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Abstract

Cryptococcosis is an opportunistic fungal infection caused by members of the two sib-
ling species complexes: Cryptococcus neoformans and Cryptococcus gattii. Flucytosine
(5FC) is one of the most widely used antifungals against Cryptococcus spp., yet very few
studies have looked at the molecular mechanisms responsible for 5FC resistance in this
pathogen. In this study, we examined 11 C. gattii clinical isolates of the major molec-
ular type VGIII based on differential 5FC susceptibility and asked whether there were
genomic changes in the key genes involved in flucytosine metabolism. Susceptibility
assays and sequencing analysis revealed an association between a point mutation in the
cytosine deaminase gene (FCYT) and 5FC resistance in two of the studied 5FC resistant
C. gattii VGllI clinical isolates, B9322 and JSb. This mutation results in the replacement of
arginine for histidine at position 29 and occurs within a variable stretch of amino acids.
Heterologous expression of FCY7 and spot sensitivity assays, however, demonstrated
that this point mutation did not have any effect on FCY17 activities and was not responsi-
ble for 5FC resistance. Comparative sequence analysis further showed that no changes
in the amino acid sequence and no genomic alterations were observed within 1 kb of the
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upstream and downstream sequences of either cytosine permeases (FCY2-4) or uracil
phosphoribosyltransferase (FURT) genes in 5FC resistant and 5FC susceptible C. gattii
VGIIl isolates. The herein obtained results suggest that the observed 5FC resistance in
the isolates B9322 and JS5 is due to changes in unknown protein(s) or pathway(s) that

regulate flucytosine metabolism.
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Introduction

Members of the Cryptococcus neoformans and Crypto-
coccus gattii species complexes are the etiological agents
of cryptococcosis. While C. neoformans is responsible for
most cases of infections globally, C. gattii continues to pose
a serious public health threat, as witnessed by ongoing cases
of infections in the Pacific Northwest region of Canada and
the United States since 1999.! Despite global concerns, a
limited number of antifungals are effective against Cryp-
tococcus spp., and resistance to these drugs is common
in clinical settings.> Current therapeutic options for the
treatment of cryptococcosis include amphotericin B for-
mulations, flucytosine, and the triazoles.? Flucytosine (S-
fluorocytosine, SFC) is a fluorinated pyrimidine with activ-
ity against a number of fungal pathogens. It has no intrinsic
antifungal capacity, but after uptake by susceptible fungi it
is converted into 5-fluorouracil (5FU), which is further con-
verted into metabolites that inhibit fungal RNA and DNA
synthesis. SFC combined with amphotericin B is currently
the gold standard for the treatment of cryptococcal menin-
goencephalitis,? and reduced mortality with the use of this
regimen has been demonstrated in a randomized trial.*

It is well known that flucytosine metabolism utilizes the
pyrimidine salvage pathway that operates in fungal and
bacterial species. Mutations in three key components of
this pathway have been implicated in promoting flucyto-
sine resistance in fungal species: cytosine permease (FCY2),
cytosine deaminase (FCY1), and uracil phosphoribosyl-
transferase (UPRTase, encoded by FUR1).>-® Flucytosine
is transported into susceptible fungi by the membrane-
bound cytosine permease and subsequently deaminated
to S-fluorouracil (5FU) by cytosine deaminase (Fig. 1).
The absence of cytosine deaminase in mammalian cells
allows selective toxicity on fungal organisms. Following
deamination of 5FC, 5FU is converted into 5-fluorouridine
monophosphate (FUMP) via the action of UPRTase. FUMP
is then further reduced to 5-fluorodeoxyuridine monophos-
phate (FAUMP), which interferes with DNA synthesis. In-
hibition of protein synthesis occurs through a separate
mechanism where FUMP is phosphorylated to become
5-fluorouridine diphosphate (FUDP) and 5-fluorouridine
triphosphate (FUTP), which is in turn incorporated into
fungal RNA, thereby disrupting the amino acid pool and
ultimately causing abnormal protein synthesis.

