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Glycerophosphocholine Utilization by Candida albicans
ROLE OF THE Git3 TRANSPORTER IN VIRULENCE"
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Background: Glycerophosphocholine (GroPCho) is a phospholipid metabolite found throughout the human body.

Results: Loss of Git3 and Git4 in C. albicans abolishes GroPCho transport, and Git3-deficient cells exhibit reduced virulence.
Conclusion: The major GroPCho transporter, Git3, is required for full virulence.

Significance: This report is the first to identify a eukaryotic GroPCho-specific transporter and the first to implicate GroPCho

utilization in pathogenicity.

Candida albicans contains four ORFs (GIT1,2,3,4) predicted
to encode proteins involved in the transport of glycerophos-
phodiester metabolites. Previously, we reported that Gitl,
encoded by ORF 19.34, is responsible for the transport of
intact glycerophosphoinositol but not glycerophosphocho-
line (GroPCho). Here, we report that a strain lacking both GIT3
(ORF 19.1979) and GIT4 (ORF 19.1980) is unable to transport
[®H]GroPCho into the cell. In the absence of a GroPCho trans-
porter, C. albicans can utilize GroPCho via a mechanism involv-
ing extracellular hydrolysis. Upon reintegration of either GIT3
or GIT4 into the genome, measurable uptake of [’H]GroPCho is
observed. Transport assays and kinetic analyses indicate that
Git3 has the greater transport velocity. We present evidence that
GDEI1 (ORF 19.3936) codes for an enzyme with glycerophos-
phodiesterase activity against GroPCho. Homozygous deletion
of GDEI results in a buildup of internal GroPCho that is
restored to wild type levels by reintegration of GDEI into the
genome. The transcriptional regulator, Pho4, is shown to regu-
late the expression of GIT3, GIT4, and GDEI. Finally, Git3 is
shown to be required for full virulence in a mouse model of
disseminated candidiasis, and Git3 sequence orthologs are pres-
ent in other pathogenic Candida species. In summary, we have
characterized multiple aspects of GroPCho utilization by C.
albicans and have demonstrated that GroPCho transport plays a
key role in the growth of the organism in the host.

Candida albicans is an opportunistic fungal pathogen that is
part of the natural flora of healthy human beings (1). C. albicans
together with other Candida species account for most hospital-
related fungal infections. Patients in the intensive care unit,
individuals with compromised immune systems, and patients
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undergoing cancer treatments or immunosuppressant therapy
are most likely to develop invasive candidal infection (2, 3).
Opportunistic pathogens such as C. albicans develop strategies
to survive and proliferate in the various niches of the host. This
survival must depend upon the ability of the organism to effi-
ciently utilize the available nutrients. Indeed, comparative anal-
ysis of the genome of the nonpathogenic Saccharomyces cerevi-
siae with that of C. albicans has uncovered numerous metabolic
differences, including the expansion of gene families related to
energy production, nutrient transport, and extracellular hydro-
lytic activity (4, 5). Secreted phospholipase activity, for exam-
ple, is prevalent in pathogenic fungi and has been linked to
pathogenicity (6, 7). It has been postulated that phospholipases
enhance virulence by damaging host membranes and enabling
penetration by the organism (6), but their importance may also
be related to their ability to release phospholipid metabolites
that can be used as nutrients.

Phospholipases of the B type (PLBs)? deacylate glycerophos-
pholipids (Fig. 10C) to produce fatty acids and water-soluble
metabolites called glycerophosphodiesters (GroPXs) (6, 8).
Two such GroPXs are glycerophosphoinositol (GroPIns) and
glycerophosphocholine (GroPCho) produced through the
deacylation of phosphatidylinositol and phosphatidylcholine
(PC), respectively. C. albicans contains five PLB-encoding
genes (7), and loss of PLB1 or PLBS has been shown to attenuate
virulence (9, 10). In addition to the GroPXs potentially pro-
duced through fungus-related phospholipases, GroPXs are
found throughout mammalian tissues and fluids as a result of
host-specific phospholipases, which can include phospho-
lipases of the A, and A, type, as well as PLBs (11-20). GroPCho
and its precursor, PC, are present in serum (14, 15). They are
also found in the gastrointestinal tract and the urinary tract (11,

2The abbreviations used are: PLB, phospholipase B; GroPX, glycerophos-
phodiester; GroPCho, glycerophosphocholine; GroPIns, glycerophospho-
inositol; GroP, glycerol 3-phosphate; PC, phosphatidylcholine; nt, nucleotide;
YNB, yeast nitrogen base; qPCR, quantitative PCR; XTT, 2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide;
DI, deionized; ODU, optical density unit.
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TABLE 1
Strains used in the study

BWP17

WT (DAY185)

WT-TF

pho4A/A

git2,3,4A/A + pDDB78
git2,3,4A/A + pDDB78GIT2
git2,3,4A/A + pDDB78GIT3
git2,3,4A/A + pDDB78GIT4
gdelA/A + pDDB78
gdeIA/A + pDDB78GDEL
git3A/A

git4A/A

ura3A:\imm434 hisl:hisG argd::hisG 26
ura3A:Nimm434 his1:hisG argd:hisG

ura3A:Nimm434 ARG4::URA3::arg4::hisG HISI::hisl::hisG 25,58
ura3A:Nimm434 arg4:hisG hisl:hisG

arg4A LEU2 HIS1 URA3 IRO1 59

arg4A leu2A hisIA ura3A:imm434 irolA:imm434

arg4A leu2A his1A URA3 IRO1 pho4::LEU2 59

argdA leu2A his1A ura3A:imm434 irol A:imm434 phod:HIS1

ura3A:\imm434 arg4::hisG hisl::hisG:pHISI git2,3,4::ARG4 This study
ura3A:Nimm434 argd:hisG hisl:hisG git2,3,4:URA3

ura3A:\imm434 arg4::hisG hisl::hisG:pHIS1-GIT2 git2,3,4::ARG4 This study
ura3A:Nimm434 arg4:hisG hisl:hisG git2,3,4:URA3

ura3A:\imm434 arg4::hisG hisl::hisG:pHIS1-GIT3 git2,3,4::ARG4 This study
ura3A:Nimm434 arg4:hisG hisl:hisG git2,3,4:URA3

ura3A:\imm434 arg4::hisG hisl::hisG:pHIS1-GIT4 git2,3,4::ARG4 This study
ura3A:Nimm434 argd:hisG hisl:hisG git2,3,4:URA3

ura3A:Nimm434 arg4:hisG hisl::hisG:pHIS1 gdel::ARG4 This study
ura3A:Nimm434 arg4:hisG hisl:hisG gdel::URA3

ura3A:\imm434 arg4::hisG hisl::hisG:pHIS1-GDEI gdel::ARG4 This study
ura3A:Nimm434 argd::hisG hisl:hisG gdel:URA3

ura3A:\imm434 arg4::hisG hisl::hisG git3::dpl200 This study
ura3A:Nimm434 argd::hisG hisl:hisG git3:dpl200

ura3A:\imm434 arg4::hisG hisl::hisG git4::dpl200 This study

ura3A:Nimm434 arg4:hisG hisl:

hisG git4:dpl200

17,19, 20), known locations for C. albicans colonization (1, 21).
In the renal medulla of the kidney, where there is risk of C.
albicans infection in critically ill patients (1), GroPCho serves as
a protective osmolyte against a high concentration of NaCl and
urea (12, 13). Additionally, GroPCho is found in the brain and
spinal fluid (16, 18).

