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Efgl Directly Regulates ACE2 Expression To Mediate Cross Talk
between the cAMP/PKA and RAM Pathways during Candida albicans

Morphogenesis
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The cyclic AMP/protein kinase A ((AMP/PKA) and regulation of Ace2 and morphogenesis (RAM) pathways are important regu-
lators of the yeast-to-hypha transition in Candida albicans that interact genetically during this process. To further understand
this interaction, we have characterized the expression of ACE2 during morphogenesis. In normoxic, planktonic conditions,
ACE?2 expression is very low in stationary-phase cells at both the mRNA and protein levels. Upon shifting to Spider medium,
ACE2/Ace2p levels increase. Although Ace2 is not absolutely required for hypha formation, ace2A/A mutants show delayed hy-
pha formation in Spider medium (but not others) and morphological changes to the hyphal tip and lateral yeast. We also show
that Efgl directly binds the promoter of Ace2 in stationary phase, and ACE2 levels are increased in strains lacking Efgl and the
protein kinase A proteins Tpkl and Tpk2, indicating that the PKA pathway directly regulates ACE2 expression. ACE2 expression
is positively regulated by Tecl and Brgl, which bind the promoters of ACE2 in hyphal cells but not in the yeast phase. Under em-
bedded conditions, Efgl is dispensable for filamentation and Ace2 is required. We have found that ACE2 expression is much
higher in embedded cells than in planktonic cells, providing a potential rationale for this observation. Taken together, our obser-
vations indicate that the PKA pathway directly regulates the RAM pathway under specific conditions and are consistent with a
model where the two pathways carry out similar functions that depend on the specific environmental context.

Candida albicans is one of the most important human fungal
pathogens and causes disease in both immunocompetent and
immunocompromised people (1, 2). Mucocutaneous diseases,
such as vulvovaginitis and diaper dermatitis, affect those with in-
tact immune systems. Oropharyngeal candidiasis, a more serious
mucocutaneous disease, is a common complication of HIV/AIDs.
Invasive bloodstream and deep-organ infections occur almost ex-
clusively in patients with defects in innate immunity related
to cancer chemotherapy, transplantation, or prematurity. The
pathogenesis of candidiasis has been the subject of intense interest
for many years. One of the characteristics of C. albicans that is
associated with virulence is its ability to transition between three
distinct morphological states: yeast, pseudohyphae, and true hy-
phae (3). Yeast-phase cells display the familiar oval cell bodies
typical of budding yeast, such as the model organism Saccharomy-
ces cerevisiae. Pseudohyphae have elongated daughter cells with
septa at the bud neck and nonparallel cell wall structures in the
elongated cell. True hyphae have a septum within the filament and
parallel cell wall structures (4). Based on histological examination
of infected tissues, all three morphotypes exist in the host during
infection (5).

The role of C. albicans morphotypes in infection and disease is
complex, and a complete understanding of the correlation be-
tween morphology and pathogenesis has yet to be achieved (6, 7).
The landmark study of Lo et al. showed that C. albicans strains that
fail to form hyphae or pseudohyphae also are less virulent (7, 8).
However, a variety of studies over the years have demonstrated
that the role of morphogenesis in C. albicans pathogenesis is more
complex than a simple “no hyphae/no virulence” model (5, 9, 10,
11). A recent example of such a study is the large-scale genetic
study using a library of C. albicans deletion mutants which found
that many strains with no defect in morphogenesis were infec-
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tious; conversely, strains with normal virulence showed reduced
infectivity (12). In addition, C. albicans cells conditionally locked
in yeast form are able to disseminate in the bloodstream of mice
and establish an infection; however, the mice do not develop dis-
ease unless hypha repression is relieved, suggesting that yeast and
filaments play distinct roles in the pathogenesis of C. albicans in-
fections (13).

C. albicans morphogenesis has been studied extensively, and a
large number of genes play direct and/or indirect roles in the abil-
ity of C. albicans to filament. These studies have shown that many
signaling pathways and transcription factors modulate morpho-
genesis (3). Until recently, little was known about how the various
individual regulatory pathways interacted to orchestrate this com-
plex biological process. As previously reported, we carried out the
first genetic interaction screen in C. albicans as an approach to
investigating how specific signaling networks interact during
morphogenesis (14). The screen was based on the concept of com-
plex haploinsufficiency and was applied to the identification of
genes that interact with CBK1, the key protein kinase in the regu-
lation of Ace2 and morphogenesis (RAM) pathway, during hyphal
morphogenesis in response to Spider medium. Among the set of

Received 17 June 2014 Accepted 2 July 2014

Published ahead of print 7 July 2014

Address correspondence to Damian J. Krysan,
damian_krysan@urmc.rochester.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/EC.00148-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/EC.00148-14

p. 1169-1180 ecasm.org 1169


http://dx.doi.org/10.1128/EC.00148-14
http://dx.doi.org/10.1128/EC.00148-14
http://dx.doi.org/10.1128/EC.00148-14
http://ec.asm.org

Saputo et al.

CBK1 interacting genes identified in the screen, a core set of genes
were either direct targets of the Cbk1-regulated transcription fac-
tor Ace2 or were related to the cyclic AMP/protein kinase A
(cAMP/PKA) pathway, suggesting that the RAM and PKA path-
ways interact during morphogenesis (14). The goal of the work
described here was to investigate the mechanism through which
the RAM and PKA pathways interact as well as to further charac-
terize the role of Ace2 during morphogenesis.

Ace2 is a daughter cell-specific zinc finger transcription factor
in S. cerevisiae and regulates genes related to cell separation, cell
wall integrity, and other processes (15, 16, 17). The localization of
Ace2 to the nucleus is closely coordinated with the cell cycle and
requires phosphorylation by Cbk1 (18). In C. albicans, Ace2 also is
required for proper cell separation and, similar to S. cerevisiae,
localizes to daughter nuclei in both yeast and filamentous cells
(19). Under conditions that do not induce filamentation in wild-
type cells, ace2A/A mutants form increased numbers of pseudo-
hyphae relative to the wild type (19). In the presence of serum,
ace2A/A cells form hyphae in a manner indistinguishable from
that of the wild type (19), whereas the deletion of Cbk1, the kinase
that regulates Ace2, results in a complete inability to form either
hyphae or pseudohyphae regardless of the inducing medium (20,
21). In contrast, ace2A/A mutants are deficient for filamentation
induced by hypoxia or by the respiratory chain inhibitor antimy-
cin A (22). In addition, Ace2 appears to be required for normal
filamentation when cells are embedded in solid agar medium.
Transcriptional profiling of ace2A/A mutants during yeast and
serum-induced hyphal phases indicated that genes involved in
respiration were upregulated while glycolytic genes were down-
regulated, suggesting that Ace2 represses respiration and pro-
motes glycolysis under certain conditions (22).

