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ABSTRACT

Efglp in the human fungal pathogen Candida albicans is a member of the conserved APSES class of
proteins regulating morphogenetic processes in fungi. We have analyzed the importance for hyphal
morphogenesis of a putative phosphorylation site for protein kinase A (PKA), threonine-206, within an
Efglp domain highly conserved among APSES proteins. Alanine substitution of T206, but not of the
adjacent T207 and T208 residues, led to a block of hypha formation on solid and in liquid media, while
a T206E exchange caused hyperfilamentation. The extent of the morphogenetic defect caused by the
T206A mutation depended on hypha-induction conditions. Extragenous suppression of mutations in
signaling components, including (k2 and cekI mutations, was achieved by wild-type- and T206E-, but not
by the T206A-variant-encoding allele of EFGI. All muteins tested were produced at equal levels and at
high production levels supported pseudohyphal formation. The results are consistent with a role of Efglp
as a central downstream component of a PKA-signaling pathway including Tpk2p or other PKA isoforms.
Threonine-206 of Efglp is essential as a putative phosphorylation target to promote hyphal induction by

a subset of environmental cues.

NVIRONMENTAL cues are known to trigger differ-
ent cellular morphologies of the fungal pathogen
Candida albicans (reviewed in Opps 1988; ErNsT 2000).
Elevated temperatures and inducing substances includ-
ing serum components and N-acetylglucosamine lead to
the conversion of yeast to hyphal cells; other conditions
induce pseudohyphae or chlamydospores. Environmen-
tally regulated filamentation is instrumental in the at-
tachment and penetration of human host cells and
thereby contributes to fungal virulence. Some signaling
pathways and components, which are essential for cellu-
lar differentiation of C. albicans, have been uncovered
in recent years.

A cAMP-dependent signaling pathway leading to hy-
phal growth has been established, in which the Rasl
protein and the protein kinase A (PKA) isoform Tpk2p
are defined components (FENG et al. 1999; SONNEBORN
et al. 2000). Mutants deleted in RASI or in TPK2 are
severely compromised in their ability to form true hy-
phae and a dominant-active variant of Ras1p or overpro-
duction of Tpk2p lead to enhanced filamentation. A
cAMP-dependent pathway triggering morphogenesis
(pseudohyphal growth) has also been discovered in Sac-
charomyces cerevisiae (GIMENO et al. 1992; MOscH et al.
1996), in which the three PKA isoforms contribute dif-
ferently to cellular morphogenesis (ROBERTSON and
Fink 1998; PAN and HEITMAN 1999). A signaling path-
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way parallel to the cAMP pathway, which includes a
MAP kinase and the Stel2 transcription factor, has a
major influence on filamentous growth in S. cerevisiae,
while the role of a similar pathway in C. albicans appears
less important for morphogenesis (reviewed in ERNST
2000).

Efglp as a key regulator of C. albicans morphogenesis
influences yeast-hypha interconversion, as well as chla-
mydospore formation and spontaneous “phenotypic
switching” (Lo et al. 1997; STOLDT et al. 1997; SONNE-
BORN et al. 1999a,b). Strains deleted in EFGI are defec-
tive in hypha formation under most standard inducing
conditions. Nevertheless, in special environments even
efgl mutants are able to develop true hyphae, suggesting
that Efglp is part of a signaling pathway, but not of
the cellular machinery involved in hypha construction
(BROWN et al. 1999; RIGGLE et al. 1999; SONNEBORN
et al. 1999b). Overexpression of EFGI leads to strong
filamentation in the form of pseudohyphae (elongated
yeast cells that remain attached; STOLDT et al. 1997).
Efglp is amember of the APSES protein group of fungal
transcription factors involved in morphogenetic pro-
cesses leading to the interconversion between spherical
growth forms (yeast, conidiospore, chlamydospore) and
tubular forms (hyphae, pseudohyphae, conidiophores;
MILLER et al. 1992; ARAMAYO et al. 1996). In S. cerevisiae
the Efglp APSES homologs are Phdlp and Sok2p, which
regulate pseudohyphal growth (GiMENO and FINk 1994;
WARD et al. 1995). APSES proteins share 80-90% identi-
cal residues in a domain encompassing ~100 amino
acids. The central portion of this domain is homologous
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to the basic helix-loop-helix (bHLH) motif, which is
known to be required for dimerization and DNA bind-
ing of transcription factors (DUTTON et al. 1997; STOLDT
et al. 1997).