We have reported that C. albicans transports glycerophos-
phodiesters, specifically GroPIns and GroPCho, into the cell
where they are hydrolyzed and used as a source of phosphate,
choline, and inositol (22). GIT1, identified based on sequence
similarity to S. cerevisiae GIT1, was shown to be responsible for
GroPIns transport but not GroPCho transport. GroPCho
transport is roughly 50 times greater in C. albicans as compared
with S. cerevisiae, and three other ORFs (GIT2,3,4; 19.1978 —
19.1980) with similarity to GIT1 exist in the C. albicans genome
(22). GIT2,3,4lie in a tandem repeat on chromosome 5 and, like
GIT1, are members of the major facilitator superfamily (23).

In this study, we have identified several gene products
involved in the utilization of the common phospholipid metab-
olite, GroPCho (Fig. 10A). We have identified Git3 and Git4 as
GroPCho transporters, with Git3 exhibiting the major activity.
In addition, we have identified Gdel as a glycerophosphodies-
terase involved in intracellular GroPCho catabolism and have
shown that Pho4 is a regulator of GIT3, GIT4, and GDEI
expression. Based on extensive labeling studies, we determined
that C. albicans employs multiple mechanisms for GroPCho
utilization. Our finding that GIT3 is required for full virulence
in a mouse model underlines the importance of metabolic stud-
ies in garnering a full understanding of C. albicans biology and
pathogenicity.

EXPERIMENTAL PROCEDURES

Strains and Media— C. albicans strains used in this study can
be found in Table 1. Strains were grown aerobically at 30 °C
unless otherwise noted. Turbidity was monitored by measure-
ment of absorbance at 600 nm (A,,) on a BioMate 3 Thermo
Spectronic spectrophotometer. Medium used for this study was
synthetic complete (yeast nitrogen base (YNB)) containing 2%
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glucose, as described previously (24). Media phosphate concen-
trations were controlled by removing KH,PO, (1 g/liter) from
the synthetic mix and replacing it with KCI (1 g/liter). KH,PO,
was added back into media at high (10 mm) or low (200 um)
concentrations as indicated. In some experiments, media con-
tained GroPCho (200 um) (Sigma catalog no. G5291). For all
experiments, the medium was supplemented with 80 ug/ml
uridine. For serum experiments, bovine serum (Sigma catalog
no. B9433) was added to synthetic complete YNB media con-
taining KH,PO, (1 mm) at 10% of the total volume. Strains were
maintained on YEPD agar plates (yeast extract 10 g, peptone
20 g, and dextrose 10 g per liter).

Construction of Homozygous Mutants—Primers used in this
study are listed in Table 2. The wild type strain (DAY185) and
methodology for creating homozygous deletion mutants have
been described previously (25, 26). In general, a forward dele-
tion primer consisted of 100 nt homologous to the upstream
region of the gene’s start site plus an adaptor sequence (5'-
TTTCCCAGTCACGACGTT-3’) that flanked the 5’ end of the
URA3 gene in plasmid pGEM-URA3 (JVE278) (26). A reverse
deletion primer consisted of 100 nt of homology downstream of
a gene’s stop site plus an adaptor sequence (5'-GTGGAATT-
GTGAGCGGATA-3’) that flanked the 3’ end of the URA3
gene in plasmid pGEM-URAS3. The 1.4-kb PCR product con-
taining the U/RA3 gene was transformed into strain BWP17,
and Ura™ transformants were selected. Identical primers were
used to PCR-amplify the ARG4 gene from plasmid pRS-ARG4
(JVE279) (26) for deletion of the second allele because the same
adaptor sequence was contained in both plasmids pGEM-
URA3 and pRS-ARG4. The ~2.5-kb PCR product containing
the ARG4 gene was transformed into the heterozygous mutant
strain,and Ura™ Arg™ transformants were selected. A homozy-
gous deletion mutant would produce PCR products for both the
inserted LURA3 gene (1.2 kb) and inserted ARG#4 gene (2.3 kb)
but not the native locus. Using this methodology, a strain,
git2,3,4A/A (JPV 692/SGH338) was produced using a forward
primer with homology upstream of the GIT2 start site and a

VOLUME 288+NUMBER 47-NOVEMBER 22,2013
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TABLE 2
Deletion primers used in this study

Gene name Primer Sequence 5'-3’

GIT2 Forward ATTACAACAATCCCAAAATTAGTACTTTAACATCAAATGCAATCTTTCACTACATGTAACACGCTTTTTTAATTACGTA
TCGTGAACAATTCCAAATTTATGGTTATGTAAAAATACTAGGTTTTCCCAGTCACGACGTT

GIT3 Forward (A) CATTTCCTCATCTATCTTATCTTATCTTATCTTTTTTTATTTGGTCATACACTTATACATATATCTTTTTTTGTTTGAAAC
TTCTACTGACTTTACAAATTTTCCCAGTCACGACGTT

GIT3 Reverse (A) TACGTTAAAATGCTCTAAACTATATATATAAATGTGCTCCCACAAAGCGTCCAGTCAAATGAGATATAATAAATACTGTTT
TATGCAAAACTATAAACTAGTGGAATTGTGAGCGGATA

GIT3 Forward (B) CTACTAGAGATTTACCTCATAGTTTTTCCGAGTTGAGTTATGGCTGGGTGAAAAGAATACGTGCTGAATTCACCGTTGGG
AAAAGTAAAGAACAATTACTTTCCCAGTCACGACGTT

GIT3 Reverse (B) AAGAGAATTATTGTCAACTTGGAAATCATCTCTTTTTCCTTTTTCAAGTGAGTCTGATTCACGACAAACTTCACGAACATC
ACCACCTTCTCCCAACATAGTGGAATTGTGAGCGGATA

GIT4 Forward (A) TAAATTGGGATTCAATTTCCTTTACATATTTTTATTTCCTTTTTGTCCAAGAAGACTCTAAACCATTCAATCCTAATTTA
AATAATCATATCATATCATTTTTCCCAGTCACGACGTT

GIT4 Reverse (A) TCACTCAAACGTGTAAAACAATAATTAAATCTAATATATTTATATAAAAGCAAATACAAAAACTCTACACCTGCAAAGTTG
AACCTCCGCTTAGTATCTGGTGGAATTGTGAGCGGATA

GIT4 Forward (B) GCTACTAGAGATTTACCTCATTCAGTTGGTGACTTTTCTTTTGGTTGGGTTGATCAAATTCGAAGTGAAATCACTTTAGGTA
AAAGTCAAGATCAATTAATTTCCCAGTCACGACGTT

GIT4 Reverse (B) TACATTTTTCTGTTGTACTTTAACGGTATCGTCTTTTTCATCAGAAATCACACCAATATCTTCATCTTCTTGATATTGAGT
GACAACACCACTATCACCTGTGGAATTGTGAGCGGATA

GDE1 Forward TATTCATTTGTTGTTGTTGTTGTTGTTTTCTTTCTTTCTTTTTTCCTGTGT
GTGTGTGTTTGTGGAATAGTTTAAACGGTTATTTAGTTTTCAATTCCCATTTCCCAGTCACGACGTT

GDE1 Reverse TAGTAAGTACATCGTGATACAAACAATGCTATGTAAGAATCCAAGAAACAACTAACAACTAACAAATCTATATCTCTCTC

TAATTTAGTATTTAATATATAAAATTTGTGGAATTGTGAGCGGATA

reverse primer with homology downstream of the GIT4 stop
site. The resulting homozygous mutant lacked ~8500 kb
encompassing GI/72 through GIT4.

