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Candida albicans is an important human pathogen that displays a remarkable ability to detect changes in its
environment and to respond appropriately by changing its cell morphology and physiology. Serum- and amino
acid-based media are known to induce filamentous growth in this organism. However, the mechanism by which
amino acids induce filamentation is not yet known. Here, we describe the identification and characterization
of the primary amino acid sensor of C. albicans, Csyl. We show that Csylp plays an important role in amino
acid sensing and filamentation. Loss of Csylp results in a lack of amino acid-mediated activation of amino acid
transport and a lack of induction of transcription of specific amino acid permease genes. Furthermore, a
csylAlesyl A strain, lacking Csylp, is defective in filamentation and displays altered colony morphology in
serum- and amino acid-based media. These data provide the first evidence that C. albicans utilizes the amino
acid sensor Csylp to probe its environment, coordinate its nutritional requirements, and determine its

morphological state.

Candida albicans is an opportunistic and dimorphic patho-
genic fungus that is able to cause recalcitrant infections of skin,
oral, gastrointestinal, and urogenital systems. Depending on
host immunity, infection by this organism can be either super-
ficial or hematogenously disseminated, resulting in life-threat-
ening systemic candidiasis (19, 24, 27, 28, 38, 44, 45). C. albi-
cans undergoes a reversible switch between yeast,
pseudohyphal, and hyphal growth in response to various stim-
uli (36, 40). Serum, Lee’s medium (rich in amino acids), high
temperatures (37°C), and neutral pHs are among the condi-
tions that positively influence hyphal morphogenesis (11, 40).
Although serum is the most effective inducer of hyphae, the
components of this medium responsible for this phenotypic
switching have not yet been identified.

Studies with the yeast Saccharomyces cerevisiae have identi-
fied several plasma membrane nutritional sensors that are able
to sense the levels of nutrients in the environment and induce
specific signaling pathways to modulate the rate of uptake of
such nutrients (15). Two sensors of glucose, Snf3p and Rgt2p,
are involved in the regulation of glucose uptake, depending on
the concentration of glucose in the environment (41). Al-
though they are members of the sugar transport superfamily,
Snf3p and Rgt2p are unable to transport glucose and do not
restore the ability of a mutant lacking the glucose transporter
genes, HXT-1 to -4, -6, and -7, to utilize glucose (33, 43).
However, Snf3p and Rgt2p activation by low or high glucose
concentrations results in the transcriptional regulation of HXT
genes encoding low- and high-affinity glucose transporters (33,
41).

Similarly, S. cerevisiae possesses a sensor of amino acids,
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Ssylp (10, 21, 25), which belongs to the amino acid permease
(AAP) superfamily (14, 42, 50). Unlike other members of this
family, Ssylp does not transport amino acids, and it contains an
N-terminal domain involved in sensing amino acids and acti-
vating downstream factors that regulate the expression of AAP
genes (10, 21, 25). When amino acids are available in the
environment, Ssylp activates the expression of AAP genes,
which then mediate the transport of amino acids (10, 21, 25).
Thus, SSY1 encodes a regulator of transcription of AAP genes
rather than an amino acid transporter (10). This idea is further
supported by the finding that disruption of SSY7 results in the
inhibition of uptake of several amino acids (13, 21). Further-
more, loss of the SSYI gene is not compensated for by over-
expression of AAP genes, and its overexpression does not
rescue the loss of amino acid uptake in strains containing
multiple deletions of amino acid transporter genes (10).

Expression of amino acid transporters in S. cerevisiae is also
dependent on Ptr3p and Ssy5p, two peripheral membrane pro-
teins that localize to the cytoplasmic face of the plasma mem-
brane (14, 25). Ssylp, Ptr3p, and Ssy5p are components of a
sensor complex called SPS that resides in the plasma mem-
brane and functions to transduce amino acid-derived signals
(2, 14, 25). Interestingly, both ssy/A and ptr3A mutants exhibit
enhanced haploid invasive growth compared to that of the wild
type (25), suggesting an important role for the SPS complex in
yeast filamentation. However, how Ssylp regulates invasive
growth is not well understood.