Due to the high incidence of acquired or primary (intrin-
sic) resistance, the use of SFC as monotherapy is not recom-
mended except in selected cases of urinary candidiasis and
chromoblastomycosis.>” Acquired resistance is often due
to a decrease in UPRTase activity and is most frequently
found following treatment with SFC.® This resistance is
thought to be a result of either the failure of the organism
to metabolize the drug or the loss of pyrimidine biosynthesis
feedback control.® On the other hand, primary resistance
is thought to be the result of impaired cellular deamination
or decreased SFC uptake due to mutations in the FCY1
or FCY2 genes respectively.” At the present time, there is
a paucity of data on the regulatory and resistance mecha-
nisms of SFC in Cryptococcus spp. A recent genome-scale
study on the regulatory and resistance mechanisms of SFC
in C. neoformans identified 177 SFC responsive genes.'? In
particular, a C. neoformans strain lacking the transcription
factor, Mbs1, displayed increased susceptibility to SFC.!°
On the other hand, the SFC resistance mechanisms have not
been previously explored in C. gattii at the molecular level,
and it is generally thought that they are similar to those
found in Saccharomyces cerevisiae and Candida albicans.®
In the herein presented work, we tested 11 C. gattii clinical
and veterinary isolates belonging to the major molecular
type VGIII/AFLPS for SFC susceptibility and identified two
resistant isolates with SFC MIC > 64 ug/ml. Our data sur-
prisingly show that the observed S5FC resistance did not
directly involve changes in either protein sequences or up-
stream and downstream genomic sequences of cytosine per-
meases, cytosine deaminase, or uracil phosphoribosyltrans-
ferase genes. We speculate that the SFC resistance in the
two examined C. gattii VGIII clinical isolates, B9322 and
]SS5, is due to changes in regulatory protein(s) or pathway(s)
that control flucytosine metabolism.

Methods

Reagents, isolates, and culture conditions

Flucytosine (SFC) (Cat. F7129) and cytosine (Cat. C3506)
were obtained from Sigma. All 11 C. gattii strains were
grown and maintained on yeast-peptone-dextrose (YPD)
medium. SFC resistant C. gattii VGIII strains (B9322 and
JS5) and susceptible strains (JS91 and those with MICs
< 4 pg/ml shown in Table 1) were obtained from a
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Figure 1. The main enzymatic steps involved in the uptake, conversion, and mechanism of action of fluoropyrimidines. 5FC, flucytosine; 5FU,
5-fluorouracil; UPRTase/FUR1, uracil phosphoribosyltransferase; FUMP, 5-fluorouridine monophosphate; FUDP, 5-fluorouridine diphosphate; FUTP,
5-fluorouridine triphosphate; FAUMP, 5-fluorodeoxyuridine monophosphate. This Figure is reproduced in color in the online version of Medical

Mycology.

TABLE 1. In vitro susceptibility testing and FCY1 profiles of 11 Cryptococcus gattii clinical and veterinery isolates used in this
study.

Strains Other Collection Year of Mating FCY1 SFC MIC Original
ID numbers Country isolation Source Serotype Type Sequence (5" — 3) Mutations (ug/mL)  Reference
B9322 WM1 1.949 USA 2011 clin B alpha  TTGAAGAGTCATTCG LKSHS >64 Ref 13
JSS WM10.165 USA 2005 vet B alpha  TTGAAGAGTCATTCG LKSHS >64 Ref 12
JS69 WM10.186 USA 2006 vet B alpha  TTGAAGAGTCGTTCG LKSRS 0.5 Ref 14
JS91 WM11.40 USA 2011 vet C a TTGAAGAGCCGTTCG LKSRS 0.5 Ref 14
JS110 WM11.139 USA 2011 vet B a TTGAAGAGCCGTTCG LKSRS 1 Ref 12
B8965 WM11.941 USA 2010 clin B a TTGAAGAGCCGTTCG LKSRS 1 Ref 13
B9151 WM1 1.945 USA 2011 clin B alpha  TTGAAGAGCCGTTCG LKSRS 1 Ref 12
B8260 WM1 1.937 USA 2009 vet C alpha  TTGAAGAGCCGTTCG LKSRS 0.5 Ref 13
B8262 WM1 1.938 USA 1992 clin B alpha  TTGAAGAGICGTTCG LKSRS 1 Ref 15
07-11763 WMO09.45 USA 2007 vet B alpha  TTGAAGAGICGTTCG LKSRS 1 Ref 12
08-7686  WMO09.47 USA 2008 vet B alpha  TTGAAGAGICGTTCG LKSRS 0.5 Ref 12

collection of clinical and veterinary C. gattii isolates.'1~15

The S. cerevisiae WT and mutant strain lacking cytosine
deaminase (Sc fcylA) were a gift from Joseph Heitman
(Duke University).1®