For two strains (git3A/A and git4A/A), homozygous dele-
tions were made utilizing the L/RA3 cassette described above,
but following heterozygous mutant verification, 5-fluoroorotic
acid counterselection was performed (25). For deletion of the
second allele, a secondary set of deletion primers (B set in Table
2) was necessary for both GIT3 and GIT4 because of the tend-
ency of the URA cassette to combine at the deletion site of the
first allele. This second group of primers was similar to the first
set (labeled A in Table 2) but consisted of a forward primer with
100 nt homologous to the region downstream of the gene’s start
site plus an adaptor sequence and a reverse primer that con-
sisted of 100 nt homologous to the region upstream of the
gene’s stop site. This second URA3 cassette was transformed
into the heterozygous mutant strain; deletion of the second
native allele was verified, and counterselection on 5-fluoro-
orotic acid was repeated producing a Ura™ homozygous dele-
tion mutant.

Construction of Complementation Plasmids—Complemen-
tation plasmids were constructed for GIT2, GIT3, GIT4, and
GDE] using plasmid pDDB78 (25). Each target gene was ampli-
fied from genomic DNA using primers that can be found in
Table 3. Each forward primer was located ~1500 bp upstream
from the start site and contained a 5’ Notl restriction site plus
100 nt of homology to the genomic DNA. The reverse primer
was located ~300 bp downstream of the stop site and contained
a 5" EcoRlI restriction site plus 100 nt of homology to the
genomic DNA. Upstream and downstream locations varied
depending on intergenic distances and neighboring ORFs. The
vector pDDB78 was linearized with restriction enzymes Notl
and EcoRIL The linear pDDB78 and amplified target gene were
transformed into S. cerevisiae strain (¢rp1A63, his3A200, ura3-
52, and leu2A1) (JPV1) (25) for in vivo recombination, and
Trp™ colonies were selected. Plasmids were extracted from
Trp ™ colonies using acid-washed beads and a Zyppy Mini prep
kit (Zymo). Extracted plasmids were then transformed into
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TABLE 3
Complementation primers used in this study
Gene
name Primer Sequence 5'-3'
GIT2 Forward TTCACACAGGAAACAGCTATGACCATGATT
ACGCCAAGCTAAATTGATTCTGCCGTGCCC
GIT2 Reverse TCGACCATATGGGAGAGCTCCCAACGCGTT
GGATGCATAGATTTACCCGGAATCAACCCC
GIT3 Forward TTCACACAGGAAACAGCTATGACCATGATT
ACGCCAAGCTGGGTTGATTCCGGGTAAATG
GIT3 Reverse TCGACCATATGGGAGAGCTCCCAACGCGTT
GGATGCATAGTCCACGTTGTCAGAGAGTTCA
GIT4 Forward TTCACACAGGAAACAGCTATGACCATGATT
ACGCCAAGCTTATCTCATTTGACTGGACGC
GIT4 Reverse TCGACCATATGGGAGAGCTCCCAACGCGTT
GGATGCATAGAATAGTGGCGGACACTTGTTG
GDEI Forward TTCACACAGGAAACAGCTATGACCATGATT
ACGCCAAGCTACCAGGTCTGTTCTTTTTCA
GDEI Reverse TCGACCATATGGGAGAGCTCCCAACGCGTT

GGATGCATAGGGATGGCATTGAGTCTGTAG

E. coli, and Amp™ plasmids were selected. The plasmids were
extracted from E. coli and verified by PCR and agarose gel
electrophoresis.

Insertional Complementation of Deletion Mutants—Plasmids
pDDB78GIT2, pDDB78GIT3, pDDB78GIT4, and pDDB78GDEL1
were linearized with Nrul, which cuts the plasmids within
the HIS1 gene. Linearized pDDB78GIT2, pDDB78GIT3, and
pDDB78GIT4 plasmids were then transformed into git2,
3,4A/A (JPV 692/SGH338), and linearized pDDB78GDE1 was
transformed into gdeIA/A (JPV 733) for recombination at the
HIS1 locus. His™ transformants were tested for complementa-
tion of the mutant phenotype when possible. Reintegration was
also verified by PCR. Empty plasmid pDDB78 was also linear-
ized and transformed into both git2,3,4A/A and gdelA/A
strains.

[PH]GroPCho Transport Assays—Short term transport assays
were performed as described previously (22). Briefly, cultures
were grown to log phase at 30 °C. Aliquots were harvested,
washed once in sterile DI H,O, and suspended in 100 mM cit-
rate buffer (pH 5) to an A, of 5. Cell suspensions were incu-
bated at 30 °C for 10 min with agitation to allow for equilibra-
tion to buffer conditions. The assay was started by the addition
of 50 wl of 1 mm [PH]GroPCho to 200 ul of cell suspension
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making a final concentration of 200 um [*H]GroPCho. After 2
min of incubation at 30 °C, the assay was stopped by the addi-
tion of 10 ml of ice-cold DI H,O. The samples were immedi-
ately filtered through glass fiber (GF/C) filters (Whatman num-
ber 1822-025). The filters were washed once with ice-cold DI
H,O and suspended in 10 ml of scintillation fluid. Radioactivity
was measured by liquid scintillation counting. Tritium-labeled
GroPCho ([’H]choline-GroPCho) was produced through the
chemical deacylation of phosphatidylmethyl[*H]choline (Ameri-
can Radiolabeled Chemicals) as described previously (27).

To determine GroPCho transport kinetics, the initial rate of
GroPCho uptake was determined as described above but with
varying concentrations of GroPCho. For measuring Git3 kinet-
ics in a git4A/A mutant, a concentration range of 20 um to 1 mm
was used. For measuring Git4 kinetics in a git3A/A mutant,
5-200 uM was used. Saturation kinetics data for GroPCho were
analyzed to determine estimated K, and V., values using the
Levenberg-Marquardt algorithm for nonlinear regression in
GraphPad Prism (version 4.0). Values were determined by least
squares fitting of the data to the Michaelis-Menten equation
(V=V_.I[S]"K,, + [S]) "), where S represents GroPCho. Lin-
earization of the kinetic data was performed using Hanes plot
transformations (28).

Preparation of External and Internal Cellular Fractions and
Analysis of [PH]Choline-containing Metabolites by lon-exchange
Chromatography—[*H]Choline-containing metabolites were
analyzed in both intracellular and extracellular fractions of the
cell following short term transport assays and long term incor-
poration studies. For the short term studies, a standard 2-min
transport assay was performed except that the assay was not
stopped with 10 ml of DI H,O. Rather, 750 ul of H,O was added
to the 250-ul cell suspension. The cells were pelleted, and the
supernatant was removed as the extracellular fraction. The pellet
was washed once in 500 ul of DI H,O and pelleted. The superna-
tant was again removed to the extracellular fraction.

To isolate an internal fraction (29), the cell pellet was sus-
pended in 100 ul of 5% TCA solution followed by a 10-min
incubation on ice. Cells were again pelleted, and the superna-
tant was removed as the internal fraction. To neutralize the
TCA, an equal volume of 1 m Tris (pH 8) was added to the TCA
fraction. The cell pellet was washed once with 300 ul of DIH, O,
and the supernatant was added to the internal fraction.