Unlike other organisms, little is known about how C. albi-
cans responds to changing nutritional conditions. Here, we
provide evidence for the presence of a coordinated regulatory
process for amino acid uptake and filamentation mediated by
amino acids in C. albicans. We identified the primary amino
acid sensor gene responsible for these activities, CSY7, and
showed that C. albicans lacking Csylp has altered amino acid
uptake and filamentation.
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TABLE 1. C. albicans strains used in this study

Strain Genotype Source or reference

BWP17 ura3::iimm434/ura3:iimm434 hisl::hisG/his1::hisG arg4::hisGlarg4::hisG 51

DAY286 ura3::imm434/ura3::imm434 hisl::hisG/hisl::hisG ARG4::URA3::arg4::hisGlarg4::hisG Aaron Mitchell
CAEB-1 ura3::iimm434/ura3::imm434 HIS1::hisl::hisG/hisl::hisG ARG4::URA3::arg4::hisGlarg4::hisG This study
CAEB-2 ura3::imm434/ura3::imm434 hisl::hisG/hisl::hisG arg4::hisGlarg4::hisG csyl::ARG4/CSY1 This study
CAEB-3 URA3::ura3::imm434/ura3::imm434 HISI::hisl::hisG/his1::hisG arg4::hisGlarg4::hisG csyl::ARG4/CSY1 This study
CAEB-4 ura3::imm434/ura3::imm434 hisl::hisG/hisl::hisG arg4::hisGlarg4::hisG csyl::ARG4/csyl::URA3 This study
CAEB-5 ura3:iimm434/ura3:iimm434 HIS1:hisl::hisG/hisl::hisG arg4::hisGlarg4::hisG csyl::ARG4/csyl::URA3 This study
CAEB-6 ura3::imm434/ura3::imm434 hisl::hisG/hisl::hisG arg4::hisGlarg4::hisG csyl::ARG4/csyl::=URA3 CSY1::HISI This study

MATERIALS AND METHODS

Strains and growth conditions. C. albicans strains (Table 1) used in this study
were constructed from strain BWP17, which was derived from strain RM1000
(39) as described previously (51). Strains were routinely cultured in rich medium
(YPDU), which contains 2% Bacto Peptone, 1% yeast extract, 20% dextrose,
and 80 pg of uridine/ml, or in synthetic medium (SD), which contains 1.7% yeast
nitrogen base, 0.5% ammonium sulfate, and 2% dextrose. Supplements were
added as required to maintain cell growth at standard concentrations (51).
Growth inhibition assays on amino acid analogs were performed by plating 2 X
10* wild-type (CAEB-1), heterozygote (CSYI/csylA) (CAEB-3), homozygote
(csyIAfesylA) (CAEB-5), or complemented (csylA/csylA+CSYI) (CAEB-6)
cells on SD plates containing 25 mM L-glutamic acid y-hydrazide. Filamentation
assays and colony morphology studies were performed by plating 2 X 10* yeast
cells of mid-log-phase cultures on either YPD containing 10% fetal bovine
serum, Lee’s medium (31), Spider medium (35), synthetic low-ammonium dex-
trose (SLAD) medium (17), or N-acetylglycosamine medium (5). Plates were
incubated at 37°C. Cell morphology was determined by scraping the surfaces of
the colonies and examining the cells by light microscopy.

Molecular biology. Plasmid pGEM-HIS1-CSY1 was constructed as follows.
The CSY1 open reading frame was PCR amplified from genomic DNA (300 ng)
obtained from strain BWP17 by using primers pro-CSY1-5' (GGGGACGTCG
GGCCCAGCCAGAGTGAGAATTCGA) and term-CSY1-3' (ACATGCATG
CAAATGAAATTAAGAAATAGAG). The resulting PCR product was di-
gested with the Apal and Sphl restriction enzymes and cloned into the Apal and
Sphl sites of pPGEM-HISI1 (51), thus creating the pGEM-HIS1-CSY1 plasmid.

