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ABSTRACT Degradation of the multifunctional amino acid proline is associated with mitochondrial oxidative respiration. The two-step
oxidation of proline is catalyzed by proline oxidase and D1-pyrroline-5-carboxylate (P5C) dehydrogenase, which produce P5C and
glutamate, respectively. In animal and plant cells, impairment of P5C dehydrogenase activity results in P5C-proline cycling when
exogenous proline is supplied via the actions of proline oxidase and P5C reductase (the enzyme that converts P5C to proline). This
proline is oxidized by the proline oxidase-FAD complex that delivers electrons to the electron transport chain and to O2, leading to
mitochondrial reactive oxygen species (ROS) overproduction. Coupled activity of proline oxidase and P5C dehydrogenase is therefore
important for maintaining ROS homeostasis. In the genome of the fungal pathogen Cryptococcus neoformans, there are two paralogs
(PUT1 and PUT5) that encode proline oxidases and a single ortholog (PUT2) that encodes P5C dehydrogenase. Transcription of all three
catabolic genes is inducible by the presence of proline. However, through the creation of deletion mutants, only Put5 and Put2 were
found to be required for proline utilization. The put2D mutant also generates excessive mitochondrial superoxide when exposed to
proline. Intracellular accumulation of ROS is a critical feature of cell death; consistent with this fact, the put2D mutant exhibits a slight,
general growth defect. Furthermore, Put2 is required for optimal production of the major cryptococcal virulence factors. During murine
infection, the put2Dmutant was discovered to be avirulent; this is the first report highlighting the importance of P5C dehydrogenase in
enabling pathogenesis of a microorganism.

PROLINE is an important biological proteinogenic amino
acid that is necessary for primary metabolism in organisms

including animals, plants, fungi, and bacteria. This imino acid,
as it is more precisely known, has multiple physiological func-
tions. Apart from being an osmoprotectant, proline can serve as
a transient storage of organic nitrogen, stabilize proteins and
membranes during stressful conditions, prevent protein aggre-
gation during its folding or refolding, and scavenge reactive
oxygen species (ROS) such as superoxide anions (Rudolph and
Crowe 1985; Carpenter and Crowe 1988; Ignatova and
Gierasch 2006; Kaul et al. 2008). However, the exact mechanism

by which proline protects against stresses remains poorly
understood. Intracellular proline must be present at appro-
priate levels to confer stress-protective effects, and an excess
of free proline has been shown to be detrimental to cell growth
or protein functions in numerous organisms (Davis 2000; Morita
et al. 2002; Deuschle et al. 2004; Maxwell and Nomura and
Takagi 2004). The transport, anabolism, and catabolism of pro-
line therefore need to be tightly regulated for proper cellular
defense, adaptation, and growth.

Degradation of proline that takes place in eukaryotic mi-
tochondria or prokaryotic plasma membrane results in high-
energy output and may provide amino nitrogen and reducing
power to post-stress recovering cells (Atkinson 1977; Peng
et al. 1996; Verbruggen et al. 1996; Hare and Cress 1997).
Hence, the process of proline catabolism is also beneficial, in
addition to its intracellular accumulation. The four-electron oxi-
dation steps that convert proline to glutamate, with D1-pyrroline-
5-carboxylate (P5C) as an intermediate, occur in all living
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systems (Figure 1A). Oxidation of proline to P5C is first catalyzed
by the O2-dependent proline oxidase (also known as proline
dehydrogenase). The resulting P5C is nonenzymatically
transformed into glutamate-g-semialdehyde (GSA), which acts
as a substrate for P5C dehydrogenase to generate glutamate.
Glutamate is an important precursor molecule for all other
cellular nitrogenous compounds.

Conversely, uncoupled proline oxidase activity can also
be detrimental depending on the behavior of other catabolic
and biosynthesis enzymes of this metabolism. In animals
and plants, when proline oxidase activation is not accom-
panied by P5C dehydrogenase activation, intracellular levels
of the toxic intermediate P5C or GSA (thought to be more
chemically reactive and causative) as well as ROS are in-
creased and redox homeostasis is altered, ultimately leading
to cell death. Excessive ROS is generated from the P5C-
proline cycle that involves the constant interconversion be-
tween P5C and proline, catalyzed by activities of the cytosolic
P5C reductase and the mitochondrial proline oxidase (Phang
et al. 2008; Miller et al. 2009). This seemingly futile cycle con-
trols the cellular accumulation of the proline-derived metabolite
P5C/GSA and provides an excess of electron flow to the
mitochondrial electron transport chain (mtETC) that is partially
diverted to O2, resulting in superoxide anion formation. P5C/
GSA has high reactivity with various cellular compounds and
may act as a signal molecule to elicit deleterious effects in
animal, plant, and yeast cells (Mezl and Knox 1976; Maxwell
and Davis 2000; Deuschle et al. 2001, 2004; Donald et al.
2001; Nomura and Takagi 2004). Incomplete proline oxida-
tion can also enhance the transference of reducing equiva-
lents to the mitochondria altering the NADP+/NADPH ratio
at the cytosol, potentially impacting redox-sensitive pathways
such as the defense-associated oxidative pentose phosphate
pathway (Hare and Cress 1997).

In the model ascomycete Saccharomyces cerevisiae, expres-
sion of PUT1-encoded proline oxidase and PUT2-encoded P5C
dehydrogenase is activated by the pathway-specific transcrip-
tion factor Put3 in the presence of proline and the absence of
easily assimilated nitrogen sources such as ammonium or glu-
tamine (Brandriss and Magasanik 1979; Axelrod et al. 1991;
Huang and Brandriss 2000). Transcriptional regulation of
PUT1 and PUT2 is therefore subjected to nitrogen catabo-
lite/metabolite repression, a regulatory phenomenon that ena-
bles preferential utilization of metabolically favored nitrogen
sources. Proline oxidase and P5C dehydrogenase use FAD and
NAD+ as electron acceptors to generate FADH2 and NADH,
respectively, delivering electrons for mitochondrial respiration.
Transport of proline into yeast cells occurs mainly through the
general amino acid permease Gap1 and high-affinity proline-
specific permease Put4 (Vandenbol et al. 1989; Jauniaux and
Grenson 1990). Activation of the nitrogen catabolite repres-
sion-sensitive GAP1 and PUT4 is induced by the globally acting
GATA transcription factors Gln3 and/or Gat1 (Daugherty et al.
1993; Stanbrough and Magasanik 1996).

Knowledge gained from pioneering studies of gene regulation
in model fungi has steadily laid the foundation for modern-day

research into dissecting the mechanisms of virulence in path-
ogenic fungi. One of the leading fatal fungal infections is
cryptococcal meningoencephalitis. Cryptococcus neoformans
predominantly infects immunocompromised patients, while
its sister species Cryptococcus gattii generally infects immuno-
competent individuals (Heitman 2010). Historically, differential
media were used to distinguish the different basidiomycete
species, capitalizing on their unique ability to metabolize differ-
ent substrates. For example, C. neoformans is unable to utilize
D-proline while C. gattii is among the rare few microorganisms
that can assimilate this dextrorotatory form of proline (Dufait
et al. 1987; Ngamskulrungroj et al. 2012).

In the more clinically prevalent C. neoformans, regulation
of proline (L-proline, unless specified otherwise) utilization
is particularly interesting because a functional GATA factor
(Gat1/Are1) is not required for assimilation of this traditionally
nonpreferred nitrogen source, an observation that is different
from the assimilation seen in the ascomycetes (Kmetzsch et al.
2011; Lee et al. 2011, 2012). Initiation of C. neoformans in-
fection occurs via inhalation of airborne basidiospores or desic-
cated yeast cells, and one of the initial lines of host defense that
this pathogen encounters is reactive oxygen, and nitrogen spe-
cies burst from alveolar phagocytes. In addition, C. neoformans
has to endure various stresses found in different body locations
of the host such as nutrient limitation for successful prolifera-
tion, dissemination, and colonization. Thus, the observation of
Gat1/Are1 independence in proline utilization, coupled with
the supporting literature that proline catabolism is likely a key
regulator of virulence, led us to investigate the role of the
proline catabolic enzymes in C. neoformans pathobiology.

In this study, we examined how the C. neoformans proline
catabolic genes are transcriptionally regulated and both ge-
netically and phenotypically characterized their enzymatic
functions in relation to nitrogen and carbon source utilization,
balance of mitochondrial ROS formation, as well as stress-
adaptation and virulence-associated mechanisms.