Interestingly, deletion of Efgl, the major transcriptional regu-
lator for the cAMP-PKA pathway and a master regulator of fila-
mentation (23), leads to phenotypes that are opposite those of
ace2A/A under some conditions (22). Specifically, efgIA/A is hy-
perfilamentous under hypoxic or embedded conditions and is se-
verely deficient for filamentation in any inducing condition in the
presence of normoxia. Since Efgl also has been implicated in the
modulation of genes involved in metabolism (24), these observa-
tions suggest that Ace2 and Efgl have overlapping functions and
that one or the other transcription factor plays the dominant role
based on the specific environmental context.

In addition to our genetic interaction study linking the RAM
and PKA pathways during C. albicans morphogenesis (14), con-
nections between the RAM and PKA pathways in yeast have been
characterized previously. First, Schneper et al. showed that, in S.
cerevisiae, overexpression of the PKA catalytic subunit TPK1 sup-
pressed growth and budding defects in RAM mutants (25). Sec-
ond, Wang et al. showed that Efgl binds to the promoters of Ace2-
regulated cell separation genes and suppresses their expression
early in morphogenesis in a Cdc28-dependent fashion (26). Fi-
nally, Gutierrez-Escribano et al. have shown that Cdc28 not only
regulates Efgl-mediated Ace2 target suppression but also modu-
lates activity of the Mob2-Cbk1 complex through phosphoryla-
tion of Mob2 (27).

In order to probe the scope and basis of the interactions be-
tween the RAM and PKA pathways during morphogenesis, we
have characterized the regulation of Ace2 expression during mor-
phogenesis as well as its role in morphogenesis under a variety of
conditions. Importantly, we have found that the PKA pathway
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directly represses ACE2 expression during stationary phase, which
provides a mechanistic explanation for the interaction between
the two pathways. In addition, Tecl and Brgl, two important
regulators of gene expression during morphogenesis, positively
regulate ACE2. Since Tecl also is positively regulated by Efg1, Efgl
both positively regulates ACE2 expression (indirectly) and nega-
tively regulates ACE2 expression (directly) depending upon the
stage of hyphal induction. We also provide evidence that Ace2
expression is elevated under embedded conditions relative to
planktonic conditions, and that it functions to suppress respira-
tory activity and positively regulate hyphal morphogenesis.

MATERIALS AND METHODS

Strains, media, and materials. The genotypes and sources of the strains
used in this study are compiled in Table S1 in the supplemental material.
New strains were generated using standard PCR-based methods, and cor-
rect integrations were confirmed by PCR. For epitope-tagged strains, can-
didate strains were evaluated by Western blotting to ensure the presence
of a band at the expected molecular weight (MW). Yeast culture media
were prepared according to published recipes (12, 28). Hyphal morpho-
genesis was induced by dilution of a starter culture (overnight growth in
yeast-peptone-dextrose medium [YPD] starting from a single colony)
into fresh inducing medium and incubation at 37°C unless otherwise
stated. To assess the hypha-to-yeast transition, an overnight culture was
harvested, washed with fresh media, and diluted 1/50 into 6-well plates
containing various media. Cells were incubated at 37°C for ~16 h,
washed, and visualized by light microscopy. All chemical reagents were
obtained from Sigma Chemicals (St. Louis, MO) and used without further
purification. Oligonucleotides were synthesized by IDT Technologies
(Coralville, IA) and used as received.

Characterization of colony respiratory activity. Characterization of
the respiratory activity of yeast colonies was done as described by Morales
et al. (29). Strains were grown overnight in YPD at 30°C, washed, and
spotted (5 pl) onto plates with various media. The plates were incubated
at 30°C or 37°C for the time periods indicated in the text. Colorless tri-
phenyl tetrazolium chloride (TTC) was added to a final concentration of
0.1% in overlay agar (1.5% Bacto agar, 0.067 M potassium phosphate, pH
7) and poured over the colonies after the incubation time indicated in the
text. To analyze the respiratory activity of embedded colonies, strains were
spotted on yeast extract-peptone plus 2% sucrose (YPS) media, overlaid
with soft agar, and incubated at 37°C for ~48 h. At that time, ~250 pl
40% TTC solution was spread over the plate, and the plate was incubated
for an additional 24 h. Plates were photographed with a digital camera and
the images processed in PhotoShop; contrast and color levels were applied
equally to all strains on a given plate.

Transcriptional analysis by quantitative reverse transcription-PCR
(qQRT-PCR). RNA was isolated from C. albicans strains using the RiboPure
yeast kit (AM1926; Ambion) and reverse transcribed using an iScript
cDNA synthesis kit (170-8891; Bio-Rad). Changes in transcript levels
were analyzed using iQ SYBR green supermix (170-8882; Bio-Rad) and
normalized to the housekeeping gene GSPI using the 27227 method
(30). Data are reported as the means from 2 to 3 independent biological
replicates performed in triplicate. Expression differences between refer-
ence and mutant strains were analyzed by Student’s ¢ test with significance
set at P < 0.05.

Chromatin immunoprecipitation. Chromatin immunoprecipitation
was preformed essentially as described in reference 31, with a few modi-
fications. Briefly, stationary- or hyphal-phase cells were fixed with form-
aldehyde and quenched with glycine, followed by vortexing in lysis buffer
(50 mM Tris-HCI, pH 7, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.1% Na-deoxycholate) for 2 h at 4°C. Lysates were recovered and chro-
matin sonicated using a Branson sonifier 150 (3 times for 20 s each, son-
icator power setting of 20%, with 1 min on ice between each pulse). Cell
debris was pelleted for 5 min at 13,200 rpm at 4°C, and supernatant was
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transferred to a fresh tube. Antibody (2 pg monoclonal anti-Myc anti-
body; R95025; Invitrogen) was added and allowed to incubate at 4°C with
rotating for ~16 h. Washed protein-G Sepharose (10-1241; Invitrogen) in
50% slurry was added to each sample and allowed to rotate for an addi-
tional 2 h at 4°C. Beads were washed 2X with lysis buffer, 2X with lysis
buffer (high-salt lysis buffer plus 500 mM NaCl), 2 X with wash buffer (10
mM Tris-HCI, 250 mM LiCl, 0.5% NP-40, 0.5% Na-deoxycholate, 1 mM
EDTA), and 1X with TE (10 mM Tris-HCI, 1 mM EDTA). Protein-DNA
complexes were eluted from beads with the addition of elution buffer (50
mM Tris-HCl, pH 7, 10 mM EDTA, 1% SDS) and incubated for 15 min at
65°C (with vortexing every 2 min). The supernatant was transferred to a
fresh tube. TE plus SDS (0.67%) solution was added to the beads and
vortexed for an additional 30 s. After elution of DNA-protein complexes
and digestion of protein with proteinase K, DNA was cleaned up using a
Qiagen PCR purification kit (28104). Enrichment of promoter regions in
tagged strains was compared to that from untagged strains by qRT-PCR
using primers designed for the region of the consensus transcription fac-
tor binding sites and according to the methods described above.