Genomic DNA from C. albicans was prepared by glass bead lysis as described
by Hoffman and Winston (20). For RNA preparation, overnight cultures of C.
albicans cells grown at 37°C on liquid SD medium in the presence or absence of
10 mM histidine were diluted in the same medium to 107 cells/ml. Cells were
harvested at mid-log phase, and total RNAs were prepared using the heat/freeze
RNA isolation method as previously described (46). Southern and Northern blot
analyses were performed as described by Maniatis and colleagues (37). Probes
were generated by random priming according to the manufacturer’s recommen-
dations (Roche Diagnostics Corporation). Substrates for the probes specific to
CSY1, CANI, orf 6.7739, orf 6.4609, and ACTI were generated by PCR using C.
albicans genomic DNA as the template and the following primer pairs: probe-
CSY1-5" (CCACTGCTGGATTTGTCACG) and probe-CSY1-3’ (CCCTGTAA
TGCCAACGAATAAG), CAN1-5' (GCAGTAAAGGCAACGGCAAAG) and
CAN1-3" (CACACAATCTCTTGGTGAAATGGC), orf 6.7739-5' (CACCAGT
GTCTCTACCTTGAGC) and orf 6.7739-3' (GGATGCCAAAACAAACCTG),
orf 6.4609-5" (AGACCAGAAAGAGCCAATAACC) and orf 6.4609-3" (CACA
AGATAAACTCACGGGTGTAG), and ACT1-5" (AAGCCCAATCCAAAAG
AGG) and ACT1-3' (GATAGAACCACCAATCCAGACAG), respectively.

Strain construction. Strain CAEB-4 (Table 1), in which both copies of the
CSY1 gene were deleted, was obtained after two successive transformations of
strain BWP17 with PCR-generated targeting cassettes containing either ARG4 or
URA3 positive markers flanked by 60 bp of homology to CSYI (51) using the
transformation conditions of De Backer and colleagues (7). The targeting prod-
ucts for CSY1 disruption were generated by PCR using 200 ng of plasmid DNA
(pGEM-URA3 or pRS-Arg4ASpel) (51), 1 pM primers CSY1-5" (AGCCGAC
AGCATGTGGTATCACCATTTTCAACCACAAGTATTAGCGATACTGT
ATCATTAGTTTTCCCAGTCACGACGTT) and CSY1-3' (TGACAACATAA
TAACCCCAGCAACTACTTCTCCTGCCACCCCTGTAGAAAAACTCAAA
AATGTGGAATTGTGAGCGGATA), 5 pl of 10X PCR buffer (Invitrogen),
0.4 mM deoxynucleoside triphosphates, 2 mM MgCl,, and 0.5 pl of Tag DNA
polymerase (1 U/pl; Invitrogen). The mixture was incubated at 94°C for 5 min,
followed by 30 cycles of 94°C for 30 s, 60°C for 30 s, and 68°C for 3 min. After
a final extension at 68°C for 5 min, the reaction mixture was stored at either 4 or

—20°C before further use. Gene replacement was confirmed by PCR analysis
using primers O1 (ATGATAGACCTAGAAGGGTCA) and O2 (AATATGTA
CCAAGTTGCTTCCC). The csylAfesylA prototrophic strain, CAEB-5, was
generated by transforming the histidine auxotrophic strain CAEB-4 with the
Nrul-digested pGEM-HISI1 vector. A wild-type prototrophic strain (CAEB-1)
was generated by transforming DAY286 (Table 1) with Nrul-digested pGEM-
HIS1. The prototrophic CSYI-heterozygous strain, CAEB-3, was obtained by
integration of Nrul-digested pPGEM-HIS1 and Bc/I-digested pPGEM-URA3 into
the HISI and URA3 loci of strain CAEB-2, respectively. The csy/A/csylA+CSY1
complemented strain (CAEB-6) was generated by transforming the csy/A/csylA
strain (CAEB-4) with Nrul-digested pPGEM-HIS1-CSY1. The genotypes of these
strains were further confirmed by PCR and Southern blot analyses.

