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Candida albicans is the most common cause of invasive fungal
infections in humans. Its ability to undergo the morphological
transition from yeast to hyphal growth forms is critical for its
pathogenesis. Hyphal initiation requires the activation of the
cAMP-PKA pathway, which down-regulates the expression of
NRG1, the major repressor of hyphal development. Hyphal initiation
also requires inoculation of a small amount of C. albicans cells from
overnight culture to fresh medium. This inoculation releases the in-
hibition from farnesol, a quorum-sensing molecule of C. albicans,
that accumulated in the spent medium. Here, we show that farnesol
inhibits hyphal initiation mainly through blocking the protein deg-
radation of Nrg1. Through screening a kinase mutant library, we
identified Sok1 as the kinase required for Nrg1 degradation during
inoculation. SOK1 expression is transiently activated on inoculation
during hyphal initiation, and overexpression of SOK1 overcomes the
farnesol-mediated inhibition of hyphal initiation. Screening a collec-
tion of transcription factor mutants, the homeodomain-containing
transcription repressor Cup9 is found to be responsible for the re-
pression of SOK1 expression in response to farnesol inhibition. In-
terestingly, farnesol inhibits Cup9 degradation mediated by the
N-end rule E3 ubiquitin ligase, Ubr1. Therefore, hyphal initiation
requires both the cAMP-PKA pathway-dependent transcriptional
down-regulation of NRG1 and Sok1-mediated degradation of
Nrg1 protein. The latter is triggered by the release from farne-
sol inhibition of Cup9 degradation and consequently, derepres-
sion of SOK1 transcription. Neither pathway alone is sufficient
for hyphal initiation.

uorum sensing is the regulation of gene expression and
Qgroup behavior in response to changes in cell population
density. Quorum-sensing molecules were initially discovered in
bacteria. They can mediate the sensing of cell density and control
group behavior, like virulence, competence, conjugation, anti-
biotic production, and biofilm formation (1). Much less is known
about quorum-sensing molecules, their functions, and their mech-
anisms of sensing in fungi. For the human commensal and patho-
genic fungus Candida albicans, dense cultures display a reduced
propensity for the yeast-to-hyphal switch. This reduced propensity
is because of the accumulation of a sesquiterpine alcohol farnesol
that can inhibit hyphal formation (2). Farnesol can also affect
the expression of virulence genes and biofilm formation (3, 4).
C. albicans produces farnesol from an intermediate of the sterol
biosysthesis pathway, farnesyl pyrophosphate (5). At concen-
trations of 10-250 pM, farnesol inhibits hyphal initiation but does
not suppress hyphal elongation (6). Farnesol-dependent inhibition
of hyphal formation involves the histidine kinase Chk1 (7), the
conserved Ras, and the adenylate cyclase Cyrl pathway (8). Re-
cently, down-regulation of Nrgl, a major repressor of the hyphal
transcriptional program, was found to be essential for hyphal ini-
tiation (9). The cAMP-protein kinase A (PKA) pathway is required
for down-regulation of NRGI expression during initiation (9).
Furthermore, the Nrgl protein is degraded during hyphal initia-
tion, when C. albicans cells from dense cultures are inoculated
into fresh medium; adding farnesol to the medium prevents Nrgl
degradation and hyphal initiation (9).
Ubiquitin-mediated protein turnover is a key regulatory mech-
anism for proteins with concentration that must be dynamically
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regulated during cellular signaling, development, or stress responses.
Enzymatic conjugation of ubiquitin to proteins that contain pri-
mary degradation signals is mediated by the E1 Ub-activating
enzyme and Ub-conjugating (E2) enzyme. The transfer of ubiq-
uitin from E2 to a lys residue of an appropriate substrate protein
requires an E3 ubiquitin ligase, which is responsible for the initial
recognition of a substrate’s degradation signal (degron) (10). Dif-
ferent degrons are recognized by different E3s. The mammalian
genome encodes at least 1,000 distinct E3s. The first E3 identified
and cloned was Ubrl, which recognizes proteins’ N-terminal deg-
radation signals (the N-end rule) (11). The RING-type E3 ligase
contains types 1 and 2 substrate binding sites that recognize the
unmodified basic (Arg, Lys, or His) and bulky hydrophobic (Leu,
Phe, Tyr, Trp, or Ile) N-terminal residues, respectively (12, 13). In
addition, Ubrl1 also contains binding sites that recognize internal
degrons of the Cup9 transcriptional repressor (14). Degradation of
specific proteins by the N-end rule pathway can be regulated in
response to changes in many physiological signals, including heme,
nitric oxide, amino acids, and short peptides (14-17), and it is im-
portant in many cellular functions, such as the fidelity of chro-
mosome segregation, the regulation of DNA repair, and peptide
import (15, 18, 19). For example, dipeptides accelerate their up-
take by activating the Ubrl-dependent degradation of Cup9, a
transcriptional repressor of a dipeptide transporter (15).