One-dimensional Western blotting. Cell pellets were resuspended in
~200 pl lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100) with added protease inhibitor cocktail (Roche),
phosphatase inhibitor cocktails IT and III (Sigma), and beads. Cells were
lysed by 10 20-s bursts with a bead beater. Total protein was determined
using a Bio-Rad protein assay dye concentrate according to the manufac-
turer’s instructions, and 30 to 50 pg of total protein was fractionated by
SDS-PAGE using 10% Mini-Protean TGX gels (Bio-Rad). Fractionated
proteins were transferred to nitrocellulose membranes and blocked over-
night at 4°C (5% nonfat milk in 50 mM Tris [pH 7.5], 150 mM NaCl, and
0.05% Tween 20 [TBST]). The membranes were probed using anti-Myc
antibody (Invitrogen) followed by anti-mouse horseradish peroxidase
(HRP)-conjugated secondary antibody (Bio-Rad). Anti-PSTAIRE anti-
body was used as a loading control (Upstate/Millipore). Blots were visu-
alized with the ECL plus Western blotting detection system (GE Health-
care).

Two-dimensional Western blotting. Stationary-phase or hyphal-
phase C. albicans cells were lysed in buffer (150 mM NaCl, 50 mM Tris-
HCIL, pH 7, 15mM EDTA, 1% Triton X-100, 10% glycerol) plus phospha-
tase inhibitors (P5726 and P0044; Sigma) and protease inhibitors
(complete miniprotease inhibitor cocktail tablets; 04693124001; Roche)
with glass beads and placed in a bead beater for 10 cycles of 20 s each, with
1 min on ice between pulses. Cell extracts were precipitated with metha-
nol-chloroform and resuspended in rehydration buffer (163-2105; Bio-
Rad). Approximately 30 ug protein was loaded onto 7-cm immobilized
pH gradient (IPG) strips (pH 3 to 10; 163-2000; Bio-Rad) and resolved
using a Bio-Rad Protean i12 isoelectric focusing (IEF) system.

Microscopy. Light and fluorescence microscopy was performed using
a Nikon ES80 epifluorescence microscope equipped with a CoolSnap
charge-coupled device (CCD) camera. Images were collected using NIS-
Elements software and processed in PhotoShop. Indirect immunofluores-
cence for the localization of Efgl-Myc was performed as previously
described (14) using anti-Myc (Invitrogen) primary and Texas red-con-
jugated (Molecular Probes) secondary antibodies. 4’,6-Diamidino-2-
phenylindole (DAPI) staining was performed as described previously
(28). The expression of ACE2 and EFGI using the pEFGI-GFP and
PACE2-mCherry reporter strains was determined using the methods de-
scribed by Pierce and Kumamoto (32). Briefly, strains were grown to
saturation in YPD. Light and fluorescence microscopy was performed,
and images were processed as described above. Image] (NIH) software
was used to quantify the fluorescence density of cells. For each condition,
at least 100 cells were imaged, and experiments were performed in dupli-
cate. For the embedded conditions, 100 pl of saturated culture was plated
onto YPS, the culture was dried, ~15 ml molten YPS was poured on top,
and then the culture was incubated. For fluorescence microscopy, cells
were extracted from the plate using a Pasteur pipette and vortexed with
~500 wl PBS until agar appeared emulsified. Tubes were centrifuged
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FIG 1 Morphologies of hyphae and lateral yeast are altered in ace2A/A mu-
tants. (A) Micrographs of WT (CAF2) and ace2A/A strains after 3 h of incu-
bation in the indicated medium at 37°C. (B) Micrographs of WT and ace2A/A
mutants after 18 h of incubation in Spider medium, showing general forma-
tion of hyphae with lateral yeast (left), the morphology of the hyphal tip (cen-
ter), and the morphology of lateral yeast emerging from hyphae (right).

briefly at 200 X g in a microcentrifuge tube to pellet agar. Cells were
washed from the pellet and placed on slides for visualization.

RESULTS

Loss of Ace2 function delays filamentation in Spider medium
and affects hyphal and lateral yeast morphology. Previously,
Ace2 was shown to be required for formation of true hyphae un-
der hypoxic conditions, under embedded conditions, and in re-
sponse to the respiratory chain inhibitor antimycin A (22). In
contrast, ace2A/A cells form normal hyphae in response to serum
and following phagocytosis by macrophages (19, 22). These ob-
servations suggested that the role of Ace2 in filamentation varies
with the specific hypha-inducing conditions. To further charac-
terize the role of Ace2 in the formation of true hyphae, we exam-
ined the ability of ace2A/A cells to filament in a variety of hypha-
inducing conditions. We performed the experiments at 37°C
using the following liquid media: YPD plus 10% serum, Spider
medium, M199, RPMI-morpholinepropanesulfonic acid (MOPS),
N-acetylglucosamine, and Casamino Acids medium (8). For each
condition, an overnight culture of the strains (YPD, 30°C with
shaking) was diluted (1:50) into the inducing medium and shifted
to 37°C for 3 h, and the cells were examined by microscopy. For all
but Spider medium, ace2A/A cells formed true hyphae to a similar
extent and within a similar time frame as the reference strain (Fig.
1A; also see Fig. S1 in the supplemental material). In Spider me-
dium at 3 h, ace2A/A cells were primarily pseudohyphal, while the
vast majority of WT cells had formed hyphae (Fig. 1A). This is
consistent with previous studies indicating that, on Spider me-
dium agar, ace2A/A colonies have increased numbers of pseudo-
hyphal cells relative to hyphal cells (14, 22). In liquid Spider
medium, true hyphae were present in all samples, and after incu-
bation overnight, the major morphotype was hyphae, indicating
that Ace2 is not absolutely required for hyphal formation under
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these conditions. Taken together, these results indicate that Ace2
is dispensable for hyphal formation and mainly affects the rate of
hyphal formation in Spider medium.