Amino acid transport assays. Overnight cultures of cells grown at 30 or 37°C
on SD medium in the presence or absence of 10 mM amino acids (except for
tyrosine, which was added at 2.5 mM) were diluted in 20 ml of the same medium
to an optical density at 600 nm (ODyy) of 0.2. Cells were harvested at an OD
of 0.65 by centrifugation at 2,000 X g for 10 min at 4°C, washed twice with cold
phosphate-buffered saline (PBS), and resuspended in 700 ul of SD medium. A
100-pl volume of this suspension was added to 150 pl of SD medium containing
0.2 uCi of [*H]-labeled amino acids (24 to 120 Ci/mmol; Amersham Pharmacia).
After incubation of this mixture at 30 or 37°C, amino acid uptake was stopped by
addition of 5 ml of ice-cold PBS. Cells were collected on a Whatman GF/C glass
microfiber filter, washed three times with cold PBS, air dried, and counted in a
scintillation counter (18). All uptake studies were performed in duplicate, and
average values were determined.

RESULTS

Substrate specificity of sensing and activation of amino acid
transport in C. albicans. The ability of C. albicans to switch
between yeast, pseudohyphal, and hyphal forms is an impor-
tant component of its pathogenesis. Serum- and amino acid-
based media (e.g., Lee’s medium) are known to induce these
morphological transitions. However, the molecular bases for
amino acid-mediated morphogenesis are unknown. To under-
stand how C. albicans responds to external amino acids, we
examined the effects of these nutrients in the wild-type strain
on the transport properties of AAPs in ammonium-based min-
imal medium at 37°C. The transport of radiolabeled valine
indicated that the initial rate and overall uptake of this
branched amino acid were increased at least ninefold in wild-
type C. albicans cells grown in the presence of histidine over
those in cells grown in the absence of this amino acid (Fig. 1A).
The transport of radiolabeled valine was also examined in the
wild-type strain in the presence or absence of the nonpolar
amino acids leucine, methionine, phenylalanine, and trypto-
phan and the polar uncharged amino acids threonine and ty-
rosine, all known to mediate Ssylp-dependent activation of
amino acid uptake and transcription of AAP genes in S. cer-
evisiae (9, 14, 15, 21). None of the substrates tested had any
effect on the uptake of valine in C. albicans (Fig. 1B). These
results suggest that the activation of amino acid uptake in C.
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albicans differs from that of S. cerevisiae and is triggered by
different substrates.

To define the substrates responsible for activation of amino
acid uptake in C. albicans, we examined the uptake of radio-
labeled valine in the wild-type strain for the remaining 12
amino acids. Among all the substrates tested, arginine, aspar-
agine, aspartic acid, glutamine, glutamic acid, histidine, lysine,
and serine were found to induce valine transport (Fig. 1B).
Arginine, glutamine, and lysine resulted in the highest levels of
induction, with ~16 to 18-fold increases in valine uptake. His-
tidine, aspartic acid, and asparagine caused ~10-fold, serine
caused ~7-fold, and glutamic acid caused ~4-fold induction of
valine uptake. To assess whether histidine-mediated activation
was specific for valine, we examined the effects of histidine on
the transport of radiolabeled phenylalanine, tyrosine, lysine,
glutamine, and isoleucine. As with valine, transport of these
substrates was also increased 3- to 10-fold when histidine was
added (Fig. 1C).

Transcriptional regulation of AAP genes by amino acids. To
assess whether amino acid-mediated activation of amino acid
transport in C. albicans occurs via induction of transcription of
specific AAP genes, we examined the transcription levels of the
arginine permease gene CANI and two putative AAP genes,
orf 6.7739 and orf 6.4609, in the presence and absence of
histidine. orf 6.7739 and orf 6.4609 encode proteins which share
high homology with the specific permeases Hiplp, Gnplp,
Tatlp, Tat2p, and Agplp of S. cerevisiae. Although CANI, orf
6.7739, and orf 6.4609 transcripts could be detected in the
absence of histidine, addition of this amino acid resulted in a
dramatic increase in their transcript levels (Fig. 2). As a con-
trol, the transcript levels of the actin gene, ACT1, remained the
same under both conditions (Fig. 2). These data suggest that
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FIG. 1. Induction of amino acid transport in wild-type C. albicans.
(A) Time-dependent [*H]valine transport in the wild-type strain
(CAEB-1) in ammonium-based medium lacking (SD) or containing
(SDH) 10 mM histidine. (B) [*H]valine transport of wild-type cells in
minimal medium without (shaded bar) or with (solid bars) 10 mM
L-a-amino acids. (C) Uptake of [*H]-labeled valine, phenylalanine,
lysine, glutamine, and isoleucine in minimal medium lacking (shaded
bars) or containing (solid bars) histidine.