Genome sequencing and in vitro susceptibility
testing of C. gattii clinical isolates

Isolates included in this study all belong to the C. gattii
VGIII major molecular type and had previously undergone
whole genome sequencing as part of a larger population
genomics survey.''""5 TIsolates with differential SFC
susceptibility were chosen for comparison, and genomic

sequences of regions predicted to be involved in SFC

susceptibility were compared (see Table 2). Susceptibility
testing was performed on 11 C. gattii VGIII isolates in
accordance with the CLSI reference document M27-A3."7
Candida krusei ATCC 6258 and Candida parapsilosis
ATCC 22019 were used as controls for susceptibility
testing. The strains JS5 and B9322 showing SFC MICs
>64 ug/ml were chosen for comparison to nine isolates
with SFC MICs <4 ug/ml (Table 1).

Spot sensitivity assays

SFC and 5FU resistance assays were carried out on mini-
mal media (SD) supplemented with 2.5-10 pg/ml SFC or
1-10 png/ml SFU, respectively. Cytosine assimilation assays
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Table 2. List of putative Cryptococcus gattii genetic loci involved in cytosine metabolism.

C. gattii genes

Broad institute ID

Amino acid changes

Cytosine deaminase (FCY1)

Cytosine permease (FCY2)
Cytosine-purine permease, (FCY3)
Cytosine permeases (FCY4)

Uracil phosphoribosyltransferase (FUR1)

CNAG.00613.2
CNAG_.01681.2
CNAG_04982.2
CNAG_.04276.2
CNAG.02337.2

R29H mutation in two isolates
No change
No change
No change
No change

were done on minimal media lacking a nitrogen source
(without NH4SO4) and supplemented with 1-4 mM cy-
tosine. Sterile-filtered stock solutions of SFC (5.2 ug/ml),
S5FU (5.0 pg/ml), and cytosine (40 mM) were prepared by
dissolving the powder in ddH, O or DMSO (as the case for
5FU) and added to SD agar post-autoclave. Inocula from
overnight cultures were used to start new cultures for 8-10
hours on the day of the experiment. Cultures were washed
three times with 1X phosphate-buffered saline (PBS) and
resuspended in 1X PBS. Serial 10-fold dilutions were pre-
pared (10! cells/5 ul to 10° cells/S ul) on 96-well plates,
and 5 pul of each dilution was spotted on assay plates using
a multichannel pipet.

Heterologous expression of C. gattii FCY1 in yeast

C. gattii FCY1 wild-type (CgFCY1"") and FCY1 mutant
(CgFCY1™") complementary DNAs (cDNAs) were ordered
from GenScript Inc., Piscataway, NJ, USA. The CgFCY 1™
c¢DNA carried a point mutation at nucleotide position 86,
resulting in the Arg29His substitution in the expressed pro-
tein. Both wild-type and mutant cDNAs were commercially
synthesized and subcloned into the pUC57 plasmid back-
bone. To produce the yeast heterologous expression con-
structs expressing either CgFCY1"" or CgFCY1™" cDNA
under the control of either a strong GDP promoter or a
weak ADH promoter, pUC57 plasmids carrying CgFCY1
cDNAs were digested with BamHI and EcoRI, and the gel
purified cDNAs were subcloned into the yeast shuttle ex-
pression plasmids p416GDP and p416ADH (Fig. S1).'® The
resultant expression plasmids were then introduced into S.
cerevisiae fcyl A via lithium acetate transformation using a
standard method." Transformants were selected on uracil-
deficient medium and tested for their ability to assimilate
cytosine and grow on SD media in the presence of flucyto-
sine.