Some evidence has suggested that APSES proteins
function in the cAMP signaling pathways. First, epistasis
analyses are consistent with Efglp being situated down-
stream of the Tpk2 PKA isoform (SONNEBORN et al.
2000). Second, an apparent inhibitor of S. cerevisiae PKA
activity suppressed filamentation induced by PKA and
the APSES proteins Efglp or Phdlp, but had no effect
on the parallel mitogen-activated protein (MAP) kinase
pathway (RADEMACHER et al. 1998). Here we provide a
third argument by showing that the state of a putative
PKA phosphorylation site in the conserved APSES do-
main of Efglp is directly related to morphogenetic prop-
erties. In particular, a T206E variant protein, in which
a glutamic acid mimics a phosphoryl group, leads to
hyperfilamentation, while a T206A variant is inactive.
Thus, we suggest that Tpk2p or yet unknown A-type
kinases regulate the activity of the downstream Efgl
regulator protein.

MATERIALS AND METHODS

Strains and culture conditions: Strains and plasmids are
listed in Table 1. Strain CDBI1 (efgl/efgl cphl/cphl) is the
equivalent of strain HLC69 and was constructed from strain
HLC54 (Lo et al. 1997) by fluoroorotic acid (FOA)-selection.
C. albicans strains were transformed by the spheroplast method
and were grown in YPD or on supplemented SD minimal
medium (SHERMAN et al. 1986) or S4D medium (as SD, but
containing 4% glucose). Modified Lee’s medium (Spider) has
been described (Liu et al. 1994). The PCKI promoter was
induced in 0.67% yeast nitrogen base, 2% casamino acids
(SCAA) medium (SONNEBORN ef al. 2000). Hyphae were in-
duced at 37° using 5% horse serum, Spider medium, or 2.5
mM N-acetylglucosamine (GIcNAc; SONNEBORN et al. 2000).

Efglp variants: Mutations in EFGI were generated in the
expression plasmid pBI-HAHYD by a commercial protocol
(Stratagene, La Jolla, CA). The primers EFG-T/Al (5'-CAGA

CCACGAGTCGCGACTACCATCATGTG) and EFG-T/A2 (com-
plementary to EFG-T/Al) were used to generate the A206-
encoding sequence. The presence of the mutation in the
resulting plasmid pDB1 was verified by demonstration of a
novel Nrul site (underlined) and by sequencing. The primers
EFG-T/E1 (5-CAGACCACGAGTCGAAACTACCATGTGG) and
EFG-T/E2 (complementary to EFG-T/E2) were used to gener-
ate the E206-encoding sequence. In this case the mutation in
the resulting plasmid pDB2 was verified by showing a novel
Tagl sequence (underlined) and by sequencing. To obtain
the A207-encoding sequence primers T207A-1 (5'-CAGACC
ACGAGTAACAGCTACCATGTGGGAAG) and T207A-2 (com-
plementary to T207A-1) were used. The resulting plasmid
pDB21 was sequenced to verify the mutation. The primer
T208A-1 (5'-CGAGTAACAACCGCTATGTGGGAAGAT) and
its complementary T208A-2 were used to generate the se-
quence encoding A208, while primer T208E-1 (5'-CGAGT
AACAACTGAGATGTGGGAAGAT) and its complementary
T208E-2 were used to obtain the E208-encoding sequence.
The mutations in the resulting plasmids pDB5 (T208A) and
pDB6 (T208E) were verified by introducing a novel Acl or
Ddel restriction site, respectively, (underlined) and by se-
quencing.