In this report, we show that Cup9 is a transcriptional repressor
of SOK1 expression in C. albicans and that Sok1 is required for the
degradation of Nrgl and hyphal initiation. Farnesol sensing during
the yeast-to-hyphal transition is mostly through Ubrl-mediated
degradation of Cup9. This study provides an example of a regulated
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proteolysis by the N-end rule pathway in response to quorum-
sensing molecules.

Results

Release from Farnesol Inhibition Induces Nrg1 Degradation Independent
of the cCAMP-PKA Pathway. Hyphal initiation requires rapid down-
regulation of the Nrgl protein through reducing NRG1 expression
and activating Nrgl degradation. The decrease in NRG1 expres-
sion was dependent on the cAMP-PKA pathway, because Cyrl or
Tpk2 was required for reduced NRG1 expression during hyphal
initiation (Fig. 14) (9). The preferential requirement of Tpk2 for
NRG] transcriptional down-regulation is consistent with the dis-
tinct but overlapping roles reported for Tpkl and Tpk2 in hyphal
development (20). Farnesol is thought to affect hyphal initiation by
inhibiting the Ras1-Cyrl pathway (8, 21, 22). Consistent with this
notion, we detected about 23% of the NRG! transcript left after
30 min in farnesol-containing medium at 37 °C, which was higher
than without farnesol (Fig. 14). However, the expression level of
NRG]I was still dramatically reduced in the presence of farnesol
(Fig. 14). This result suggests that, in addition to being involved in
cAMP-mediated regulation of NRG1 transcription, farnesol inhibits
hyphal initiation, mainly through a different mechanism. Indeed,
Nrgl was unstable, which was shown by promoter shutdown ex-
periments, when cells from overnight cultures were inoculated into
fresh medium (Fig. 1B). Disruption of cAMP-PKA signaling did
not affect Nrgl protein stability, but adding farnesol blocked Nrgl
degradation (Fig. 1B). Therefore, Nrgl transcription down-regula-
tion requires the activation of the cAMP-PKA pathway, whereas
release from farnesol inhibition during inoculation triggers the
degradation of Nrgl. The two independent pathways are both re-
quired for rapid clearing of Nrgl to initiate hyphal development.

Sok1 Kinase Is Required for Nrg1 Degradation During Inoculation. To
uncover how farnesol regulates Nrgl degradation, we screened
a kinase mutant library of C. albicans (23) for mutants defective
in hyphal initiation; 5 of 80 mutants showed defects to varying
extents in hyphal initiation when cells were inoculated into fresh
medium at 37 °C, but only #pk2 and sok! mutants showed no
decrease in levels of Nrgl. As shown in Fig. 2.4 and B, germ-tube
formation was completely blocked, and the Nrgl protein level
remained high in an sok/ mutant during hyphal initiation. In
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Fig. 1. Nrg1 degradation on release from farnesol inhibition is not regulated
by the cAMP-PKA pathway. (A) Transcriptional down-regulation of NRG1 during
hyphal initiation is regulated by the cAMP-PKA pathway but not farnesol.
Overnight culture of WT and the indicated mutant cells was inoculated at
a 1:100 ratio into fresh YPD media with or without 100 pM farnesol at 37 °C.
NRGT mRNA levels were determined by quantitative RT-PCR. The signal
obtained from ACTT mRNA was used as a loading control for normalization. The
0 h normalized value of NRG1/ACT1 for the WT cells was set to be 1.00. The data
show the average of three independent quantitative RT-PCR experiments, with
error bars representing the SEM. (B) Nrg1 stability is monitored by MAL2 pro-
moter shutdown. WTs or the indicated mutant cells carrying Nrg1-Myc under
the MAL2 promoter were inoculated from overnight cultures into fresh YPD
media at 30 °C with and without 100 pM farnesol.
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Saccharomyces cerevisiae, Sok1 is involved in cAMP-PKA-mediated
signaling, and overexpression of Sok1 suppresses the growth defect
of mutants lacking PKA activity (24). However, in C. albicans, Sok1
is not required for the cAMP-PKA-dependent transcriptional
down-regulation of NRG1, because the level of NRGI expression
was significantly decreased in the sok! mutant (Fig. 2C). Therefore,
we predicted that Nrgl degradation during inoculation could be
blocked in the sok! mutant. Indeed, Nrgl was much more stable
in the sok! mutant when cells were inoculated into a fresh me-
dium compared with Nrgl stability in WT cells (Fig. 2D). We
suggest that Sok1 is involved in farnesol-mediated regulation of
Nrgl degradation.