amino acid-mediated activation of amino acid uptake is depen-
dent on induction of the transcription of specific AAP genes.

The amino acid sensor Csylp is important in the amino
acid-mediated activation of amino acid uptake and transcrip-
tion of AAP genes. To examine whether the amino acid-depen-
dent increase in amino acid uptake and transcription of specific
AAP genes requires a membrane sensor, we cloned the puta-
tive amino acid sensor gene of C. albicans, CSYI, by using

WT esplA/esyl A
CANT | ‘ -w
orf 6.7739 | e
orf 6.4609 .
a7 B S
His - 4+ = +

FIG. 2. Transcription levels of AAP genes in wild-type and csylA/
csylA strains in the presence of histidine. Northern blot analysis was
performed on RNA isolated from wild-type (WT) (CAEB-1) and
csylAfesylA (CAEB-5) strains grown to mid-log phase in minimal
medium in the absence (—) or presence (+) of 10 mM histidine. The
probes used are derived from the CANI, orf 6.7739, orf 6.4609, and
ACTI genes as described in Materials and Methods.
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FIG. 3. Csylp sequence alignment. (A) Alignment of C. albicans Csylp with the S. cerevisiae amino acid sensor Ssylp, the branched-chain AAP
Bap2p, and the tyrosine transporter Tatlp. (B) Sequence alignment of the N-terminal extensions of Ssylp and Csylp. Dark shading, identical
residues; light shading, similar residues. The predicted membrane-spanning domains (TM1 to TM12) for Csylp are indicated by solid lines above

the aligned proteins and are numbered sequentially.

three specific bioinformatic criteria: (i) homology of its pri-
mary sequence to members of the AAP family, including S.
cerevisiae Ssylp, (ii) presence of an additional N- or C-terminal
extension that might play a role in nutrient sensing, and (iii)
predicted topology similar to that of Ssylp. CSYI encodes a
protein of 881 amino acids that displays 43% identity and 64%
similarity to the amino acid sensor of S. cerevisiae, Ssylp. The
homology between Csylp, Ssylp, and two other members of
the AAP family, Bap2p and Tatlp, begins with amino acid 307
of Csylp and continues throughout the remainder of the se-
quence (Fig. 3A). The N-terminal domain of Ssylp has been
shown to play a critical role in amino acid sensing (14, 25).
Interestingly, pairwise alignment revealed only a low degree of
homology (17% identity and 16% similarity) between the N-
terminal domains of Ssylp and Csylp (Fig. 3B). Like Ssylp,
topology prediction indicated the presence of 12 putative hy-
drophobic transmembrane domains and two large extracellular
loops that connect transmembrane domains V and VI and
transmembrane domains VII and VIII in Csylp.

To determine the physiologic role of Csylp and its impor-
tance in C. albicans survival and amino acid sensing, the two
alleles of the CSY!1 gene were disrupted by homologous re-
combination via two successive transformations to produce a
csylAJesyl A strain. Southern blot (Fig. 4A and B) and PCR
(Fig. 4A and C) analyses, using a probe specific to the CSY?
gene and specific primers in the CSY! upstream and down-
stream regions, confirmed the replacement of the two CSY1

chromosomal loci by ARG4 and URA3 cassettes. The csylA/
csyl A strain is viable and grows as well as the wild-type strain
on rich or minimal media (data not shown). To assess whether
Csylp is important for the amino acid-mediated activation of
transcription of AAP genes, we compared the transcription of
CANI, orf 6.7739, and orf 6.4609 in the csylA/csylA strain to
that in the wild type in the presence and absence of histidine.
Unlike those in the wild type, the transcript levels of CANI, orf
6.7739, and orf 6.4609 in the csylA/csyl A strain did not change
in response to histidine (Fig. 2). As a control, the transcript
levels of the actin gene, ACTI, in the csylA/csylA strain were
similar to those of the wild type and were not affected by
histidine (Fig. 2). These data suggest that Csylp plays a critical
role in amino acid-mediated induction of transcription of the
C. albicans specific AAP genes.