Wild-type and mutated plasmids were linearized by Kpnl to
direct integration into the chromosonal LEU2 gene and were
transformed into the ¢fgl-null mutant HLC67, selecting for
uridine prototrophy. Integration of the plasmids into a chro-
mosomal location was shown by Southern blotting using a
URA3 probe; signals were obtained only at a position corre-
sponding to high-molecular-weight DNA (chromosomes); in
addition, transformants remained uridine prototroph after
extended nonselective growth (data not shown).

The empty control vector pRC2312 (CANNON et al. 1992)
has been described.

Detection of hemagglutinin-tagged proteins: Hemaggluti-
nin (HA)-tagged variants of Efglp were detected in cell ex-
tracts by growing HLC67 transformants carrying pBI-HAHYD,
pDBI1, pDB2, pDB5, pDB21, or the control vector pRC2312
in 30 ml SCAA medium to an ODyy,,,, of 1.0. Cells were washed
inice-cold breaking buffer (50 mm HEPES, pH 7.5;10% Triton
X-100; 150 mMm NaCl; 5 mm EDTA) and then disrupted by
shaking with glass beads in 500 wl breaking buffer containing
protease inhibitors (1 pg/ml antipain, pepstatin, leupeptin).
Cell extracts were cleared by centrifugation in a microfuge
(13,000 rpm, 5 min); to 200 pl of extract 100 wl Laemmli
loading buffer (threefold concentrated) was added and pro-

TABLE 1

C. albicans strains and plasmids

Strain or plasmid Genotype or description Source

Strains
CAI4 Awra3::imm434/Aura3::imm434 Fonzi and IrwIN (1993)
HLC67 As CAI4, but efgl::hisG/efgl::hisG Lo et al. (1997)
CK43B-16L As CAI4, but cekIA::hisG/cekIA::hisG CSANK et al. (1998)
AS1 As CAI4, but (pk2A::hisG/ tpk2A::hisG SONNEBORN e¢f al. (2000)
CDB1 As CAI4, but efgl::hisG/ efgl::hisG cphl::hisG/cphl::hisG This work

Transformation vectors

pRC2312 URA3-, LEU2-marked CaARS vector CANNON et al. (1992)
pBI-HAHYD PCKIp-HA-EFGI fusion in pRC2312 SONNEBORN et al. (2000)
pDB1 As pBI-HAHYD, but encoding T206A-Efglp variant This work

pDB2 As pBI-HAHYD, but encoding T206E-Efglp variant This work

pDB5 As pBI-HAHYD, but encoding T208A-Efglp variant This work

pDB6 As pBI-HAHYD, but encoding T208E-Efglp variant This work

pDB21 As pBI-HAHYD, but encoding T207A-Efglp variant This work
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teins were denatured at 95° for 5 min. A total of 30 ul of treated
extracts was separated by SDS-PAGE (7.5% polyacrylamide).
Following migration, proteins were transferred to nitrocellu-
lose membranes by electroblotting. Proteins were detected
using rat anti-HA high affinity antibody (dilution 1:1000;
Roche), followed by peroxidase-coupled anti-rat IgG (1:1000;
Roche) as secondary antibody. HA-tagged proteins were de-
tected using the Super-Signal chemiluminescent assay (Pierce
Chemical, Rockford, IL).

Microscopy: Hyphal development on solid media was ob-
served using a phase contrast microscope [Zeiss (Gottingen,
Germany) Axioskop] and a video imaging system (Sony 3CCD
Color Video Camera; AppleVideo). Colonies were observed
at 35-fold magnification, while single cells or pseudohyphae
were observed at 400-fold magnification. Following inocula-
tion of induction media hyphal development was quantitated
by counting cells developing hyphae among a total of 200
cells; cells with a germ tube of at least blastospore-length were
considered as hyphae.