Materials and Methods

Strains and media

All fungal strains used in this study are listed in Supporting
Information, Table S1 and were grown in YPD (1% yeast
extract, 2% Bacto-peptone, 2% glucose) or YNB (0.45%
yeast nitrogen base w/o amino acids and ammonium sul-
fate, 2% glucose, 10 mM nitrogen source) unless specified
otherwise. C. neoformans biolistic transformants were se-
lected on YPD medium supplemented with 200 mg/ml
G418 (Sigma) or 100 mg/ml nourseothricin (Werner Bio-
Agents). L-3,4-dihydroxyphenylalanine (L-DOPA) medium
was prepared as described previously (Missall et al. 2005).
Escherichia coli Mach-1 cells served as the host strain for
transformation and propagation of all plasmids using lysog-
eny broth supplemented with either 100 mg/ml ampicillin
(Sigma) or 50 mg/ml kanamycin (Sigma) (Sambrook et al.
1989).
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Bioinformatic analyses

C. neoformans genes were identified using annotation from
the H99 genome sequence from the Broad Institute (http://
www.broadinstitute.org/annotation/genome/cryptococcus_
neoformans/MultiHome.html). Gene annotations from the
Broad Institute are designated by their nomenclature
“CNAG_#####.#.” Sequence analyses were performed us-
ing BLAST and MacVector 9.5 (MacVector Inc., Cary NC)
(Altschul et al. 1990). Sequence alignments were created us-
ing ClustalW v1.4 within MacVector (Thompson et al. 1994).
Sequence traces generated at the Australian Genome Re-
search Facility (Brisbane, QLD, Australia) were analyzed using
Sequencher 4.7 (Gene Codes, Ann Arbor MI). Putative mito-
chondrial localization signals were examined using MitoProt
(http://ihg.gsf.de/ihg/mitoprot.html).

Construction and complementation of C. neoformans
mutant strains

All primers and plasmids used in this study are listed in
Table S2 and Table S3, respectively. Gene deletion mutants
were created using overlap PCR and biolistic transformation
as described previously (Davidson et al. 2002). For example,
to construct the put1Dmutant strain in the H99 background,
the 2035-bp PUT1 (CNAG_02049.2) coding sequence was
replaced with the neomycin phosphotransferase II-encoding
selectable marker NEO using a construct created by overlap
PCR combining an �1-kb fragment upstream from the PUT1
start codon, the NEO marker, and an �1-kb fragment down-
stream from the PUT1 stop codon. Strain H99 genomic DNA
and plasmid pJAF1 were used as PCR templates (Fraser et al.
2003). The construct was transformed into C. neoformans
cells via particle bombardment and transformants selected
on YPD plates supplemented with G418. Deletion of PUT1
was confirmed by diagnostic PCR and Southern blot (Southern
2006). To complement the put1D mutant, the C. neoformans
PUT1 gene, including an �1-kb promoter and terminator, was
amplified from genomic DNA using high-fidelity PCR, cloned
into pCR2.1-TOPO (Invitrogen) to give pELYL1, and sequenced.
The PUT1 fragment of pELYL1 was then subcloned into
pCH233, creating the complementation construct pELYL5.
pELYL5 was subsequently linearized and biolistically transformed
into the put1D mutant. Stable transformants were selected on
YPD supplemented with nourseothricin, and complemented

strains containing a single copy of the wild-type PUT1 gene
were identified by Southern blot.

Cross-species complementation

Full-length C. neoformans PUT1, PUT5, and PUT2 ORFs am-
plified from strain H99 complementary DNA (cDNA) were
fused with �1-kb promoter and terminator sequences of
S. cerevisiae BY4741 PUT1 or PUT2 via high-fidelity overlap
PCR (Brachmann et al. 1998). These fusion genes were cloned
into pCR2.1-TOPO, sequenced, and subcloned into the yeast
shuttle vector YCplac111 (Gietz and Sugino 1988). Likewise,
the control S. cerevisiae PUT1 and PUT2 genes, including their
�1-kb promoter and terminator, were amplified from strain
BY4741 genomic DNA, cloned into pCR2.1-TOPO, sequenced,
and subcloned into YCplac111. Plasmids were transformed
into S. cerevisiae put1D or put2D strains obtained from the
BY4741 deletion library using the lithium acetate/heat-shock
method (Gietz and Schiestl 2007). Prior to transformation,
these previously auxotrophic strains had URA3, HIS3, and
MET15 restored, but not LEU2, to remove background in-
terference through supplementation of potential nitrogen
sources (uracil, histidine, methionine). Transformants were
first selected on YNB (2% glucose, 10 mM ammonium sulfate)
lacking leucine; thereafter, LEU2 was restored in the strains.
Likewise, URA3, HIS3, MET15, and LEU2 were restored in the
wild-type and mutant control strains. Functional complemen-
tation of proline oxidase and P5C dehydrogenase activity was
verified through growth on YNB (2% glucose, 10 mM proline)
lacking leucine.

Construction and screening of library for C. neoformans
proline catabolism defective mutants

An Agrobacterium-mediated mutagenesis library of C. neo-
formans H99 was created as described previously (Idnurm
et al. 2004). The majority of transformants harbored a single
copy of randomly integrated T-DNA and were mitotically
stable. To identify genes involved in proline catabolism, rep-
lica spotting of the insertional library consisting of 12,000
clones was carried out on YNB supplemented with proline or
ammonium (10 mM each nitrogen source). Mutants that
grew on ammonium but failed to grow on proline-containing
mediumwere selected for further analysis. The T-DNA insertion
site was mapped using GenomeWalker according to the
manufacturer’s instructions (Clontech). BLAST analysis of

Figure 1 The C. neoformans ge-
nome contains two paralogs that
encode proline oxidases and a
single ortholog that encodes P5C
dehydrogenase. (A) Scheme rep-
resenting the proline degrada-
tion pathway. (B) Exon–intron
structures of PUT1, PUT5, and
PUT2 and their chromosomal
locations.
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these sequences was performed to reveal which loci were
affected.

Quantitative real-time PCR

C. neoformans strains were grown in YNB supplemented
with 10 mM of the specified nitrogen source and shaken
at 30� for 16 hr. Overnight cultures were harvested, cell
pellets were frozen and lyophilized, total RNA was isolated
using TRIzol reagent (Invitrogen), and cDNA was generated
using the SuperscriptIII First-Strand Synthesis System (Invi-
trogen). Primers for PUT1 (CNAG_02049.2), PUT5 (CNAG_
02048.2), and PUT2 (CNAG_05602.2) were designed to
span exon–exon boundaries and tested to verify that they
bind specifically to cDNA but not to genomic DNA. Quanti-
tative real-time PCR (qRT-PCR) was performed using SYBR
Green Supermix (Applied Biosystems) and an Applied Bio-
systems 7900HT Fast Real Time PCR System with the follow-
ing cycling conditions: denaturation at 95� for 10 min,
followed by amplification and quantification in 45 cycles at
95� for 15 sec and 60� for 1 min, with melting-curve profiling
at 95� for 2 min, 60� for 15 sec, and 95� for 15 sec. Dissoci-
ation analysis confirmed the amplification of a single PCR
product for each primer pair and an absence of primer dimer
formation. Relative gene expression was quantified using SDS
software 1.3.1 (Applied Biosystems) based on the 22ΔΔCT

method (Livak and Schmittgen 2001). The housekeeping ac-
tin-encoding gene ACT1 was used as a control for normaliza-
tion. One-way analysis of variance was performed using the
unpaired, two-tailed t-test in GraphPad Prism Version 5.0c.
P-values of ,0.05 were considered statistically significant.

Oxidative and nitrosative stress assays

Starter C. neoformans cultures were prepared by growth in
YPD at 30� overnight with shaking and diluted to a concen-
tration of 1 · 107 cells/ml in water. A 50-ml drop containing
5 · 105 cells was then inoculated into YNB [proline and glu-
tamate (10 mM each nitrogen source)] supplemented with the
stressors menadione (0– 0.003 mM), tert-Butyl hydroperoxide
(0–0.3 mM), sodium nitrite (0–3mM), and S-nitrosoglutathione
(GSNO) (0–9 mM) and shaken at 30� for an additional 16 hr.
Growth density was measured by monitoring the turbidity
with an optical density at a wavelength of 600 nm (OD600nm).
Each experimental condition was repeated in triplicate. One-
way analysis of variance was performed using the unpaired,
two-tailed t-test in GraphPad Prism Version 5.0c. P-values of
,0.05 were considered statistically significant.