Sokl1 is required for Nrgl degradation, and Tpk2 is required
for down-regulating NRG1 expression; both kinases are required
for hyphal initiation. To determine whether Nrgl degradation or
down-regulation of NRGI expression are the major functions of
Sok1 and Tpk2 in hyphal development, NRG1 was deleted in the
sokl or tpk2 mutant. Both the sokl nrgl and k2 nrgl double
mutants behaved like the nrgl single mutant. They grew as elon-
gated hyphae under a yeast growth condition and had no defect in
hyphal induction (Fig. 2E). Therefore, the major functions of Sok1
and Tpk2 in hyphal development are to down-regulate Nrgl.

SOK1 Expression Is Activated on Release from Farnesol Inhibition
During Inoculation, and Ectopic SOK1 Expression Promotes Hyphal
Initiation Without Inoculation. We next examined whether Sokl
protein levels changed in response to a drop in cell density by
inoculation. The protein level of Sok1-myc under its endogenous
promoter increased at 30 min after inoculation (Fig. 34). The
increase likely reflected transcriptional regulation of SOKI by
farnesol, because Sokl1 stability was not affected by farnesol (Fig.
S1). As expected, SOKI expression was activated when cells were
inoculated to fresh media, regardless of temperature, but de-
creased afterward (Fig. 3B). In contrast, the brief increase in SOK1
expression was not observed when farnesol was added into the
medium. Our results indicate that release from farnesol inhibition
is critical for the transient expression of SOK! during inoculation.

Because Sokl was required for Nrgl degradation during hy-
phal initiation and SOKI expression level increased during in-
oculation, we examined whether overexpression of SOKI could
overcome farnesol inhibition in germ-tube formation. Ectopic
expression of SOKI in a WT strain could initiate hyphal growth
at 37 °C, even in the presence of farnesol (Fig. 3C). Furthermore,
hyphal development could be induced to a certain extent by
a shift in temperature to 37 °C in cells growing in log phase
without inoculation when SOKI was constitutively expressed (Fig.
3D). Hyphae initiated from unbudded G, cells gave rise to germ
tubes without constriction at the base of germ tube, whereas hy-
phae initiated from budded cells (non-G; cells) generated elon-
gated buds with a constriction (25). Our results suggest that release
from farnesol inhibition promotes Nrgl degradation through tran-
sient activation of SOK1 expression for hyphal initiation.

Cup9 Represses SOK1 Expression in Response to Farnesol Inhibition.
To identify transcription factors responsible for farnesol-medi-
ated regulation of SOKI expression, we first screened a KO li-
brary of 165 transcription factor genes in C. albicans (26) for
mutants defective in hyphal initiation. Seven mutants could not
induce germ-tube formation when inoculated into yeast extract
peptone dextrose (YPD) medium at 37 °C, and none of them
showed defects in activation of SOKI expression (Fig. S2).
Therefore, we reasoned that, instead of a transcriptional acti-
vator of SOKI expression, SOKI expression may be repressed by
a transcriptional repressor in the presence of farnesol. When
released from farnesol inhibition during inoculation, the re-
pressor is inactivated, leading to derepression of SOKI expres-
sion. We then screened the same mutant library of transcription
factors for mutants that could form germ tubes even in the
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Fig. 2.

