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The yeast Saccharomyces cerevisiae undergoes a dimorphic filamentous transition in response to nutrient
cues that is affected by both mitogen-activated protein kinase and cyclic AMP-protein kinase A signaling
cascades. Here two transcriptional regulators, Flo8 and Sfll, are shown to be the direct molecular targets of
protein kinase A. Flo8 and Sfll antagonistically control expression of the cell adhesin Flo1l1 via a common
promoter element. Phosphorylation by the protein kinase A catalytic subunit Tpk2 promotes Flo8 binding and
activation of the Flo11 promoter and relieves repression by prohibiting dimerization and DNA binding by Sfl1.
Our studies illustrate in molecular detail how protein kinase A combinatorially effects a key developmental
switch. Similar mechanisms may operate in pathogenic fungi and more complex multicellular eukaryotic

organisms.

Cells possess a network of signal transduction pathways that
enable them to sense the environment and respond to different
stimuli. Signals from distinct pathways need to be coordinated
so that cells can survive, proliferate, and differentiate properly
under particular conditions. Signal integration occurs at sev-
eral levels of signal transduction, including transcriptional con-
trol of gene expression, translational regulation, and posttrans-
lational modifications. One example of such integration is the
regulation of interleukin-2 gene expression during T-cell acti-
vation, in which both the calcineurin and protein kinase C
pathways function. The transcription factors NF-AT and AP-1
are controlled by the calcineurin and protein kinase C pathways
and bind to a composite site on the interleukin-2 promoter to
activate gene expression (9). The coordinately controlled as-
sembly of transcriptional regulators on the interleukin-2 gene
promoter ensures expression when both pathways are engaged.
In this regard, studies of FLOI1 expression in Saccharomyces
cerevisiae similarly serve as a paradigm to understand how
combinatorial control of gene expression by multiple signals
effects a complex physiological process like pseudohyphal dif-
ferentiation.

Pseudohyphal differentiation in diploid cells of the yeast S.
cerevisiage occurs in response to nitrogen limitation and the
presence of fermentable carbon sources (14, 28). Both a mi-
togen-activated protein (MAP) kinase pathway and the cyclic
AMP (cAMP)-dependent protein kinase A cascade are re-
quired for pseudohyphal differentiation (for reviews, see ref-
erences 13 and 37), and both pathways converge to control
expression of the cell wall flocculin Flo11 (35, 39). Flol11 is a
glycerol phosphoinositol-anchored cell surface protein that
promotes mother-daughter cell adhesion and allows cells to
bind to and penetrate growth substrates (21, 23). Flol1 is
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required for both diploid pseudohyphal differentiation and
haploid invasive growth (23, 28, 29, 35, 38, 39), and protein
kinase A plays critical roles in both processes.

In S. cerevisiae, protein kinase A comprises a single regula-
tory subunit, Beyl, and three catalytic subunits, Tpkl, Tpk2,
and Tpk3. The Tpk2 catalytic subunit plays a unique positive
role and activates pseudohyphal differentiation, whereas the
more distantly related Tpkl and Tpk3 subunits play negative
roles, inhibiting filamentous growth (35, 38). Previous genetic
studies suggested that Tpk2 activates FLOII expression by
activating Flo8, inhibiting Sfl1, or both (35, 38, 39).

Flo8 is a transcriptional activator, and flo§ mutations abolish
FLO11 expression and pseudohyphal growth and account for
the inability of the common laboratory strain S288C to un-
dergo filamentous growth (22, 35, 39). flo§ mutations block the
effects of activated protein kinase A signaling but not activated
MAP kinase on FLOI11 expression and pseudohyphal differ-
entiation (35, 39). This result suggests that Flo8 acts down-
stream of the protein kinase A pathway to promote FLOII
expression and filamentous growth.

Sfll was originally identified as a negative regulator of floc-
culation in yeast cells (12). The N-terminal region of the Sfil
protein shows extensive similarity to the DNA-binding do-
mains of the yeast heat shock transcription factor Hsfl (12)
and several other yeast transcription factors (Mgal, Hms2, and
Skn7) that enhance pseudohyphal differentiation when over-
expressed (25). Sfll functions with the Srb/mediator complex
of RNA polymerase II holoenzyme to repress gene expression
(43). sflI mutations enhance FLOII expression and pseudohy-
phal growth and restore filamentous growth in fpk2 mutants
(38). These results suggest that Sfll acts downstream of the
protein kinase A pathway and that Tpk2 inactivates Sfll to
stimulate FLOI1 expression and filamentous growth.