Mitochondrial staining, confocal microscopy, and
flow cytometry

C. neoformans strains were grown in YPD and shaken at 30�
for 16 hr; thereafter, cells were washed and transferred to
YNB supplemented with 10 mM proline for a further 4 hr.
Cells were then stained with MitoSOX Red (Invitrogen) at a fi-
nal concentration of 5 mM or with MitoTracker Red CMXRos
(Invitrogen) at a final concentration of 25 nM for 15 min at
30�. After staining, cells were washed and resuspended in PBS

at a density of 1 · 107 cells/ml. Twenty yeast cells of each
strain were randomly chosen for fluorescence microscopy
analysis. Images were collected on a Zeiss Axioplan 2 imaging
confocal microscope using a 66· oil immersion Plan-Apochromat
objective. Fluorochromes were excited using a 514-nm Argon/2
laser for MitoSOX and a 543-nm HeNe1 laser for MitoTracker.
Differential interference contrast images were collected simul-
taneously with the fluorescence images using the transmitted
light detector. Images were processed using AIM 4.2 LSM
software. MitoSOX fluorescence was also analyzed using a
BD Accuri C6 flow cytometry. The parameters for FACS were
set at excitation of 488 nm, and for emission the data were
collected at FSC, SSC, and 675LP (FL3) channels. Cell debris
represented by distinct low forward and side scatter were
gated out for analysis. All experiments were done in tripli-
cate. One-way analysis of variance was performed using the
unpaired, two-tailed t-test in GraphPad Prism Version 5.0c.
P-values of ,0.05 were considered statistically significant.

Growth and melanization assays

Starter C. neoformans cultures were prepared by growth in
YPD at 30� overnight with shaking, diluted to OD600nm = 0.05
in water, and then further diluted 10-fold in series. Each diluted
cell suspension was spotted onto YPD and YNB supplemented
with the specified nitrogen source or L-DOPA medium. Results
were imaged after 2–3 days incubation at 30� (nitrogen
utilization assay), 30� and 37� (melanization assay), or 37�
(high-temperature growth assay).

Capsule assays

C. neoformans strains were inoculated into RPMI supple-
mented with 10% fetal bovine serum (Gibco) and incubated
at 37� for 2 days. To visualize the capsule, cells were stained
with India ink (Becton Dickinson) and observed under
a ZEISS Axioplan 2 epifluorescent/light microscope. Pictures
were taken with an Axiocam grayscale digital camera using
the AxioVision AC imaging software.

Murine inhalation model of cryptococcosis

For murine virulence assays, C. neoformans were used to
infect 6-week-old female BALB/c mice by nasal inhalation
(Cox et al. 2000). For every tested strain, 10 mice were each
inoculated with a 50-ml drop containing 5 · 105 cells. Mice
were weighed before infection and daily thereafter; animals
were killed using CO2 inhalation once their body weight had
decreased to 80% of the pre-infection weight or at 50 days
post infection. In addition, brain, lungs, liver, and spleen
were harvested from killed put2D-infected mice; organs
were weighed, homogenized, and plated onto YPD supple-
mented with 50 mg/ml chloramphenicol (Sigma) for selec-
tive isolation of yeast colony forming units (CFUs). Survival
was plotted against time, and P-values were calculated
by plotting a Kaplan–Meier survival curve and performing
a log-rank (Mantel–Cox) test using Graphpad Prism Ver-
sion 5.0c. P-values of ,0.05 were considered statistically
significant.
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Ethics statement

This study was carried out in strict accordance with the
recommendations in the Australian Code of Practice for
the Care and Use of Animals for Scientific Purposes by the
National Health and Medical Research Council. The protocol
was approved by the Molecular Biosciences Animal Ethics
Committee (AEC) of The University of Queensland (AEC
approval no. SCMB/008/11/UQ/NHMRC). Infection was per-
formed under methoxyflurane anesthesia, and all efforts were
made to minimize suffering through adherence to the Guide-
lines to Promote the Wellbeing of Animals Used for Scientific
Purposes as put forward by the National Health and Medical
Research Council (Australia).

Results

Bioinformatic analyses reveal conserved and duplicated
genes predicted to be involved in proline utilization
in C. neoformans

While transcriptional studies relating to nitrogen metabolite
repression-associated regulation of the C. neoformans pro-
line oxidase and P5C dehydrogenase-encoding genes have
been performed, these putative proline degradation path-
way genes have not been properly characterized at the mo-
lecular level (Kmetzsch et al. 2011; Lee et al. 2011, 2012).
Unlike the genome of the model hemiascomycete S. cerevisiae
that contains a single proline oxidase-encoding gene, chro-
mosome 6 of C. neoformans var. grubii strain H99 contains
two tandemly arrayed genes that are both predicted to en-
code proline oxidases (Figure 1, A and B) (Lee et al. 2011).
These two Cryptococcus paralogs were previously named
PUT1 (CNAG_02049.2) and PUT5 (CNAG_02048.2), for pro-
line utilization 1 and 5 (Kmetzsch et al. 2011; Lee et al.
2011). A similar scenario is observed in the model plant Arab-
idopsis thaliana where two proline dehydrogenase isoforms
have been functionally characterized (Funck et al. 2010). In
contrast to what was seen for proline oxidase, the C. neofor-
mans H99 genome encodes only a single P5C dehydrogenase
on chromosome 14 (Figure 1, A and B). This Cryptococcus
ortholog was previously designated PUT2 (CNAG_05602.2)
for proline utilization 2 (Lee et al. 2011). Thus, unlike the
model filamentous ascomycete Aspergillus nidulans, where
the proline catabolism-associated genes form a cluster within
a single chromosome, the C. neoformans proline oxidase and
P5C dehydrogenase genes are unlinked, like those of S. cerevisiae
(Figure S1) (Arst and MacDonald 1978).

The duplication of the putative proline oxidase gene is an
interesting occurrence into which we sought to gain further
insights. Both genomic DNA and cDNA of these genes were
PCR-amplified and sequenced, verifying the predicted exon–
intron structure. This exercise demonstrated that the posi-
tion of the three introns in PUT1 is precisely conserved in
PUT5, providing evidence that these genes are indeed paral-
ogs (Figure 1B). Using this sequence information, a compar-
ison of Put1 and Put5 revealed 67% identity at the protein

level, suggesting that the duplication event is not recent (Figure
S2). In support of this hypothesis, analysis of the sequenced
genomes of the C. neoformans var. neoformans strain JEC21
(estimated to have diverged from C. neoformans var. grubii
�24.5 million years ago) and the C. gattii strain R265 (es-
timated to have diverged from C. neoformans var. grubii �49
million years ago) revealed that the duplication is also present
in these isolates, consistent with the duplication event preceding
the divergence of these species.

Transcription of all the predicted proline catabolic
genes of C. neoformans is regulated by
pathway-specific induction

To provide support for our bioinformatics-based prediction,
we analyzed the transcriptional regulation of the putative
proline catabolic genes using qRT-PCR on RNA extracted from
wild-type H99 grown in minimal YNB medium supplemented
with a range of different sole nitrogen sources (Figure 2).
While only basal levels of expression of PUT1, PUT5, and
PUT2 were observed when cells were cultured in ammonium,
glutamine, glutamate, asparagine, or uric acid, transcription
of these genes was significantly upregulated (.10-fold in-
crease) during growth in proline. This result indicates that
the expression of PUT1, PUT5, and PUT2 is inducible only in
the presence of proline, suggesting that these genes are indeed
proline metabolism-related genes. Nonetheless, the result pro-
vides no indication as to whether PUT1 or PUT5 is likely to be
the true functional proline oxidase ortholog required for proline
assimilation or whether both PUT1 and PUT5 are enzymatically
active.

