mM NaCl pH 4.5. 10 μl samples were collected at the start of the reaction and after

24 hours. Peptides were recovered and desalted using Rainin C18 tips, lyphophilized, and

redissolved in 5 μl 0.1% formic acid. 0.5 μl of sample was combined with 0.5 μl matrix and ana-

lyzed by MALDI-TOF (Shimadzu Biotech Axima Performance).

May1 enrichment. To concentrate secreted May1, YNB conditioned media was prepared

as described above from 32-hour cultures of wild-type C. neoformans. The media was then

diluted 2.7-fold into buffer A (50 mM Tris base pH 8), chosen to increase the pH in order to

limit May1 autoproteolysis, dilute salts in the media (final conductivity ~6%), and confer a

negative charge to the peptidase domain. The media was then loaded onto a 1 ml HiTrap

DEAE fast flow column (GE Healthcare) using a fast protein liquid chromatography system

with a flow rate of 1.5 ml/min. May1 was eluted using a 30 minute linear gradient of 0–100%

buffer B (50 mM Tris base, 1 M NaCl, pH 8). Active fractions were determined by measuring

activity using the substrate IQ-2. They were then combined and approximate May1 concentra-

tion determined by active-site titration.

Active site titration, Km and IC50 calculations. For the following experiments the plate

reader conditions were as described for fluorogenic assays and the substrate used was IQ-2 at

10 μM final concentration since the Km of this substrate was found to be 19.64 μM. Published

methods were followed with minor modifications [79]. In brief: May1 active sites were titrated

using the potent inhibitor peptstatin A and GraphPad Prism 6 software was used to determine

May1 concentration from a plot of Vi/Vo versus the log of inhibitor concentration.

Km was determined using 73 nM May1 (100 mM MES 100 mM NaCl pH 4.5) and 0.5 μM

to 140 μM IQ-2. A correction factor was calculated to adjust for sensitivity of the plate reader

by plotting the RFU value of complete cleavage versus the product concentration of IQ-2 from

0.5 μM—10 μM and dividing the Vmax values from the Km calculation by 1/slope of this line,

(units: RFU/[P]). Km was calculated by GraphPad Prism 6 software using the Michaelis-Men-

ten equation.

IC50 calculations were conducted using 14.6 nM May1 (100 mM MES 100 mM NaCl pH

4.5). Inhibitor stocks were dissolved in DMSO and incubated with May1 for 10 minutes before

addition of substrate. GraphPad Prism 6 was used to calculate IC50 values from a plot of the

log of inhibitor concentration versus normalized response.

pH titration of May1 activity. Concentrated May1 was diluted to 14.6 nM in 100 mM

MES, 100 mM NaCl buffers from pH 1.5–7. Fluorogenic activity assays were conducted using

IQ-2 and the conditions described above.

Macrophage studies

Bone-marrow derived macrophages (BMDMs) were isolated from C56Bl/6 mice and used for

phagocytosis assays as described previously [80]. Briefly, BMDMs were plated in a 96-well

plate (10,000/well) and simulated with 100 ng/ml Interferon-γ (Roche) starting 24 hr prior to

assay initiation and continuing throughout. Overnight cultures of C. neoformans (14–16 hr)
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were grown in YNB media, after which cells were isolated, washed in DMEM and resuspended

in BMDM growth media. Next, cells were opsonized with mAb1255 (10 μg/ml) at 37˚C for 1

hr. Cryptococcus cells were added to macrophages at an MOI of 10, and this concentration was

confirmed by plating yeast serial dilutions on rich media. After 24 hr at 37˚C and 5% CO2,

cells were washed three times with PBS to remove non-adherent yeast. Finally, ~200 BMDMs

were quantified per well, with 6 wells per genotype, to determine the fraction of yeast-associ-

ated macrophages (phagocytic index).

Cryptococcus accumulation within macrophages was assessed as described previously [80].

Briefly, BMDMs were plated in 24 well plates at a concentration of 100,000 cells/well. Stimula-

tion was performed as above, after which macrophages were exposed to opsonized C. neofor-
mans at an MOI of 0.1. After 24 hr at 37˚C and 5% CO2, supernatants were removed and

macrophages were lysed. Serial dilutions were plated to determine CFU. The ratio of yeast

present at 24 hr versus input was determined and analyzed by bootstrapping, generating 95%

confidence intervals.

Mouse virulence studies

C. neoformans strains were grown in liquid YNB cultures overnight (14–16 hr), and then cen-

trifuged and washed twice in PBS. For competitive co-infection experiments, mixtures of a

wild-type strain and a deletion strain of interest were prepared by determining cell concentra-

tion using a hemocytometer and then mixing strains in a 1:1 ratio to a final concentration of

1x107 cells per ml PBS. Concentrations of viable cells were confirmed by plating serial dilu-

tions. A/J female mice (Jackson Laboratory) aged 5–6 weeks were anesthetized by intraperito-

neal injection of ketamine (75 mg/kg) and dexmedetomidine (0.5 mg/kg), then suspended

from a silk thread by their front incisors, as described previously [81]. Intranasal infections of

50 μl were delivered by pipette, resulting in a dose of 5x105 cells. After an additional 10 min-

utes of suspension, the mice were lowered and anesthesia reversed by intraperitoneal injection

of atipamezole (1.5 mg/kg). Three mice were infected with each C. neoformans genotype, and

were monitored until a defined terminal time point of ten days after infection. At this time,

mice were sacrificed by CO2 inhalation and cervical spine dislocation. Next, lungs were har-

vested and homogenized in PBS using a PRO200 homogenizer (Grainger). The ratios of C.

neoformans strains in the input and organ samples were determined by plating in serial dilu-

tions on Sabouraud agar plates containing 40 mg/ml gentamicin and 50 mg/ml carbenicillin,

and then testing the nourseothricin resistance status of ~200 colonies. As a negative control,

mice were infected with a 1:1 ratio of wild-type cells and a sxi1Δ strain, which is known to have

a wild-type phenotype [63].

For monotypic infections, female A/J mice were intranasally infected with 50 μl PBS con-

taining C. neoformans cells of a single genotype at a concentration of 1.0x107 cells per ml, as

described above. Concentrations of viable cells were confirmed by plating serial dilutions. Ten

mice were infected per genotype, and were monitored until severe morbidity (as indicated by a

loss of 15% of initial body weight or other symptoms), at which point they were sacrificed. Sur-

vival data was analyzed using the Online Application for the Survival Analysis of Lifespan

Assays Performed in Aging Research [82].