The filamentous cells formed by ace2A/A in Spider medium fit
the definition of true hyphae in that they have parallel membranes
and septa within the filament. However, the hyphae did display
morphological differences from the wild type that were particu-
larly apparent after overnight incubation. Under these conditions,
the hyphal tip of ace2A/A cells was swollen or bulging relative to
that of the wild type (Fig. 1B). This hyphal tip morphology has
been reported previously in strains of C. albicans in which EFGI is
overexpressed from the inducible PCK1 promoter (33). We have
previously reported EFGI levels are elevated in ace2A/A (14); thus,
this phenotype may be related to the increased expression of
EFGI. The lateral yeast cells that emerge from ace2A/A hyphae
also are altered from that observed with the wild-type strain (Fig.
1B). Specifically, WT lateral yeast forms generally are single cells
that are nearly spherical. In contrast, lateral yeast cells in ace2A/A
mutants are elongated, pseudohypha-like cells. In addition, mul-
tiple buds were present at most sites of lateral yeast emergence.
The latter finding is consistent with the role of Ace2 in the regu-
lation of genes involved in cell separation (22). The pseudohyphal
morphology also is consistent with the reported increased
pseudo-
hyphal morphology of ace2A/A cells under non-filament-induc-
ing conditions (14, 19). As with the bulging hyphal tip phenotype,
pseudohypha-like lateral yeast cells also were observed in strains
overexpressing EFG1. Thus, Ace2 does not appear to affect the
ability of hyphae to transition to yeast cells; however, the hyphae
and the lateral yeast cells that emerge from ace2A/A display mor-
phological changes that are consistent with the effects of elevated
EFGI expression (14). As such, these data provide additional sup-
port for the interaction between the PKA-Efgl pathway and the
RAM pathway.

Characterization of Efgl and Ace2 during morphogenesis.
To further explore the relationship between the RAM and PKA
pathways during morphogenesis, we characterized the dynamics
of expression, localization, and modification of the RAM and PKA
transcription factors, Ace2 and Efgl, respectively. To our knowl-
edge, very little is known about the expression of Ace2 during
hyphal morphogenesis (33). Therefore, we first examined the ex-
pression of ACE2 over a time course of hyphal induction in Spider
medium. Stationary-phase cells were shifted to Spider medium at
37°C. Aliquots of cells were harvested every 1 h over a 5-h course
of induction, and ACE2 levels were determined by semiquantita-
tive RT-PCR. As shown in Fig. 2A, ACE2 expression is quite low in
stationary-phase cells but increases as hyphal cells emerge. Previ-
ous studies have shown that EFGI expression decreases slightly
upon initiation of hyphal morphogenesis and that this decrease is
attributable to an autoregulatory process; we observed expression
changes consistent with these findings (data not shown). To de-
termine if these changes in gene expression translated to changes
in protein levels, we examined the levels of Ace2 and Efgl proteins
using strains with C-terminal fusions to 13X-MYC epitope tags.
Consistent with the low levels of ACE2 in stationary-phase cells,
Ace2-Myc was undetectable by Western blotting at the initiation
of morphogenesis; however, Ace2 levels increased significantly
over the time course of morphogenesis in Spider medium (Fig.
2B). Taken together, these data indicate that Ace2 is not expressed
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FIG 2 Characterization of Ace2 and Efgl expression and phosphorylation in
yeast and hyphae. (A) Semiquantitative RT-PCR of ACE2 expression during
hyphal induction in Spider medium. GSPI expression is shown as a control.
The time after the shift to inducing conditions is shown. (B and C) WT strains
containing an allele of ACE2 (B) or EFGI (C) with a C-terminal MYC epitope
tag was shifted to Spider medium at 37°C. At the indicated time, samples were
harvested, lysed, and processed for Western blotting with anti-Myc antibodies.
PSTAIRE antibody was used as a loading control. (D) Lysates of yeast- and
hypha-phase cells containing Efgl-Myc were treated with calf intestine phos-
phatase (CIP) or left untreated, fractionated by two-dimensional electropho-
resis, transferred to nitrocellulose membranes, and subjected to immunoblot-
ting with anti-Myc antibodies.

in stationary-phase cells but is induced as cells enter hyphal
growth.

In Spider medium, Efgl protein levels appear to decrease upon
the shift to inducing conditions (Fig. 2C, 1-h time point), consis-
tent with previous mRNA studies and with the notion that Efgl
undergoes negative autoregulation initially (33). By 2 h, Efgl lev-
els are restored and slightly exceed that in stationary phase (Fig.
2C). As observed by others (34), Efgl has an electrophoretic mo-
bility that is much slower than predicted by its molecular mass. In
addition, multiple species are present in the immunoblots. In Spi-
der medium, a higher-mobility species becomes predominant as
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the cells proceed through morphogenesis (Fig. 2C). Efgl is a phos-
phoprotein that is modified by both Cdc28 (26) and PKA (35),
suggesting that this shift in mobility is related to phosphorylation.
Consistent with this notion, previous studies from the Ernst lab-
oratory have shown that the mobility of Efgl is altered by treat-
ment with phosphatase (34).

To further characterize the phosphorylation state of Efgl in
stationary-phase yeast and hyphae, we performed two-dimen-
sional electrophoresis followed by Western blotting using the
Efgl-Myc-containing strain. As shown in Fig. 2D, Efgl-Myc is a
complex mixture of species that have different apparent molecular
weights and pls; major bands are denoted A, B, C, and D in Fig.
2D. Treatment of stationary-phase samples with phosphatase de-
creases the apparent abundance of the higher-molecular-weight E
band (phosphatase-treated sample) and increases the abundance
of the lower-molecular-weight F band (phosphatase-treated sam-
ple). The pI of band D changes slightly, while that of band C
decreases in apparent abundance relative to the sample that was
not treated with phosphatase.

In hyphal-phase cells, the mixture is somewhat simpler with
respect to the number of species; as such, it corresponds well with
the one-dimensional Western blot shown in Fig. 2C. Relative to
the yeast-phase blot, two new bands are seen at pIs that are sug-
gestive of potential phosphorylated species (Fig. 2D, bands G and
H). Consistent with this interpretation, treatment of hyphal-
phase lysates with phosphatase leads to the disappearance of bands
G and H as well as a shift in the major hyphal band to the less
electronegative band I. These findings provide strong evidence
that the phosphorylation state of Efgl shifts significantly between
stationary-phase and hyphal-phase cells. Attempts to correlate
specific bands with the canonical Efgl-related kinases PKA (35)
and Cdc28 (26) have not been successful to this point. These at-
tempts were limited by the fact that Efgl mutants or treatment
with PKA inhibitors leads to changes in the mobility of nearly all of
the bands. In addition, the extent and tempo of morphogenesis is
drastically altered under those conditions and further prevents the
interpretation of the experiments. Nevertheless, our results pro-
vide strong evidence indicating that Efgl phosphorylation varies
during morphogenesis.