Heterologous expression of C. gattii FCY1 in the
KN99 fcy 1A background

C. gattii FCY1 wild-type (CgFCY1%") and FCY1 mutant
(CgFCY1™) cDNAs and C. neoformans FCY1 wild-type
(CnFCY1") and FCY1 mutant (CnFCY1™) cDNAs were

subcloned into the Jmm180 Cryptococcus expression plas-
mid under the control of the constitutive actin promoter
(Fig. S1). The resultant expression plasmids were then intro-
duced into the KN99 FCY1 deletion strain (KN99 fcylA)
via biolistic transformation.?’ Transformants were selected
on uracil-deficient medium and tested on minimal media
(SD) in the presence of flucytosine and assimilate cytosine
as a sole nitrogen source.

Results

Mutations in the proteins that mediate the uptake or
metabolism of flucytosine (5FC) are the basis for SFC resis-
tance.®2! Primary resistance, the focus of this study, refers
to the inherent resistance in the absence of prior drug expo-
sure. We investigated primary resistance in C. gattii VGIII
isolates to SFC by identifying and analyzing genomic se-
quences of cytosine permease genes (FCY2, FCY3, FCY4 -
3 putative genes found in C. gattii), cytosine deaminase gene
(FCY1), and uracil phosphoribosyltransferase (UPRTase,
encoded by FUR1) in 11 clinical isolates (Table 2). These
transporters and enzymes are the major components of the
pyrimidine salvage pathway found in fungi and bacteria and
are known to play essential roles in SFC metabolism (Fig. 1).
Susceptibility testing and sequence analysis of 11 C. gattii
isolates revealed an association between a point mutation
in the FCY1 gene and SFC resistance in two clinical iso-
lates (B9322 and ]JS5) where the substitution of guanine for
adenine at nucleotide position 86 resulted in the exchange
of arginine for histidine at the amino acid position 29
(Table 1). Comparative analysis of the open reading frames
(ORF) and the 1 kb upstream and downstream sequences
of the three putative cytosine permeases (FCY2-4) and UP-
RTase (FUR1) between the SFC resistant and susceptible
isolates indicated that these genes were either isogenic or
displayed silent mutations (Table 2) (Fig. S2). Together,
our data suggested that a single point mutation in FCY1
may have given rise to SFC resistance in the isolates B9322
and JS5.

The enzyme structure of cytosine deaminase in S. cere-
visiae has been resolved.?>?> The structure predicts that
among the FCY1 active-site residues, a histidine and two
cysteines (highlighted in yellow) coordinate zinc within the
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Figure 2. Homology model of cytosine deaminase (FCY1) and ClustalW alignment of amino acid sequences from C. gattii FCY1 (CgFcy1) and S.
cerevisiae FCY1 (ScFcy1). The amino acid residues highlighted in green and yellow represent the active site in Fcy1 based on the crystal structure of
ScFCY1.22:23 The histidine and two cysteines (shaded in yellow) act as ligands in the zinc binding motif. Residues with a predicted role in substrate

specificity are labeled in green color. The single amino acid residue that is mutated in 5FC resistant isolates (Table 1) is in bold-face and underlined.

(A)
SD + 2.5ug/ml 5-FC

B9322 §
JS5

JSo1

Sac fcylA
Sac WT

® SD SD (-N) SD (-N) + 1mM cytosine SD (-N) + 4mM cytosine
B9322 | By
JS5
Jso1

Sac fcy1A

Figure 3. Two C. gattii clinical isolates are resistant to flucytosine but retain the ability to assimilate cytosine. (A) Growth of 5FC resistant isolates
(B9322 and JS5), 5FC susceptible isolate (JS91) and S. cerevisiae control strains (WT and fecy1A) on minimal media (SD) containing 2.5 ng/ml 5FC.
Serial dilutions of cells (10° cells/5 .l to 10" cells/5 jul) were spotted on SD agar supplemented with 2.5 ;.g/ml 5FC. (B) B9322 and JS5 retain the ability
to assimilate cytosine as a sole nitrogen source. Serial dilutions of cells (10° cells/5ul to 10" cells/5.1) were spotted on SD agar supplemented with
1-4 mM of cytosine as the sole nitrogen source. SD denotes synthetic dextrose minimal media. SD (-N) denotes synthetic dextrose media lacking a
nitrogen source (NH;SO,).