Cross-species complementation provides evidence that
C. neoformans PUT2 is a true functional ortholog
encoding P5C dehydrogenase, but gives no indication
of the functionality of PUT1 and PUT5

We tested the enzymatic functions of C. neoformans PUT1,
PUT5, and PUT2 by heterologous expression in S. cerevisiae
strains lacking either the proline oxidase or P5C dehydroge-
nase-encoding gene (Figure S3). These well-characterized
S. cerevisiae put1D and put2D mutant strains are unable to
utilize proline as a source of nitrogen for growth (Brandriss
1983; Wang and Brandriss 1986). Transformation of the
S. cerevisiae put2D strain with a plasmid harboring the
full-length cDNA of C. neoformans PUT2 enabled the strain
to catabolize proline, albeit to a poorer extent compared to
a full-length S. cerevisiae PUT2. This result indicates that
C. neoformans PUT2 encodes an enzyme with P5C dehydroge-
nase activity. However, transformation of the S. cerevisiae
put1D strain with plasmids harboring the full-length cDNA of
either C. neoformans PUT1 or PUT5 did not rescue the strains’
proline utilization defect, whereas a full-length S. cerevisiae
PUT1 restored the proline oxidase function. Difficulties associ-
ated with complementing the S. cerevisiae put1D strain with
proline oxidase cDNA of other organisms have previously been
reported (Kiyosue et al. 1996). Hence, the enzymatic functions
of C. neoformans PUT1 and PUT5 remain inconclusive.
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Reverse genetics approach reveals that PUT5-encoded
proline oxidase and PUT2-encoded P5C dehydrogenase
are required for proline utilization in C. neoformans

We therefore adopted another approach to characterize the
functions of the C. neoformans putative proline catabolic
genes. Deletion mutants each lacking PUT1, PUT5, or PUT2
were created via homologous recombination in strain H99. In
addition, a double mutant lacking both PUT1 and PUT5 was
constructed as we reasoned that the single put1D or put5D
mutant might still possess an active proline oxidase isoform.
This is unlike the case for the put2D mutant where degra-
dation of proline to glutamate, a prerequisite for recycling of
nitrogen, is expected to be completely blocked. The gener-
ated proline oxidase deletion mutants (put1D, put5D, dou-
ble put1D put5D) as well as the P5C dehydrogenase deletion
mutant (put2D) were all viable; the proline oxidase deletion
mutants’ growth appears indistinguishable from wild-type
on rich undefined YPD medium, whereas the put2D mutant
exhibited a mild growth defect (see Put2 is required for
optimal production of the major virulence factors).

On YNB-defined medium supplemented with proline as
the sole nitrogen source or sole nitrogen and carbon source
(i.e., with or without the addition of glucose as a source of
carbon), the put1D mutant displayed wild-type growth while
the put5D, double put1D put5D, and put2D mutants were un-
able to proliferate (Figure 3). This result indicates that, unlike
S. cerevisiae that can assimilate only proline as a nitrogen
source, C. neoformans follows the ability of fungi such as
A. nidulans in being able to utilize proline as both a nitrogen
and a carbon source (Brandriss and Magasanik 1979;
Sophianopoulou et al. 1993). Importantly, C. neoformans
Put1 does not play a role in proline utilization under this
specific condition; instead, it is Put5 that appears to be the
major proline oxidase responsible for proline degradation.
Nonetheless, the MitoProt computer-based prediction pro-
gram clearly indicates a characteristic mitochondrial import
signal at the N terminus of Put1 and Put5 with a probability

of 92 and 98%, respectively, suggesting that both these pro-
line oxidases are likely in the correct subcellular localization
to support proline catabolism (Claros and Vincens 1996).
Like Put5, Put2 is also essential for proline assimilation.
Complementation of the put5D, double put1D put5D, and
put2D mutants subsequently restored the wild-type pheno-
type, verifying the proline utilization functions of Put5 and
Put2 (Figure S4).

Forward genetics approach involving
Agrobacterium-mediated insertional mutagenesis did
not reveal any additional proline catabolic enzymes
in C. neoformans

P5C is thought to form a pH-dependent, nonenzymatic
equilibrium with GSA. Recent findings in uric acid catabolism
raise the question of whether this dogma should be accepted
prima facie; in addition to urate oxidase, two new biological
enzymes (HIU hydrolase and OHCU decarboxylase) were
recently discovered to play a role in the conversion of uric
acid to allantoin (Ramazzina et al. 2006). To provide unbi-
ased support for the bioinformatics and phenotypic-based
model of C. neoformans proline catabolism, a T-DNA inser-
tional library of strain H99 was created using Agrobacterium
tumefaciens-mediated transformation. Insertional mutagene-
sis is a powerful tool for identifying novel genes and their
functions, and the frequency of random integration is very
high using this transkingdom DNA delivery approach. In an
attempt to locate as-yet-identified genetic loci involved in
proline utilization, we replica-spotted 12,000 purified individ-
ual transformants onto YNB supplemented with proline or
ammonium (control) as the sole nitrogen source. Only a single
mutant, 65B8, failed to grow on proline but grew on ammo-
nium. We then mapped the T-DNA insertion site of the 65B8
strain and found that its disrupted gene encodes P5C dehy-
drogenase. Hence, our sequence analysis did not reveal any
additional proline catabolic genes beyond what has been bio-
informatically predicted or phenotypically characterized.

Figure 2 Transcription of all the proline catabolic enzyme-encoding genes is regulated by pathway-specific induction. cDNA from wild-type H99 grown
in YNB supplemented with proline, ammonium, glutamine, glutamate, asparagine, or uric acid (10 mM each) was amplified via qRT-PCR using primers
for the proline catabolic genes PUT1, PUT5, and PUT2, normalized against the control gene ACT1. Expression of PUT1, PUT5, and PUT2 was induced in
the presence of proline but not in the presence of the other nitrogen sources (*P , 0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001). Error bars
represent standard errors across three biological replicates.
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C. neoformans put5D and double put1D put5D mutants
display reduce tolerance against certain oxidative and
nitrosative stressors

In S. cerevisiae, metabolically engineered proline-accumulated
cells generated through enhancing the biosynthesis pathway
and/or concomitant silencing of the catabolic pathway are
more tolerant to a wide array of stresses (Takagi et al.
2000, 2005; Morita et al. 2002). For example, S. cerevisiae
put1D mutants display increased resistance against oxidative
damage (Chen et al. 2006). To promote intracellular proline
accumulation in C. neoformans, the proline oxidase deletion
mutants were grown in YNB supplemented with proline and
glutamate as the sole nitrogen sources. Glutamate is the end
product of proline catabolism and the precursor for proline
biosynthesis; in S. cerevisiae, PRO3-encoded P5C reductase
that converts P5C to proline is constitutively expressed (Brandriss
and Falvey 1992). Concurrently, these cultures were subjected
to various oxidative (menadione, tert-Butyl hydroperoxide) and
nitrosative (sodium nitrite, GSNO) stresses; numerous reactive
oxygen/nitrogen species (ROS/RNS)-generating chemicals

were assayed as each compound acts on a different cellular
target.

Spectrophotometric OD600nm readings revealed that toler-
ance against menadione and sodium nitrite is equivalent
between the wild-type strain and proline oxidase deletion
mutants (Figure S5). Interestingly, the put5D and double put1D
put5D mutants exhibit decreased resistance against tert-Butyl
hydroperoxide and GSNO as compared to the wild-type and
put1D strains (Figure 4). This suggests that lack of proline
oxidase activity may potentially impair the C. neoformans
cellular antioxidant system in handling the stresses generated
by ROS/RNS-producing reagents. Therefore, unlike the sce-
nario in S. cerevisiae, proline accumulation in C. neoformans
cells may not necessarily result in enhanced resistance against
oxidative or nitrosative stresses. Instead, the predicted oc-
currence of unregulated proline accumulation is likely to be
slightly inhibitory to general cell growth, as observed by the
put5D and double put1D put5D mutants’ slower growth rate
relative to the wild-type and put1D strains in control cultures
(YNB plus proline and glutamate) devoid of any stressors.

C. neoformans put2D mutant accumulates excessive
mitochondrial ROS in the presence of proline

In S. cerevisiae put2D mutants, exposure to proline has been
shown to result in growth inhibition and an increase in in-
tracellular ROS levels (Deuschle et al. 2001; Nomura and
Takagi 2004). Through external supplementation of proline,
we hypothesized that the predicted P5C-proline cycling
would provide a constant substrate for proline oxidase-linked
FAD reduction in the C. neoformans put2D mutant, resulting
in an increased rate of electron transfer to the mtETC and to
O2 and leading to elevated superoxide production. Genera-
tion and accumulation of ROS is a critical feature of pro-
grammed cell death in animals, plants, and fungi, and this
ROS-induced oxidative stress may be a factor causing the
general growth retardation phenotype in the C. neoformans
put2D mutant (Jabs 1999).