Previously, we reported that Efgl is relatively abundant in the
nuclei of stationary-phase cells and essentially undetectable in the
nuclei of hyphal cells (14). To further characterize the nuclear
localization patterns of Efgl, we performed a time course experi-
ment in which samples of cells were collected every 20 min after
the shift to hypha-inducing conditions, fixed, and processed for
immunofluorescence to detect Efgl-Myc. As shown in Fig. 3, the
number of cells with detectable amounts of Efgl in the nuclei
decreases rapidly upon the shift to inducing medium (Spider me-
dium, 37°C). By 1 h of exposure to inducing conditions, only rare
cells have detectable levels of Efgl colocalized with nuclei; similar
results are seen with cells shifted to serum-inducing conditions
(data not shown). Importantly, yeast cells show a decrease in Efgl
nuclear localization, suggesting that the reduction is related to
initiation of hyphae. This rapid decrease in nuclear abundance
corresponds to the time frame when EFGI expression and protein
levels decrease (Fig. 2A). However, if the decrease in the amount of
Efgl detectable in the nucleus was directly related to total cellular
Efgl, we would expect it to reaccumulate later during morpho-
genesis as Efgl levels increase. Our previous results indicated that
at 3 h, neither hyphae nor yeast cells have significant amounts of
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FIG 3 Amount of Efgl in the nucleus of cells rapidly decreases upon shift to
hypha-inducing conditions. WT cells containing an allele of EFGI with a C-
terminal MYC epitope tag was shifted to Spider medium at 37°C. Samples were
harvested at the indicated time points and processed for immunofluorescence
with anti-Myc primary and Texas red secondary antibodies. Nuclei were
stained with DAPI as described in Materials and Methods.

Efgl detectable by immunofluorescence (14). Therefore, the de-
crease in nuclear Efgl does not appear to be a simple function of
protein levels.

We speculated that phosphorylation by PKA (35) or Cdc28
(26) regulates nuclear localization. However, treatment of station-
ary-phase cells with the substrate-based PKA inhibitor MyrPKI at
concentrations that prevent hypha formation had no effect on the
decrease in nuclear Efgl upon shifting to Spider medium. In ad-
dition, the known PKA inhibitor farnesol had no effect (data not
shown). Similarly, EFGI-MYC alleles containing mutations that
either prevent (efgl™'”**) or mimic (efgl""”*") phosphorylation
by Cdc28 had no effect on the reduction in nuclear Efgl (26). At
this point, we have not identified the mechanism controlling Efgl
nuclear localization. However, it is important to emphasize that it
is unlikely that Efg1 completely leaves the nucleus. Efgl appears to
be a relatively low-abundance protein. For example, we have been
unable to detect Efgl-mCherry or Efgl-GFP fusion proteins by
microscopy (D. Krysan, unpublished results); similarly, others
have reported that Efgl is a low-abundance protein in Spider me-
dium (36). Other studies have clearly shown that Efg1 binds to the
promoters of genes in hyphal-phase cells (34, 37). We feel it is
more likely that the extent of nuclear Efgl decreases during hyphal
morphogenesis relative to levels of stationary-phase cells and that
nuclear Efgl is simply below levels of detection.

Efgl represses ACE2 expression in a protein kinase A-depen-
dent fashion. Our previously reported genetic interaction studies
indicated that the RAM and PKA pathways interact during mor-
phogenesis (14). We hypothesized that a direct interaction be-
tween the pathways occurs at the transcriptional level. Efgl is a
well-characterized transcriptional regulator that both activates
and represses genes involved in morphogenesis, the white-opaque
transition, biofilm formation, and essential cellular processes, such as
glycolysis and respiration (24, 34, 37, 38). Supporting this hypothesis
is the fact that the promoter region of ACE2 contains six putative Efgl
binding sites (E boxes; CANNTG) as well as a consensus binding site
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FIG 4 Efgl directly represses the expression of ACE2 in a manner dependent
on the PKA kinases Tpkl and Tpk2. (A) Chromatin immunoprecipitation
with Efgl-Myc in yeast and hyphal cells. The presence of ACE2 in the precip-
itates was assayed by quantitative real-time PCR with primers spanning the
consensus Efgl binding sites. The bars represent the mean enrichment in
tagged samples relative to that of untagged samples, and error bars indicate
standard deviations from 3 biological replicates. (B and C) ACE2 expression
was determined by RT-PCR for the indicated strains. Bars represent mean
ACE2 expression in the mutant strain relative to that of the WT (fold change).
Error bars represent standard deviations from 2 to 3 biological replicates as-
sayed in triplicate. Yeast cells were from an overnight culture in YPD at 30°C
(stationary phase), and hyphal cells were generated by shifting stationary-
phase cells to Spider medium at 37°C for 3 h.

(TGACAT) recently formulated by Nobile et al. (38), suggesting that
Efgl directly regulates ACE2 expression. We performed chromatin
immunoprecipitation experiments using both stationary-phase and
hyphal cells derived from a strain containing an EFGI allele with the
C-terminal fusion of the 13X-MYC epitope tag (26). In stationary-
phase cells, Efgl-Myc bound to the promoter of ACE2 (Fig. 4A).
In contrast, there was no enrichment relative to an untagged con-
trol strain in hyphal cells. We then compared the expression of
ACE2in ahomozygous EFGI deletion mutant and its correspond-
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ing complement to the WT in stationary-phase cells and after 3 h
of exposure to hypha-inducing conditions (Spider medium,
37°C) by quantitative RT-PCR. As shown in Fig. 4B, the expres-
sion of ACE2 is elevated in a homozygous deletion mutant in
stationary-phase cells, while after shifting to hypha-inducing con-
ditions, the levels are essentially identical to those of the wild type.
The complemented strain has a reduced level of ACE2 expression
relative to the homozygous deletion mutant. Increased ACE2 ex-
pression was observed for efgl A/A mutants in both the CAI and
SN (12) genetic backgrounds (data not shown). These data sug-
gest that Efgl directly represses ACE2 expression in stationary-
phase cells while having a less important role in its regulation after
the formation of hyphae.

Efgl is a well-characterized transcriptional regulator down-
stream of the cAMP/PKA pathway (35); therefore, we expected
mutations of the PKA kinases TPK1 and TPK2 would affect ACE2
expression as well. To test this hypothesis, we utilized a strain with
either TPK1 deleted or TPK2 deleted or a strain lacking both alleles
of TPK1 and heterozygous at the TPK2 locus (tpkIA/A tpk2A/
TPK2; generous gift of C. d’Enfert) (these strains were constructed
independently in different laboratories and are not derivatives of
one another). As shown in Fig. 4C, the expression of ACE2 is
elevated relative to that of the WT in all mutants in stationary-
phase cells. These data indicate that the PKA pathway represses
ACE2 expression in stationary phase in a process dependent on
both Efgl and Tpk1/2, and that the repression is relieved as the
cells transition to the hyphal stage. Although the promoter region
of EFGI contains sequences that correspond to the consensus
binding sites for Ace2, we were unable to detect Ace2 at the pro-
moter of EFGI by chromatin immunoprecipitation (data not
shown). Previously, we had shown that EFGI expression is ele-
vated in RAM pathway mutants such as ace2A/A, but this appears
to be due to an indirect mechanism (14).