Sok1 is required for Nrg1 degradation during hyphal initiation. Overnight cultures of WT and sok7 mutant cells carrying Nrg1-Myc were inoculated

into YPD + 10% serum at 37 °C for (A) 1 h for cell morphology analysis or (B) 30 min for Western analysis. (C) Sok1 is not required for the transcriptional down-
regulation of NRG1 during hyphal initiation. NRGT mRNA levels were determined as described in Fig. 1A. (D) Overnight cultures of WT or sok7 mutant cells
carrying Nrg1-Myc under the MAL2 promoter were inoculated into fresh YPD medium at 30 °C. The protein stability of Nrg1 is monitored by MAL2 promoter
shutdown as described in Fig. 1B. (E) Deletion of NRG1 in an sok1 or tpk2 mutant results in constitutive filamentous growth similar to the nrg7 single mutant.
Overnight culture of WT and the indicated mutant cells was inoculated at a 1:100 ratio into fresh YPD media at 37 °C. Cells were collected at 0 and 4 h for cell

morphology analysis.

presence of farnesol. Only 2 of 165 mutants exhibited better
hyphal initiation in farnesol-containing medium compared with
WT cells (Fig. 44). However, there was a dramatic difference
between the ratios of germ-tube formation in these two mutants in
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Fig. 3. SOKT1 transcription is activated during inoculation for accelerated
Nrg1 degradation. (A) An overnight culture of WT cells carrying Sok1-Myc
was inoculated into YPD medium at 37 °C for 30 min for Western analysis. (B)
Quantitative RT-PCR analysis of SOKT expression. An overnight culture of
WT cells was diluted into prewarmed YPD media at 25 °C or 37 °C in the
presence or absence of 100 pM farnesol. The 0 h normalized value of SOK1/
ACTT1 for the WT cells was set to be 1.00. (C) Constitutive expression of SOK1
induces germ-tube formation in the presence of farnesol. WT cells with or
without the MAL2-driven Sok1-Myc were grown in yeast extract-peptone
plus 2% maltose (YPM) medium at 30 °C overnight and inoculated into
prewarmed YPM medium in the presence or absence of 100 pM farnesol at
37 °C. (D) Constitutively expressed SOKT promotes germ-tube formation in
cells grown in log phase. Cells of WT with or without Sok1-Myc under the
MAL2 promoter were grown in YPM medium at 30 °C overnight; they were
diluted into YPM medium at 30 °C for 3 h (displayed as 0 h) and then
transferred to 37 °C for 1 h (displayed as 1 h).
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response to farnesol. Over 90% of cup9 mutant cells formed germ
tubes in the presence of farnesol, whereas only about 25% of spp3
mutant cells were elongated under the same growth conditions
(Fig. 44). The cup9 mutant has previously been reported to exhibit
hyperfilamentation in other screens using this mutant library (26—
28). We next examined the expression levels of SOKI in these two
mutants during inoculation in the presence or absence of farnesol.
As shown in Fig. 4B, SOKI was constitutively expressed in the
cup9 mutant, regardless of farnesol. In contrast, deletion of STP3
had no effect on SOK1 expression (Fig. 4B). Our data suggest that
SOK1 expression is derepressed during inoculation through
inhibiting the transcriptional repressor Cup9.

Chkl, a histidine kinase, was reported to be important for
inhibition of hyphal development by farnesol. The addition of
farnesol blocks hyphal formation by WT cells but not chkl null
mutants (7). However, farnesol could still repress SOKI expres-
sion in a chk] mutant, like in WT cells or the sp3 mutant (Fig. S3).
Therefore, Chkl1 is unlikely to function through the same farnesol-
sensing pathway as Cup9 in the regulation of SOKI expression.