To determine whether the put2D mutant has abnormal
intrinsic ROS levels, C. neoformans strains were first grown
overnight in rich YPD medium after which they were trans-
ferred to YNB supplemented with proline for an additional
4 hr. Strains were then stained with the fluorogenic MitoSOX
Red probe used to selectively detect mitochondrial superoxide
ions (the predominant ROS in mitochondria) of live cells. In
a subset (�1/3 of the entire population) of put2D cells, the
extent of ROS formation was by far higher than that generated
in the wild-type or proline oxidase deletion mutant strains as
seen by a more intense red fluorescence caused by oxidation of
the MitoSOX reagent by superoxide (Figure 5A). Because con-
focal microscopic imaging only allows semiquantitative detec-
tion of superoxide generation in relatively few live cells, we
also simultaneously employed flow cytometry that enables
a quantitative measure of a larger population of live cells.
The flow cytometry analysis also revealed two major distinct
populations of put2D cells, with a combined 3.9 6 0.3-fold
increase of mean MitoSOX fluorescence intensity relative to

Figure 3 PUT5-encoded proline oxidase and PUT2-encoded P5C dehy-
drogenase are required for proline assimilation. Tenfold spot dilution
assays for nitrogen or nitrogen and carbon source utilization showed that
the put1Dmutant exhibited wild-type growth on YNB supplemented with
10 mM proline (with or without 2% glucose as a carbon source). In
contrast, the put5D, double put1D put5D, and put2D mutants were un-
able to proliferate on proline as the sole nitrogen or carbon source. The
ammonium-supplemented YNB plates served as a control to demonstrate
that, unlike proline, ammonium can be utilized by C. neoformans only as
a nitrogen source but not as a carbon source.
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the wild-type strain (WT vs. put2D, P = 0.0002) (Figure 5B
and Figure S6). It remains to be determined why a subpop-
ulation of put2D cells displayed wild-type fluorescence in-
tensity while another subpopulation exhibited significantly
enhanced fluorescence. A single population generating wild-
type levels of superoxide production was restored in the
complemented put2D + PUT2 strain, verifying the role of
P5C dehydrogenase in controlling mitochondrial ROS levels
in C. neoformans (Figure S6). Uncoupled coordination of
proline oxidase and P5C dehydrogenase activities therefore
leads to an imbalance in ROS homeostasis.

Given that mitochondria are organelles known to play an
important role in apoptosis, we questioned whether this
anomaly in ROS levels of the put2D mutant impairs mito-
chondrial function. Various aspects of mitochondrial dys-
function can be detected by examining for perturbation in
membrane potential using MitoTracker dyes such as CMXRos.
Confocal microscopy showed that all the proline catabolic
deletion mutants, including the put2D strain, were able to
retain this fluorescence dye, suggesting that mitochondrial
membrane potential is unperturbed and that the respiratory
system is still intact in all these mutants (Figure S7).

Put2 is required for optimal production of the major
virulence factors

The ability of C. neoformans to successfully infect a host is
largely dependent on several well-established virulence fac-
tors, namely, ability to grow at mammalian body tempera-
ture as well as synthesis of the antioxidant pigment melanin
and antiphagocytic polysaccharide capsule. Therefore, we

tested whether the proline catabolic enzymes influence the
expression of these classical virulence traits (Figure 6 and
not shown). No changes in the ability to grow at high tem-
perature or in the production of melanin and capsule were
observed in the put1D, put5D, and double put1D put5D
mutants, indicating that proline oxidase is dispensable for
virulence factor expression. In contrast, the mild growth de-
fect of the put2D mutant that may be caused by general
growth retardation or death of a subset of cells was slightly
exacerbated at 37� on YPD medium. The put2D mutant also
exhibited a subtle but reproducible decrease in melanin pro-
duction at 30� on L-DOPA medium, with this melanization
defect slightly more pronounced at 37�. No change in cap-
sule size, however, was observed in the put2D cells when
induced in serum. Virulence factor expression was restored
to wild-type levels in the complemented put2D + PUT2
strain (Figure S8). Collectively, P5C dehydrogenase is crucial
for optimal production of at least two of the well-known
virulence components of C. neoformans.

The put2D mutant is severely compromised for
virulence in a murine inhalation model of cryptococcosis

A recent study in S. cerevisiae has demonstrated that P5C
directly inhibits the mitochondrial respiration, reiterating
our hypothesis that proline catabolism is likely to be important
for C. neoformans virulence (Nishimura et al. 2012). Given
that our overarching interest in C. neoformans lies in better
understanding its pathogenicity in a mammalian host, we
investigated the role of the proline catabolic enzymes during
infection in vivo (Figure 7). Mice intranasally infected with

Figure 4 The put5D and double
put1D put5D mutants are less
tolerant against the oxidative
stressor tert-Butyl hydroperoxide
and nitrosative stressor GSNO.
Wild-type H99 and proline oxi-
dase deletion mutant strains
were grown in YNB [proline and
glutamate (10 mM each)] sup-
plemented with (A) 0–0.3 mM
tert-Butyl hydroperoxide or (B)
0–9 mM GSNO. The put5D and
double put1D put5D mutants
exhibited a significantly lower
growth percentage relative to
the unstressed control when
subjected to these individual
stressors as compared to the
wild-type or put1D strains
(**P , 0.01, ***P , 0.001).
Growth percentage relative to
unstressed control is defined by
dividing each stressed strain’s
growth in OD600 with the same
strain’s growth in OD600 when
unstressed. Error bars represent
standard errors across three bio-
logical replicates.
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the put1D, put5D, and double put1D put5D mutants suc-
cumbed to infection at approximately the same rate as mice
infected with the wild-type strain (killing occurred between
16 and 23 days post infection; median survival of mice =
18.0 days), indicating that proline oxidase is not required
for pathogenesis. In stark contrast, the put2D mutant was
unable to kill any mice even after 50 days, indicating that
P5C dehydrogenase is critical for pathogenesis (WT vs.

put2D, P, 0.0001). Infection of mice with the complemented
put2D + PUT2 strain restored wild-type virulence (killing
occurred between 16 and 23 days post infection; median
survival of mice = 18.5 days), verifying the role of P5C de-
hydrogenase in pathogenesis.

To more precisely characterize the effect of the loss of
P5C dehydrogenase on C. neoformans survival and dissemi-
nation inside the host body, we examined the fungal burden

Figure 5 The put2D mutant generates excessive superoxide ions in the mitochondria when exposed to proline. Wild-type H99 and proline catabolic
deletion mutant strains were briefly subjected to culture in YNB supplemented with 10 mM proline and stained with MitoSOX, and the accumulation of
ROS in the mitochondria was assessed by fluorescence microscopy and flow cytometry. (A) Representative confocal images showing a subpopulation of
put2D cells generate enhanced MitoSOX fluorescence compared to the wild-type or proline oxidase deletion mutant strains. Bar, 10 mm. (B) Repre-
sentative histograms of flow cytometry showing two major distinct populations of put2D cells with one subpopulation exhibiting wild-type MitoSOX
fluorescence and another subpopulation producing enhanced fluorescence. Overall, the put2D mutant generated a significant increase in mean
fluorescence intensity of oxidized MitoSOX relative to the wild-type or complemented put2D + PUT2 strains (Figure S6). Unstained C. neoformans
cells were used as a negative control.
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of various organs at the endpoint of the experiment. Despite
showing no sign of disease at 50 days post infection, the
put2D-infected mice had a low number of CFUs in 9 of 10
tested lung samples and an even lower number of CFUs in 3
of 10 tested brain samples when selected on YPD supple-
mented with chloramphenicol. These CFUs were confirmed
to express resistance to G418 and were unable to utilize
proline as a nitrogen source, consistent with C. neoformans
put2::NEO cells being isolated from the mice. No cells were
detected in the liver or spleen of each of these 10 mice.
Thus, the majority of the killed put2D-inoculated mice did
not clear the cryptococcal infection; dormant-lying put2D
cells were primarily located in the lungs, the initial site of
infection. Nevertheless, compared to the robust proliferation
and widespread dissemination characteristic of a typical
wild-type H99 infection (Ormerod et al. 2013), the put2D
mutant is attenuated in these virulence capacities.

Discussion

C. neoformans has emerged as one of the most medically
important pathogens of the immunocompromised population
(Heitman 2010). To establish infection in a host, C. neoformans
needs to sense and adapt to low-nitrogen and carbon con-
centrations in the human lungs, brain, and other anatomical
sites. The multifunctional amino acid, proline, can act as
a nitrogen or carbon source for C. neoformans and is a poten-
tial source of nutrients during infection. For this to occur,
proline needs to be degraded into the more usable glutamate

that serves as a nitrogen donor for all other cellular nitrogen-
containing compounds (for example, amino acid biosynthesis),
or it can be converted to a-ketoglutarate by NAD-dependent
glutamate dehydrogenase that feeds into the Krebs/TCA cycle
for energy generation (Cooper 1982; Magasanik 1992).