RESULTS

Construction of strains producing Efglp variants:
Within the conserved domain among APSES proteins
Efglp contains the sequence R-P-R-V-T-T-T (residues
202-208). The threonine residues 206 and 207 are po-
tential sites for phosphorylation by an A-type kinase
(PKA), because an arginine residue is located at position
—2 or —3, respectively, relative to the presumed phos-
phorylation site (PEARsON and Kemp 1991). Further-
more, computer predictions assign threonine 207 as the
phosphorylation site of a calmodulin-dependent pro-
tein kinase II and threonine 208 as a possible site for
casein kinase II (KREEGIPUU et al. 1999). To explore if
any of the threonine 206-208 residues have a relevant
role in C. albicans biology we constructed expression
plasmids encoding corresponding Efglp variants (Fig-
ure 1A). The parental plasmid pBI-HAHYD contains the
EFGI gene under transcriptional control of the PCKI
promoter, which is repressed by glucose (LEUKER et al.
1997); furthermore, a sequence specifying a HA epitope
is present at the beginning of the EFGI coding region
(SONNEBORN et al. 2000). The HA-Efglp fusion protein
is fully functional in complementing the morphogenetic
defect of an ¢fg] mutant strain (SONNEBORN el al. 2000)
and overexpression of the HA-LFGI gene, as overexpres-
sion of unmodified EFGI (StoLpT et al. 1997), leads
to extensive pseudohyphal filaments (see below). To
construct plasmids specifying Efglp variants the EFGI
fusion gene was altered by site-specific mutagenesis. The
resulting plasmids were integrated into the C. albicans
genome to prevent plasmid loss and to avoid altering
phenotypes due to copy number effects.

Transformants produced the different variants of
Efglp at equal levels, comparable to strains producing
the unaltered tagged Efgl protein, as shown by immu-
noblotting using an anti-HA antibody (Figure 1B); thus,
the changes in protein structure did not affect protein
levels (Figure 1B). In SDS-PAGE all Efglp versions mi-
grated anomalously as a doublet of proteins at ~90 kD,
instead of the 65 kD expected from the sequence data;

A residue 201 202 203 204 205 206 207 208
pBIHAHYD IRPRVTTT
pDBI IRPRVETT
pDB2 IRPRVETT
pDB21 I RPRVTHERT
pDB5 IRPRVTTIN
pDB6 IRPRVTTH
B

WT  T206A T206E T207A  T208A  T208E control
110kD

e F - W ¥ 88kD

FiGure 1.—Sequences and biosynthesis of Efglp variants.
(A) Residues 201-208 of the Efgl wild-type protein and of
Efglp variants are shown. An expression plasmid (pBI-
HAHYD) encoding a HA-Efg1 fusion protein was mutagenized
to allow biosynthesis of the indicated Efglp variants. Mutant
residues are shaded. (B) Presence of the HA-Efgl fusion pro-
tein in transformants. Plasmids shown in A or an empty vector
(pRC2312; control) were integrated into the genome of the
efgl/efg]l mutant HLC67 and the presence of the HA-Efgl
fusion protein in cell extracts was detected by immunoblotting
using an anti-HA antibody.

we assume that this behavior is in part due to its unusual
composition containing 9% each of proline, threonine,
serine, and glycine residues, as well as 19% of glutamine
residues. Because no differences in electrophoretic mi-
gration among the Efglp variants were observed, we
conclude that the two Efglp forms separated by SDS-
PAGE are not due to modifications at T206, T207, or
T208.