In this study, we have elucidated the mechanisms by which
Flo8 and Sfil control FLOI11 expression and how Tpk2 con-
trols both transcription factors. We report that Flo8 and Sfll
are the direct targets of Tpk2 that control FLOI1 expression
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TABLE 1. Yeast strains used in this study

Strain Genotype

Reference

3.1278b strains

MLY40a MATo ura3-52 Lorenz and Heitman (26)
MLY41a MATa ura3-52 Lorenz and Heitman (26)
MLY42«a MATo ura3-52 leu2::hisG Lorenz and Heitman (26)
MLY61a/a MATa/o ura3-52/ura3-52 Lorenz and Heitman (26)
MLY97a/« MATalo ura3-52/ura3-52 leu2::hisG/leu2::hisG Lorenz and Heitman (26)
MLY162a/a MATalo pde2A::KanMX/pde2A::KanMX ura3-52/ura3-52 Lorenz and Heitman (26)
MLY 183« MATo tecl A::KanMX ura3-52 Lorenz and Heitman (25)
MLY183a/a MATalo tecl A:KanMX/tecl A::KanMX ura3-52/ura3-52 Lorenz and Heitman (25)
XPY5a MATo tpk2A::KanMX ura3-52 Pan and Heitman (35)
XPY5a/a MATalo tpk2A::KanMX/tpk2A::KanMX ura3-52/ura3-52 Pan and Heitman (35)
XPY95a MATa floS8A::HygB ura3-52 Pan and Heitman (35)
XPY95a/a MATalo floSA::HygB/flo8A::HygB ura3-52/ura3-52 Pan and Heitman (35)
XPY108« MATa sfllA::HygB ura3-52 This study
XPY108a/a MATaja sfll A::HygB/sfll A::HygB ura3-52/ura3-52 This study
XPY116a MATa floS8A::HygB sfllA::HygB ura3-52 This study
XPY1l16a/a MATa/a flo8A::HygB/flo8A::HygB sfll A::HygB/sfll A::HygB ura3-52/ura3-52 This study
XPY132« MATa tpk2A::KanMX sfll A::HygB ura3-52 This study
XPY132a/a MATa/a tpk2A::KanMX/tpk2A::KanMX sfll A::HygB/sfll A::HygB ura3-52/ This study
ura3-52
XPY133a MATo tecl A::KanMX sfllA::HygB ura3-52 This study
XPY133a/a MATa/a tecl A::KanMX/tec1 A::KanMX sfll1 A::HygB/sfll A::HygB ura3-52/ This study
ura3-52
XPY142a/a MATa/a tpk2A::KanMX/tpk2A::KanMX floSA::HygB/floS8A::HygB ura3-52/ This study
ura3-52
XPY219a/a MATa/a tpk2A::KanMX/tpk2A::KanMX ura3-52/ura3-52 This study
leu2::hisGlleu2::hisG
XPY305a/a MATa/a flo8A::HygB/flo8A::HygB ura3-52/ura3-52 leu2::hisG/leu2::hisG This study
XPY307a/a MATa/a sfll A::HygB/sfll A::HygB ura3-52/ura3-52 leu2::hisG/leu2::hisG This study
XPY308a/a MATa/a floS8A::HygB/floSA::HygB sfll A::HygB/sfll A::HygB ura3-52/ura3-52 This study
leu2::hisGlleu2::hisG
XPY309a/a MATa/a tpk2A::KanMX/tpk2A::KanMX sfll A::HygB/sfl1 A::HygB ura3-52/ This study

Protease-deficient strains

ura3-52 leu2::hisG/leu2::hisG

BJ2168a MATa leu2 trpl ura3-52 prb1-1122 pep4-3 gal2

XPY247a MATa leu2 trpl ura3-52 prbl-1122 pep4-3 gal2 tpk2A::KanMX

BJ5627a/a MATa/a pep4::HIS3/pep4::HIS3 prb1Al.6R/prb1Al.6R canl/canl ura3-52/
ura3-52 his3A200/his3A200

XPY310a/a MATa/a pep4::HIS3/pep4::HIS3 prb1Al.6R/prb1Al.6R canl/canl ura3-52/
ura3-52 his3A200/his3A200 GALI1-GST-TPK1/TPK1