Tecl and Brgl positively regulate ACE2 expression during
morphogenesis. To further characterize the regulation of ACE2
transcription during morphogenesis, we sought to identify tran-
scription factors that positively regulate its expression upon the
shift to hypha-inducing conditions. An examination of the pro-
moter region of ACE2 indicated the presence of consensus bind-
ing sites for a number of transcriptional regulators, including
Ace2, Snf5, Czfl, Brgl, Tecl, and Ada2. The chromatin remodel-
ing protein Snf5 recently has been shown to be required for Ace2
expression during biofilm formation (39). In addition, Czfl is a
transcriptional regulator that opposes the functions of Efgl (40);
accordingly, we speculated that it participates in ACE2 regulation.
Therefore, we examined the expression of ACE2 in czfIA/A,
snf5A/A, brglA/A, tec1A/A, and ada2A/A mutants after 3 h of
exposure to hypha-inducing conditions (Spider medium, 37°C).
Loss of Czfl function did not lead to a statistically significant
decrease in ACE2 expression, as would be expected if it was re-
quired to relieve Efgl-mediated ACE2 suppression (Fig. 5A).
ACE2 expression was significantly reduced (~2-fold) in both
tec]A/A and brgl A/A mutants relative to a genetically matched
reference strain. Ada2, which has been shown to bind the ACE2
promoter by ChIP-Seq (41), did not have a statistically significant
effect on ACE2 expression under these conditions. Somewhat sur-
prisingly, Snf5 did not have a significant effect on ACE2 expres-
sion. This result suggests that the regulation of ACE2 expression
during morphogenesis is distinct from its regulation during bio-
film formation (39).
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To determine whether the effects of Tecl and Brgl on ACE2
expression were direct, we performed chromatin immunoprecipi-
tation experiments with stationary-phase yeast cells and hyphal
cells using strains harboring Myc-tagged Tecl and Brgl. Tecl does
not bind to the ACE2 promoter in stationary-phase cells but is
present after 3 h of induction in Spider medium (Fig. 5B). Simi-
larly, Brgl binds to the promoter of Ace2 in the hyphal phase but
not during the yeast phase (Fig. 5C). Tecl (42) and Brgl (43) both
are known regulators of gene transcription during morphogene-
sis, and expression of each has been shown to increase when cells
are shifted to inducing media. Lane et al. had found that Efgl
directly regulates Tecl expression during morphogenesis under
serum and Lee’s medium hyphal induction (44). We confirmed
that Efgl also regulates TECI expression during Spider medium
induction, suggesting that Efgl also positively regulates ACE2
through TECI during hyphal morphogenesis (Fig. 5D). Finally,
both BRGI and TECI expression is reduced in ace2A/A mutants,
indicating that Ace2 may, in part, directly or indirectly regulate its
own expression (Fig. 5E). Taken together, our results indicate that
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the expression of ACE2 during morphogenesis is regulated, at least
in part, by a complex network of transcription factors. Prior to the
induction of morphogenesis, Efgl negatively regulates ACE2 ex-
pression directly. Following initiation of morphogenesis, Efgl re-
pression of ACE2 expression is relieved. Tecl and Brgl positively
regulate ACE2 expression in a direct manner. In addition, it ap-
pears that Efg1 also contributes to the positive regulation of ACE2
through its direct regulation of Tec1 (44). Finally, Ace2 is required
for full expression of TECI and BRGI, suggesting that a positive
feedback loop contributes to ACE2 expression during the mainte-
nance phase of morphogenesis.

Ace2 expression is elevated in embedded yeast cells relative
to planktonic cells and suppresses respiratory metabolism.
Transcriptional profiling studies of Ace2 (18) and Efgl (24) indi-
cate that these two transcription factors have similar direct and/or
indirect effects on the expression of metabolic genes involved in
glycolysis and respiration. Our finding that Efgl negatively regu-
lates Ace2 under some conditions suggested that Efgl and Ace2
carry out similar functions under distinct cellular or environmen-
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tal conditions. One setting where this proposed Efgl and Ace2
dichotomy appeared to be operative is when C. albicans is embed-
ded within a solid matrix, such as agar. Mulhern et al. have shown
that under embedded conditions, Ace2 is required for filamenta-
tion while efglA/A strains display increased filamentation (22).
These phenotypes are the opposite of those shown by ace2A/A and
efglA/A strains in normoxic liquid medium or growth on top of
solid agar: under these conditions, ace2A/A cells display increased
pseudohyphal filamentation and efgIA/A cells fail to filament.
Based on the increased expression of respiratory genes in ace2A/A
mutants and their resistance to the respiratory chain inhibitor
antimycin A, Mulhern et al. proposed that the inability of ace2A/A
mutants to filament was due to their increased respiratory activity
relative to that of wild-type cells under embedded conditions (22).
To test this proposed mechanism further, we compared the respi-
ratory activity of ace2A/A, efgl A/A, and WT cells under embedded
conditions using a TTC overlay assay as described by Morales et al.
(29). TTC is converted to a red color by respiratory metabolism.
As shown in Fig. 6A, embedded colonies of WT and efgl A/A cells
are much less red than ace2A/A cells, indicating that cells lacking
Ace2 have increased respiration. In contrast, strains plated on the
same medium under nonembedded conditions all had much
higher levels of respiration (Fig. 6A), although ace2A/A colonies
generated a slightly less intense color. These results are consistent
with and support the model proposed by Mulhern et al. (22) and
indicate that Ace2 suppresses the respiratory activity of embedded
C. albicans but does not do so under nonembedded conditions.

These observations suggest that Ace2 plays an important role
in the regulation of metabolism under embedded conditions com-
pared to nonembedded and planktonic conditions. Accordingly,
we hypothesized that ACE2 expression was higher in embedded
cells than in planktonic cells. Therefore, we isolated RNA from
planktonic and embedded WT cells and compared ACE2 levels by
qRT-PCR. Consistent with this hypothesis, ACE2 expression is
elevated ~30-fold in embedded cells relative to planktonic cells in
stationary phase (Fig. 6B). EFGI expression is slightly elevated
(1.8-fold) under embedded conditions compared to planktonic
conditions.