Long term incorporation studies were designed to analyze
label uptake incrementally over 24 h. The assay was started by
inoculating 2.2-ml cultures of synthetic complete YNB media
containing 200 um KH,PO, and 50 um [*H]GroPCho to an A,
of 0.05. At 6,12, 18, and 24 h after inoculation, 400 ul of culture
was removed. Cells were pelleted, and the extracellular fraction
was removed. When necessary, nonradioactive cells were
added to aid in the pelleting of radioactive cells. Pellets were
washed with 600 ul of DI H,O and again sedimented. The pellet
was suspended 100 ul of 5% TCA solution followed by a 10-min
incubation on ice. Cells were again pelleted, and the TCA frac-
tion was removed as the internal fraction. To neutralize the
TCA, an equal volume of 1 m Tris (pH 8) was added to the TCA
fractions. The cells were washed once with 300 ul of DI H,O
and pelleted, and the supernatant was removed to the internal
fraction. Internal and external samples were diluted 4X in DI
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TABLE 4

Real time gPCR primers used in this study
Gene
name Primer Sequence 5'-3'
GIT2 Forward GGTGCCTTTTCTGCTGATTA
GIT2 Reverse CCAAATTCACCCAATGTAGC
GIT3 Forward TTGCTAGAAAAGGAGGGATG
GIT3 Reverse AAAGCTGAAACAACGAAACC
GIT4 Forward GTATTGCCATGTCAGCATGT
GIT4 Reverse TGAAAAGACACAAGGCAGAA
GDE1 Forward CTGGTTCAGATGATGGAACT
GDE1 Reverse TCGGTAGCAAAACTCTTAGC
TDH3 Forward TGCTAAAGCCGTTGGTAAGG
TDH3 Reverse AAATCGGTGGAGACAACAGC

H,O, applied to 250-ul Dowex 50W8, 200—-400 anion-ex-
change columns, and eluted as described previously (30).
Briefly, [PH]GroPCho was eluted with 2X 1-ml H,O washes.
[*H]Choline-phosphate, if present, was eluted with a subse-
quent 1-ml H,O wash. [*H]Choline was eluted with 5 ml of 1 m
HCI. Standards were used to verify that columns were function-
ing correctly. Radioactivity in each sample was determined
using liquid scintillation counting.

RNA Extraction and Gene Expression Analysis by Real Time
Quantitative PCR—RNA extraction and quantitative RT qPCR
procedures were performed as described previously (22).
Briefly, strains were grown in low (200 um) or high (10 mm)
phosphate media described above. Cultures were grown to A,
between 0.8 and 1.2 and harvested, and RNA was extracted
using a hot phenol/chloroform extraction (31). RNA was
DNase-treated using the Turbo DNA-free kit (Applied Biosys-
tems) and stored at —80 °C until analysis. Primer 3 software was
used to design forward and reverse RT qPCR primers for TDH3,
GIT2, GIT3, GIT4, and GDE1 (Table 4). RT qPCR was carried
out on an Applied Biosystems StepOnePlus instrument using
Power SYBR Green RNA to a C; one-step kit (Applied Biosys-
tems). Each reaction consisted of 0.2 ul of a 125X RT enzyme
mixture, 12.5 ulof a2X RT-PCR mixture, 1 uM primers, and 1.5
pl of DNase-treated RNA brought up to a volume of 25 ul with
diethyl pyrocarbonate-treated H,O. Experimental samples
were performed in triplicate and are representative of three
independent determinations. Reverse transcription was per-
formed at 50 °C for 15 min, followed by 95 °C for 15 min for RT
inactivation and polymerase activation. This was followed by 40
cycles at 95 °C for 15 s, 50 °C for 30 s for primer annealing, and
72 °C for 40 s for amplification. Primers were validated for spec-
ificity through melt curve analysis and by visualizing amplicons
by gel electrophoresis. Primer sets did not produce an amplicon
when the template from the respective deletion mutant was
employed. Control reactions lacking reverse transcriptase or
template were performed. Expression levels were analyzed
using the AAC, method (32) and normalized to the endoge-
nous control, TDH3, which is not phosphate-regulated. For
experiments determining the change in expression due to phos-
phate concentrations, wild type (DAY185) low phosphate
expression was normalized to 1 and used to compare fold
change in high phosphate expression. For experiments deter-
mining the change in expression due to PHO4, wild type (WT-
TF) low phosphate expression was normalized to 1 and used to
compare fold change in the pho4A/A strain under low phos-
phate conditions.
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[PH]GroPCho Uptake in Serum and XTT Cell Proliferation
Assay—DParallel radioactive and nonradioactive experiments
were performed. Nonradioactive cultures were used to assess
cell growth using the XTT cell proliferation assay kit (Abnova).
This assay measures the reduction of XTT through the produc-
tion of a colorimetric product and was previously used to mon-
itor cell proliferation in C. albicans biofilms (33). Cultures (1
ml) of synthetic complete media (1 mm KH,PO,) containing
10% bovine serum were inoculated to an Ay, of 0.1. For the
radioactive samples, the media were supplemented with 200
uM [PH]GroPCho, whereas 200 um GroPCho was used in the
nonradioactive samples. Cultures were grown at 37 °C with agi-
tation for 6 h. Following the incubation period, the radioactive
samples were centrifuged at 3500 rpm for 4 min to pellet the
cellular mass. The 1-ml supernatant was carefully removed as
the extracellular fraction. Pellets were washed with 500 ul of DI
H,O and centrifuged again removing the supernatant to the extra-
cellular fraction. The pellet was suspended 100 ul of 5% TCA solu-
tion followed by 10 min of incubation on ice. Cells were again
pelleted, and the TCA fraction was removed as the internal frac-
tion. To neutralize the TCA, an equal volume of 1 m Tris (pH 8)
was added to the TCA fractions. The cells were washed once with
300 ul of DI H,O and pelleted, and the supernatant was removed
to the internal fraction. Internal [*H]choline-containing
metabolites were separated by ion-exchange chromatography
as described under “Experimental Procedures.”

Cell growth was assessed in nonradioactive cultures using
the XTT kit because the presence of serum induced hyphae
formation and clumping cells whose growth could not be mon-
itored by measuring optical density. After 6 h of growth, 10 ul of
XTT reagent mixture was added to each 1-ml culture and care-
fully mixed with a pipette. Tubes were incubated upright at
37 °C for 4 h. Tubes were centrifuged at 3500 rpm for 4 min to
pellet cells, and 50 ul of supernatant was diluted 10-fold in DI
H,O. Absorbance was measured at 450 nm, and this number
was used to normalize radioactive uptake of [*H]GroPCho to
approximate cellular growth across the different strains.

Mouse Model of Blood Stream Infection—The standard mouse
model of hematogenously disseminated candidiasis was used.
Eight male BALB/c mice per strain were injected via the tail
vein with 5 X 10° C. albicans cells. Survival was monitored
three times daily for 21 days. Differences in survival among
mice infected with the different strains were analyzed by the
log-rank test.

Phylogenetic Analyses—Homologs of C. albicans Gitl, Git2,
Git3, and Git4 proteins were identified with a BLASTP search
of known and predicted proteins in the NCBI nr database from
the following species of the “CTG clade”: Candida dubliniensis,
Candida tropicalis, Candida maltosa, Candida orthopsilosis,
and Candida parapsilosis, along with other members of the
Saccharomycetales: Kluyveromyces lactis, S. cerevisiae, and the
more distantly related Yarrowia lipolytica. Hits with greater
than 30% identity and greater than 50% coverage in the matches
to C. albicans proteins were aligned with Clustal Omega soft-
ware (34). Maximum likelihood and neighbor-joining phyloge-
netic trees were constructed using MEGA Version 5.2.2 soft-
ware (35), with the JTT matrix-based method excluding all
positions containing gaps or missing data (complete deletion
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TABLE 5
Sequence comparisons among C. albicans Git proteins

Percent identity between homologs shown below diagonal; percent positive
matches shown above diagonal.