Supporting Information

S1 Fig. Fluorogenic assays indicate the endopeptidase class present in conditioned media

and the optimal pH for detection of activity. (A) The impact of class specific peptidase inhib-

itors on peptidase activity. The class of enzyme inhibited by each compound is indicated in

parenthesis. Averages and S.D. are shown for triplicates. The substrates cleaved most efficiently
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by peptidases in each media condition are shown (IQ-2 and IQ-7 for YNB and DMEM, respec-

tively). Cleavage of the other IQ substrates by conditioned YNB media was also sensitive to

pepstatin A, while cleavage of the other IQ substrates by DMEM conditioned media were also

sensitive to 1-10-phenanthroline. (B) Screen of the effect of pH on proteolytic activity in YNB

and DMEM supernatants. Three efficiently cleaved IQ substrates were chosen for this analysis.

The activity scale is differs for this experiment because this assay was conducted on a Spectra-

Max Gemini plate reader (Molecular Devices) although conditions were otherwise equivalent.

Averages and S.D. are shown for triplicates.

(PDF)

S2 Fig. Reproducibility of MSP-MS assay. (A) YNB media conditioned by wild type C. neo-
formans was incubated with the 228-member MSP-MS peptide library for 15, 60, 240, and

1200 minutes. The number of cleavage sites was assessed at each time point, in triplicate. Error

bars represent S.D. (B) Overlap of MSP-MS cleavage sites at the 1200 minute time point,

among three replicates. (C-E) Substrate specificity profile of YNB media conditioned by wild

type C. neoformans, as assessed in three technical replicates.

(PDF)

S3 Fig. Functional categorization and analysis of secretion mechanism for proteomics

results. (A) Functional categorization of all 24 proteins predicted to have a secretion signal.

Functions were determined for unannotated proteins by the closest annotated protein after

conducting a Blastp search. (B) Analysis of predicted secretion method for all proteins detected

in YNB or DMEM conditioned media by proteomics.

(PDF)

S4 Fig. MSP-MS analysis of secreted peptidase activity in prb1Δ, CNAG_00150Δ, scx1Δ and

cxd1Δ strains cultured in DMEM. (A) Substrate specificity profiles of the serine peptidase

deletion strains prb1Δ and CNAG_00150Δ and the carboxypeptidase deletion strains scx1Δ and

cxd1Δ grown in DMEM, p< 0.05. (B) Positional analysis of the bonds cleaved in the four dele-

tion strains. (C) Representative example of a peptide cleaved by peptidases in media condi-

tioned by each of the four deletion strains.

(PDF)

S5 Fig. MSP-MS analysis of secreted peptidase activity in cxd2Δ, cxd3Δ and pep4Δ strains

cultured in YNB media. (A) Substrate specificity profiles of the carboxypeptidase deletion

strains cxd2Δ and cxd3Δ as well as the aspartyl peptidase deletion strain pep4Δ grown in YNB,

p< 0.05. (B) Positional analysis of the bonds cleaved in the four deletion strains. (C) An exam-

ple of a representative peptide cleaved by conditioned media from each deletion strain.

(PDF)

S6 Fig. IQ-2 is cleaved by May1. (A) Proteolysis of IQ-2 was measured in a fluorogenic assay

of YNB supernatants from all peptidase deletion strains. Deletion of MAY1 led to complete

loss of cleavage of IQ-2. Columns represent mean ± S.D. (B) May1 was diluted to 14.6 nM in

100 mM MES pH 4.5, 100 mM NaCl and incubated with IQ-2. At the start of the reaction and

after 24 hours of incubation at room temperature, samples were collected and analyzed by

Matrix Assisted Laser Desorption Ionization-Time of Flight (MALDI-TOF). Based on analysis

of its substrate specificity, it was hypothesized that May1 would cleave between the phenylala-

nine and leucine in IQ-2. The sodium adduct was observed for the N-terminal fragment of the

expected cleavage product, confirming the site of cleavage.

(PDF)
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S7 Fig. Growth curves for all peptidase deletion strains. OD600 measurements were recorded

for cultures grown in triplicate. Averages and S.D. of triplicates are shown.

(PDF)

S8 Fig. Temperature and pH tolerance of peptidase deletion strains. (A) Two independent

isolates of each peptidase deletion strain were spotted in a 10-fold dilution series on YNB agar

plates and grown for 48 hours before imaging. (B) pH tolerance of may1Δ strains after 72

hours of growth.

(PDF)

S9 Fig. Tolerance to solute, peroxide and cell wall stress and production of melanin of pep-

tidase deletion strains. (A) 10-fold dilution series of all peptidase deletion strains were spotted

on YNB agar plates containing the indicated stress and grown for 48 hours, except for H2O2

plates, which were grown for four days before imaging. (B) 10-fold dilution series of peptidase

deletion strains grown on rich media plates (YPAD) containing 0.02% SDS and imaged after

four days of growth. (C) Melanin production in the presence of L-DOPA. Strains were spotted

in triplicate and images were taken after 72 hours of growth.

(PDF)

S10 Fig. Screen of aspartyl peptidase inhibitors. Panels (A), (B) and (C) show the results of

each inhibitor compound tested in triplicate at 100μM, 10μM and 1μM. The May1 activity

against IQ-2 was measured. The average value and S.D. of triplicates are shown. (D) IC50 val-

ues were calculated for Brecanavir, pepstatin A and compounds 4, 16, 18 and 21. Values are

averaged from triplicates and S.D. is shown by error bars.

(PDF)

S11 Fig. May1 activity in cultures treated with aspartyl peptidase inhibitors. (A) Activity

was recorded against the substrate IQ-2. Average values and S.D. of triplicate measurements

are shown. (B) Density at saturation (after 48 hours of growth) is shown for YNB cultures of

wild type or may1Δ C. neoformans treated with May1 inhibitors. Average values and S.D. of

triplicates are shown.

(PDF)

S12 Fig. Expression of genes neighboring may1Δ. (A-B) Transcript levels during conditions

of low (A) or high (B) cell density in YNB medium, as assessed by RT-qPCR and normalized

to 18S rRNA levels. Low density samples were harvested at a concentration of OD600 = 1.0,

and high density samples were harvested after 32 hr of growth, as in conditioned media experi-

ments. Average values and S.D. of duplicate samples are shown. (C) Map of MAY1 locus, with

indication of region deleted in may1Δ strains.