Overproduction of all Efglp variants induces pseu-
dohyphae: We had reported previously that massive over-
expression of LFGI leads to the formation of extensive
filaments, which by the presence of constrictions at cell
separations and of buds at filament tips were character-
ized as pseudohyphae, which are still competent to form
true hyphae, e.g., upon the addition of serum (STOoLDT
et al. 1997). To explore if this function of Efglp was
maintained by the Efglp variants we examined their
overproduction phenotypes. For this purpose the trans-
formants described above were pregrown in PCKI-pro-
moter-inducing SCAA medium, by which any residual
glucose was consumed, and were then regrown in SCAA
medium for 20 hr. By this procedure maximal expres-
sion of the PCKIp-EFGI1 fusion gene was obtained, which
resulted in typical pseudohyphal growth (Figure 2).

All transformants generated pseudohyphae at identi-
cal rates and with identical cellular morphologies, irre-
spective of the Efglp variant, which was overproduced.
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FiGUurE 2.—Pseudohyphal development induced by high
levels of EFGI expression. HLC67 transformants carrying ge-
nomically integrated plasmids pBI-HAHYD (T206), pDBI1
(T206A), pDB2 (T206E), pDB21 (T207A), or pDB5 (T208A)
were pregrown in SCAA and regrown in SCAA medium for
20 hr at 30° to fully induce the PCKIp-EFGI fusion. Microscopic
examination revealed extended pseudohyphal filaments in all
transformants producing Efgl proteins or variants thereof. As
a control a transformant carrying an empty vector (pRC2312)
was used; note the rod-like appearance of some cells, which
is typical for efgl mutants in this medium.

The lack of EFGI expression in control cells resulted in
rod-like cell shape, which is typical for efg/ mutants in
SCAA medium (StoLpT ef al. 1997; SONNEBORN et al.
1999b). Thus, the state of Efglp residues 206-208 not
only had no effect on intracellular Efglp levels, but
also did not influence the ability of Efglp to support
pseudohyphal growth at high production levels.

Alanine replacement of threonine-206, but not threo-
nine-207 or -208, blocks hyphal formation: To investi-
gate the function of threonine residues 206-208 on
hypha formation we tested transformant strains produc-
ing Efglp variants, in which these residues were re-
placed by alanine (plasmids pDBI, pDB21, and pDB6;
Figure 1). Transformants were grown on solid modified
Lee’s (Spider) medium or were induced in various lig-
uid media and morphogenetic phenotypes were re-
corded.

After pregrowth in liquid SD medium, which was used
to avoid the development of pseudohyphae, trans-
formants were streaked on solid modified Lee’s me-
dium, which contains mannitol instead of glucose as
a carbon source and thereby should allow moderate
expression of the fusion genes. After 3 days of growth
at 37° lateral hyphae emerged from colonies of the strain
producing unmodified Efglp. Likewise, the cells pro-

control

N

Ficure 3.—Hypha formation of transformant colonies on
solid medium. Transformants described in Figure 2 were pre-
grown in SD medium, which does not induce PCKIp-EFGI
expression, and were then streaked on modified Lee’s me-
dium (Spider), allowing moderate EFGI expression. Cells were
grown for 2 days at 37°.

ducing the T207A and T208A variants were not affected
in the development of hypha and their phenotypes were
indistiguishable from wild-type cells. In contrast, a strik-
ing defect of the T206A variant to support hyphal forma-
tion was observed (Figure 3). Transformants carrying
pDBI1 formed colonies with drastically reduced lateral
hyphae compared to wild-type cells.