zinc-binding motif, while a glutamate residue serves as a
proton shuttle (Fig. 2). The amino acid sequence alignment
of FCY1 from S. cerevisiae and C. gattii revealed that these
residues along with the amino acids that mediate substrate
specificity (highlighted in green) are conserved in C. gattii.
However, the Arg29His mutation found in the SFC resis-
tant isolates, B9322 and JS5, occurred outside of the active-
site residues and within a string of amino acids that are not
conserved (Fig. 2).

Consistent with the MIC data (SFC MIC >64 ug/ml,
Table 1), the isolates B9322 and ]SS5 were able to grow
on minimal media (SD) in the presence of 2.5 ug/ml SFC
(Fig. 3A). In contrast, the JS91 control strain, deemed
susceptible according to its low MIC value (0.5 ug/ml,
Table 1), was not viable (Fig. 3A). A few remaining colonies
were observed, but they were likely the result of spon-
taneous SFC resistance as previously reported.”* We also
tested a strain of S. cerevisiae lacking the gene encoding
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Figure 4. Heterologous expression of C. gattii FCY1 wildtype (CgFCY1"!) and FCY1 mutant (CgFCY1™"!) proteins under the control of the strong GDP
promoter in the S. cerevisiae fcy1A genetic background (ScA). (A) Growth of S. cerevisiae wildtype, fcy1A, and heterologously expressed strains
on minimal media (SD) in the presence of 2.5-10 ng/ml flucytosine (5FC). (B) Growth of S. cerevisiae strains on minimal media containing 1-4 mM

cytosine as a sole nitrogen source. SD(-N) denotes synthetic dextrose agar lacking a nitrogen source.

cytosine deaminase (S. cerevisiae fcylA) and showed that
it was highly resistant to SFC as predicted (Fig. 3A).

Since the deamination of cytosine to uracil results in
the production of ammonia, the ability of fungi to assim-
ilate cytosine as a sole nitrogen source has been used as a
proxy method to quickly determine the presence of cyto-
sine deaminase activity.?! Surprisingly, we found that de-
spite the point mutation in the FCYI gene and the ob-
served SFC resistance, both isolates, B9322 and ]SS5, grew
robustly on media containing cytosine as the sole nitrogen
source suggesting that the Arg29His substitution has lit-
tle to no effect on cytosine deaminase activity (Fig. 3B).
We suspected that the Arg29His substitution may alter the
overall FCY1 structure in such a manner that the enzyme
becomes defective at metabolizing SFC (thus giving rise to
SFC resistance) while retaining its ability to assimilate cy-
tosine. To test this idea, both wild-type and mutant FCY1
cDNAs from C. gattii were heterologously expressed in the
S. cerevisiae fcyl A genetic background under the control
of the strong GDP promoter, and the yeast transformants
were tested for their susceptibility to flucytosine and their
ability to assimilate cytosine (Fig. 4). Contrary to our ex-
pectation, S. cerevisiae fcylA cells expressing the mutant
cytosine deaminase (CgFCY1™") were susceptible to flucy-
tosine and grew on cytosine media to the same extent as

those expressing the wildtype version (CgFCY1™), sug-
gesting that the Arg29His substitution has no effect on
cytosine deaminase activity. While the heterologous ex-
pression data indicated that there was no causal link be-
tween the Arg29His substitution in FCY1 and the SFC re-
sistance observed in the isolates B9322 and JS5, we thought
that expressing the mutant FCY1 protein (CgFCY1™") un-
der the control of a strong promoter might have masked
any differences we observed between wild-type and mu-
tant proteins. To rule out this possibility, CgFCY1"* and
CgFCY1™ proteins were heterologously expressed in the
S. cerevisiae fcyl A genetic background under the control
of the weak ADH promoter (Fig. 5). The ADH promoter
had previously been assayed to have activities that were
72 times less than the activities associated with the GDP
promoter.'® Despite the low expression, S. cerevisiae fcyl A
cells expressing the CgFCY1™" protein were susceptible to
SFC and able to assimilate cytosine to the same level as
those expressing the wild-type version (CgFCY1%*) (Fig. 5).
The similar SFC susceptibility observed between transfor-
mants expressing either CgFCY1%* or CgFCY 1™ protein
held true even over a subtle range of SFC concentrations
(Fig. 6).