Gitl Git2 Git3 Git4
Gitl 51.7 50.4 53.2
Git2 33.0 86.6 81.4
Git3 34.1 753 83.3
Git4 353 69.4 73.7

option) with statistical confidence of nodes assessed with
10,000 bootstrap replicates.

RESULTS

Novel Construction of a Strain Lacking GIT2,3,4—C. albicans
contains four ORFs (GIT1,2,3,4) that are predicted to be
involved in glycerophosphodiester transport. GIT1, residing on
chromosome 2, codes for a permease that is solely responsible
for the uptake of GroPIns but does not have specificity for
GroPCho, a highly transported metabolite in C. albicans (22).
The remaining three ORFs, GIT2,3,4, lie in a tandem repeat on
chromosome 5 and are the focus of this work. Pairwise align-
ment of Git3 with Git2 using NCBI BLAST (36) reveals that the
Git2, Git3, and Git4 proteins are all similar to each other, rang-
ing from 69 to 75% identity and with 81— 87% positive matches
(Table 5). In contrast, these three proteins are equally much
more divergent from Gitl, ranging from 33 to 35% identical and
50-53% positive matches to Gitl. Because the GIT2,3,4 gene
products are very similar to each other, we reasoned that single
mutation phenotypes might be difficult to detect because of
compensation by the other ORFs. Thus, in addition to con-
structing single gene deletion mutants, we also constructed a
triple mutant by deleting the region from GIT2 to GIT4 span-
ning roughly 8500 bp. To the best of our knowledge, this is the
first report of a triple mutant being created by knocking out
three genes in tandem in C. albicans.

Role of GIT3 and GIT4 in the Utilization of GroPCho as a
Phosphate Source—S. cerevisiae and C. albicans can utilize glyc-
erophosphodiesters as phosphate sources (22, 37). To assess the
role of Git2,3,4 in this process, we examined the growth of a
git2,3,4A/A mutant when GroPCho was provided as the sole
phosphate source (Fig. 1A). Early growth (just detectable
roughly 18 h post-inoculation) was abolished in the giz2,3,4A/A
mutant, although growth did resume after that. Reintegration
of either GIT3 or GIT4 into the genome of the giz2,3,4A/A
mutant rescued this early growth defect on GroPCho, although
reintegration of GIT2 or the empty vector (pDDB78) did not.
All strains grew uniformly when KH,PO, was supplied (Fig.
1B), and only background growth was observed in the absence
of a phosphate source (Fig. 1C).

Git3 Is the Major GroPCho Permease and Is Regulated by
Phosphate Availability—Because both GIT3 and GIT4 rescued
the growth defect observed in a git2,3,4A/A strain, we next
monitored the initial rate of [*’H]GroPCho uptake. Cells were
pre-grown in synthetic media containing either 200 um (low) or
10 mm (high) KH,PO,, since we showed previously that
[’H]GroPCho uptake is regulated by phosphate availability
(22). Reintegration of GIT3 rescued a majority of the transport
activity lost by the deletion of GIT2,3,4 (Fig. 2A). Reintegration
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FIGURE 1. Both GIT3 and GIT4 rescue growth of a git2,3,4A/A mutant utilizing GroPCho as the sole phosphate source. Strains were grown in synthetic
YNB liquid media lacking a phosphate source (C) and supplemented with 200 um KH,PO, (B) or with 200 um GroPCho (A). Cultures were incubated at 30 °C with
shaking, and Agq, readings were taken incrementally over 48 h. Values represent means = S.E. of triplicate determinations. Strains are WT-DAY185 or
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(pDDB78GIT2), GIT3 (pDDB78GIT3), or GIT4 (pDDB78GIT).

of GIT4 also rescued initial [*H]GroPCho transport, albeit at a
much lower level than GI73. On an adjusted scale (Fig. 2B), it is
evident that [?’H]GroPCho uptake through Git4 is not trivial
but is comparable with the [*H]GroPIns uptake that is observed
in a wild type strain and mediated by Gitl (22). This level of
GroPlIns transport is enough to support growth that is indistin-
guishable from that which occurs when free KH,PO, is sup-
plied as the phosphate source (22). Thus, it is not surprising that
the GroPCho transport activity provided by GIT3 when reinte-
grated into a git2,3,4A/A strain is not growth-limiting when
compared with wild type using either GroPCho (Fig. 1A) or
KH,PO, (Fig. 1B) as the phosphate source.
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Growth in high phosphate reduced both [*H]GroPCho
uptake and the mRNA levels of GIT3 and GIT4 as determined
by RT qPCR (Table 6). Although we have not identified a role
for GIT2, we examined its expression and found it to be largely
unresponsive to phosphate levels (Table 6).

We have previously reported that Git1 is the sole transporter for
GroPIns based on the absence of transport in the gitIA/A mutant
(22). For completeness, we measured GroPlIns transport in a wild
type and giz2,3,4A/A mutant and found no decrease in transport
activity upon loss of GIT2,3,4 (100 * 8% for wild type versus
115 £ 3% for the triple mutant). Thus, neither Git2, Git3, nor
Git4 possess detectable GroPIns transport activity.
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Loss of GDE1 Alters GroPCho Catabolism—Because an initial
goal of this work was to abrogate GroPCho utilization and dele-
tion of GIT2, GIT3, and GIT4 did not achieve that, we deleted a
gene predicted to be involved in GroPCho catabolism. A single
OREF in the C. albicans genome has sequence similarity to S.
cerevisiae GDE1 (YPL110C), which codes for a protein with
glycerophosphodiesterase activity specific for GroPCho (38,
39). Using NCBI BLAST (36) (default settings, CGD) ORF
19.3936, here named Gdel, was found to have 42% identity
match and 58% positive match to Gdel with 15% gaps. GDE1 is
predicted to encode a cytosolic protein of 1162 amino acids.
Homozygous deletion of GDEI did not abolish the cells” ability
to utilize GroPCho as a sole phosphate source, although there
was a measurable difference between wild type and the
gdelA/A strain (Fig. 3A). The difference in growth was rescued
when a copy of GDEI (pDDB78GDEL1) was reintegrated into
the genome of gdelA/A (Fig. 3A). To assess the role of Gdel in
GroPCho catabolism, we performed transport assays followed
by analysis of the internal metabolites. As shown in Fig. 3B,
internal [*H]GroPCho as well as [*H]choline were present in a
wild type strain. In the homozygous deletion mutant, we
observed a buildup of internal [*’H]GroPCho and minimal levels
of [*H]choline. Reintegration of one copy of GDEI resulted in
wild type levels of [?’H]GroPCho and [*H]choline, suggesting
that GDE1 codes for a glycerophosphodiesterase that acts on
GroPCho. A git2,3,4A/A was also included to show that GroP-
Cho is not internalized in the absence of a transporter. Growth
in the presence of high phosphate reduced the expression of
GDE], as was the case for GIT3 and GIT4 (Table 6).

C. albicans Can Utilize GroPCho through Transport and
Intracellular Hydrolysis or through Extracellular Hydrolysis—
Our transport assays indicate that either Git3 or Git4 is

TABLE 6

Gene expression as a function of phosphate availability

Wild type cells were grown to log phase in YNB liquid media containing either
low (200 uM) or high (10 mm) P,. Expression was measured by RT-qPCR. TDH3 was
used as an endogenous control. For each gene, expression under low phosphate
conditions was normalized to 1. Values represent means * S.E. of triplicate deter-
minations. Two independent experiments were performed for GIT3, GIT4, and
GDEI.