(PDF)

S13 Fig. May1 is required for C. neoformans accumulation in macrophages. (A) Phagocytic

index of opsonized C. neoformans. Error bars represent S.D. (B) Intracellular accumulation of

C. neoformans in macrophages. � p< 0.05 versus wild type control. Error bars represent 95%

confidence intervals.

(PDF)

S1 Table. Sequences of internally quenched fluorogenic substrates. All peptides contain an

N-terminal fluorophore: aminomethylcoumarin bound to the side chain of lysine or directly

to the N-terminus as indicated, and a C-terminal quencher: di-nitrophenol bound to the side

chain of lysine or directly to the C-terminus as indicated. “t” represents tert-butyl glycine and
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“n” represents norleucine.

(XLSX)

S2 Table. Pearson correlations among of MSP-MS assay results and technical replicates.

YNB media conditioned by wild type C. neoformans was incubated with the 228-member

MSP-MS peptide library in three technical replicates. In each replicate, the frequency of every

amino acid found at each of the 8 positions surrounding the cleaved bond was assessed. P4-P4’

substrate specificity profiles were then created and compared using Pearson correlation. Cor-

relation between the substrate specificity profiles of YNB media conditioned by wild type ver-

sus mutant strains was assessed in a similar manner.

(XLSX)

S3 Table. Proteins identified by proteomics analysis. 32-hour YNB supernatants and

48-hour DMEM supernatants from wild-type C. neoformans cultures were analyzed. Since C.

neoformans var grubii genes were not annotated in the version of the Uniprot database avail-

able, peptides were matched to proteins in other serotypes and the Uniprot accession numbers

for C. neoformans var grubii proteins were then manually identified. “E value” stands for

expectation value. An asterisk in the corresponding column indicates if a protein has a pre-

dicted secretion signal [44], is expected to be non-classically secreted [45] or has been associ-

ated with secreted microvesicles [46]. As indicated, after repeating proteomic analysis of the

32-hour YNB sample one additional peptidase was identified.

(XLSX)

S4 Table. Expanded strain information. All strains used in this study are indicated, along

with the CM number denoting their location in the Madhani laboratory strain database.

“NatR” indicates nourseothricin resistance, under the column labeled source “1” indicates a

gift of J. Lodge, while “2” indicates strains created for this study.

(XLSX)

S5 Table. Peptides observed by MSP-MS. All peptides detected by MSP-MS for each strain

profiled are listed, as well as the reference set used to construct iceLogos from each dataset. An

“n” is used to indicate norleucine, a replacement for methionine in the peptide library.

(XLSX)

S6 Table. Doubling times and saturation densities of strains grown in YNB. Values shown

are averages of triplicates grown in 25 mL YNB cultures. The online doubling time calculator

was used to estimate doubling times during the exponential growth phase [78].

(XLSX)

S7 Table. Aspartyl peptidase inhibitors. Structures of the 21 peptidomimetic aspartyl pepti-

dase inhibitors used in this study as well as their effectiveness at inhibiting May1 activity at

1 μM concentration. Ten HIV protease inhibitors were also assessed.

(DOCX)

Acknowledgments

We thank Dr. Michael Winter (UCSF) for helpful discussions regarding peptidase assays, Dr.

Jan Konvalinka (Academy of Sciences of the Czech Republic) for generously sharing aspartyl

peptidase inhibitor compounds and Matthew Ravalin (UCSF) for assistance with MALDI-

TOF. We would also like to thank Kelly Nissen (UCSF) for thoughtful review of the manu-

script and N. Nguyen (UCSF) for media preparation.

Secreted Peptidases Impact Virulence of C. neoformans

PLOS Pathogens | DOI:10.1371/journal.ppat.1006051 December 15, 2016 25 / 30

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006051.s015
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006051.s016
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006051.s017
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006051.s018
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006051.s019
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006051.s020


Author Contributions

Conceptualization: SCC PAD AJO HDM CSC.

Formal analysis: SCC CMH AJO FLG.

Funding acquisition: HDM CSC.

Investigation: SCC PAD CMH FLG.

Methodology: SCC PAD AJO HDM CSC.

Project administration: SCC PAD CMH HDM CSC.

Resources: LP PM.

Supervision: AJO HDM CSC.

Validation: SCC PAD CMH FLG.

Visualization: SCC PAD CMH AJO HDM CSC.

Writing – original draft: SCC.

Writing – review & editing: PAD CMH AJO HDM CSC.

References
1. Armstrong-James D, Meintjes G, Brown GD (2014) A neglected epidemic: fungal infections in HIV/

AIDS. Trends Microbiol 22: 120–127. doi: 10.1016/j.tim.2014.01.001 PMID: 24530175

2. Park BJ, Wannemuehler KA, Marston BJ, Govender N, Pappas PG, et al. (2009) Estimation of the cur-

rent global burden of cryptococcal meningitis among persons living with HIV/AIDS. AIDS 23: 525–530.

doi: 10.1097/QAD.0b013e328322ffac PMID: 19182676

3. Krysan DJ (2015) Toward improved anti-cryptococcal drugs: Novel molecules and repurposed drugs.

Fungal Genet Biol 78: 93–98. doi: 10.1016/j.fgb.2014.12.001 PMID: 25514636

4. Brown GD, Denning DW, Gow NA, Levitz SM, Netea MG, et al. (2012) Hidden killers: human fungal

infections. Sci Transl Med 4: 165rv113.

5. Roemer T, Krysan DJ (2014) Antifungal drug development: challenges, unmet clinical needs, and new

approaches. Cold Spring Harb Perspect Med 4.