Cup9 Is Stabilized by Farnesol. Cup9 is a homeodomain-containing
transcriptional repressor in S. cerevisiae (29). The farnesol-
mediated regulation could be at the level of Cup9 localization,
expression, or stability. We first examined Cup9 localization by
indirect immunofluorescence. Cup9 was tagged at its C terminus
with 13Myc, and its expression was under the control of the
MAL?2 promoter. Cup9-Myc displayed nuclear localization under
all conditions with or without farnesol (Fig. S4). We then ex-
amined whether Cup9 protein levels changed during inoculation.
The protein level of Cup9-myc under its endogenous promoter
was high in cells from overnight cultures (Fig. 4C). It decreased
rapidly at 30 min on inoculation, regardless of temperature in the
absence of farnesol (Fig. 4C). In the presence of farnesol, the
protein levels of Cup9 were largely unchanged (Fig. 4C), sug-
gesting that release from farnesol inhibition is important for the
down-regulation of the Cup9 protein. We next determined that
CUP9 transcription was not regulated by farnesol (Fig. S95).
Therefore, the rapid decrease in Cup9 levels during inoculation
likely reflects the regulation of Cup9 protein stability by farnesol.
With the MAL?2 promoter shutoff assay, we found that Cup9 was
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Fig. 4. Cup9 is stabilized in response to farnesol to repress SOK1 expression.
(A) Overnight cultures of WT and the stp3 or cup9 mutant cells were in-
oculated into YPD media at 37 °C for 1 h in the presence or absence of 100 pM
farnesol for cell morphology analysis. (B) SOK1 expression is derepressed in the
presence of farnesol in the cup9 mutant but not the stp3 mutant. Quantitative
RT-PCR analysis of SOKT expression in WT and stp3 or cup9 mutants. Cells were
diluted into prewarmed YPD medium at 37 °C in the presence or absence of
100 pM farnesol. SOKT mRNA levels were determined as described in Fig. 3B.
The 0 h normalized value of SOK7/ACT1 for the WT was set to be 1.00. (C) WT
cells carrying Cup9-Myc were inoculated into YPD media at 30 °C or 37 °C in
the presence or absence of 100 pM farnesol for 30 min for Western analysis.
The white space indicates noncontiguous lanes from the Western blot. (D)
Cup?9 is stabilized by farnesol on inoculation. Cup9 stability is monitored by
MAL2 promoter shutdown. A Western blot of WT cells carrying Cup9-Myc
under the MAL2 promoter inoculated from an overnight culture into fresh
YPD media at 37 °C with and without 100 uM farnesol. F, farnesol.

extremely unstable in the absence of farnesol, because it dis-
appeared at around 15 min after inoculation into YPD medium,
regardless of temperature (Figs. 4D and 54). Adding farnesol
stabilized Cup9 (Figs. 4D and 54). When the MAL2 promoter
was shut off for 20 min before inoculating cells into fresh me-
dium to release farnesol inhibition, Cup9 protein completely
disappeared by 5 min (Fig. S6). Together, our data suggest that
Cup9 is rapidly degraded on loss of farnesol inhibition. The
rapid response to release from farnesol also indicates that Cup9
degradation may be directly controlled by farnesol instead of
a network of actions brought on by farnesol. These results
suggest that Cup9 is stabilized in the presence of farnesol to
repress SOKI expression.

Cup9 Degradation Requires the E3 Ubiquitin Ligase Ubr1. In S. cer-
evisiae, Cup9 degradation is blocked in the ubrl mutant (15). To
determine whether a similar regulation exists in C. albicans, we
constructed a ubrl null mutant by sequential gene disruption.
Compared with WT cells, Cup9 was much more stable in the
ubrl mutant when saturated cells were inoculated into fresh
medium without farnesol (Fig. 54). Cup9 is likely a direct target
of the Ubrl E3 ubiquitin ligase, because the N-terminal residue
of Cup9 is Lys, an N-end rule pathway degron for the type 1
binding site of Ubr1 (12, 13, 30, 31). The stability of Cup9 in the
ubrl mutant in the absence of farnesol was reminiscent of its
stability in WT cells in the presence of farnesol (Fig. 54). Fur-
thermore, adding farnesol could not make Cup9 more stable in
the ubrl mutant, suggesting that the effect of farnesol on Cup9
stability was mediated through Ubrl. To determine if farnesol
acts through regulating Ubr1 or specific targets of Ubr1, such as
Cup9, we examined if any other Ubrl-mediated protein degra-
dation is inhibited by farnesol. Mgtl, an O°- alkylguamne -DNA
alkyltransferase, is degraded by Ubrl in S. cerevisiae (18). We
found that the degradation of C. albicans Mgtl also required
Ubrl (Fig. 5B). However, unlike Cup9, the Ubrl-mediated
degradation of Mgtl was not affected by farnesol (Fig. 5B).
These results suggest that farnesol is specifically involved in the
Ubrl-mediated degradation of Cup9 but does not regulate pro-
tein degradation of all Ubr1 targets.