XPY31la/a MATa/a pep4::HIS3/pep4::HIS3 prb1Al.6R/prb1Al.6R canl/canl ura3-52/

Two-hybrid strains

ura3-52 his3A200/his3A200 GAL1-GST-TPK2/TPK2

PJ69-4A MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4A gal8OA GAL2-ADE2
LYS2:GAL1-HIS3 met2::GAL7-lacZ

XPY100a MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4A gal8OA GAL2-ADE?2
LYS2::GALI-HIS3 met2::GAL7-lacZ pde2A::KanMX

XPY220a MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4A gal8OA GAL2-ADE?2

Jones (20b)
This study
Jones (20b)
This study

This study

James et al. (20a)
This study

This study

LYS2::GALI-HIS3 met2::GAL7-lacZ tpk2A::KanMX

and pseudohyphal growth. Both Flo8 and Sfl1 interact with and
are phosphorylated by Tpk2. Flo8 and Sfll are both localized
to the nucleus, and mutation or activation of Tpk2 had no
effect on this localization. The ability of Flo8 and Sfl1 to alter
gene expression when targeted to heterologous promoters via
fusion to the Gal4 or LexA DNA-binding domains was simi-
larly unaffected by increased or decreased protein kinase A
signaling. Flo8 and Sfll were both found to act on a 250-bp
region of the FLO11 promoter, and both proteins bind to this
DNA region in vivo and in vitro. Tpk2 phosphorylates Flo8 and
activates its binding to the FLO11 promoter. In contrast, phos-
phorylation of Sfll by Tpk2 inhibits binding to the FLOII
promoter, in accord with a recent report (6).

In summary, our studies illustrate how protein kinase A

effects a key developmental switch by stimulating an activator
and inhibiting a repressor. Similar mechanisms are likely to
operate during signal integration and combinatorial transcrip-
tional control of gene expression in other eukaryotic organ-
isms.

MATERIALS AND METHODS

Yeast strains and plasmids. The yeast strains used in this study are listed in
Table 1. All mutant strains were created by the PCR-mediated gene disruption
technique (27, 46), using either the G418 resistance cassette from plasmid pFA6-
KanMX2 (46) or the hygromycin B resistance cassette from plasmid pGA32 (15).
Homozygous diploid strains were produced by crossing independent isogenic
haploid mutant strains (see Table 1). Haploid strains with single or double gene
deletions were crossed, sporulated, and dissected to produce double or triple
mutant strains. To construct the glutathione S-transferase (GST)-Tpkl- and
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TABLE 2. Plasmids used in this study
Plasmid Description® Reference
YCplac33 CEN URA3 Gietz and Sugino (13a)
YEplac195 2pm URA3 Gietz and Sugino (13a)
YEplac181 2um LEU2 Gietz and Sugino (13a)
pGAD424 2pm LEU2 GAL4 (aa 768-881) Fields and Song (10a)
pGBT9 2pm TRP1 GAL4 (aa 1-147) Fields and Song (10a)
JK1621 2pm URA3 4lexA-CYCl-lacZ Keleher et al. (20c)
pLG132AS 2pm URA3 CYCl-lacZ Guarente and Hoar (18a)
pMAL2c MBP expression vector New England Biolabs
pRD56 GALI-GST CEN URA3 Mitchell et al. (32a)
pSLFA-178K 2pum URA3 CYCl-lacZ Forsburg and Guarente (11)
pWS41 2pum HIS3 lexA-SFL1 Song and Carlson (43)
pXP3 TPK2 in YEplac195 Pan and Heitman (35)
pXP23 TPKI in pGBT9 (EcoRI/BamHI) This study
pXP25 TPK2 in pGBT9 (BamHI/Sall) This study
pXP26 BCYI in pGADA424 (EcoR1/BamHI) This study
pXP28 FLOS (aa 206-799) in pGAD424 (BamH]I/Pst) This study
pXP29 FLOS (aa 206-799) in pGBT9 (BamHI/PstI) This study
pXP38 SOK?2 in pGAD424 (BamHI/Sall) This study
pXP40 PHDI in pGAD424 (BamHI/PstI) This study
pXP42 SFL1 in pGADA424 (BamHI/Sall) This study
pXP70 FLOS-GFP in YEplac195 This study
pXP9%4 FLOS in YEplac195 This study
pXP96 TPK2 (K99R) kinase-inactive allele in pGBT9 This study
pXP100 Myc12-SWE1 3'UTR in YEplac195 This study
pXP101 GFP-FLOS 3'UTR in YEplac195 This study
pXP110 FLOS8-MYC12 in YEplac195 This study
pXP112 SFLI-MYCI2 in YEplac195 This study
pXP113 SFLI-GFP in YEplac195 This study
pXP116 ADHI-GFP in YCplac33 This study
pXP121 PADHI-GFP-TPK?2 in YCplac33 This study
pXP142 MBP-FLOS-HIS6 in pMAL2c This study
pXP143 MBP-SFLI-HIS6 in pMAL2c This study
pXP160 PADHI-HA3-SFLI in YEplac195 This study
pXP179 TPK2 in YEplacl81 This study
pXP181 SFLI-MYCI2 in YEplac181 This study
pXP184 pFLOS8-HA3-FLOS in YCplac33 This study
pXP189 FLOS in YEplac181 This study
pXP217 FLOS-2 (R155G) in YEplac195 This study
pXP223 bp —1400 to —1150 region of FLOI11 promoter in pCR2.1 This study
pXP233 bp —2000 to —1750 region of FLOI11 promoter in pSLFA-178K This study
pXP234 bp —1800 to —1550 region of FLOII promoter in pSLFA-178K This study
pXP235 bp —1600 to —1350 region of FLOI1 promoter in pSLFA-178K This study
pXP236 bp —1400 to —1150 region of FLOI1I promoter in pSLFA-178K This study
pXP237 bp —1200 to —950 region of FLOI11 promoter in pSLFA-178K This study
pXP238 bp —1000 to —750 region of FLOI11 promoter in pSLFA-178K This study
pXP239 bp —800 to —550 region of FLOI1 promoter in pSLFA-178K This study
pXP240 bp —600 to —350 region of FLOI1 promoter in pSLFA-178K This study
pXP241 bp —400 to —150 region of FLOI11 promoter in pSLFA-178K This study
pXP242 bp —200 to 0 region of FLOI11 promoter in pSLFA-178K This study
pXP287 pGALI-GST-TPK2 (K99R) in YEplac195 This study
pXP291 FLOS-MYC1I2 in YEplacl81 This study