To further analyze the importance of Csylp as a sensor of
amino acids and regulator of amino acid uptake, we compared
the transport of radiolabeled valine, phenylalanine, tyrosine,
lysine, glutamine, and isoleucine in wild-type and csylA/csyl A
strains in the absence or presence of histidine. No differences
in the uptake of those amino acids between the two strains
could be detected in the absence of histidine (Fig. 5A). In the
presence of histidine, no induction of uptake of those amino
acids could be detected in the csylA/csyIA strain, whereas a
major induction of amino acid transport could be measured in
the wild-type strain (Fig. SA). As a control, histidine activation
was also examined in the heterozygote (CSY1/csylA) and com-
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FIG. 4. Generation and molecular characterization of the csy/A/csylA knockout. A CSYI gene knockout was generated using the strategy
described in Materials and Methods. (A) Schematic representation of the CSY! genomic locus before and after replacement with ARG4 and URA3
cassettes. O1 and O2 are the two oligonucleotides used to confirm CSY7 gene disruption by PCR analysis. (B) Southern blot analysis of wild-type
(WT), heterozygote (CSY1/csylA), and homozygote (csylA/csylA) strains. Genomic DNAs were digested with Spel. The probe used is a 0.7-kb
fragment of CSY1. (C) Agarose gel electrophoresis showing the PCR products obtained with oligonucleotides O1 and O2 (see panel A) and
genomic DNAs isolated from the wild-type, csylA/esylA, and csylAjcsyl A+CSY1 strains as templates.

plemented (csylA/csyl A +CSY1) strains, where it exhibited the
same regulatory profile as in the wild-type strain (data not
shown). To further examine the defect in amino acid uptake
upon loss of Csylp, we analyzed the growth of wild-type, csylA/
csylA, CSYl1/esylA, and csylAJesyl A+CSY1 strains on media
containing the amino acid analog L-glutamic acid +y-hydrazide.
The csylA/csyIA strain was more resistant to this compound
than the wild-type, heterozygote, and complemented strains
(Fig. 5B). Together, these data indicate that amino acid trans-
port in the csylA/csyl A mutant is altered and that amino acid-
mediated activation of amino acid uptake requires a functional
Csylp protein.

csylAlesyl A cells show altered filamentation and colony
morphology. The importance of Csylp in amino acid sensing
led us to investigate the possible role of this sensor in nutrient-
induced yeast-hypha differentiation in C. albicans. Thus, we
compared the colony and cell morphologies of wild-type,
csylAjesyIA, and csylA/esyl A+CSY1 strains on serum-based
(Fig. 6A) and Lee’s (Fig. 6B) media. Whereas wild-type and
csyl AJesyl A+CSY1 strains formed wrinkled colonies at 37°C in
serum-based and Lee’s media after 48 h or 1 week of incuba-
tion, respectively, csylA/esyl A mutant cells produced colonies
with a smooth morphology (Fig. 6A and B). Microscopic anal-
ysis of the cells within the colonies revealed the formation of
hyphae in wild-type and csyl/A/csylA+CSY1 strains, whereas
csylAfesyl A cells grew predominantly in the yeast form (Fig.
6). No significant morphological differences between wild-type,
csylAJesyl A, and csylA/esyl A+CSY1 strains could be detected

on N-acetylglucosamine, Spider, or SLAD solid media or se-
rum-based and Lee’s liquid media (data not shown).