Because Cup9 was constitutively stabilized in the ubrl mutant,
the mutant should be impaired in hyphal initiation. Consistent
with this prediction, the ratio of elongated cells in the ubr!
mutant did not increase significantly after cells were inoculated
into YPD medium at 37 °C (Fig. 5C), indicating that Ubrl is
important for temporal dynamics of hyphal initiation. Un-
expectedly, about 32% of the ubr! mutant cells were elongated in
overnight cultures at 30 °C (Fig. 5C). The higher tendency to
develop filaments in the ubr!/ mutant could mean that stability of
additional proteins is also under the control of Ubrl and that
some of the other Ubrl targets are involved in hyphal de-
velopment. It is also possible that Ubrl directly controls the
degradation of Nrgl; thus, the ubrl mutant is defective in hyphal
initiation. To examine this possibility, we performed a promoter
shutoff experiment to assess Nrgl protein degradation in the ubrl
mutant. As shown in Fig. S7, Nrgl protein degradation was
blocked in the ubrl mutant when saturated cells were inoculated
into fresh medium. However, when SOKI was constitutively
expressed, Nrgl was degraded rapidly, even in the ubrl mutant
(Fig. S7), indicating that Ubrl indirectly controls Nrgl degrada-
tion for hyphal initiation through the regulation of Cup?9 stability.
Our data show that Ubrl-mediated Cup9 degradation is activated
on inoculation for hyphal initiation and inhibited by addition of
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Fig. 5. Ubr1 is critical for Cup9 degradation. (A) A Western blot of WT and ubr1 mutant cells carrying Cup9-Myc under the MAL2 promoter inoculated from
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farnesol. This dynamic change in Cup9 degradation and sub-
sequently, Nrgl protein level is limited to a short time period
during inoculation, because similar levels of Nrgl protein were
detected from overnight cultures of the cup9 or sokl mutant
compared with the level of Nrgl in WT cells (Fig. S8).

Discussion

Farnesol is a natural product that is made endogenously from
isoprene compounds in plants, animals, and fungi. The most
known biological function of farnesol is as a quorum-sensing
molecule that inhibits hyphal initiation (2), and this function
seems to be specific to C. albicans (32). Because the ability to
develop hyphae is a key virulence attribute of C. albicans (33, 34),
uncovering molecular mechanisms involved in farnesol sensing
and inhibition of hyphal initiation is important for understanding
its role in pathogenesis. We have previously shown that tran-
scriptional down-regulation of NRGI expression by the activation
of the cAMP-PKA pathway is essential for hyphal initiation (9). In
this study, we identified a cAMP-PKA-independent farnesol-
sensing pathway that is essential for hyphal initiation. During in-
oculation, when cells are released from farnesol inhibition, the
Cup9 transcriptional repressor is degraded, allowing the expres-
sion of Sok1 and subsequent induction of Nrgl protein degrada-
tion. In the presence of farnesol, Cup?9 is stable, thereby repressing
Sokl expression; the repression of Sok1 expression, in turn, blocks
Nrgl degradation and hyphal initiation (Fig. 6). There may be an
internal feedback loop in the system to balance between Nrgl
level and farnesol production, because the nrgl mutant produces
about 19 times more farnesol than the WT strain (Fig. 6, dashed
line) (35). Together with our previous report (9), our data show
that the temporary clearing of Nrgl protein during hyphal initia-
tion is achieved by two independent regulations: the cAMP-
dependent transcriptional down-regulation of NRG1 and the
degradation of Nrgl protein, which is triggered by the release
from farnesol inhibition during inoculation. Both pathways are
required for the rapid clearing of Nrgl protein, and neither one is
sufficient for hyphal initiation. This requirement for the activa-
tion of both pathways explains previous genetic studies that sug-
gest that the Ras1-cAMP pathway and Tup1-Nrgl function in the
farnesol-sensing pathway during hyphal induction (8, 21, 35, 36).
Our study provides the underlying mechanism for how the dif-
ferent signals (e.g., nutritional signal vs. cell density signal) are
integrated in the regulation of hyphal initiation in C. albicans.