GST-Tpk2-expressing strains, a G418-pGALI-GST cassette was generated by
PCR (24) and integrated in frame upstream of one copy of the chromosomal
TPKI and TPK2 genes in the protease-deficient diploid strain BJ5627.

Plasmids used in this study are listed in Table 2. Except for Flo8, all two-hybrid
plasmids were constructed by PCR amplification of DNA sequences encoding
the corresponding open reading frame (ORFs) and cloning in frame in either
pGAD424 or pGBT9 with the restriction enzymes described in Table 2. Flo8
two-hybrid plasmids pXP28 and pXP29 contain FLOS gene sequences encoding
amino acids 206 to 799. The kinase-inactive allele of the TPK2 two-hybrid
plasmid pXP96 was created by PCR overlap mutagenesis.

Overlap PCR was performed to insert the yeast green fluorescent protein gene
(vGFP) in frame immediately in front of the stop codon of the FLOS gene, and
the fusion gene including the 5" and 3’ untranslated regions (UTRs) of the FLO8
gene was cloned into YEplac195 with BamHI and Xbal to create plasmid pXP70.
The GFP and 3’ UTR portion of this fusion was amplified by PCR and subcloned

into YEplac195 with Sall and HindIII digestion to create plasmid pXP101. A
12X Myc and 3" UTR of the SWEI gene (42) were PCR amplified and cloned
into YEplac195 with Sall and HindIII to create plasmid pXP100. The SFLI gene,
including the 5" UTR and coding sequence, was PCR amplified and cloned
immediately in front of the 12X Myc coding sequence of pXP100 and GFP
coding sequence of pXP101 with BamHI and Sall to construct plasmids pXP112
and pXP113.

Plasmid pXP110, which contains the 12X Myc-tagged FLOS gene, was con-
structed in a similar way with BamHI and Xbal. The GFP- and Myc-tagged FLOS
and SFLI alleles complemented the corresponding flo§ and sfll mutations,
respectively. A DNA fragment corresponding to 400 bp of the ADHI promoter
and the yGFP coding region was PCR amplified and digested with HindIII and
Sall and with Sall and Xbal, respectively. The digested DNA fragments were
combined and cloned into the YCplac33 vector digested with HindIII and Xbal
to create plasmid pXP116. The coding sequence and 3" UTR of the TPK2 gene
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was PCR amplified and cloned with Xbal and BamHI into plasmid pXP116 to
create the GFP-tagged Tpk2.