6. Ruiz-Perez F, Nataro JP (2014) Bacterial serine proteases secreted by the autotransporter pathway:

classification, specificity, and role in virulence. Cell Mol Life Sci 71: 745–770. doi: 10.1007/s00018-013-

1355-8 PMID: 23689588

7. Kolar SL, Ibarra JA, Rivera FE, Mootz JM, Davenport JE, et al. (2013) Extracellular proteases are key

mediators of Staphylococcus aureus virulence via the global modulation of virulence-determinant stabil-

ity. Microbiologyopen 2: 18–34. doi: 10.1002/mbo3.55 PMID: 23233325

8. McKerrow JH, Sun E, Rosenthal PJ, Bouvier J (1993) The proteases and pathogenicity of parasitic pro-

tozoa. Annu Rev Microbiol 47: 821–853. doi: 10.1146/annurev.mi.47.100193.004133 PMID: 8257117

9. Klemba M, Goldberg DE (2002) Biological roles of proteases in parasitic protozoa. Annu Rev Biochem

71: 275–305. doi: 10.1146/annurev.biochem.71.090501.145453 PMID: 12045098

10. Zhang YZ, Ran LY, Li CY, Chen XL (2015) Diversity, Structures, and Collagen-Degrading Mechanisms

of Bacterial Collagenolytic Proteases. Appl Environ Microbiol 81: 6098–6107. doi: 10.1128/AEM.

00883-15 PMID: 26150451

11. Yang Y, Wen Y, Cai YN, Vallee I, Boireau P, et al. (2015) Serine proteases of parasitic helminths.

Korean J Parasitol 53: 1–11. doi: 10.3347/kjp.2015.53.1.1 PMID: 25748703

12. Elbaz T, El-Kassas M, Esmat G (2015) New era for management of chronic hepatitis C virus using direct

antiviral agents: A review. J Adv Res 6: 301–310. doi: 10.1016/j.jare.2014.11.004 PMID: 26257927

13. Konvalinka J, Krausslich HG, Muller B (2015) Retroviral proteases and their roles in virion maturation.

Virology 479–480: 403–417. doi: 10.1016/j.virol.2015.03.021 PMID: 25816761

14. Kaman WE, Hays JP, Endtz HP, Bikker FJ (2014) Bacterial proteases: targets for diagnostics and ther-

apy. Eur J Clin Microbiol Infect Dis 33: 1081–1087. doi: 10.1007/s10096-014-2075-1 PMID: 24535571

Secreted Peptidases Impact Virulence of C. neoformans

PLOS Pathogens | DOI:10.1371/journal.ppat.1006051 December 15, 2016 26 / 30

http://dx.doi.org/10.1016/j.tim.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24530175
http://dx.doi.org/10.1097/QAD.0b013e328322ffac
http://www.ncbi.nlm.nih.gov/pubmed/19182676
http://dx.doi.org/10.1016/j.fgb.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25514636
http://dx.doi.org/10.1007/s00018-013-1355-8
http://dx.doi.org/10.1007/s00018-013-1355-8
http://www.ncbi.nlm.nih.gov/pubmed/23689588
http://dx.doi.org/10.1002/mbo3.55
http://www.ncbi.nlm.nih.gov/pubmed/23233325
http://dx.doi.org/10.1146/annurev.mi.47.100193.004133
http://www.ncbi.nlm.nih.gov/pubmed/8257117
http://dx.doi.org/10.1146/annurev.biochem.71.090501.145453
http://www.ncbi.nlm.nih.gov/pubmed/12045098
http://dx.doi.org/10.1128/AEM.00883-15
http://dx.doi.org/10.1128/AEM.00883-15
http://www.ncbi.nlm.nih.gov/pubmed/26150451
http://dx.doi.org/10.3347/kjp.2015.53.1.1
http://www.ncbi.nlm.nih.gov/pubmed/25748703
http://dx.doi.org/10.1016/j.jare.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26257927
http://dx.doi.org/10.1016/j.virol.2015.03.021
http://www.ncbi.nlm.nih.gov/pubmed/25816761
http://dx.doi.org/10.1007/s10096-014-2075-1
http://www.ncbi.nlm.nih.gov/pubmed/24535571


15. Dixit AK, Dixit P, Sharma RL (2008) Immunodiagnostic/protective role of cathepsin L cysteine protein-

ases secreted by Fasciola species. Vet Parasitol 154: 177–184. doi: 10.1016/j.vetpar.2008.03.017

PMID: 18486345

16. Aoki W, Kitahara N, Fujita A, Shibasaki S, Morisaka H, et al. (2013) Detection of Candida albicans by

using a designed fluorescence-quenched peptide. J Biosci Bioeng 116: 573–575. doi: 10.1016/j.jbiosc.

2013.05.003 PMID: 23735329

17. Yike I (2011) Fungal proteases and their pathophysiological effects. Mycopathologia 171: 299–323.

doi: 10.1007/s11046-010-9386-2 PMID: 21259054

18. Girard V, Dieryckx C, Job C, Job D (2013) Secretomes: the fungal strike force. Proteomics 13: 597–

608. doi: 10.1002/pmic.201200282 PMID: 23349114

19. Alby K, Schaefer D, Bennett RJ (2009) Homothallic and heterothallic mating in the opportunistic patho-

gen Candida albicans. Nature 460: 890–893. doi: 10.1038/nature08252 PMID: 19675652

20. Naglik J, Albrecht A, Bader O, Hube B (2004) Candida albicans proteinases and host/pathogen interac-

tions. Cell Microbiol 6: 915–926. doi: 10.1111/j.1462-5822.2004.00439.x PMID: 15339267

21. Rambach G, Dum D, Mohsenipour I, Hagleitner M, Wurzner R, et al. (2010) Secretion of a fungal prote-

ase represents a complement evasion mechanism in cerebral aspergillosis. Mol Immunol 47: 1438–

1449. doi: 10.1016/j.molimm.2010.02.010 PMID: 20303595

22. Winter MB, Salcedo EC, Lohse MB, Hartooni N, Gulati M, Sanchez H, Takagi J, Hube B, Andes DR,

Johnson AD, Craik CS, Nobile CJ (2016) Global Identification of Biofilm-Specific Proteolysis in Candida

albicans. Mbio 7: e01514–16. doi: 10.1128/mBio.01514-16. PMID: 27624133

23. Monod M, Borg-von ZM (2002) Secreted aspartic proteases as virulence factors of Candida species.

Biol Chem 383: 1087–1093. doi: 10.1515/BC.2002.117 PMID: 12437091

24. Baldo A, Monod M, Mathy A, Cambier L, Bagut ET, et al. (2012) Mechanisms of skin adherence and

invasion by dermatophytes. Mycoses 55: 218–223. doi: 10.1111/j.1439-0507.2011.02081.x PMID:

21831104

25. O’Donoghue AJ, Knudsen GM, Beekman C, Perry JA, Johnson AD, et al. (2015) Destructin-1 is a colla-

gen-degrading endopeptidase secreted by Pseudogymnoascus destructans, the causative agent of

white-nose syndrome. Proc Natl Acad Sci U S A 112: 7478–7483. doi: 10.1073/pnas.1507082112

PMID: 25944934

26. Sriranganadane D, Waridel P, Salamin K, Feuermann M, Mignon B, et al. (2011) Identification of novel

secreted proteases during extracellular proteolysis by dermatophytes at acidic pH. Proteomics 11:

4422–4433. doi: 10.1002/pmic.201100234 PMID: 21919205

27. Eigenheer RA, Jin Lee Y, Blumwald E, Phinney BS, Gelli A (2007) Extracellular glycosylphosphatidyli-

nositol-anchored mannoproteins and proteases of Cryptococcus neoformans. FEMS Yeast Res 7:

499–510. doi: 10.1111/j.1567-1364.2006.00198.x PMID: 17233760

28. Vu K, Tham R, Uhrig JP, Thompson GR 3rd, Na Pombejra S, et al. (2014) Invasion of the central ner-

vous system by Cryptococcus neoformans requires a secreted fungal metalloprotease. MBio 5:

e01101–01114. doi: 10.1128/mBio.01101-14 PMID: 24895304

29. Campbell LT, Simonin AR, Chen C, Ferdous J, Padula MP, et al. (2015) Cryptococcus strains with dif-

ferent pathogenic potentials have diverse protein secretomes. Eukaryot Cell 14: 554–563. doi: 10.

1128/EC.00052-15 PMID: 25841021

30. Casadevall A, Steenbergen JN, Nosanchuk JD (2003) ’Ready made’ virulence and ’dual use’ virulence

factors in pathogenic environmental fungi—the Cryptococcus neoformans paradigm. Curr Opin Micro-

biol 6: 332–337. PMID: 12941400

31. Yoo Ji J, Lee YS, Song CY, Kim BS (2004) Purification and characterization of a 43-kilodalton extracel-

lular serine proteinase from Cryptococcus neoformans. J Clin Microbiol 42: 722–726. doi: 10.1128/

JCM.42.2.722-726.2004 PMID: 14766843

32. Pinti M, Orsi CF, Gibellini L, Esposito R, Cossarizza A, et al. (2007) Identification and characterization

of an aspartyl protease from Cryptococcus neoformans. FEBS Lett 581: 3882–3886. doi: 10.1016/j.

febslet.2007.07.006 PMID: 17651737

33. Aoki S, Ito-Kuwa S, Nakamura K, Kato J, Ninomiya K, et al. (1994) Extracellular proteolytic activity of

Cryptococcus neoformans. Mycopathologia 128: 143–150. PMID: 7739728

34. Rodrigues ML, dos Reis FC, Puccia R, Travassos LR, Alviano CS (2003) Cleavage of human fibronec-

tin and other basement membrane-associated proteins by a Cryptococcus neoformans serine protein-

ase. Microb Pathog 34: 65–71. PMID: 12623274

35. Ruma-Haynes P, Brownlee AG, Sorrell TC (2000) A rapid method for detecting extracellular proteinase

activity in Cryptococcus neoformans and a survey of 63 isolates. J Med Microbiol 49: 733–737. doi: 10.

1099/0022-1317-49-8-733 PMID: 10933259

Secreted Peptidases Impact Virulence of C. neoformans

PLOS Pathogens | DOI:10.1371/journal.ppat.1006051 December 15, 2016 27 / 30

http://dx.doi.org/10.1016/j.vetpar.2008.03.017
http://www.ncbi.nlm.nih.gov/pubmed/18486345
http://dx.doi.org/10.1016/j.jbiosc.2013.05.003
http://dx.doi.org/10.1016/j.jbiosc.2013.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23735329
http://dx.doi.org/10.1007/s11046-010-9386-2
http://www.ncbi.nlm.nih.gov/pubmed/21259054
http://dx.doi.org/10.1002/pmic.201200282
http://www.ncbi.nlm.nih.gov/pubmed/23349114
http://dx.doi.org/10.1038/nature08252
http://www.ncbi.nlm.nih.gov/pubmed/19675652
http://dx.doi.org/10.1111/j.1462-5822.2004.00439.x
http://www.ncbi.nlm.nih.gov/pubmed/15339267
http://dx.doi.org/10.1016/j.molimm.2010.02.010
http://www.ncbi.nlm.nih.gov/pubmed/20303595
http://dx.doi.org/10.1128/mBio.01514-16
http://www.ncbi.nlm.nih.gov/pubmed/27624133
http://dx.doi.org/10.1515/BC.2002.117
http://www.ncbi.nlm.nih.gov/pubmed/12437091
http://dx.doi.org/10.1111/j.1439-0507.2011.02081.x
http://www.ncbi.nlm.nih.gov/pubmed/21831104
http://dx.doi.org/10.1073/pnas.1507082112
http://www.ncbi.nlm.nih.gov/pubmed/25944934
http://dx.doi.org/10.1002/pmic.201100234
http://www.ncbi.nlm.nih.gov/pubmed/21919205
http://dx.doi.org/10.1111/j.1567-1364.2006.00198.x
http://www.ncbi.nlm.nih.gov/pubmed/17233760
http://dx.doi.org/10.1128/mBio.01101-14
http://www.ncbi.nlm.nih.gov/pubmed/24895304
http://dx.doi.org/10.1128/EC.00052-15
http://dx.doi.org/10.1128/EC.00052-15
http://www.ncbi.nlm.nih.gov/pubmed/25841021
http://www.ncbi.nlm.nih.gov/pubmed/12941400
http://dx.doi.org/10.1128/JCM.42.2.722-726.2004
http://dx.doi.org/10.1128/JCM.42.2.722-726.2004
http://www.ncbi.nlm.nih.gov/pubmed/14766843
http://dx.doi.org/10.1016/j.febslet.2007.07.006
http://dx.doi.org/10.1016/j.febslet.2007.07.006
http://www.ncbi.nlm.nih.gov/pubmed/17651737
http://www.ncbi.nlm.nih.gov/pubmed/7739728
http://www.ncbi.nlm.nih.gov/pubmed/12623274
http://dx.doi.org/10.1099/0022-1317-49-8-733
http://dx.doi.org/10.1099/0022-1317-49-8-733
http://www.ncbi.nlm.nih.gov/pubmed/10933259


36. Chan MY, Tay ST (2010) Enzymatic characterisation of clinical isolates of Cryptococcus neoformans,

Cryptococcus gattii and other environmental Cryptococcus spp. Mycoses 53: 26–31.