Because of the clear effect of the T206A mutation
on solid medium, we sought to investigate if a strain
producing this Efglp variant was also defective in hyphal
morphogenesis induced in liquid medium. Previous re-
sults had suggested that hypha induction in liquid media
reveals major defects in morphogenesis, while relatively
minor defects become apparent on inducing solid me-
dia such as modified Lee’s medium (discussed in ERNST
2000). In this experiment cells were pregrown in SD
medium, in which no hyphae or pseudohyphae were
induced, and were then diluted into the different liquid
induction media. In liquid Lee’s medium the strain
producing the T206A Efglp variant was unable to form
hyphae, while 50% of the cells expressing the wild-type
EFGI gene had formed hyphae within 2 hr of induction
(Figure 4). In a second induction medium, containing
2.5 mm GlcNAc as the inducer, hypha formation was
also not as efficiently supported by the T206A variant
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F1Gure 4.—Hypha formation of transformants in liquid me-
dium. HLC67 transformants carrying genomically integrated
plasmids pBI-HAHYD (T206) (V), pDB1 (T206A) (M), pDB2
(T206E) (A), or the control vector pRC2312 () were pre-
grown in SCAA medium, to induce PCKIp-EFGI expression,
and then shifted to modified Lee’s medium (Spider), 2.5 mm
GIcNAc, or 5% serum at 37°. Hyphae (germ tubes) developing
on yeast cells were monitored microscopically and expressed
as percentage of yeast cells forming hyphae. The means and
standard deviations of values obtained from three indepen-
dent transformants are shown. Note the complete absence of
hypha formation in transformants carrying pDB1 (T206A) or
pRC2312 in modified Lee’s medium.

compared to wild-type Efglp, although in this case hy-
pha formation occurred at significant rates. The least
effect of the T206A mutation was observed in medium
containing 5% serum as the inducer, where hypha for-
mation was reduced only slightly. Thus, these results
demonstrate that the importance of the T206 residue
in Efglp varies on the induction condition used: in
modified Lee’s medium, which is considered a relatively
weak induction medium, T206 must be present to allow
maximal rates of morphogenesis, while in serum, con-
sidered as the strongest hypha-inducing condition, the
role of T206 is minimal.

The T206E exchange causes hyperfilamentation: The
above results suggested that residue T206 was essential,

because it was phosphorylated ¢n vivo. To obtain support
for this notion we also analyzed an Efglp variant, in
which T206 was exchanged by a glutamate residue. In
some cases the acidic side chain of glutamate is able to
mimic a phosphoryl group, such that a variant protein
containing a glutamate exchange functions similarly as
the phosphorylated original protein. Transformants car-
rying genomically integrated plasmid pDB2 were tested
on solid and in liquid media.

On solid modified Lee’s medium the T206E ex-
change led to cells able to filament vigorously (Figure
3). Daily inspections of colony appearances even sug-
gested that the rate at which the T206E exchange sup-
ported the development of lateral hyphae was even
greater compared to the wild-type Efglp sequence in
several independent transformants. Because gradual
differences in hypha formation are difficult to quantify
on solid plates, we also tested hypha formation of cells
producing the T206E variant in liquid modified Lee’s
medium. Note that the values shown in Figure 4 are
the means of three independent transformants, which
were assayed. The results show that in this condition a
significantly accelerated filamentation of T206E-variant-
containing cells was observed compared to cells carrying
the wild-type Efglp variant (Figure 4). In the other two
liquid induction media, in the presence of GIcNAc or
serum, the T206E exchange did not increase hypha
formation, but led even to lower rates of filamentation.
This was especially noteable in GlcNAc medium, while
in the presence of serum filamentation proceeded simi-
lar to wild-type cells. In all experiments, however, the
rates of filamentation of cells producing the T206E vari-
ant were significantly higher compared to T206A vari-
ant-containing cells.

Thus, these results are compatible with the notion
that phosphorylation at residue T206 (as mimicked by
a glutamate residue) causes hyperfilamentation in some
media, while this residue is of lesser importance in other
induction conditions.

Suppression activity of EFGI depends on the T206
residue: We had reported previously that overexpres-
sion of EFGI is able to rescue the morphogenetic defect
of tpk2 and cekl mutants (SONNEBORN et al. 2000). The
availability of the EFGI™* and EFGI™"F alleles allowed
the test, if the suppression of the k2 phenotype was
simply due to an elevated level of the Efgl protein, at
low specific activity, or depended critically on residue
T206 and thereby most likely on its phosphorylation
status. Therefore, we transformed plasmids pDBI,
pDB2, or control plasmids into defined efgl, tpk2, cekl,
or ¢fgl cphl mutants and examined hyphal morphogene-
sis on modified Lee’s medium.