For Flo8 and Sfl1 expression in Escherichia coli, the protein coding sequences
were PCR amplified and cloned downstream of the maltose-binding protein
(MBP) coding sequence of plasmid pMAL2c (New England Biologicals). To
introduce a His6 epitope tag on the carboxyl termini of both the MBP-tagged
Sfi1 and Flo8 proteins, a His6 coding sequence was included in the reversed PCR
primers. Genomic DNA of strain XPY311a/a was used as the template in an
overlap PCR to create the GST-Tpk2(K99R) expression plasmid pXP287.

To clone the FLOS gene, genomic DNA of wild-type strain MLY61a/a was
digested with Sphl and BamHI and resolved in a 1% agarose gel. DNA fragments
with sizes ranging from 4 to 6 kb were recovered and cloned into plasmid
YEplac195. The FLOS gene was identified by hybridization and named plasmid
pXP94. This wild-type allele of FLOS was subcloned into plasmid YEplac181 to
form plasmid pXP189. The TPK2 and SFLI-MycI2 alleles were subcloned into
plasmid YEplacl81 to form plasmids pXP179 and pXP181, respectively. An
error-prone PCR protocol was used to mutagenize the FLOS gene. The FLOS-2
mutant allele (pXP217) was identified via its ability to confer more prominent
filamentation than the wild-type allele and found to contain an arginine 155-to-
glycine substitution.

Plasmids pXP233 to pXP242 are a series of lacZ reporter plasmids that contain
different segments of the FLOII promoter. Different 250-bp (pXP233 to
pXP241) or 200-bp (pXP242) fragments of the FLO11 promoter that overlap by
50 bp were PCR amplified and inserted into the Smal site of the pSLFA-178K
lacZ reporter plasmid (11) to create plasmids pXP233 to pXP242. This series of
DNA fragments covers the immediate 2,000-bp region of the FLOI1 promoter.
The bp —1400 to —1150 region of the FLO11 promoter was PCR amplified and
purified, an A overhang was added with Extaq (Takara), and the resulting
product was cloned into the pCR2.1 TA-cloning vector (Stratagen) to create
plasmid pXP223. Except for the error-prone PCR, in which Extaq (Takara) was
used, all PCRs were performed with Pfu Turbo high-fidelity DNA polymerase
(Stratagene).

Media and growth conditions. Standard yeast media and genetic manipula-
tions were used (41). Limiting nitrogen medium was used as described (26).
Selective synthetic complete medium with either dextrose (SD) or raffinose (SR)
as the carbon source was used to maintain plasmids.

Photomicroscopy and fluorescence microscopy. All single-colony photographs
were taken at a magnification of X25. Yeast cells expressing GFP-tagged Flo8,
Sfl1, or Tpk2 fusion proteins were grown in synthetic liquid medium until mid-log
phase or in SLAD liquid medium. Cells were harvested, washed once with
phosphate-buffered saline (PBS), permeabilized with 0.1% Triton X-100 in PBS
for 5 min, and washed twice with PBS. Cell pellets were resuspended in the
residual PBS solution and mixed with an equal volume (2 pl) of 4',6’-diamidino-
2-phenylindole (DAPI) solution (1 mg/ml). In the case of pde2 mutant strains,
cAMP was added at a concentration of 10 mM to cell suspensions and incubated
at room temperature for 10 to 60 min. GFP or DAPI staining was studied by
examining the sample-bearing glass slides with a GFP or DAPI filter under a
fluorescence microscope (Nikon). Representative cells were photographed at a
magnification of xX100.

Northern (RNA) analysis. Northern blot analysis of expression of the FLO11
and ACT1 genes was performed as previously described (35).

B-Galactosidase assays. 3-Galactosidase activity was assayed in chloroform-
permeabilized cells and expressed in Miller units (18). In the assays for Sfll
repression of CYCI-lacZ expression, cultures were grown to mid-log phase in
SD-Ura-His selective medium (43). In all other assays, cultures were grown
overnight in selective synthetic dextrose medium to saturation.