Normalized fold expression
Strain GIT2 GIT3 GIT4

WT DAYI185 (low P,) 1 1 1 1
WT DAY185 (highP,) 1.26 = 0.09 0.32 = 0.05 0.05+0.01 0.25 = 0.02

GDE1
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required for GroPCho uptake (Fig. 2), yet growth on GroPCho
as a phosphate source does occur roughly 12 h post-inoculation
in a git2,3,4A/A mutant (Fig. 14). To gain insight into these
results, we analyzed the extracellular and intracellular water-
soluble fractions of cells inoculated in the presence of
[®*H]GroPCho over the course of 24 h. For these experiments,
the medium was supplemented with 200 um KH,PO,, in addi-
tion to [PH]GroPCho to supply a phosphate source for initial
growth of the giz2,3,4A/A mutant. Focusing on the internal
fraction of the wild type strain (Fig. 44), the level of [*H]GroP-
Cho seen at 6 h decreased thereafter, and a parallel increase of
internal free [*H]choline occurred. These data suggest that the
internal GroPCho is being hydrolyzed initially to [*H]choline
and glycerol 3-phosphate (GroP). By 24 h, the internal [*H]cho-
line had been incorporated into PC (data not shown) and thus
was not present in the water-soluble fractions. Outside of the
cell, the level of [*’H]GroPCho decreased with time as it was
transported into the cell and reached a plateau at ~12 h (Fig.
4B). Notably, [*H]choline appeared in the extracellular fraction
starting at ~6 h, suggesting that external hydrolysis was occur-
ring parallel to GroPCho transport (Fig. 4B).

In the git2,3,4A/A mutant, we were unable to detect any sig-
nificant levels of internal [*H]GroPCho over 24 h of growth
(Fig. 4C), indicating that deletion of GIT2,3,4 abolishes GroP-
Cho transport activity, even over 24 h. After 12 h of growth,
however, we were able to detect internal [*H]choline in the
git2,3,4A/A mutant (Fig. 4C), as well as a decrease in extracel-
lular [*H]GroPCho (Fig. 4D) and the appearance of external
[*H]choline. These data suggest that [*'H]GroPCho was being
hydrolyzed outside of the cell to release free choline, as was the
case for wild type (Fig. 4B). Because Git3 is the primary per-
mease for GroPCho, we analyzed the git2,3,4A/A mutant with
GIT3 reintegrated into the genome to confirm that intracellular
and extracellular levels of metabolites were returned to that
of wild type (Fig. 4, E and F) in the presence of a GroPCho
permease. For all experiments, radioactivity not accounted
for in the extracellular and intracellular water-soluble frac-
tions was detected in the membrane fraction by way of free
choline incorporation into newly synthesized PC (data not
shown).

In total, the data presented in Fig. 4 suggest that during the
first 12 h of growth, wild type cells transport GroPCho into the
cell (primarily via Git3) and hydrolyze it to release free choline
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FIGURE 3. Deletion of GDET1 results in altered GroPCho catabolism. A, strains were grown in synthetic YNB liquid media lacking phosphate and supple-
mented with 200 um GroPCho. Cultures were incubated at 30 °C with shaking, and A¢y, readings were taken over 48 h. B, strains were grown to log phase in
synthetic YNB low phosphate media, harvested, and incubated with [*H]GroPCho for 2 min. Internal pools of [°H]GroPCho and [*H]choline were determined by
ion-exchange chromatography. Values represent means *+ S.E. of triplicate determinations. Strains are WT-DAY185 or gde1A/A complemented with empty
vector (pDDB78) or GDE1 (pDDB78GDET).
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FIGURE 4. C. albicans can utilize GroPCho through transport and intracellular hydrolysis or through extracellular hydrolysis. Strains were grown in
liquid YNB synthetic media containing 200 um KH,PO, in the presence of [*H]GroPCho. At each time point, samples were harvested and separated into
extracellular and intracellular fractions. Each fraction was analyzed by ion-exchange chromatography to determine the distribution of counts into either
[*HIGroPCho or [*H]choline. Values represent means + S.E. of duplicate determinations. A, intracellular, and B, extracellular fraction of WT-DAY185. G, intra-
cellular, and D, extracellular fraction of git2,3,4A/A with an empty vector (pDDB78) reintegrated. £, intracellular, and F, extracellular fraction of git2,3,4A/A with

GIT3 (pDDB78GIT3) reintegrated.

and GroP. After 12 h, when there is little continued uptake of
intact GroPCho, the most likely scenario is that GroPCho is
hydrolyzed extracellularly and the resulting metabolites trans-
ported into the cell as needed.

Pho4 Regulates the Expression of GIT3, GIT4, and GDEI1—As
shown in Table 6, GIT3, GIT4, and GDE1 message levels are
up-regulated in response to low phosphate. The transcription
factor Pho4 regulates the expression of GIT1 and thereby the
transport of GroPIns by C. albicans (22), and its homolog in S.
cerevisiae is a known regulator of phosphate-responsive genes
(40, 41). Thus, we examined the role of Pho4 in GroPCho
metabolism. As shown in Fig. 5B, [PH]GroPCho transport
activity was greatly reduced in the pho4A/A mutant grown
under low phosphate conditions. RT qPCR analysis of gene
expression (Fig. 5C) revealed an approximate 10-fold reduction
in mRNA levels for both GIT3 and GDEI in the pho4A/A strain
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as compared with wild type. GIT4 displayed a roughly 4-fold
decrease in message levels in a pho4A/A strain as compared
with wild type. Growth of a pho4A/A mutant was slightly
diminished as compared with wild type when cells were grown
on either low concentrations of KH,PO, or GroPCho (Fig. 5A4).
It is not surprising that the GroPCho transport activity remain-
ing in the pho4A/A mutant (250 pmol/min/ODU) was enough
to support growth on GroPCho, as that level of activity was also
enough to support growth of the giz2,3,4A/A stain with a copy
of GIT4 reintegrated (Fig. 14).

Kinetics of GroPCho Transport by Git3 and Git4—Given that
our results indicated that both Git3 and Git4 act as GroPCho
transporters, we used a git4A/A mutant to analyze Git3 trans-
port kinetics and a git3A/A mutant to analyze Git4 transport
kinetics. For analyzing kinetics, strains were grown in synthetic
media containing low phosphate. Initial transport of [*H]GroP-
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FIGURE 5. Pho4 regulates the expression of GIT3, GIT4, and GDE1. A, wild type (WT-TF) and pho4A/A strains were grown in YNB media lacking phosphate (No
P,), supplemented with either 200 um KH,PO, (Low P;) or 200 um GroPCho. Cultures were incubated at 30 °C with shaking. B, strains were grown to log phase
in low P; medium. Cells were harvested, washed, and analyzed for their ability to transport [?H]GroPCho over 2 min. , strains were grown to log phase in low
P, medium. Cells were harvested; RNA was extracted, and expression of GIT3, GIT4, and GDE1 was measured by quantitative real time PCR. TDH3 was used as an
endogenous control. Fold change expression was calculated compared with WT strain for the transcription factor deletion set (WT-TF) (normalized to 1). Values
represent means = S.E. of triplicate determinations. Experiments were repeated with similar results.