The proline oxidase gene duplication that occurred millions
of years ago has been retained in both C. neoformans and
C. gattii. From an evolutionary perspective, this implies that
the selective pressure that Cryptococcus faces in the environ-
ment or during infection may have resulted in the retention
of both paralogs. Such an advantage usually increases the
overall fitness of an organism and has previously been de-
scribed in the model plant A. thaliana where two functional
proline dehydrogenases with nonredundant but partially
overlapping functions exist; ProDH1 is the main proline uti-
lization enzyme while ProDH2 is believed to play a role in
proline homeostasis under salt stress (Funck et al. 2010). In
C. neoformans, Put5 is the major proline oxidase responsible
for proline assimilation as well as for protection against cer-
tain oxidative and nitrosative stresses. Sensitivity of microor-
ganisms to the toxic activity of oxidants is of particular
importance, as one of the primary mechanisms of host defense
against microbial infection is oxidative burst. Regardless of the
abated nutrient acquisition and stress-sensitive phenotypes of
the put5D mutant in vitro, Put5 is dispensable for virulence
in vivo. This suggests that, in the absence of proline catab-
olism, other nitrogen and carbon sources can still be readily
acquired by C. neoformans within the host and that the activ-
ity of other existing stress response pathways of C. neoformans
is sufficient to confer protection against oxidative and nitro-
sative insults by host immune cells.

The role of the other proline oxidase paralog, PUT1, remains
ambiguous, and our attempted cross-species complementation
experiment failed to provide any insights into its enzymatic
functionality. The failure of both the C. neoformans PUT1
and PUT5 cDNA to complement the S. cerevisiae put1D strain
could be due to multiple factors, including codon usage bias
or divergence of the C. neoformans proline oxidases’ mitochon-
drial targeting signal peptides, resulting in incorrect subcellular
localization of the expressed proteins. While we created fusion
genes to engineer the S. cerevisiae PUT1 promotor and ter-
minator sequences to flank the C. neoformans PUT1 and PUT5
ORFs, the predicted mitochondrial transit peptide of S. cer-
evisiae Put1 was not incorporated into the N terminus of
C. neoformans Put1 or Put5 as the exchange of sequences
within an ORF may potentially interfere with the function-
ality test. Therefore, it remains open to speculation why the
native C. neoformans proline oxidase genes do not enable the
expression of sufficient amounts of active and/or correctly
targeted protein in S. cerevisiae, whereas the C. neoformans
P5C dehydrogenase gene produced a functional protein with
its native mitochondrial transit peptide.

C. neoformans PUT2-encoded P5C dehydrogenase is the
second enzyme of the proline degradation pathway that is
required for proline utilization as well as for control of mi-
tochondrial ROS production. All aerobic organisms generate

Figure 6 P5C dehydrogenase is needed for optimal growth at high tem-
perature and for optimal production of melanin. (A) Tenfold spot dilution
assays on YPD medium demonstrated that the put2D mutant exhibited
a slightly slower growth rate compared to wild type at 30�, and this
growth defect was exacerbated at 37�. (B) Tenfold spot dilution assays
on L-DOPA medium showed that the put2Dmutant produced slightly less
melanin than wild type at 30� and that this melanization defect was
exacerbated at 37�.
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ROS as metabolic by-products primarily through aerobic res-
piration; ROS can damage DNA, proteins, and lipids, caus-
ing cytotoxicity. Multiple lines of evidence suggest that ROS
can also regulate apoptosis, a morphologically distinct form
of programmed cell death. In fact, a growing list of fungi
have been demonstrated to exhibit stress-induced cell death
such as in the model ascomycetes S. cerevisiae and A. nidulans,
as well as in the fungal pathogens Candida albicans, Colleto-
trichum trifolii, and C. neoformans (Madeo et al. 1997; Cheng
et al. 2003; Phillips et al. 2003; Chen and Dickman 2005;
Ikeda and Sawamura 2008; Semighini et al. 2011).

In animals, plants, and probably in the fungus C. neofor-
mans (as we have suggestive evidence here), impairment of
P5C dehydrogenase activity that causes intense P5C-proline
cycling or proline oxidase overexpression leads to ROS ac-
cumulation and induction of apoptosis in cells (Maxwell and
Davis 2000; Donald et al. 2001; Yoon et al. 2004; Phang
et al. 2008; Miller et al. 2009). In fact, the proline oxidase
gene is a target of the pro-apoptotic and tumor suppressor
protein p53 in humans (Polyak et al. 1997). While definitive
proof underlying the mechanism of ROS accumulation is
lacking for most proline oxidases, mounting evidence points
to the ability of the enzyme to load electrons into the mtETC
or directly into O2, causing elevated production of superox-
ide ions. P5C dehydrogenase therefore plays a vital role in
eukaryotes by irreversibly removing P5C from potential P5C-
proline cycling, resulting in an overall reduction of ROS pro-
duction from electron runoff.

Interestingly, certain prokaryotes have evolved strategies
to specifically avoid P5C/GSA accumulation by coupling
proline oxidase and P5C dehydrogenase activities. For exam-
ple, in bacterial species such as Bradyrhizobium japonicum
and Helicobacter pylori, the proline catabolic enzymatic activ-
ities are fused into a unique bifunctional enzyme to channel
the reaction intermediate and thus prevent the release of

P5C/GSA (Krishnan and Becker 2006). In plants lacking
P5C dehydrogenase, the inability to oxidize P5C to glutamate
and, in turn, to a-ketoglutarate may also cause a reduction in
mitochondrial NADPH production, which can affect the re-
generation of reduced glutathione by NADPH-dependent
glutathione reductase and slow down the ascorbate/gluta-
thione cycle, leading to enhanced mitochondrial ROS levels
(Moller 2001). In C. neoformans, P5C dehydrogenase is ad-
ditionally required for proper expression of the major virulence
factors. Accordingly, yeast mutants lacking P5C dehydrogenase
are profoundly attenuated in virulence during a murine inha-
lation model of cryptococcosis. To our knowledge, this is the
first report recognizing P5C dehydrogenase as an important
mediator that enables pathogenesis of a microorganism.

In conclusion, proline oxidases have been shown to
potentiate ROS-mediated cell death in various kingdoms of
life, and this paradigm likely extends to the basidiomycete
pathogen C. neoformans. The role of P5C dehydrogenase in
suppressing proline oxidase–FAD complex activity that, in
turn, controls apoptosis might therefore be an underappreci-
ated ancient function of the enzyme that has been conserved
throughout evolution.
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Figure S1   The proline catabolism-associated genes are located in a cluster on a single chromosome in A. 
nidulans, however in S. cerevisiae and C. neoformans, the genes are unlinked and located on different 
chromosomes. prnA encodes the pathway-specific transcription factor of prn expression, prnD, PUT1 and PUT5 
encode proline oxidase, prnB and PUT4 encode the proline-specific permease, while prnC and PUT2 encode P5C 
dehydrogenase. The multiple candidates of proline permease-encoding genes in C. neoformans are designated 
using the Broad Institute annotations. 
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Figure S2   ClustalW multiple sequence alignment of C. neoformans Put1 and Put5. Identical amino acid residues 
are shaded dark grey while similar residues are shaded light grey. 
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Figure S3   Cross-species complementation using C. neoformans PUT2 partially restored the proline utilization 
ability of the S. cerevisiae put2∆ mutant. Tenfold spot dilution assays for nitrogen source utilization showed that 
C. neoformans PUT2 complemented the S. cerevisiae put2∆ mutant’s proline assimilation defect, albeit to a 
poorer extent than an S. cerevisiae PUT2. On the other hand, neither C. neoformans PUT1 or PUT5 restored the 
proline utilization defect of the S. cerevisiae put1∆ strain. 
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Figure S4   Restoration of proline utilization ability upon the re-introduction of PUT5, PUT1 PUT5 and PUT2 into 
the put5∆, double put1∆ put5∆ and put2∆ mutants, respectively. Tenfold spot dilution assays for nitrogen or 
nitrogen and carbon source utilization showed that the complemented put5∆ + PUT5, put1∆ put5∆ + PUT1 PUT5 
and put2∆ + PUT2 strains exhibited wild-type growth on YNB supplemented with 10 mM proline (with or without 
2% glucose as a carbon source). 
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Figure S5   Tolerance against the oxidative stressor menadione and nitrosative stressor sodium nitrite is 
equivalent between the wild-type and proline oxidase(s) deletion mutant strains. Wild-type H99, put1∆, put5∆ 
and double put1∆ put5∆ strains were grown in YNB [proline and glutamate (10 mM each)] supplemented with 
(A) 0 – 0.003 mM menadione, or (B) 0 – 3 mM sodium nitrite. All strains displayed relatively similar growth 
percentage relative to the unstressed control when subjected to these individual stressors. Growth percentage 
relative to unstressed control is defined by dividing each stressed strain’s growth in OD600 with the same strain’s 
growth in OD600 when unstressed. Error bars represent standard errors across three biological replicates. 
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Figure S6   Restoration of mitochondrial superoxide ions to wild-type levels upon the re-introduction of PUT2 into 
the put2∆ mutant. Wild-type H99, put2∆ and complemented put2∆ + PUT2 strains were briefly subjected to 
culture in YNB supplemented with 10 mM proline, stained with MitoSOX, and the accumulation of ROS in the 
mitochondria was assessed by flow cytometry. Bar chart presented as average ± standard error of triplicate 
experiments showed that the put2∆ mutant had significantly enhanced ∆ mean fluorescence intensity (∆ MFI) of 
oxidized MitoSOX relative to the wild-type or put2∆ + PUT2 strains (*** denotes P < 0.001). ∆ MFI is defined by 
subtracting the background MFI (unstained cells) from the MFI generated from MitoSOX stained cells. 
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Figure S7   None of the proline catabolic deletion mutants display a defect in mitochondrial membrane potential. 
Wild-type H99 and proline catabolic deletion mutant strains were briefly subjected to culture in YNB 
supplemented with 10 mM proline, stained with MitoTracker Red CMXRos, and cells viewed under a confocal 
microscope. The staining profile of the mutants was similar to that of wild-type showing accumulation of the 
fluorescence dye that is dependent on normal mitochondrial membrane permeability. Scale bar, 10 µm. 
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Figure S8   Restoration of virulence factor expression to wild-type levels upon the re-introduction of PUT2 into 
the put2∆ mutant. (A) Tenfold spot dilution assays on YPD medium demonstrated that the complemented put2∆ 
+ PUT2 strain exhibited wild-type growth at both 30 and 37°C. (B) Tenfold spot dilution assays on L-DOPA 
medium showed that the put2∆ + PUT2 strain produced equal amount of melanin as the wild-type strain at both 
30 and 37°C. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/194/2/421/6065424 by guest on 25 M