Protein purification from E. coli. Plasmids expressing the MBP (pMAL2c),
MBP-Flo8-His6 (pXP142), and MBP-Sfl1-His6 (pXP143) fusion proteins were
transformed into E. coli TB1 cells (New England Biologicals). Cells were grown
in 500 ml of YT liquid medium containing 100 pg of ampicillin per ml at 37°C to
an optical density at 600 nm of 0.5. The cultures were supplemented with 50 pg
of ampicillin per ml and 0.3 wM isopropyl-B-p-thiogalactopyranoside (IPTG)
and incubated for 2 h. Cells were collected and homogenized in lysis buffer (40
mM HEPES [pH 7.4], 100 mM KCl, 10% glycerol, 0.5 mM phenylmethylsulfonyl
fluoride) with 10 30-s sonications (Branson Sonifier 250; VWR). The fusion
proteins were purified by Ni**-agarose resin chromatography (Qiagen) and
further purified on an amylose column (New England Biologicals). MBP was
purified on an amylose column alone.

Purification of GST and GST fusion proteins from yeast cells. Protease-
deficient yeast strain BJ5627 containing plasmids pRD56 (URA3 GALI-GST)
and pXP287 (URA3 GALI-GST-TPK2 [R99K]) and strains XPY310a/a (GALI-
GST-TPKI/TPKI) and XPY31la/a (GALI-GST-TPK2/TPK2) containing plas-
mid pRS316 (URA3) were grown in 50 ml of S-raffinose-Ura liquid medium
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overnight at 30°C to an optical density at 600 nm of 0.6 to 0.8. The cultures were
then supplemented with 3% galactose and incubated for 2 h. Cells were col-
lected, washed with 1X chilled PBS solution, and homogenized in 500 wl of
phosphatase-inhibiting lysis buffer (20 mM K,HPO, [pH 7.4], 0.5% Triton
X-100, 25 mM B-glycerophosphate, 25 mM NaF, 100 uM Na;VO,, 2 mM EGTA,
2 mM EDTA, 1 mM dithiothreitol, freshly added 1 mM phenylmethylsulfonyl
fluoride, and 1X complete cocktail protease inhibitor [10]) with bead beating for
six strokes for 1 min (Mini-beadbeater; Biospec).

Cell extracts were collected and cleared by centrifuging at top speed for 20 min
and incubated with 100 pl of blank Sepharose beads for 30 min, followed by a
1-min spin at top speed. Then 100 pl of glutathione-Sepharose beads was incu-
bated with the supernatant for 1 h and washed three times with 1 ml of the lysis
buffer and twice with the lysis buffer containing 10 mM cAMP to remove Beyl
copurified with GST fusion proteins, and once with 1X protein kinase A phos-
phorylation buffer (see below).

Protein mobility shift analysis and coimmunoprecipitation. The isogenic wild-
type (BJ2168a) and tpk2 mutant (XPY247a) protease-deficient strains expressing
Flo8-Myc12 (pXP110) or Sfi1-Myc12 (pXP112) and the pk2 mutant strain com-
plemented with the wild TPK2 gene (pXP179) expressing Sfll-Myc12 were each
grown in 50 ml of SD-Ura-Leu liquid medium to an optical density at 600 nm of
0.8 to 1.0. Cells were harvested and homogenized in phosphatase-inhibiting lysis
buffer as described above. Samples containing 1,000 pg of total protein were
cleared with 50 pl of blank Sepharose beads and then incubated with 25 ul of
anti-c-Myc conjugated to Sepharose beads (2 wg/pl; Santa Cruz) for 3 h for
immunoprecipitation. The immunoprecipitation samples were washed five times
with 1 ml of lysis buffer and resuspended in 50 pl of lysis buffer.

For phosphatase treatment, 10 pl of the Sfll-Myc12 fusion protein purified
from the wild-type strain BJ2168 was washed with phosphatase buffer and incu-
bated with 1.0 U of calf intestinal phosphatase at 37°C for 1 h. Then 5 pl of each
immunoprecipitation sample was resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) (6% gels; 7-in. by 8-in. [ca. 18-cm by
20-cm] plates, 8 V/cm for 12 h at 4°C) and analyzed by Western blotting with the
anti-c-Myc monoclonal antibody (Santa Cruz).

Coimmunoprecipitation analysis of the protein-protein interaction between
the hemagglutinin 3X (HA3)-Flo8 and Flo8-Myc12, HA3-Sfl1, and Sfl1-Myc12
or HA3-Sfl1 and Flo8-Myc12 in wild-type or #pk2 mutant cells was carried out
essentially as described above. Immunoprecipitation with 15 pl of anti-c-Myc
conjugated to Sepharose beads was performed in cell extracts containing the
epitope-tagged proteins (1,000 pg of total protein). Immunoprecipitation sam-
ples were washed five times and resuspended in 25 wl of lysis buffer. Then 5 .l
of each sample was resolved by SDS-8% PAGE and analyzed by Western
blotting with anti-HA or anti-c-Myc antibodies (Santa Cruz).