DISCUSSION

The AAP family consists of a large number of membrane
proteins that mediate the transport of amino acids across the
plasma membrane (50). These permeases share significant se-
quence homology and predicted topology. In S. cerevisiae at
least two members of this family, Hnm1p and Ssylp, are not
involved in amino acid transport sensu stricto. Hnmlp is in-
volved in the transport of choline, which is the first step in the
CDP-choline pathway for the synthesis of phosphatidylcholine
from choline (4). Ssylp is an amino acid sensor and a critical
component of the trimeric SPS complex, which responds to
amino acids and transduces signals to modulate the transcrip-
tion of amino acid-metabolizing genes via activation of the
transcriptional factors Stplp and Stp2p (1, 8, 10, 21, 23, 25).
Amino acid transporters are further divided into specific and
nonspecific permeases. General AAPs, such as Gaplp, are
nonspecific permeases and transport all common L-amino ac-
ids, various b-amino acids, and several related compounds in S.
cerevisiae (22). Most other members of the AAP family in S.
cerevisiae encode transporters with narrow substrate specifici-
ties (15).

We demonstrated that amino acid transport in C. albicans is
regulated by specific substrates. Eight amino acids—arginine,
asparagine, aspartic acid, glutamine, glutamic acid, histidine,
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FIG. 5. Comparison of amino acid transport and sensitivity to the amino acid analog L-glutamic acid +y-hydrazide in the wild-type and
csylAfesyl A strains. (A) Uptake of amino acids in the wild-type (WT) (CAEB-1) and csylA/csyl A (CAEB-5) strains. Cells were grown in SD
medium lacking or supplemented with 10 mM histidine and were assayed as described in Materials and Methods. Standard deviations are shown.
Uptake values were normalized to those of the wild-type strain in SD medium. (B) Growth of wild-type (CAEB-1), CSYI/csylA (CAEB-3),
csylAlesyl A (CAEB-5), and csylA/csylA+CSYI (CAEB-6) strains on SD plates containing 25 mM L-glutamic acid y-hydrazide and incubated at

37°C for 1 week.

lysine, and serine—were found to increase amino acid uptake.
The amino acid-mediated activation of amino acid transport in
ammonium-based medium was also examined at 30°C and
yielded similar results (data not shown). We further confirmed
that this activation of amino acid transport correlates with
induction of expression of CANI and two putative AAP genes,
orf 6.7739 and orf 6.4609, identified by genome sequencing, in
the presence of histidine. Recent studies have referred to orf
6.7739 and orf 6.4609 as general AAPs (3, 34). However, the
expression pattern of those two genes in ammonium-based
(Fig. 2) and proline-based (unpublished data) media in the
presence and absence of histidine and their dependence on
Csylp are reminiscent of S. cerevisiae AGP1 and GNPI and of
S. cerevisiae BAP2 and BAP3, respectively, but not of GAPI.
Future genetic and biochemical studies of orf 6.7739, orf
6.4609, and other putative AAPs of C. albicans to determine
their transport properties and substrate specificities are war-
ranted.

Our finding that C. albicans regulates its amino acid uptake
in a manner similar to that of S. cerevisiae suggested that this
regulation might involve an upstream regulatory sensor that
monitors the availability of amino acids internally and/or ex-
ternally and transduces signals to regulate the transcription of
AAP genes. Accordingly, we identified and characterized
Csylp, the C. albicans homolog of the S. cerevisiae amino acid
sensor. Our results provided several lines of evidence indicat-
ing that Csylp is the primary amino acid sensor of C. albicans
involved in the regulation of AAPs. Loss of Csylp, although
mutants remained viable, resulted in (i) lack of induction of
specific AAPs, (ii) lack of activation of amino acid uptake in
response to external amino acids, and (iii) resistance to the
amino acid analog L-glutamic acid y-hydrazide. The expression

levels of the CSY7 gene in the wild-type strain remained the
same in the absence and presence of histidine (data not
shown), suggesting that Csylp-dependent amino acid-medi-
ated transcriptional activation of AAP genes does not require
an increase in Csylp expression but reflects an activation of its
sensor activity. Furthermore, similar levels of amino acid trans-
port were measured in both the wild-type and csyl/A/csylA
strains in the absence of external amino acids. These results
suggest that C. albicans utilizes Csylp to sense amino acids in
its environment, and they confirm recent data for S. cerevisiae
indicating that sensing by Ssylp occurs via its direct interaction
with external amino acids (16).