ay 2023



10 SI I. M. R. C. Lee et al. 

 

Table S1   Fungal strains used in this study 

Strain Genotype Original source 

H99 Cryptococcus neoformans MATα John Perfect 

EL13 H99 put1::NEO This study 

EL1 H99 put5::NEO This study 

EL9 H99 put1 put5::NEO  This study 

EL18 H99 put2::NEO This study 

EL22 H99 put1::NEO + PUT1 NAT This study 

EL20 H99 put5::NEO + PUT5 NAT This study 

EL21 H99 put1 put5::NEO + PUT1 PUT5 NAT This study 

EL23 H99 put2::NEO + PUT2 NAT This study 

BY4741 Saccharomyces cerevisiae MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Carrie Brachmann 

4099B7 BY4741 put1::KanMX Thermo Scientific 

1000H4 BY4741 put2::KanMX Thermo Scientific 
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Table S2   Primers used in this study 

Primer Purpose Sequence (5’-3’) 

UQ1070 Cn PUT1 qRT-PCR F AAAAGCTAAAGAGAACGACGTTGC 

UQ1071 Cn PUT1 qRT-PCR R TCTCACTCTTTGACTTTGGAGGTTT 

UQ1072 Cn PUT5 qRT-PCR F AGAAGGCTAAGGAGAACAACATCATT 

UQ1073 Cn PUT5 qRT-PCR R GTCCAGATCTCCTCCTTGGAAG 

UQ1074 Cn PUT2 qRT-PCR F TCATTAACGGTGAGGAGGTCAAG 

UQ1075 Cn PUT2 qRT-PCR R GCAAGAGCACCGTCAATGG 

UQ1300 Cn PUT1 deletion 5’ F / genomic DNA generation F CTGCCATGTACAATCCATAAT 

UQ1301 Cn PUT1 deletion 5’ R CTCTCCAGCTCACATCCTCGCAGCGCGATTTCGTTA 

UQ1302 Cn PUT1 deletion 3’ F TGTTAATACAGATAAACCGTTGGTTCAAGATACTTT 

UQ1303 Cn PUT1 deletion 3’ R / genomic DNA generation R TCTCTACATTACGCAACATGG 

UQ1304 Cn PUT1 deletion NEO F TAACGAAATCGCGCTGCGAGGATGTGAGCTGGAGAG 

UQ1305 Cn PUT1 deletion NEO R AAAGTATCTTGAACCAACGGTTTATCTGTATTAACA 

UQ1306 Cn PUT5 deletion 5’ F / genomic DNA generation F GCACGCCTTCCGAAGTGAAAG 

UQ1307 Cn PUT5 deletion 5’ R AGCTCACATCCTCGCAGCCGTTGTGGATCGTTGGTT 

UQ1308 Cn PUT5 deletion 3’ F TGTTAATACAGATAAACCAACGCTTAAGTGGAGATG 

UQ1309 Cn PUT5 deletion 3’ R / genomic DNA generation R CCTCGTTCGGCTAAAGCTGAC 

UQ1310 Cn PUT5 deletion NEO F CAACCAACGATCCACAACGGCTGCGAGGATGTGAGC 

UQ1311 Cn PUT5 deletion NEO R CATCTCCACTTAAGCGTTGGTTTATCTGTATTAACA 

UQ1312 Cn PUT2 deletion 5’ F / genomic DNA generation F CTCCGGTGTCCATTATTCCTA 

UQ1313 Cn PUT2 deletion 5’ R AGCTCACATCCTCGCAGCTTTTGGTAAGGATGAAGA 

UQ1314 Cn PUT2 deletion 3’ F TGTTAATACAGATAAACCGTCAATGAGAATAGAAAA 

UQ1315 Cn PUT2 deletion 3’ R / genomic DNA generation R TTCTGACGGTGCAGGCGAAGA 

UQ1316 Cn PUT2 deletion NEO F TCTTCATCCTTACCAAAAGCTGCGAGGATGTGAGCT 

UQ1317 Cn PUT2 deletion NEO R TTTTCTATTCTCATTGACGGTTTATCTGTATTAACA 

UQ1036 Universal deletion diagnostic (NEO marker specific) R TGTGGATGCTGGCGGAGGATA 

UQ1410 Cn PUT1 deletion diagnostic F AAACGCTTAAGTGGAGATGAA 

UQ1411 Cn PUT5 deletion diagnostic F AGGCTGAAGATGATGCGAGAA 

UQ1412 Cn PUT2 deletion diagnostic F CGATGACAGCCGATACCTACA 

UQ18 Sequencing (M13F pCR2.1-TOPO)  GTAAAACGACGGCCAG 

UQ19 Sequencing (M13R pCR2.1-TOPO) CAGGAAACAGCTATGAC 

UQ1594 Cn PUT1 genomic DNA sequencing GCTGTTCCGAAAGCTACCAGA 

UQ1595 Cn PUT1 genomic DNA sequencing CCTCCTCGTCCTCTGGTTCT 

UQ1596 Cn PUT1 genomic DNA sequencing TGGCGTTGGAAAAGAGCGGAG 

UQ1597 Cn PUT1 genomic DNA sequencing AAAGAGAACGAGTAGACACAT 

UQ1598 Cn PUT1 genomic DNA sequencing GCGTCATTTTCGGTACTCACA 

UQ1599 Cn PUT1 genomic DNA sequencing AACTTGATTTCATTCGTGCTC 

UQ1600 Cn PUT5 genomic DNA sequencing TCCCCTGCTATTTTTTATCGT 

UQ1601 Cn PUT5 genomic DNA sequencing GACAACTCCTTTTCGACAACC 

UQ1602 Cn PUT5 genomic DNA sequencing TGAAACCGTGGAGGGATGTAT 

UQ1603 Cn PUT5 genomic DNA sequencing GAAGGGCAAGTGGGATGACAT 

UQ1604 Cn PUT5 genomic DNA sequencing CATACAACACGCCGAAGCCAA 

UQ1605 Cn PUT5 genomic DNA sequencing GGCGGCAGAGATGAGGCGAGT 

UQ1606 Cn PUT2 genomic DNA sequencing TGGGTGTTGAAGATTTGGTCG 
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UQ1607 Cn PUT2 genomic DNA sequencing ACCAAAAATGTCTTCCCAACT 