To characterize the relationship between Efgl and Ace2 under
these conditions, we obtained a strain in which GFP expression is
driven by the EFGI promoter (generous gift of C. Kumamoto
[32]) and fused the ACE2 promoter to mCherry to create a dual
ACE2/EFGI expression reporter strain. We then quantified pro-
moter activity on a per-cell basis using quantitative microscopy as
described by Pierce and Kumamoto (32). As expected, ACE2 pro-
moter activity was low and consistent across the cell population
under planktonic conditions (Fig. 6C). In contrast and in keeping
with previously reported results (32), EFG1 promoter activity was
higher and varied significantly on a cell-to-cell basis (Fig. 6C).
ACE2 promoter activity was dramatically elevated in embedded
cells, while EFG1 promoter activity was reduced overall (Fig. 6D);
the wide distribution of EFGI expression on a per-cell basis also
was observed under embedded conditions. Strikingly, cells dis-
playing the highest levels of EFG1 promoter activity were those
with the lowest ACE2 promoter activity, supporting the notion
that ACE2 and EFGI are counterregulated. The promoter activity
quantification was done only on yeast cells, because the topology
and morphology of hyphae make quantitative image analysis
problematic. Micrographs (Fig. 6E) of the embedded dual re-
porter strain show that EFGI activity is much more apparent in
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hyphae than in the yeast forms, while ACE2 promoter activity is
much higher in yeast than in hyphae. Taken together, these data
suggest that Ace2 plays an important role in embedded yeast cells,
and one of its functions is to repress respiratory activity. Our ob-
servations also suggest that Ace2 is more important in yeast-phase
cells, while Efgl functions mainly in hyphae under embedded
conditions.

DISCUSSION

The RAM signaling pathway regulates a variety of cellular pro-
cesses in both model and pathogenic fungi (4, 45). The best-char-
acterized functions of the RAM pathway are those associated with
the transcription factor Ace2. Studies of the function and regula-
tion of Ace2 in S. cerevisiae have led to a detailed understanding of
the mechanisms by which it executes its role in this model organ-
ism, particularly with respect to its role in the cell cycle and daugh-
ter cell-specific gene regulation (15, 16, 17, 18). Although a num-
ber of important and illuminating studies of Ace2 in pathogenic
yeast, such as C. albicans, have been reported (4), our understand-
ing of the role of Ace2 in C. albicans continues to evolve. As first
characterized by Kelly et al. (19), deletion of ACE2 in C. albicans
leads to constitutive pseudohyphal growth under noninducing
conditions; additionally, and consistent with S. cerevisiae, C. albi-
cans ace2A/A mutants also have a cell separation defect due to the
key role that this transcription factor plays in the regulation of
genes involved in the degradation of the septum. In liquid or solid
serum-containing medium, ace2A/A cells were able to form hy-
phae (19). Subsequent studies found that although ace2A/A
formed filaments in macrophages, it was deficient for filamenta-
tion in low-oxygen environments and under embedded condi-
tions regardless of the medium employed (22). This suggested to
us that the role of Ace2 in C. albicans morphogenesis was highly
dependent on the inducing medium. Consistent with that hypoth-
esis, we found that Spider medium was the only standard hypha-
inducing medium in which ace2A/A was significantly deficient in
morphogenesis; importantly, the requirement for Ace2 is not ab-
solute, because true hyphae eventually were observed (Fig. 1D).
Previously, we carried out a genetic interaction screen of the RAM
pathway for heterozygous mutations that exacerbated the fila-
mentation defects of the chk1A/CBK1 mutant (14). We performed
this screen on Spider medium, and the majority of the mutants
isolated in the screen were transcriptional targets of Ace2 and
filamented on serum-containing medium. Thus, our results are
consistent with Ace2 function being required for normal morpho-
genesis on Spider medium and nicely explain why the set of inter-
acting mutants that emerged from our complex haploinsuffi-
ciency screen were related to Ace2 (14).

Because Ace2 is well known to play an important role in daugh-
ter cell transcriptional regulation (17, 18, 45), we were interested
in whether the loss of Ace2 function would have an effect on the
emergence of yeast from hyphae. Interestingly, the number of
emerging yeast from ace2A/A hyphae does not appear to differ
from that of the wild type, indicating that Ace2 is not required for
the budding process (Fig. 1B). However, the initial buds from WT
cells generally were large, spherical cells, while those from ace2A/A
mutants were elongated and pseudohypha-like (Fig. 1B). The
pseudohyphal nature of the lateral yeast fits with the fact that
planktonic ace2A/A mutants have increased numbers of pseudo-
hyphal cells under noninducing conditions. Furthermore, the
number of yeast-like cells attached to the hyphae generally was
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increased in the ace2A/A mutant, consistent with its role in the
regulation of cell separation genes and the corresponding cell sep-
aration defect observed in planktonic cultures. We previously
showed that ace2A/A mutants have elevated levels of PKA activity
and Efgl expression and that inhibition of PKA suppressed the
pseudohyphal phenotype of ace2A/A mutants (14). Interestingly,
the phenotype of ace2A/A hyphae at the stage of lateral yeast for-
mation is identical to that of hyphae formed by strains overex-
pressing EFG1 from the strong PCKI promoter (33). Specifically,
pPCKI-EFGI strains show both the elongated/pseudohyphal lat-
eral yeast and the bulging hyphal tips displayed by ace2A/A. This
suggests that disrupting the balance between Efgl and Ace2 inter-
feres with the hypha-to-yeast transition (46). Recently, Lindsay et
al. has shown that decreased PKA pathway activity promotes the
hypha-yeast transition (46). Combining our observations with
this information suggests a model whereby PKA pathway activity
decreases at the time of lateral yeast formation, leading to in-
creased Ace2 expression and normal lateral yeast bud formation.

The genetic interaction screen previously performed in our
laboratories indicated that the PKA and RAM pathways interact
during morphogenesis (14). Accordingly, we were interested in
exploring the mechanism of this interaction. The expression of
ACE2 had previously been studied in S. cerevisiae in the context of
the cell cycle (18). In C. albicans, the expression of ACE2 during
biofilm formation has been shown to be dependent on the chro-
matin remodeling protein Snf5 (35), but its expression has not
been characterized during morphogenesis. We found that ACE2
expression is very low in stationary-phase cells, the cell type used
to initiate hyphal morphogenesis, and that this low expression is
due, at least in part, to direct repression by the PKA-regulated
transcriptional regulator Efgl. Supporting that conclusion is the
fact that Efgl directly binds the promoter of ACE2 and that ACE2
expression is elevated in efgl A/A mutants in stationary phase. As
the cells transition through hyphal morphogenesis, Ace2 protein
levels increase and Efgl is no longer present at the promoter of
ACE2. These data integrate well with the fact that Wang et al. have
previously shown that Efgl represses expression of Ace2-regu-
lated cell separation genes such as CTSI and SCW11 (26). Thus, it
appears that Efgl negatively regulates both Ace2 and its targets.
Interestingly, Wang et al. showed that Efgl repression of Ace2
targets was mediated by Cdc28 (26); in contrast, we found that
Efgl-mediated repression of ACE2 was independent of Cdc28
(data not shown) but dependent on the PKA pathway. As such,
our data are consistent with the model recently described by Las-
sak et al. in which Efgl exerts a repressive function early in mor-
phogenesis that also is dependent on the PKA pathway (34).