Cho by both Git3 and Git4 conformed to Michaelis-Menten
kinetics (Fig. 6, A and B). Under the given conditions, Git3
exhibited a V., of 3940 = 150 pmol/min/ODU and a K, of
45 * 6 uMm. Git4 exhibited a V,,,, of 340 = 40 pmol/min/ODU
andaK,,of 16 = 7 um. Data were transformed into a Hanes plot
(Fig. 6, A and B, right panels) to verify linearity and the presence
of a single transporter for each analysis. The larger error bars
(Fig. 6B) observed for the minor transporter, Git4, as compared
with the major transporter, Git3, are due to this relatively low
transport activity being affected by small changes in cell density
at inoculation as well as at cell harvesting.

GroPCho Utilization under Serum Growth Conditions—To
explore GroPCho transport under conditions more similar to
those experienced in a human host, we performed GroPCho
incorporation experiments in the presence of 10% serum and 1
mMm KH,PO,, which is within the phosphate concentration
range reported for serum (42). Cultures were grown for 6 h at
37 °C in the presence of [*H]GroPCho, and the internal metab-
olites were analyzed (Fig. 7). Both [*H]GroPCho and [*H]cho-
line were detected internally in a wild type strain. When
GIT2,3,4 were deleted, no internal radiolabeled metabolites
were detected. Upon reintegration of GI73, wild type levels of
metabolites were observed. A minimal amount of [*H]GroP-
Cho was detected when GIT4 was reintegrated. A strain con-
taining a homozygous deletion of GDE1 exhibited a buildup of
[PH]GroPCho and less [*H]choline compared with wild type
levels. Upon reintegration of GDEI, internal metabolites
returned to levels similar to wild type. These results indicate
that both Git3 and Gdel are active in the presence of serum,
which is known to contain GroPCho (14, 15, 43).

Loss of GroPCho Transport Activity Reduces Virulence in a
Mouse Model of Blood Stream Infection—Because GroPCho
utilization occurs in the presence of serum (Fig. 7), we exam-
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FIGURE 6. Kinetics of GroPCho transport by Git3 and Git4. Strains were
grown to log phase in synthetic YNB low phosphate media, harvested,
washed, and assayed for initial rate of transport of [*H]GroPCho at varying
concentrations of GroPCho. A, Git3 transport activity was assayed in a git4A/A
mutant with GroPCho concentration ranging from 20 um to 1T mm. B, Git4
transport activity was assayed in a git3A/A mutant with GroPCho concentra-
tion ranging from 5 to 200 um. Data were linearized using Hanes plot trans-
formations (A and B, right panels).

ined the role of GroPCho transport in virulence following blood
stream infection (Fig. 8). Mice infected with the wild type strain
displayed a median survival of 5 days. In contrast, a git2,3,4A/A
mutant exhibited a median survival of 9 days, and reintegration
of a single copy of GIT3 into the git2,3,4A/A mutant restored
wild type virulence levels (p < 0.0007 for git2,3,4A/A +
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FIGURE 8. Loss of GroPCho transport activity reduces virulence in a
mouse model hematogenously disseminated infection. Mice were
injected intravenously with WT-DAY185, git2,3,4A/A + pDDB78, and
git2,3,4A/A + pDDB78GIT3 (n = 8 per strain). Survival was monitored for 21
days. p < 0.0007 for git2,3,4A/A + pDDB78 was compared with both the
WT-DAY185 and git2,3,4A/A + pDDB78GIT3 strains.

pDDB78 compared with both the WT and git2,3,4A/A +
pDDB78GIT3). Thus, GIT3 is required for full virulence in this
infection model.

Multiple Homologs of the Git Family Are Found in Many
Candida Species—C. albicans and its close relative C. dublini-
ensis each possess four paralogs of the Git family, which we have
named Gitl, Git2, Git3, and Git4 (Fig. 9). Other species of the
CTG clade (44) have two or three members of this protein fam-
ily, whereas S. cerevisiae and K. lactis each possess only one Git
homolog. Based on the robustly supported phylogenetic tree,
homologs among Candida species can for the most part be
grouped into one of four clades based on similarity to the C.
albicans proteins (Fig. 9). The Gitl cluster appears to be evolu-
tionarily stable, and the Git2/3/4 cluster more dynamic. There-
fore, following the divergence of these two main clusters, there
does not appear to be any subsequent gains or losses of genes
among Gitl orthologs, although at least two additional gene
duplications have occurred during the radiation of the Candida
to create the Git2, Git3, and Git4 proteins likely followed by
subsequent losses of genes. Interestingly, the phylogenetic
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FIGURE 9. Homologous proteins among Candida species form distinct Git
clades. Maximum likelihood tree of C. albicans (@) Git1 to Git4 proteins and
homologs from related Candida species, along with additional Saccharomy-
cetales including S. cerevisiae Git1 (A). Bootstrap values from 10,000 repli-
cates are given at nodes with greater than 50% support. The tree is drawn to
scale, with branch lengths measured in a number of substitutions per site and
rooted at the midpoint. Neighbor-joining methods produce trees with iden-
tical topology at all nodes (data not shown).

placement of the single proteins found in S. cerevisiae and K.
lactis, along with the presence of a Y. lipolytica protein in both
the Gitl and Git2/3/4 clusters, suggests that the gene duplica-
tion creating these two clusters may have occurred prior to the
diversification of the Saccharomycetales and well before the
whole genome duplication event in Saccharomyces. Although
the biochemical activity, if any, of Git2 remains to be elucidated,
it is worth noting that it is most similar in sequence to Git3 and
that only the sister species C. albicans and C. dubliniensis retain
all four paralogs.

DISCUSSION

In this study, we have characterized multiple aspects of
GroPCho transport and utilization in C. albicans, have identi-
fied several ways in which this metabolism differs from that
which occurs in the nonpathogenic S. cerevisiae (Fig. 10), and
have linked GroPCho transport to fungal pathogenicity. GroP-
Cho is produced through the activity of deacylating phospho-
lipases (Fig. 10C), such as those of the A |-, A,-, and B-type, that
are widespread, having been found in bacteria (45, 46), fungi (7),
and humans (47). Thus, GroPCho is a common metabolite, and
its presence has been noted in several locations relevant to C.
albicans infection, including serum (11, 12, 14 -19), the gastro-
intestinal tract, and the urinary tract (11, 17, 19, 20).

Our work and that of others have shown that GroPXs are not
dead-end metabolites but are recycled into biological molecules
through some combination of transport and hydrolysis (Fig. 10)
(22, 38, 39, 48 —50). The ability of C. albicans to utilize GroPXs
is expanded as compared with the nonpathogenic S. cerevisiae
(22). S. cerevisiae has one transporter (ScGitl) whose preferred
substrate is GroPIns. Furthermore, ScGitl has only marginal
GroPCho transport activity (Fig. 10B). In contrast, C. albicans

VOLUME 288+NUMBER 47-NOVEMBER 22,2013



A. C. albicans  Grop GroP
lml)sitol Choline
|
v 1
E ! Gdel i Cytoplasm
|
i GroPCho 1
v v
PM
GroPlIns GroPCho HOSt
Environment
?
Choline
GroP
C' o

o
Phosphatidylcholine

\P,n
o N HO

Deacylation

GroPCho Transport and Utilization by C. albicans

B. § cerevisiae GroP

GroP
Inositol Choli
i ) :0 "¢ Cytoplasm
i 7 Gdel :
: 1
| GroPIns  GroPCho !
v 4‘ \;
r PM
PIb1,2,3 GroPlIns Extrsacellular
GroPCho pace
FAs
5 N/
o N+
J\/O\P/\ o o~ N\
HO g
GroPCho