37°C
Ubr1
Cyr1—— Farnesol —|l
i T Cup9
|
| 1
Tpk2 : Sok1
|
I
|

transcriptm/
Nrg1

protein
stability

nypHa| initiation |

Fig. 6. A schematic diagram depicting the two pathways involved in down-
regulation of Nrg1 protein during hyphal initiation. NRGT transcriptional
down-regulation requires the activation of the cAMP-PKA pathway, whereas
Nrg1 protein degradation requires release from farnesol inhibition.
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How do cells sense farnesol? Other than inhibition of hyphal
initiation in C. albicans, many studies have shown that farnesol
has growth-inhibitory and apoptosis-inducing effects on both
mammalian cells and fungi (37-40). Several signaling pathways
or cellular processes have been implicated in the apoptosis effects
of farnesol, but a common underlying mechanism for how farnesol
is sensed by mammalian or fungal cells is still elusive. Our study
shows that Cup9 protein stability is regulated by farnesol. Cup9 is
stable in the presence of farnesol but rapidly degraded on release
from farnesol inhibition during inoculation in a Ubrl-dependent
manner. The rapid response to release from farnesol inhibition in
Cup9 degradation indicates a possible direct action of farnesol on
Ubrl-mediated Cup9 degradation. This function of farnesol is
specific to Cup9, because farnesol does not affect the degradation
of another Ubrl1 target. In S. cerevisiae, degradation of Cup9, the
transcriptional repressor of the di- and tripeptide transporter
PTR2, is also dependent on Ubrl (14, 15). Ubrl is the only E3 of
the N-end rule pathway in S. cerevisiae. It contains at least three
substrate binding sites in the N-terminal one-half of the protein.
The type 1 and type 2 sites are specific for basic and bulky hy-
drophobic N-terminal residues, respectively. The third binding site
recognizes an internal (non-N-degron) degradation signal in
Cup9, denoted i (12, 13, 41). The i site is autoinhibited by the
C-terminal domain Ubrl. Binding of the Arg-Ala and/or Leu-Ala
dipeptide to type 1 and/or type 2 sites of Ubrl induces a confor-
mational change, which unmasks the i site and allows Cup9
binding with Ubrl, leading to Cup9 degradation (14, 15, 41).
Therefore, dipeptides with destabilizing N-terminal residues can
bind to Ubrl and activate Cup9 degradation; consequently, they
derepress the expression of PTR2 and increase the cell’s capacity
to import more peptides, resulting in a positive feedback. However,
dipeptides did not seem to affect C. albicans Cup9 stability or germ-
tube formation (Fig. S9), indicating a difference between S. cerevisae
and C. albicans Cup9 proteins in their interactions with Ubrl. The
N-terminal residue of C. albicans Cup9 is Lys, an N-end rule degron
for recognition by the type 1 site of Ubr1; however, S. cerevisiae Cup9
is recognized through the i site of Ubrl, and its N-terminal residue
Asn is not an N-end rule degron. In addition, farnesol inhibition
of Cup9 degradation in C. albicans is reminiscent to hemin inhibition
of Ubrl (16). Hemin can block the dipeptide-induced conforma-
tional change of Ubrl and consequently, Cup9 degradation in
S. cerevisiae. It is possible that farnesol adopts a similar mechanism
to inhibit the binding of Ubrl to Cup9 in C. albicans. Additional
experiments are needed to uncover the molecular mechanism of
the Ubrl-mediated Cup9 degradation by farnesol.

Living as a commensal, C. albicans must adapt and respond to
environmental cues generated by the mammalian host and mi-
crobes comprising the natural microbiota. The human gastroin-
testinal (GI) tract is colonized with trillions of commensal microbes,
including Candida species. Interestingly, C. albicans stays mostly as
the yeast form in the GI tract (42). Farnesol may play a role,
because the cup9 mutant displayed slightly increased coloniza-
tion in the GI tract in a mouse model of intestinal colonization
with pooled mutants (43). In addition to farnesol, other quorum-
sensing molecules in the host’s gut microbiota may also regulate
hyphal development of C. albicans. For example, the quorum-
sensing molecule 3-0x0-C;,-homoserine lactone, which is secreted
by Pseudomonas aeruginosa, can also inhibit the yeast-to-hyphal
transition (2, 22, 44). Other conditions unique to the host GI tract,
such as high iron levels, can also contribute to the growth state of
the commensal pathogen (45). Our study links the N-end rule
pathway to hyphal development in C. albicans. Instead of being
a regulator of di- and tripeptide transport, Cup9 is used to control
the yeast-hyphal transition in response to the cell density cue
(farnesol) in C. albicans. This study provides an example of how
a commensal pathogen rewires its transcriptional circuits to adapt
to varied host environments to become a successful commensal
and a pathogen.
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Materials and Methods

Media and Growth Conditions. Hyphal inductions were performed as follows.
Strains were grown overnight in liquid YPD at 30 °C, pelleted, washed two
times in PBS, resuspended in an equal volume of PBS, and diluted 1:100 in
YPD medium with or without farnesol at 37 °C.

Promoter Shutdown Assays. C. albicans strains containing Nrg1-Myc or Cup9-Myc
under the regulation of the MAL2 promoter were grown in yeast extract-peptone
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