To further rule out the unlikely scenario that the
CgFCY1™* protein may behave unpredictably when
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Figure 5. Heterologous expression of C. gattii FCY1 wildtype (CgFCY1"!) and FCY1 mutant (CgFCY1™) proteins under the control of the weak
ADH promoter in the S. cerevisiae fcy1A genetic background (ScA). (A) Growth of S. cerevisiae wildtype, S. cerevisiae fcy1A, and heterologously
expressed strains on minimal media (SD) in the presence of 2.5-10 ug/ml flucytosine (5FC). (B) Growth of S. cerevisiae strains on minimal media
containing 1-4 mM cytosine as a sole nitrogen source. SD(-N) denotes synthetic dextrose agar lacking a nitrogen source.
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Figure 6. Heterologous expression of C. gattii FCY1 wildtype (CgFCY1"!) and FCY1 mutant (CgFCY1™M!!) proteins under the control of the weak ADH
promoter in the S. cerevisiae fcy 1A genetic background (ScA). Growth of S. cerevisiae wild-type, S. cerevisiae fcy1A, and heterologously expressed
strains on minimal media (SD) in the presence of 0.0025-0.16 ng/ml flucytosine (5FC).
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Figure 7. Expression of C. neoformans and C. gattii FCY1 wildtype and FCY1 mutant proteins under the control of the actin promoter in the KN99
fcy1A genetic background (KN99A). Growth of KN99 wildtype, KN99 fcy1A, and heterologously expressed strains on minimal media (SD) in the
presence of 5 ug/ml flucytosine (5FC) or 4 mM cytosine as a sole nitrogen source. CgFCY1"/CgFCY1™t and CnFCY1"t/CnFCY1™"t denote FCY1
wild-type and mutant proteins from C. gattii and C. neoformans, respectively. SD(-N) denotes synthetic dextrose agar lacking a nitrogen source.

expressed in S. cerevisiae, both CgFCY1"* and CgFCY 1™
proteins were expressed in the KN99 fcyl A genetic back-
ground and transformants were tested for flucytosine sus-
ceptibility and their ability to assimilate cytosine (Fig. 7).
We decided to heterologously express the C. gattii FCY1
proteins in the KN99 fcylA genetic background because
the strain KN99 belongs to C. neoformans, a sibling species
of C. gattii and the KN99 fcyl A null mutant had recently
been made available to the scientific community.?® Similar
to the results obtained from the S. cerevisiae heterologous
system, no differences in flucytosine susceptibility and cy-
tosine assimilation were observed between KN99 feylA
transformants expressing either the CgFCY1“" or
CgFCY1™" proteins (Fig. 7). In addition, the KN99 FCY1
mutant allele, CnFCY1™", was also generated and ex-
pressed in the KN99 fcylA genetic background. As ex-
pected, transformants expressing the mutant FCY1 protein
from KN99 were found to restore flucytosine susceptibility
and cytosine assimilation to wildtype level (Fig. 7).

To assess whether the observed flucytosine resistance in
B9322 and ]SS5 is due to pathway components downstream
of FCY1, the isolates were tested for their ability to grow
on S-fluorouracil (5FU), a toxic metabolite that normally
forms as a result of the deamination of SFC (Fig. 1). Con-
sistent with the contribution of FUR1 to flucytosine resis-
tance, both isolates B9322 and JS5 were able to survive
on SFU over a wide concentration range (Fig. 8). Several
colonies from the SFC susceptible isolate, JS91, could be ob-
served growing on media containing SFU; however, these
were likely resistant cells that spontaneously arise during
prolonged drug exposure. Interestingly, sequencing analy-
sis revealed that there were no amino acid changes in FUR1
among SFC resistant and SFC susceptible isolates (Fig. S2).
In addition, analysis of 1 kb of the upstream and down-
stream sequences of the FUR1 gene did not show any ge-
nomic changes spanning the 2 kb genomic distance, except
for the presence of several SNPs that are not unique to the
B9322 and JSS5 isolates (Fig. S3A,B).
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KN99 furlA .