FIGURE 10. Glycerophosphodiester transport and catabolism in C. albicans and S. cerevisiae. A, in C. albicans Git1 acts as a GroPIns transporter, whereas
both Git3 and Git4 transport GroPCho. The host environment can provide GroPXs for utilization by the organism. The endogenous production of GroPXs by C.
albicans has not been studied. B, in S. cerevisiae Git1 transports GroPIns and has minor activity for GroPCho. Cell surface-associated PLBs are responsible for the
production of extracellular GroPIns and GroPCho. An endoplasmic reticulum-associated PLB, Nte1, is not shown. For both A and B, weight of arrows across
transport proteins indicates relative transport activity. Catabolic products of GroPIns and GroPCho as determined through radiolabeling studies are indicated.
Question marks indicate that the gene product(s) involved are unknown. Dashed arrows indicate that inositol and choline are recycled back into membrane
phospholipids. PM, plasma membrane. C, reaction illustrating deacylation of phosphatidylcholine to produce GroPCho and fatty acids. This reaction can be

catalyzed by phospholipases of the A;-, A,-, or B-type.

has four ORFs with similarity to ScGIT1 and much greater
GroPCho transport activity (Fig. 104) (22). Although we previ-
ously reported that Gitl transports GroPIns (22), the data pre-
sented here indicate that Git3 and Git4-are GroPCho transport-
ers. Evidence to support this conclusion is 2-fold as follows: (i)
either Git3 or Git4 is required for early post-inoculation growth
when GroPCho is supplied as sole phosphate source (Fig. 14),
and (ii) measurable transport of GroPCho requires either Git3
or Git4, with Git3 displaying much greater initial transport
activity (Fig. 2, A and B). Although GroPCho transport has been
described in E. coli (51, 52), and a GroPIns permease (GLUT2)
has been identified in mammalian cells (53), to the best of our
knowledge this is the first identification of a GroPCho-specific
permease in a eukaryotic organism.

At least three reasons exist for our inability to identify a role
for Git2 in these studies. The first is that Git2 may transport a
metabolite that was not tested, for example glycerophosphoser-
ine or glycerophosphoethanolamine. The second is that GIT2
was not sufficiently expressed under our experimental condi-
tions. Although we did detect GIT2 transcript by quantitative
RT-PCR, as others have using RNA-seq (54), it was at a level
roughly 6-fold less than that of GIT3 under high phosphate
(repressing) conditions (data not shown). Finally, Git2 may
simply not act as a GroPX transporter or possess any other
activity that would have been detected in this study.

Despite lacking a GroPCho transporter, a git2,3,4A/A mutant
is able to initiate growth on GroPCho 12—-18 h post-inoculation
(Fig. 1A), suggesting that an alternative mechanism for GroP-
Cho utilization is initiated in that time frame. Our data,
obtained using [PH]GroPCho in which the choline molecule
was labeled, indicate that this alternative mechanism involves
the extracellular hydrolysis of [*H]GroPCho to [*H]choline and
GroP, as we observe the production of extracellular [*H]choline
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(Fig. 4D). Presumably, the unlabeled GroP is hydrolyzed to
release free phosphate that is utilized by the cell. The hydrolysis
of [PH]GroPCho into [*H]choline and GroP is the most likely
pathway given that we did not detect [*H]choline-phosphate in
internal or external fractions. It is worth noting that this trans-
porter-independent pathway for GroPCho utilization does not
existin S. cerevisiae, where deletion of ScGIT1 completely abol-
ishes the ability of cells to utilize GroPCho as a phosphate
source (39).

GroPXs are hydrolyzed to GroP and their respective alcohol
by glycerophosphodiesterases (8, 55). To better understand
GroPCho catabolism in C. albicans, we deleted GDEI (ORF
19.3936), which is predicted to be a cytosolic protein with a
glycerophosphodiester phosphodiesterase domain. Gdel is
highly similar to the only known GroPCho glycerophosphodi-
esterase in S. cerevisiae (ScGdel) and is annotated in CGD as a
glycerophosphodiester glycerophosphodiesterase using Inter-
Pro (IPR004129) (56). Loss of GDEI resulted in a buildup of
internal GroPCho (Figs. 3B and 7), providing evidence that
Gdel acts upon internal GroPCho. The fact that we did not
detect an increase in external GroPCho upon loss of GDEI
(data not shown) and that Gdel does not contain a predicted
signal peptide or GPI-anchor attachment site suggests that
Gdel is not acting externally. Clearly, other gene products must
exist that are capable of catabolizing GroPCho but are not highly
similar to a standard glycerophosphodiesterase (IPR004129). This
fact also stands in contrast to that which occurs in S. cerevisiae,
where deletion of ScGDEI renders the cells unable to grow on
GroPCho as a phosphate source (39).

Ashasbeen reported for plants (48, 49) and bacteria (50 -52),
we show here that GroPCho utilization in C. albicans is linked
to phosphate limitation. PHO4 and GRFI0 are orthologs to
ScPHO4 and ScPHO?2 (4), genes that encode transcription fac-
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tors that regulate phosphate-responsive genes in S. cerevisiae
(40, 41). As was the case for Gitl (22), the expression of GIT3,
GIT4, and GDEI is governed by the transcriptional regulator
Pho4 (Fig. 5C). However, loss of GRFI0 does not affect the
ability of C. albicans to utilize GroPCho (data not shown).
Additionally, GRF10 does not a regulate the expression of GIT'1
(22), and others have noted that it does not appear to be
involved in the phosphate response in C. albicans (21). Inter-
estingly, a recent report indicates that phosphate limitation
might have implications for C. albicans virulence (21). In this
study, C. albicans strains isolated from the stool of critically ill
patients underwent filamentation and expressed a lethal
phenotype against mice and C. elegans upon phosphate limi-
tation (21). It is tempting to speculate that the phosphate-
regulated genes involved in utilization of GroPlIns (Git1) (22)
and GroPCho (Git3, Git4, and Gdel) may play a role in these
phenotypes.

Besides acting as a nutrient source, other functions have been
ascribed to GroPCho. A well known function involves osmotic
regulation in renal medullary tissue of mammals, where GroP-
Cho counteracts the effects of high NaCl and urea concentra-
tions (12, 13). In the fungal pathogen, Cryptococcus neofor-
mans, GroPCho appears to be required for capsule enlargement
(57). Capsule enlargement is necessary for this organism’s vir-
ulence, as it provides protection from phagocytosis as well as
oxidation (57). A C. neoformans strain lacking phospholipase
B1 (PLB1) loses its ability to enlarge its capsule, but supplemen-
tation of GroPCho rescues this phenotype (57). Interestingly, C.
neoformans contains a putative protein that is 42% similar
(NCBI-Blast) to Git3 suggesting that it may also transport
intact GroPCho.

We have shown previously that C. albicans is able to utilize
GroPCho under conditions of elevated temperature and pH
found in the human body (22). Here, we show that C. albicans
employs Git3 to transport and Gdel to metabolize GroPCho in
the presence of serum and the concentration of phosphate
found in serum, roughly 1 mm (Fig. 7). These results indicating
that GroPCho transport and metabolism are physiological
relevant functions under conditions of human infection,
prompted us to perform mouse virulence studies on a strain
lacking GroPCho transport capability. As shown in Fig. 8, a
git2,3,4A/A mutant exhibits a virulence defect compared
with the wild type strain, and reintegration of a single copy of
GIT3 into the git2,3,4A/A mutant restored wild type viru-
lence levels. Thus, the major GroPCho transporter, Git3, is
required for full virulence in a mouse model of blood stream
infection. Of note, the phylogenetic tree of Git homologs
(Fig. 9) suggests that several other Candida species with Git3
and Git4 orthologs may similarly possess GroPCho transport
activity.
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