Protein kinase A phosphorylation assay with GST-kinase fusion proteins.
Phosphorylation of the bacterially purified proteins was performed essentially as
described by Heitman et al. (20) with minor modifications. For each 20-pl 3°P
incorporation protein kinase A phosphorylation reaction, ~50 ng of MBP, MBP-
Flo8-His6, or MBP-Sfl1-His6 purified from E. coli was used with 5 pl of GST,
GST-Tpk1, GST-Tpk2(K99R), or GST-Tpk2 bound to glutathione-Sepharose
beads as the kinase in the presence of 1 wCi of 3*P. The phosphorylation reaction
mixtures were incubated at 30°C for 30 min, resolved by SDS-PAGE (8%),
transferred to a polyvinylidene difluoride membrane, and exposed to film for
autoradiography. After the signal decayed, the same membrane was probed with
anti-MBP antibody to identify the substrates. In the absence of 2P, 100 ng of
MBP or MBP fusion protein sample was used in a phosphorylation assay with or
without ATP, GST, and GST-Tpk2. One-tenth of the reaction mixture was
employed in the DNA-binding assay described below.

Chromatin immunoprecipitation assays. Chromatin immunoprecipitation for
detecting protein-DNA interaction was done essentially as described by Hecht
and Grunstein (19) with minor modifications. In the study of Sfll-FLOI1 pro-
moter interactions, HA3-Sfll (pXP160) was expressed in wild-type BJ2168, an
isogenic tpk2 strain, or the wild-type strain overexpressing 7PK2 (pXP179). In
the study of Flo8-FLOI11 promoter interactions, HA3-Flo8 (pXP184) expressed
in the isogenic wild-type, pk2, or tpk2 sfll mutant strain was treated with 1%
formaldehyde and immunoprecipitated with monoclonal mouse anti-HA anti-
body (12CAS5). DNA fragments coimmunoprecipitated with the HA3-tagged
proteins were used as the template in PCRs to amplify the bp —1400 to —1150
region of the FLOI11 promoter and, as a negative control, the bp +20 to +280
coding region of the TPKI gene. A PCR program with 30 cycles of 94°C for 30 s,
55°C for 30's, and 72°C for 30 s was applied. The PCR products were fractionated
by 2% agarose gel electrophoresis, stained with ethidium bromide, and photo-
graphed.

In vitro DNA-binding assays. The 250-bp DNA fragment encompassing the
bp —1400 to —1150 region of the FLOI11 promoter was PCR amplified and
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cloned into plasmid pCR2.1. The cloned sequence (pXP223) was excised with
EcoRI, dephosphorylated with calf intestinal phosphatase, purified from an aga-
rose gel, and labeled with T4 polynucleotide kinase (New England Biologicals) to
a specificity of 2 X 10* cpm/ng. A protein kinase A phosphorylation mixture
containing 10 ng of purified MBP, MBP-Flo8-His6, or MBP-Sfl1-His6 protein
was used for each DNA-binding reaction [50 mM HEPES (pH 8.0), 100 mM
NaCl, 1 mM EDTA, 10 ug of poly(dI-dC)-poly(dI-dC) nonspecific carrier DNA
per ml, 1 mg of bovine serum albumin per ml, 10% glycerol, and 5 X 10* cpm of
probe). The binding reaction mixture was incubated at 4°C for 2 h and subjected
to electrophoresis on a 4% native polyacrylamide gel in 1 X Tris-glycine running
buffer for 3.5 h at 4°C in a cold room with a voltage of 13 V/cm. The gels were
dried and autoradiographed.

RESULTS

Flo8 and Sfll1 both specifically interact with the Tpk2 cata-
lytic subunit of protein kinase A. Previous reports suggested
that the Tpk2 catalytic subunit of protein kinase A activates
yeast pseudohyphal differentiation and FLOI1 expression via
multiple transcription factors, including Flo8, Sfll, Sok2, and
Phd1 (35, 38, 39, 47). We therefore examined the relationship
between Tpk2 and these factors.