To further characterize the regulation of ACE2 expression, we
tested the effect of transcriptional regulators for which consensus
binding sequences were present in the 5'-upstream region of
ACE2 and found that Tecl and Brgl, two transcriptional regula-
tors known to regulate hypha-associated genes, were required for
full expression of ACE2 in hyphae. Both Tecl and Brg1 bind to the
promoter regions of ACE2 in hyphae but not in yeast, indicating
that they directly regulate ACE2 expression. Tecl1 is a well-charac-
terized regulator of gene expression during morphogenesis, and
its expression is dependent upon Efgl (44). Thus, it appears that
Efgl negatively regulates ACE2 expression in stationary phase and
early morphogenesis but then contributes to positive regulation
during the maintenance phase of hyphal elongation. This model is
also consistent with data from Lassak et al., who also showed that
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Nucleus

FIG 7 Model for the regulation of ACE2 expression in stationary-phase yeast
cells at the initiation of hyphal morphogenesis and during the formation of
hyphae. Boxes indicate the gene, and circles indicate the corresponding pro-
tein. Arrows indicate positive regulation, and lines with perpendicular crosses
indicate negative regulation. The small-sized font for ACE2 and Efgl indicates
relative gene expression or protein levels.

the binding patterns of Efgl change soon after the induction of
morphogenesis and that Efgl is repressive early in morphogenesis
(34).

At least one other transcriptional regulator, Brgl, is required
for full expression of ACE2 during hypha formation (Fig. 5A).
Like Tecl, Brgl is an important regulator of gene expression dur-
ing hypha formation (37, 43). Interestingly, we found that dele-
tion of ACE2 reduced the expression of Tecl and Brgl (Fig. 5E).
This suggests that Ace2 is regulated, in part, by a positive feedback
mechanism. However, we have not determined if Ace2 directly
binds to the promoters of TECI or BRGI; inspection of the 5’
untranslated regions of the two genes does not show the consensus
binding site for Ace2. Consequently, the effect of Ace2 on TECI
and BRG] expression could be indirect.

We have examined only the effect of transcription factors with
characterized consensus binding sites in the promoter region of
ACE2; therefore, we cannot exclude the possibility that other tran-
scription factors also play a role in its regulation. As indicated
above, the chromatin remodeling protein Snf5 was recently shown
to be required for ACE2 expression during biofilm formation (39).
Under the conditions we examined, deletion of SNF5 did not af-
fect ACE2 expression during morphogenesis, suggesting that
ACE2is controlled by different transcriptional regulators depend-
ing on the environmental conditions. To summarize our data and
synthesize it with that of others, Fig. 7 presents a schematic of the
small network of transcriptional regulators of ACE2 as we cur-
rently understand it. The interconnected nature of these tran-
scriptional regulators fits well with the transcriptional networks
that have been identified in C. albicans during other growth states,
such as biofilm formation (39).

In an attempt to gain insight into the mechanisms by which
Efgl is regulated during morphogenesis, we examined the levels of
gene expression, protein expression, nuclear localization, and
phosphorylation status of Efgl during the time course of hyphal
morphogenesis. Consistent with results reported previously by
others, EFGI gene expression rapidly decreases upon the shift to
hypha-inducing conditions. Tebarth et al. have shown that down-
regulation likely is mediated by the PKA pathway (33). We ob-
served a corresponding decrease in Efgl protein levels 1 h after
hyphal induction. However, Efg1 returns to preinduction levels by
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2 h and is slightly elevated by 3 h. During the window during
which Efgl protein levels decrease, we found that the amount of
nuclear Efgl also decreases rapidly and that this occurs in yeast
cells. However, it does not appear that this decrease in nuclear
Efgl is due to decreased protein levels, because we have previously
shown that very few cells contain nuclear Efgl at later time points
when Efgl levels have returned to preinduction levels. We must
emphasize that Efgl appears to be a relatively low-abundance pro-
tein. Therefore, while our immunofluorescence experiments
clearly indicate there is a reduction in nuclear Efgl early in mor-
phogenesis, we cannot rule out the possibility that a proportion of
the total Efg] remains within the nucleus at levels below detection.
Indeed, chromatin immunoprecipitation data from a number of
laboratories indicate that Efgl is present on the promoters of
genes in hyphal-phase cells (34, 37), supporting the notion that
our observations represent a change in the extent of Efgl nuclear
localization and not the absolute absence of the protein from the
nucleus.

At least two protein kinases, Cdc28 (26) and PKA (35), are
known to regulate the function of Efgl. Two-dimensional West-
ern blotting indicates that at least two phosphorylated Efg1 species
are present in hyphal-stage C. albicans that are not present in
yeast-phase cells. In addition, these blots indicate that a complex
mixture of Efgl species with different isoelectric points is present
in both the yeast and hypha phases. Because of the complexity of
these mixtures, we cannot rule out the possibility that other phos-
phorylated species are present but were not clearly separable using
this method. We also attempted to analyze samples from cultures
that were taken at intermediate time points during morphogene-
sis; however, we were unable to obtain consistent results. We spec-
ulate that this situation is due to the fact that cultures at interme-
diate time points are morphologically heterogenous, while the
cultures at the initiation and completion of morphogenesis are
essentially all yeast or all hyphae. Since the development of these
two phosphorylated species correlated with hyphae, we explored
the possibility that Cdc28 or PKA regulated Efgl localization but
found no evidence that either kinase plays a role in the accumula-
tion of Efgl in the nucleus of stationary-phase cells or in the rapid
decrease in nuclear Efgl during morphogenesis. Since our genetic
data indicate that PKA is required for Efgl-mediated repression of
ACE?2, it appears that relief of repression is not due to decreased
nuclear Efgl but is either directly or indirectly related to PKA
activity. This is consistent with Lassak et al.’s finding that PKA
regulates Efgl-mediated repression early in morphogenesis (34).

Taking our observations together with previous data regarding
the function of Ace2 and Efgl, it appears that these two transcrip-
tional regulators have a yin-and-yang relationship with respect to
their roles during morphogenesis. Under standard normoxic
planktonic conditions, Efgl is (i) a positive regulator of filament
formation, (ii) present in yeast forms at the initiation of filamen-
tation, and (iii) absolutely required for filament formation. Under
these conditions, Ace2 is (i) not absolutely required for filamen-
tation, (ii) expressed at low levels in the yeast forms at the initia-
tion of filamentation (partly due to direct repression by Efgl), and
(iii) an indirect, negative regulator of filamentation (pseudohy-
phae). In contrast, the roles of these two transcription factors ap-
pear to be reversed under embedded conditions. Ace2 is now a
positive regulator of filamentation, is expressed in yeast, and is
required for filament formation. Efgl is a negative regulator of
filamentation in embedded conditions, expressed at low levels in
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yeast-phase cells, and expressed at higher levels in hyphal-phase
cells. Thus, we propose that Ace2 and Efgl play partially analo-
gous roles during filamentation that vary according to the specific
conditions inducing morphogenesis.
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