SD + 5ug/ml 5-FC

SD + 5pg/ml 5-FU

SD 10ug/ml 5-FU

Figure 8. B9322 and JS5 are resistant to 5-fluorouracil (5FU). Growth of 5FC resistant isolates (B9322 and JS5), 5FC susceptible isolate (JS91) and
KN99 control strains (KN99 WT and KN99 fur7A) on minimal media (SD) containing 5 ug/ml 5FC or 1-10 ug/ml 5FU. Serial dilutions of cells (10°
cells/5 1l to 10" cells/5ul) were spotted on SD agar supplemented with either 5FC or 5FU.

Discussion

Flucytosine (SFC) remains an essential adjunct to am-
photericin B during the treatment of severe cryptococ-
cal infections.* While the molecular mechanisms respon-
sible for SFC resistance have been well studied in Candida
spp56:21,:24,26,27
the SFC resistance mechanisms in Cryptococcus spp.

and S. cerevisiae?®=31, little is known about
8,10
SFC resistance has been previously described in C. neo-
formans and C. gattii VGIII isolates analyzed in epidemi-
ological studies®?>33; however, amino acid changes within
key enzymes in the SFC metabolic pathway have not yet
been examined in these isolates. Primary SFC resistance in
C. neoformans has been reported to occur in 1-25% of
isolates.’»3*3% Unfortunately, past reports examining the
mechanism of resistance in these strains have been lim-
ited and to our knowledge an assessment of SFC resistance
mechanism in C. gattii has not been previously performed.

Genotyping of C. gattii at subspecies level identified
four major molecular types (VGI/AFLP4, VGII/AFLP6,
VGII/AFLPS, and VGIV/AFLP7) among C. gattii iso-
lates.3® The molecular type VGIII has received greater inter-
est in recent years because it has been identified as the main
cause of disease in otherwise healthy individuals.'® Based
on multilocus sequencing typing (MLST) analysis, C. gat-
tii VGIII is subdivided into VGIIIa and VGIIIb subgroups
with the VGIIIa isolates showing more virulence.'® VGIIIa
and VGIIIb have been shown to correspond to serotype B
and serotype C, respectively.!> Nine of the C. gattii VGIII
isolates used in this study belong to the VGIIIa subgroup

(serotype B) and two isolates belong to the VGIIIb subgroup
(serotype C) (Table 1). Based on the analysis of 55 iso-
lates, C. gattii was recently proposed to be divided into five
species.>” However, this new nomenclature remains very
controversial, leading to the proposal of leading members
of the Cryptococcus research community to apply the term
“species complex” in combination with the major molec-
ular type designation until all scientific aspects concern-
ing the different major genetic groups within the C. gat-
tii species complex are availble.’® As a result, the current
study is referring to the isolates used herein as C. gattii
VGIIL