37. Vidotto V, Koga-Ito CY, Canella D, Sinicco A, Di Perri G, et al. (2000) Extracellular activity in Cryptococ-

cus neoformans strains isolated from AIDS patients and from environmental sources. Rev Iberoam

Micol 17: 14–19. PMID: 15762788

38. Vidotto V, Melhem M, Pukinskas S, Aoki S, Carrara C, et al. (2005) Extracellular enzymatic activity and

serotype of Cryptococcus neoformans strains isolated from AIDS patients in Brazil. Rev Iberoam Micol

22: 29–33. PMID: 15813680

39. O’Donoghue AJ, Eroy-Reveles AA, Knudsen GM, Ingram J, Zhou M, et al. (2012) Global identification

of peptidase specificity by multiplex substrate profiling. Nat Methods 9: 1095–1100. doi: 10.1038/

nmeth.2182 PMID: 23023596

40. O’Brien TC, Mackey ZB, Fetter RD, Choe Y, O’Donoghue AJ, et al. (2008) A parasite cysteine protease

is key to host protein degradation and iron acquisition. J Biol Chem 283: 28934–28943. doi: 10.1074/

jbc.M805824200 PMID: 18701454

41. Small JL, O’Donoghue AJ, Boritsch EC, Tsodikov OV, Knudsen GM, et al. (2013) Substrate specificity

of MarP, a periplasmic protease required for resistance to acid and oxidative stress in Mycobacterium

tuberculosis. J Biol Chem 288: 12489–12499. doi: 10.1074/jbc.M113.456541 PMID: 23504313

42. O’Donoghue AJ, Mahon CS, Goetz DH, O’Malley JM, Gallagher DM, et al. (2008) Inhibition of a

secreted glutamic peptidase prevents growth of the fungus Talaromyces emersonii. J Biol Chem 283:

29186–29195. doi: 10.1074/jbc.M802366200 PMID: 18687686

43. Geddes JM, Croll D, Caza M, Stoynov N, Foster LJ, et al. (2015) Secretome profiling of Cryptococcus

neoformans reveals regulation of a subset of virulence-associated proteins and potential biomarkers by

protein kinase A. BMC Microbiol 15: 206. doi: 10.1186/s12866-015-0532-3 PMID: 26453029

44. Petersen TN, Brunak S, von Heijne G, Nielsen H (2011) SignalP 4.0: discriminating signal peptides

from transmembrane regions. Nat Methods 8: 785–786. doi: 10.1038/nmeth.1701 PMID: 21959131

45. Bendtsen JD, Jensen LJ, Blom N, Von Heijne G, Brunak S (2004) Feature-based prediction of non-clas-

sical and leaderless protein secretion. Protein Eng Des Sel 17: 349–356. doi: 10.1093/protein/gzh037

PMID: 15115854

46. Rodrigues ML, Nakayasu ES, Oliveira DL, Nimrichter L, Nosanchuk JD, et al. (2008) Extracellular vesi-

cles produced by Cryptococcus neoformans contain protein components associated with virulence.

Eukaryot Cell 7: 58–67. doi: 10.1128/EC.00370-07 PMID: 18039940

47. Levitz SM, Specht CA (2006) The molecular basis for the immunogenicity of Cryptococcus neoformans

mannoproteins. FEMS Yeast Res 6: 513–524. doi: 10.1111/j.1567-1364.2006.00071.x PMID:

16696647

48. Stajich JE, Harris T, Brunk BP, Brestelli J, Fischer S, et al. (2012) FungiDB: an integrated functional

genomics database for fungi. Nucleic Acids Res 40: D675–681. doi: 10.1093/nar/gkr918 PMID:

22064857

49. Inglis DO, Skrzypek MS, Liaw E, Moktali V, Sherlock G, et al. (2014) Literature-based gene curation

and proposed genetic nomenclature for cryptococcus. Eukaryot Cell 13: 878–883. doi: 10.1128/EC.

00083-14 PMID: 24813190

50. Colaert N, Helsens K, Martens L, Vandekerckhove J, Gevaert K (2009) Improved visualization of protein

consensus sequences by iceLogo. Nat Methods 6: 786–787. doi: 10.1038/nmeth1109-786 PMID:

19876014

51. Rawlings ND, Waller M, Barrett AJ, Bateman A (2014) MEROPS: the database of proteolytic enzymes,

their substrates and inhibitors. Nucleic Acids Res 42: D503–509. doi: 10.1093/nar/gkt953 PMID:

24157837

52. Artimo P, Jonnalagedda M, Arnold K, Baratin D, Csardi G, et al. (2012) ExPASy: SIB bioinformatics

resource portal. Nucleic Acids Res 40: W597–603. doi: 10.1093/nar/gks400 PMID: 22661580

53. Letunic I, Doerks T, Bork P (2015) SMART: recent updates, new developments and status in 2015.

Nucleic Acids Res 43: D257–260. doi: 10.1093/nar/gku949 PMID: 25300481

54. Sansen S, De Ranter CJ, Gebruers K, Brijs K, Courtin CM, et al. (2004) Structural basis for inhibition of

Aspergillus niger xylanase by triticum aestivum xylanase inhibitor-I. J Biol Chem 279: 36022–36028.

doi: 10.1074/jbc.M404212200 PMID: 15166216

55. Dunn BM (2001) Overview of pepsin-like aspartic peptidases. Curr Protoc Protein Sci Chapter 21: Unit

21 23.