Although Csylp and Ssylp share a high degree of homology
in their C-terminal domains, their N-terminal extension do-
mains, which are absent from other AAPs and are known to be
critical for the sensing function in S. cerevisiae, are highly
divergent. Our data suggest that this high degree of divergence
in this domain might account for the differences in ligand
specificity and sensing between C. albicans and S. cerevisiae.
We showed that with the exception of serine, the seven other
inducers of amino acid uptake in C. albicans found in this study
(arginine, asparagine, aspartic acid, glutamine, glutamic acid,
histidine, and lysine) have previously been shown to have little
or no effect on the Ssylp-dependent expression of AGPI,
which encodes a broad-specificity AAP in S. cerevisiae (15, 21).
Tyrosine, phenylalanine, leucine, tryptophan, methionine,
threonine, alanine, and cysteine, which have high or interme-
diate effects on AGPI expression, were found to have no effect
on valine uptake in C. albicans. Our studies strongly support a
role for Csylp in amino acid sensing; however, at this stage we
cannot exclude the possibility that this protein might also have
an intrinsic amino acid transport activity.
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FIG. 6. csylA/csyl A mutants are defective in filamentation and colony morphology. Wild-type (WT) (CAEB-1), csylA/csylA (CAEB-5), and

csylAfesyl A+CSYI (CAEB-6) strains were grown at 37°C on solid plates containing either 10% serum (A) or Lee’s medium (B). Colony
morphologies (Al to 3; B1 to 6) and cell morphologies (A4 to 6; B7 to 9) were assessed by light microscopy.

This study was prompted by previous observations that Lee’s
medium, which is rich in amino acids, induces the C. albicans
yeast-hypha morphological transition, demonstrating that
amino acids can play a role in this process and suggesting a
possible involvement of Csylp in the regulatory mechanism
controlling hyphal morphogenesis. Our study demonstrated
that C. albicans cells lacking Csylp show altered colony mor-
phology and hyphal formation in serum- and amino acid-based
solid media, but not in N-acetylglucosamine, Spider, and
SLAD media, which do not contain amino acids. These results
support the idea that CSY7 is an important component of the
signaling pathway controlling serum- and amino acid-induced
hyphal morphogenesis in C. albicans. However, it is not yet
clear why no differences between wild-type and csylA/csylA
strains could be detected on serum-based and Lee’s liquid
media.

In C. albicans, two signaling pathways, the mitogen-activated
protein kinase (MAPK) and cyclic AMP (cAMP)-dependent
protein kinase (PKA) pathways, have thus far been implicated
in yeast-hypha morphogenesis (32). The MAPK cascade con-
sists of the kinases Cst20p, Stellp, Hst7p, and Ceklp, which
are responsible for the activation of the transcription factor
Cphlp (6, 26, 29, 30, 35). The cAMP-PKA pathway involves a
protein kinase A, encoded by the 7PK2 gene, which acts up-
stream of the transcriptional factor Efglp (47, 48). Both the
MAPK and cAMP-PKA pathways are activated by a common
upstream factor, Raslp (30); however, how these pathways are
activated by external stimuli is not known.

Tripathi and colleagues have shown that amino acid starva-
tion promotes pseudohyphal, but not hyphal, growth in C.
albicans and that this response is dependent on Cagendp (49).
However, this morphogenetic switch differs from that induced
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by serum, amino acids (proline, arginine, alanine, histidine,
isoleucine, lysine), and serum filtrates of <1 kDa (12), all of
which are known to induce hyphal forms. Together, these data
suggest that serum- or amino acid-mediated hyphal formation
and starvation-mediated pseudohyphal formation are two sep-
arate processes.

In summary, our studies provide the first evidence that the
amino acid sensor Csylp is an important regulatory membrane
protein playing a critical role in amino acid transport and
filamentation in C. albicans. Further studies will determine
how Csylp senses amino acids, activates the transcription of
AAP genes, and regulates the C. albicans yeast-hypha morpho-
genetic transition.
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