UQ1608 Cn PUT2 genomic DNA sequencing GCCGAAATCGACGCTGCCGCT 

UQ1609 Cn PUT2 genomic DNA sequencing CCCAAAACCTCGACATCTACA 

UQ1610 Cn PUT2 genomic DNA sequencing TACGCTTTTCATTTCCGGCCT 

UQ1611 Cn PUT2 genomic DNA sequencing AGCGATTAGGGTTTACGACAT 

UQ1612 Cn PUT2 genomic DNA sequencing AGAAGAAGAAGTCAGTCAGCA 

UQ270  GenomeWalker adaptor GTAATACGACTCACTATAGGGC 

UQ271 GenomeWalker nested adaptor ACTATAGGGCACGCGTGGT 

UQ272 GenomeWalker 3’ gene specific CTGAATGGCGAATGAGCTTGAGCTTGG 

UQ273 GenomeWalker 3’ nested gene specific ATCAGATTGTCGTTTCCCGCCTTCAG 

UQ274 GenomeWalker 5’ gene specific GAGAGGCGGTTTGCGTATTGGCTAGAG 

UQ275 GenomeWalker 5’ nested gene specific ACGTCCGCAATGTGTTATTAAGTTGTC 

UQ1719 Sc PUT1 genomic DNA / promotor generation F AGACAAAACTGAGCGAGACAG 

UQ1756 Sc PUT1 genomic DNA / terminator generation R GCACCTACACTAACAGCTTCT 

UQ1729 Sc PUT2 genomic DNA / promotor generation F TCACCGCATCGTTCAACTGTC 

UQ1760 Sc PUT2 genomic DNA / terminator generation R TGCAATGCCAAAAGTGTCTGT 

UQ1720 Cn PUT1 cDNA generation F  GGCATCCCATCCATACAACCTCTAGATTTTAGACA 

UQ1761 Cn PUT1 cDNA generation R  GACCAAAGTATCTTGAACCAA 

UQ1725 Cn PUT5 cDNA generation F  CACTAACGCACGCTAGAAATGTCAGCAATCCGACC 

UQ1762 Cn PUT5 cDNA generation R  TTAATCAGAGCCTCCAAAGAA 

UQ1730 Cn PUT2 cDNA generation F  AATTCACAGGAATTGCTTTTCTTTCTTCATCCTTA 

UQ1763 Cn PUT2 cDNA generation R  GATACGAGACATTATGTATGA 

UQ1814 Sc PUT1 promotor generation R for Cn PUT1 GCGGGAGGCACGCATTTCTAGCGTGCGTTAGTGTT 

UQ1758 Sc PUT1 promotor generation R for Cn PUT5 GGTCGGATTGCTGACATTTCTAGCGTGCGTTAGTG 

UQ1815 Sc PUT1 terminator generation F for Cn PUT1 CAAGATACTTTGGTCGAGGACTATAATATATACTC 

UQ1728 Sc PUT1 terminator generation F for Cn PUT5 AGATTCTTTGGAGGCTCTGATTAAGAGGACTATAA 

UQ1759 Sc PUT2 promotor generation R for Cn PUT2 TAAGGATGAAGAAAGAAAAGCAATTCCTGTGAATT 

UQ1816 Sc PUT2 terminator generation F for Cn PUT2 ATGTCTCGTATCAAAAATTTTTGTGGAATAGAACC 

UQ1770 Sc PUT1 genomic DNA sequencing CAGCTATGACCATGATTACGC 

UQ1769 Sc PUT1 genomic DNA sequencing GTCGCTACACACGTACATTGC 

UQ1818 Sc PUT1 genomic DNA sequencing AGTGAAGGTGAAAGCGAGGCA 

UQ1771 Sc PUT1 genomic DNA sequencing CGCCACTCATCAATTGTTTAT 

UQ1772 Sc PUT1 genomic DNA sequencing TCCAAAAGCTCCTTATTAGTT 

UQ1819 Sc PUT1 genomic DNA sequencing ACAACATCCTACTGCCCAATA 

UQ1773 Sc PUT1 genomic DNA sequencing ATGAATATAAGCACCACGAAC 

UQ1774 Sc PUT1 genomic DNA sequencing TCACTTGGTTGTCGCCTCTCA 

UQ1775 Sc PUT1 genomic DNA sequencing AAGATTTCCGTTTGAACTAGC 

UQ1776 Sc PUT2 genomic DNA sequencing ATGACCATGATTACGCCAAGC 

UQ1777 Sc PUT2 genomic DNA sequencing AAGATGGCAAGGGATATGTTT 

UQ1778 Sc PUT2 genomic DNA sequencing CATATCCCTTGCCATCTTCAC 

UQ1820 Sc PUT2 genomic DNA sequencing GACTTTCTCAGTAGGGGTAGA 

UQ1779 Sc PUT2 genomic DNA sequencing AAACCTTCACAAACCGCTGCC 

UQ 1821 Sc PUT2 genomic DNA sequencing CCATGGATATACTTCTGGAGT 

UQ1780 Sc PUT2 genomic DNA sequencing AGCCTTATCGTCGGTACCACT 

UQ1822 Sc PUT2 genomic DNA sequencing GCCACTTTGTATTTTGCCATA 

UQ1781 Sc PUT2 genomic DNA sequencing GGCGAGCAGTCCCTGACAAGA 
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UQ1782 Sc PUT2 genomic DNA sequencing TTCCACATGGCAAAGAATAAA 

UQ1595 Cn PUT1 cDNA sequencing CCTCCTCGTCCTCTGGTTCT 

UQ1596 Cn PUT1 cDNA sequencing TGGCGTTGGAAAAGAGCGGAG 

UQ1598 Cn PUT1 cDNA sequencing GCGTCATTTTCGGTACTCACA 

UQ1601 Cn PUT5 cDNA sequencing GACAACTCCTTTTCGACAACC 

UQ1602 Cn PUT5 cDNA sequencing TGAAACCGTGGAGGGATGTAT 

UQ1603 Cn PUT5 cDNA sequencing GAAGGGCAAGTGGGATGACAT 

UQ1604 Cn PUT5 cDNA sequencing CATACAACACGCCGAAGCCAA 

UQ1605 Cn PUT5 cDNA sequencing GGCGGCAGAGATGAGGCGAGT 

UQ1607 Cn PUT2 cDNA sequencing ACCAAAAATGTCTTCCCAACT 

UQ1608 Cn PUT2 cDNA sequencing GCCGAAATCGACGCTGCCGCT 

UQ1609 Cn PUT2 cDNA sequencing CCCAAAACCTCGACATCTACA 

UQ1611 Cn PUT2 cDNA sequencing AGCGATTAGGGTTTACGACAT 
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Table S3   Plasmids used in this study 

Plasmid  Detail Original source 

pJAF1 NEO selectable marker in pCR2.1-TOPO  James Fraser 

pCH233 NAT selectable marker in pCR2.1-TOPO  Christina Hull 

pELYL1 H99 PUT1 genomic DNA including promotor and terminator in pCR2.1-TOPO  This study 

pELYL2 H99 PUT5 genomic DNA including promotor and terminator in pCR2.1-TOPO  This study 

pELYL4 H99 PUT1 PUT5 genomic DNA including promotor and terminator in pCR2.1-

TOPO  

This study 

pELYL3 H99 PUT2 genomic DNA including promotor and terminator in pCR2.1-TOPO  This study 

pELYL5 H99 PUT1 genomic DNA including promotor and terminator in pCH233  This study 

pELYL6 H99 PUT5 genomic DNA including promotor and terminator in pCH233  This study 

pELYL8 H99 PUT1 PUT5 genomic DNA including promotor and terminator in pCH233  This study 

pELYL7 H99 PUT2 genomic DNA including promotor and terminator in pCH233  This study 

YCplac111 YC-type (centromeric) shuttle vector with LEU2 and ampR markers Daniel Gietz 

pEWC38 H99 PUT1 cDNA in pCR2.1-TOPO This study 

pEWC39 H99 PUT5 cDNA in pCR2.1-TOPO This study 

pEWC37 H99 PUT2 cDNA in pCR2.1-TOPO This study 

pEWC45 H99 PUT1 cDNA flanked by BY4741 PUT1 promotor and terminator in 

pCR2.1-TOPO 

This study 

pEWC46 H99 PUT5 cDNA flanked by BY4741 PUT1 promotor and terminator in 

pCR2.1-TOPO 

This study 

pEWC40 H99 PUT2 cDNA flanked by BY4741 PUT2 promotor and terminator in 

pCR2.1-TOPO 

This study 

pEWC35 BY4741 PUT1 genomic DNA including promotor and terminator in pCR2.1-

TOPO 

This study 

pEWC36 BY4741 PUT2 genomic DNA including promotor and terminator in pCR2.1-

TOPO 

This study 

pEWC48 H99 PUT1 cDNA flanked by BY4741 PUT1 promotor and terminator in 

YCplac111 

This study 

pEWC49 H99 PUT5 cDNA flanked by BY4741 PUT1 promotor and terminator in 

YCplac111 

This study 

pEWC47 H99 PUT2 cDNA flanked by BY4741 PUT2 promotor and terminator in 

YCplac111 

This study 

pEWC50 BY4741 PUT1 genomic DNA including promotor and terminator in 

YCplac111 

This study 

pEWC51 BY4741 PUT2 genomic DNA including promotor and terminator in 

YCplac111 

This study 
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