56. Rinnova M, Hradilek M, Barinka C, Weber J, Soucek M, et al. (2000) A picomolar inhibitor of resistant

strains of human immunodeficiency virus protease identified by a combinatorial approach. Arch Bio-

chem Biophys 382: 22–30. doi: 10.1006/abbi.2000.2017 PMID: 11051093

Secreted Peptidases Impact Virulence of C. neoformans

PLOS Pathogens | DOI:10.1371/journal.ppat.1006051 December 15, 2016 28 / 30

http://www.ncbi.nlm.nih.gov/pubmed/15762788
http://www.ncbi.nlm.nih.gov/pubmed/15813680
http://dx.doi.org/10.1038/nmeth.2182
http://dx.doi.org/10.1038/nmeth.2182
http://www.ncbi.nlm.nih.gov/pubmed/23023596
http://dx.doi.org/10.1074/jbc.M805824200
http://dx.doi.org/10.1074/jbc.M805824200
http://www.ncbi.nlm.nih.gov/pubmed/18701454
http://dx.doi.org/10.1074/jbc.M113.456541
http://www.ncbi.nlm.nih.gov/pubmed/23504313
http://dx.doi.org/10.1074/jbc.M802366200
http://www.ncbi.nlm.nih.gov/pubmed/18687686
http://dx.doi.org/10.1186/s12866-015-0532-3
http://www.ncbi.nlm.nih.gov/pubmed/26453029
http://dx.doi.org/10.1038/nmeth.1701
http://www.ncbi.nlm.nih.gov/pubmed/21959131
http://dx.doi.org/10.1093/protein/gzh037
http://www.ncbi.nlm.nih.gov/pubmed/15115854
http://dx.doi.org/10.1128/EC.00370-07
http://www.ncbi.nlm.nih.gov/pubmed/18039940
http://dx.doi.org/10.1111/j.1567-1364.2006.00071.x
http://www.ncbi.nlm.nih.gov/pubmed/16696647
http://dx.doi.org/10.1093/nar/gkr918
http://www.ncbi.nlm.nih.gov/pubmed/22064857
http://dx.doi.org/10.1128/EC.00083-14
http://dx.doi.org/10.1128/EC.00083-14
http://www.ncbi.nlm.nih.gov/pubmed/24813190
http://dx.doi.org/10.1038/nmeth1109-786
http://www.ncbi.nlm.nih.gov/pubmed/19876014
http://dx.doi.org/10.1093/nar/gkt953
http://www.ncbi.nlm.nih.gov/pubmed/24157837
http://dx.doi.org/10.1093/nar/gks400
http://www.ncbi.nlm.nih.gov/pubmed/22661580
http://dx.doi.org/10.1093/nar/gku949
http://www.ncbi.nlm.nih.gov/pubmed/25300481
http://dx.doi.org/10.1074/jbc.M404212200
http://www.ncbi.nlm.nih.gov/pubmed/15166216
http://dx.doi.org/10.1006/abbi.2000.2017
http://www.ncbi.nlm.nih.gov/pubmed/11051093


57. Skalova T, Hasek J, Dohnalek J, Petrokova H, Buchtelova E, et al. (2003) An ethylenamine inhibitor

binds tightly to both wild type and mutant HIV-1 proteases. Structure and energy study. J Med Chem

46: 1636–1644. doi: 10.1021/jm021079g PMID: 12699382

58. Skalova T, Dohnalek J, Duskova J, Petrokova H, Hradilek M, et al. (2006) HIV-1 protease mutations

and inhibitor modifications monitored on a series of complexes. Structural basis for the effect of the

A71V mutation on the active site. J Med Chem 49: 5777–5784. doi: 10.1021/jm0605583 PMID:

16970402

59. Petrokova H, Duskova J, Dohnalek J, Skalova T, Vondrackova-Buchtelova E, et al. (2004) Role of

hydroxyl group and R/S configuration of isostere in binding properties of HIV-1 protease inhibitors. Eur J

Biochem 271: 4451–4461. doi: 10.1111/j.1432-1033.2004.04384.x PMID: 15560786

60. Sidrim JJ, Perdigao-Neto LV, Cordeiro RA, Brilhante RS, Leite JJ, et al. (2012) Viral protease inhibitors

affect the production of virulence factors in Cryptococcus neoformans. Can J Microbiol 58: 932–936.

doi: 10.1139/w2012-075 PMID: 22716223

61. Monari C, Pericolini E, Bistoni G, Cenci E, Bistoni F, et al. (2005) Influence of indinavir on virulence and

growth of Cryptococcus neoformans. J Infect Dis 191: 307–311. doi: 10.1086/426828 PMID: 15609242

62. Chun CD, Madhani HD (2010) Applying genetics and molecular biology to the study of the human path-

ogen Cryptococcus neoformans. Methods Enzymol 470: 797–831. doi: 10.1016/S0076-6879(10)

70033-1 PMID: 20946836

63. Hull CM, Cox GM, Heitman J (2004) The alpha-specific cell identity factor Sxi1alpha is not required for

virulence of Cryptococcus neoformans. Infect Immun 72: 3643–3645. doi: 10.1128/IAI.72.6.3643-

3645.2004 PMID: 15155676

64. Naglik JR, Challacombe SJ, Hube B (2003) Candida albicans secreted aspartyl proteinases in virulence

and pathogenesis. Microbiol Mol Biol Rev 67: 400–428, table of contents. doi: 10.1128/MMBR.67.3.

400-428.2003 PMID: 12966142

65. Nessa K, Gross NT, Jarstrand C, Johansson A, Camner P (1997) In vivo interaction between alveolar

macrophages and Cryptococcus neoformans. Mycopathologia 139: 1–7. PMID: 9511230

66. Levitz SM, Nong SH, Seetoo KF, Harrison TS, Speizer RA, et al. (1999) Cryptococcus neoformans

resides in an acidic phagolysosome of human macrophages. Infect Immun 67: 885–890. PMID:

9916104

67. Byrnes EJ 3rd, Li W, Lewit Y, Ma H, Voelz K, et al. (2010) Emergence and pathogenicity of highly viru-

lent Cryptococcus gattii genotypes in the northwest United States. PLoS Pathog 6: e1000850. doi: 10.

1371/journal.ppat.1000850 PMID: 20421942

68. Vickers I, Reeves EP, Kavanagh KA, Doyle S (2007) Isolation, activity and immunological characterisa-

tion of a secreted aspartic protease, CtsD, from Aspergillus fumigatus. Protein Expr Purif 53: 216–224.

doi: 10.1016/j.pep.2006.12.012 PMID: 17275325

69. Stewart K, Abad-Zapatero C (2001) Candida proteases and their inhibition: prospects for antifungal

therapy. Curr Med Chem 8: 941–948. PMID: 11375761

70. Pozio E, Morales MA (2005) The impact of HIV-protease inhibitors on opportunistic parasites. Trends

Parasitol 21: 58–63. doi: 10.1016/j.pt.2004.11.003 PMID: 15664527

71. Dos Santos AL (2011) Protease expression by microorganisms and its relevance to crucial physiologi-

cal/pathological events. World J Biol Chem 2: 48–58. doi: 10.4331/wjbc.v2.i3.48 PMID: 21537490

72. Mehra T, Koberle M, Braunsdorf C, Mailander-Sanchez D, Borelli C, et al. (2012) Alternative

approaches to antifungal therapies. Exp Dermatol 21: 778–782. doi: 10.1111/exd.12004 PMID:

23078400

73. Olsen I, Potempa J (2014) Strategies for the inhibition of gingipains for the potential treatment of peri-

odontitis and associated systemic diseases. J Oral Microbiol 6.