The EFGI™* allele, which was defective in comple-
mentation of the efg]/ mutation, was unable to restore
effective hyphal formation in any of the signaling mu-
tants tested, including the efgl ¢phl double mutant,
while the EFGI™"F allele was at least as effective as the
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Ficure 5.—Suppression of morphogenetic defects in C.
albicans mutants. C. albicans mutants defective for hyphal de-
velopment (homozygous efgl, (pk2, cekl, efgl/cphl mutants)
were transformed with expression vectors for the indicated
genes. Mutants tested for suppression by overexpressed genes
included HLC67 (¢fgl), AS1 (tpk2), CK43B-16L (cekl), and CDB1
(efgl/ cphl). Overexpressed genes included EFGI (pBI-HAHYD)
and the mutated genes EFGI™* (pDB1) and EFGI™* (pDB2);
empty vector pRC2312 was used as the control. Transformants
were grown on solid Spider medium for 3 days at 37° except
for strain AS1, which was tested at 30°, where its defective
phenotype appears.

efal/cphl

EFGI™*

gene overexpressed

wild-type EFGI gene (Figure 5). The clearest results were
obtained for suppression of the efgl, e¢fgl cphl, and tpk2
mutants, which with an empty control vector showed
no or few lateral hyphae, while the EFG'™* and EFGI
alleles, but not the EFGI™%A allele, were able to induce
strong filamentation. The partial defects of a cekl mu-
tant on modified Lee’s medium also could not be sup-
pressed by Efglp™»*4. Thus, these results demonstrate
that the activity of Efglp as a suppressor does not reflect
merely a nonspecific elevation of Efglp levels, but de-
pends specifically on the state of its T206 residue.

DISCUSSION

The C. albicans Efgl protein is a member of a con-
served class of proteins in fungi, whose apparent func-
tion is to regulate the switch between a spherical cell
type, such as yeast cells or spores, and a tubular hyphal
growth form. Among such APSES proteins a stretch of
~100 amino acids is conserved, whose function is yet
unknown. We had proposed that the central portion
of the conserved domain represents a bHLH domain
(STOLDT et al. 1997), a theory that was supported subse-
quently by molecular modeling (DuTTON ¢t al. 1997).
Within the conserved APSES domain of Efglp, but out-
side of the putative bHLH region, is a stretch of threo-
nine residues (T206-T208), which constitute possible
phosphorylation sites for protein kinases, specifically for
PKA (T206 or T207). Here we describe the construction

of strains that contain versions of Efglp with altered
residues T206-T208. In the case of residues T207 and
T208, which represent putative phosphorylation sites
for PKA, calmodulin-dependent protein kinase II, and
casein kinase II, respectively (KREEGIPUU et al. 1999),
no effect of alanine exchanges on hyphal morphogene-
sis was observed. Furthermore, a T208E exchange,
which potentially could mimic an Efglp version, which
is phosphorylated at T208 by a casein kinase II homolog,
had no effect on Efglp function.