In the herein presented work, we identified an associ-
ation between SFC resistance and the Arg29His mutation
found within the cytosine deaminase gene (FCY1) of two
C. gattii VGIII clinical isolates, B9322 and JSS. This associ-
ation is consistent with the role of FCY1 as the enzyme re-
sponsible for the conversion of SFC to SFU (5-fluorouracil),
a toxic metabolite that inhibits DNA and protein synthesis.
Our finding is also in agreement with previous studies on
SFC resistance where deletion or mutations in the FCY1
gene (also known as FCA1 in Candida spp.) were found to
contribute to SFC resistance in both Candida spp.8-21-2%:26
and S. cerevisiae.”® With the exception of the Arg29His
mutation found in FCY1 in the isolates B9322 and JS5, no
amino acid changes were observed in either cytosine per-
meases (FCY2-4) or FUR1, suggesting that the Arg29His
mutation may be responsible for the observed SFC resis-
tance (Table 2) (data not shown).
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To assess the impact of the Arg29His mutation on FCY1
activities, the isolates B9322 and JS5 were tested on media
containing cytosine as the sole nitrogen source. Since am-
monia is the byproduct produced from the deamination of
cytosine to uracil, assessing the ability of C. gattii to assim-
ilate cytosine would establish whether the Arg29His mu-
tation is essential for FCY1 activity.'® Interestingly, both
isolates B9322 and JS5 were found to grow robustly on
cytosine media, suggesting the existence of active FCY1 in
the resistant isolates (Fig. 3B). The finding that the iso-
lates B9322 and JSS can assimilate cytosine therefore nul-
lified our hypothesis that the Arg29his mutation on FCY1
was responsible for their resistance to SFC. An alternative
interpretation of the cytosine assimilation data, however,
could potentially rescue our hypothesis. We thought that
the Arg29His mutation altered the overall FCY1 structure
in such a manner that the enzyme was defective at metab-
olizing SFC while retained its ability to assimilate cytosine.
This notion is consistent with our finding that the Arg29His
substitution occurs in a stretch of amino acids that is not
conserved (Fig. 2). It is conceivable that a nonessential mu-
tation reduces the affinity of cytosine deaminase to SFC
but not cytosine. To test this idea, we heterologously ex-
pressed the C. gattii FCY1 wild-type and mutant proteins
(CgFCY1"* and CgFCY1™") in both S. cerevisiae fcylA
and the C. neoformans KN99 fcyl A genetic backgrounds
and assessed their resistance to SFC and growth on cy-
tosine media. Spot sensitivity data obtained from these
heterologous expression studies unequivocally demonstrate
that the Arg29His mutation has no effect on FCY1 activi-
ties towards either flucytosine or cytosine (Fig. 4-7). Thus,
there is no causal link between the point mutation found in
FCY1 and the observed SFC resistance in the isolates B9322
and JS5.

Interestingly, the SFC resistant isolates, B9322 and ]SS5,
were viable on media containing S-fluorouracil (5FU), a
highly toxic metabolite that requires functional UPRTase
(encoded by FURT1) for its antifungal activities. Analysis of
FUR1 among SFC resistant and SFC susceptible isolates
showed that no amino acid changes and no genomic al-
terations were observed within 1 kb of the upstream and
downstream sequences of the FUR1 gene (Fig. S3A,B), sug-
gesting that the observed SFC resistance in C. gattii is
likely due to changes in unknown protein(s) or pathway(s)
that regulate FUR1 expression. Consistent with this notion,
DNA microarray data suggests that FUR1 expression in S.
cerevisiae is mediated by several positive regulators, includ-
ing CAD1, CST6, and SSP1.8-3°

While the data from this work did not yield any break-
through in the understanding of the molecular mechanism
responsible for SFC resistance in two clinical isolates of
C. gattii, they provide important insights into where we

should direct our efforts in order to better understand SFC
resistance in this important human pathogen. The majority
of work done in S. cerevisiae and other fungal pathogens,
particularly Candida spp., have focused on the three key
mediators of flucytosine resistance—namely, cytosine per-
mease (FCY2), cytosine deaminase (FCY1), and UPRTase
(FUR1).5-6-8:21,24.27,40 Muytations in either the coding se-
quence or the immediate upstream and downstream se-
quences flanking the FCY2, FCY1, and FUR1 genes have
been shown to promote flucytosine resistance in the above
studies. The herein presented data suggest that the SFC re-
sistance in the isolates B9322 and ]SS is not mediated by
changes in either the genes’ coding or regulatory sequences
but is likely be due to unknown factors or pathways that
modulate flucytosine metabolism. Consistent with the no-
tion that SFC resistance can be mediated by changes in pro-
teins that are not part of the pyrimidine salvage pathways
is the deletion of the transcription factor MBS1 for which
it has been shown that it confers increased susceptibility to
SFC in C. neoformans.'® A recent genome-wide screen for
genes that promote flucytosine resistance in S. cerevisiae
identified over 180 genes, particularly those involved in
DNA repair, RNA and protein metabolism.*' These afore-
mentioned studies and the herein presented work further
underline the need to examine SFC resistance mechanisms
globally in order to arrive at a better understanding of SFC
resistance in fungal pathogens.
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