74. Chalkley RJ, Baker PR, Medzihradszky KF, Lynn AJ, Burlingame AL (2008) In-depth analysis of tan-

dem mass spectrometry data from disparate instrument types. Mol Cell Proteomics 7: 2386–2398. doi:

10.1074/mcp.M800021-MCP200 PMID: 18653769

75. Institute B (2008) Cryptococcus Sequencing initiative, Broad Institute (broadinstitute.org).

76. Idnurm A, Heitman J (2005) Photosensing fungi: phytochrome in the spotlight. Curr Biol 15: R829–832.

doi: 10.1016/j.cub.2005.10.001 PMID: 16243020

77. Liu OW, Chun CD, Chow ED, Chen C, Madhani HD, et al. (2008) Systematic genetic analysis of viru-

lence in the human fungal pathogen Cryptococcus neoformans. Cell 135: 174–188. doi: 10.1016/j.cell.

2008.07.046 PMID: 18854164

78. Roth V (2006) Doubling Time. http://doubling-time.com/compute.php.

79. Furfine ES (2001) HIV protease assays. Curr Protoc Pharmacol Chapter 3: Unit3 2. doi: 10.1002/

0471141755.ph0302s00 PMID: 21971798

Secreted Peptidases Impact Virulence of C. neoformans

PLOS Pathogens | DOI:10.1371/journal.ppat.1006051 December 15, 2016 29 / 30

http://dx.doi.org/10.1021/jm021079g
http://www.ncbi.nlm.nih.gov/pubmed/12699382
http://dx.doi.org/10.1021/jm0605583
http://www.ncbi.nlm.nih.gov/pubmed/16970402
http://dx.doi.org/10.1111/j.1432-1033.2004.04384.x
http://www.ncbi.nlm.nih.gov/pubmed/15560786
http://dx.doi.org/10.1139/w2012-075
http://www.ncbi.nlm.nih.gov/pubmed/22716223
http://dx.doi.org/10.1086/426828
http://www.ncbi.nlm.nih.gov/pubmed/15609242
http://dx.doi.org/10.1016/S0076-6879(10)70033-1
http://dx.doi.org/10.1016/S0076-6879(10)70033-1
http://www.ncbi.nlm.nih.gov/pubmed/20946836
http://dx.doi.org/10.1128/IAI.72.6.3643-3645.2004
http://dx.doi.org/10.1128/IAI.72.6.3643-3645.2004
http://www.ncbi.nlm.nih.gov/pubmed/15155676
http://dx.doi.org/10.1128/MMBR.67.3.400-428.2003
http://dx.doi.org/10.1128/MMBR.67.3.400-428.2003
http://www.ncbi.nlm.nih.gov/pubmed/12966142
http://www.ncbi.nlm.nih.gov/pubmed/9511230
http://www.ncbi.nlm.nih.gov/pubmed/9916104
http://dx.doi.org/10.1371/journal.ppat.1000850
http://dx.doi.org/10.1371/journal.ppat.1000850
http://www.ncbi.nlm.nih.gov/pubmed/20421942
http://dx.doi.org/10.1016/j.pep.2006.12.012
http://www.ncbi.nlm.nih.gov/pubmed/17275325
http://www.ncbi.nlm.nih.gov/pubmed/11375761
http://dx.doi.org/10.1016/j.pt.2004.11.003
http://www.ncbi.nlm.nih.gov/pubmed/15664527
http://dx.doi.org/10.4331/wjbc.v2.i3.48
http://www.ncbi.nlm.nih.gov/pubmed/21537490
http://dx.doi.org/10.1111/exd.12004
http://www.ncbi.nlm.nih.gov/pubmed/23078400
http://dx.doi.org/10.1074/mcp.M800021-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/18653769
http://dx.doi.org/10.1016/j.cub.2005.10.001
http://www.ncbi.nlm.nih.gov/pubmed/16243020
http://dx.doi.org/10.1016/j.cell.2008.07.046
http://dx.doi.org/10.1016/j.cell.2008.07.046
http://www.ncbi.nlm.nih.gov/pubmed/18854164
http://doubling-time.com/compute.php
http://dx.doi.org/10.1002/0471141755.ph0302s00
http://dx.doi.org/10.1002/0471141755.ph0302s00
http://www.ncbi.nlm.nih.gov/pubmed/21971798


80. Homer CM, Summers DK, Goranov AI, Clarke SC, Wiesner DL, et al. (2016) Intracellular Action of a

Secreted Peptide Required for Fungal Virulence. Cell Host Microbe 19: 849–864. doi: 10.1016/j.chom.

2016.05.001 PMID: 27212659

81. Cox GM, Mukherjee J, Cole GT, Casadevall A, Perfect JR (2000) Urease as a virulence factor in experi-

mental cryptococcosis. Infect Immun 68: 443–448. PMID: 10639402

82. Yang JS, Nam HJ, Seo M, Han SK, Choi Y, et al. (2011) OASIS: online application for the survival analy-

sis of lifespan assays performed in aging research. PLoS One 6: e23525. doi: 10.1371/journal.pone.

0023525 PMID: 21858155

Secreted Peptidases Impact Virulence of C. neoformans

PLOS Pathogens | DOI:10.1371/journal.ppat.1006051 December 15, 2016 30 / 30

http://dx.doi.org/10.1016/j.chom.2016.05.001
http://dx.doi.org/10.1016/j.chom.2016.05.001
http://www.ncbi.nlm.nih.gov/pubmed/27212659
http://www.ncbi.nlm.nih.gov/pubmed/10639402
http://dx.doi.org/10.1371/journal.pone.0023525
http://dx.doi.org/10.1371/journal.pone.0023525
http://www.ncbi.nlm.nih.gov/pubmed/21858155