Significant phenotypes were obtained, however, when
the directly neighboring residue T206 of Efglp was ex-
changed. In all APSES proteins there is a threonine
residue in this position, except for the Phdl protein in
S. cerevisiae, which contains an isoleucine (Sok2p, the
second APSES protein in S. cerevisiae, however, contains
a threonine). The context of this threonine is similar
to sites phosphorylated by PKA (PeEArRsON and Kemp
1991). We had already reported that strains containing
the T206A and T206E variants of Efglp did not support
chlamydospore formation (SONNEBORN et al. 1999b).
With respect to hypha formation we report here that
the phenotypes of cells containing the T206A or T206E
variants are opposite. The T206A exchange in Efglp
leads to an inability of cells containing this variant to
form hyphae and overexpression of a EFGI™** allele is
not able to suppress the phenotypes of k2, cekl, and
¢phl mutations. On the other hand, a T206E version of
Efglp is hyperactive in stimulating filamentation. We
propose that Efglp is able to adopt two activity states:
an unphosphorylated inactive version, represented by
the T206A variant, and an active phosphorylated ver-
sion, which is mimicked by the T206E variant. The state
of residue 206 was not equally important in all hypha-
induction conditions, but was especially critical in modi-
fied Lee’s medium; in the presence of GlcNAc hyphal
development of cells containing the T206A variant was
moderately decreased, while in the presence of serum
only a minor effect of the T206 replacement was ob-
tained. Thus, it appears that hypha induction in modi-
fied Lee’s medium is strongly dependent on residue
T206, presumably due to phosphorylation, while in se-
rum different parameters (possibly including other
Efglp modifications) may be essential. Wild-type Efglp
had identical electrophoretic mobility as the T206A and
T206E derivatives in SDS-PAGE, and by phosphate-label-
ing experiments and phosphate-specific antibodies it
was impossible to detect phosphorylation of T206 be-
cause of other, still undefined phosphorylation sites in
Efglp (D. BockmUHL and J. F. ERNsT, unpublished re-
sults). Thus, we could not biochemically prove yet the
position of a phosphate residue on T206, as suggested
by our genetical results.

The PKA isoform, which directly phosphorylates
Efglp on T206, is unknown. It is possible that Tpk2p
(SONNEBORN et al. 2000) directly phosphorylates Efglp,
although in two-hybrid analyses and by coprecipita-
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tion experiments we were unable to prove a close associ-
ation of Tpk2p with Efglp (D. BockmUHL and J. F.
ErnsT, unpublished results). Genomic sequences in
C. albicans (http://www-sequence.stanford.edu/group/
candida/search.html) predict a second PKA isoform,
designated Tpklp, which we found to be also involved
in hyphal morphogenesis (D. P. BockmUHL and J. F.
ErnsT, unpublished results). The electrophoretic mo-
bility of Efglp was identical in homozygous tpkl or tpk2
mutants and in the wild-type strain (D. P. BOCKMUHL
and J. F. ErRNsT, unpublished results); this finding does
not necessarily exclude phosphorylation of Efglp by
Tpkl/2 proteins, because we have shown here that the
charge difference between the T206A and T206E vari-
ants also has no effect on electrophoretic mobility.
Other kinases more distantly related to PKA, such as
homologs of Sch9p in S. cerevisiae (TopA et al. 1988),
could also be involved in the direct modification of
Efglp.

Current models of hyphal morphogenesis in C. albi-
cans suggest multiple parallel signaling pathways, which
are triggered by different environmental cues, and
whose cumulative output results in hypha formation
(BrauN and JounsoN 2000; ErnsT 2000) . Efglp is essen-
tial for hyphal morphogenesis in most inducing condi-
tions (Lo et al. 1997; STOLDT et al. 1997) and epistasis
analyses described here and in a previous study (SON-
NEBORN et al. 2000) have shown that the defective phe-
notype of ¢fgl mutants cannot be suppressed by any of
the known genes encoding signaling components. On
the other hand, Efglp overproduction was able to res-
cue the morphogenesis-defective phenotype of cekl and
tpk2 mutants. Interestingly, the T206A variant of Efglp
did not show such extragenous suppression activity,
while the T206E variant was active, suggesting that T206
is required in its phosphorylated form. Although such
suppression results could occur if Efglp represented a
third essential pathway parallel to the MAP kinase and
cAMP pathways we favor a model in which Efglp func-
tions as a central regulator downstream of the compo-
nents of both pathways. This model explains the impor-
tance of a potential PKA phosphorylation site in Efglp
and is also consistent with the findings that a suppressor
of PKA activity also suppressed filamentation in C. albi-
cans (RADEMACHER et al. 1998).
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