We first tested which of these proteins interact with Tpk2 in
a modified yeast two-hybrid system. To sensitize cells to exog-
enous cAMP, the PDE?2 gene, encoding the high-affinity cAMP
phosphodiesterase, was disrupted in the two-hybrid strain
PJ69-4A. The resulting pde2 mutant two-hybrid reporter strain
was used to identify specific interactions between the transcrip-
tion factors and Tpk2 and Tpkl. Tpk2 and Tpkl were fused to
the Gal4 DNA-binding domain and cotransformed with the
individual transcription factors fused to the Gal4 activation
domain. Transformants were tested for the ability to grow on
synthetic medium with or without exogenous cAMP as a mea-
sure of expression of the Gal4-dependent GAL2-ADE?2 re-
porter gene.

As shown in Fig. 1A, none of the transcription factors tested
interacted with either Tpk2 or Tpkl in the absence of exoge-
nous cAMP, presumably because the kinase is bound by the
endogenous protein kinase A regulatory subunit Beyl and is
inactive. As a positive control, Beyl interacted robustly with
both Tpk2 and Tpkl under the same conditions. The addition
of 5 mM exogenous cAMP reduced the interaction between
Beyl and either Tpk2 or Tpkl. cAMP also now allowed Flo8
and Sfll to interact specifically with Tpk2 but not with either
Tpkl (Fig. 1A) or a kinase-inactive Tpk2 mutant (K99R) (data
not shown). A specific interaction between Sfll and Tpk2 has
also been reported previously (38). In contrast, Phd1 and Sok2
both failed to interact with either Tpk2 or Tpkl under these
conditions (Fig. 1A), consistent with recent findings that Phdl
and Sok2 may act in a distinct pathway from protein kinase A
(36).

Flo8 and Sfil1 are both phosphorylated by Tpk2. Because
Tpk2 is a protein kinase and a kinase-inactive Tpk2 allele
failed to restore pseudohyphal growth in pk2 mutant strains
(not shown), we hypothesized that Tpk2 controls Flo8 and Sfil
via phosphorylation. To address this, we tested whether Flo8
and Sfll can be phosphorylated by Tpk2 in vitro. MBP-Sfl1-
His6 and MBP-Flo8-His6 fusion proteins were purified from
bacteria and used as the substrate for *P incorporation assays
with GST-Tpk2 purified from yeast cells as the kinase. Both
Flo8 and Sfll were phosphorylated by GST-Tpk2 but not by
GST alone or a kinase-inactive Tpk2 mutant (K99R) (Fig. 1B).
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FIG. 1. Flo8 and Sfll interact with and are phosphorylated by
Tpk2. (A) Flo8 and Sfll interact with Tpk2 but not with Tpkl. The
Gal4 DNA-binding domain (Gal4DB) fused to Tpk2 or Tpkl was
coexpressed with the Gal4 activation domain (Gal4AD) fused to Flo8,
Sfil1, Sok2, or Phdl in the pde2 mutant two-hybrid strain XPY100a.
Transformants were tested for growth on SD-Leu-Trp-Ade medium
with and without 5 mM cAMP. As controls, the interaction between
GalDB-Tpk2 and Gal4DB-Tpkl with the Gal4 activation domain
alone or Gal4-Bey1 was tested. Transformants were incubated at 30°C
for 7 days and photographed. We note that for the Tpk-Bceyl interac-
tion, colony formation was delayed by the presence of cAMP, indicat-
ing a weaker interaction. (B) Bacterially purified MBP-Flo8-His6 and
MBP-Sfl1-His6 fusion proteins were tested for in vitro **P incorpora-
tion in the presence of GST, GST-Tpk2 (K99R), or GST-Tpk2 purified
from yeast cells with or without 10 uM protein kinase A inhibitor
(PKAI). After the signal decayed, the membrane was probed with an
anti-MBP polyclonal antibody. (C) Sl is a Tpk2-dependent phospho-
protein in vivo. Flo8-Myc12 or Sfl1-Myc12 expressed from their native
promoters in an isogenic wild-type (WT, BJ2168), fpk2 mutant
(XPY247a), or tpk2 mutant complemented with the wild-type T7PK2
gene (XPY247a + TPK2) strain were immunoprecipitated with anti-
c-Myc conjugated to agarose beads. Sfl1-Myc12 from wild-type cells
was also treated with calf intestinal phosphatase (WT + CIP). Samples
were probed with an anti-c-Myc monoclonal antibody.

Phosphorylation of Sfl1 and Flo8 by GST-Tpk2 was markedly
reduced in the presence of protein kinase A inhibitor, provid-
ing additional evidence that protein phosphorylation is medi-
ated by GST-Tpk2 itself rather than by other yeast proteins
that may copurify with GST-Tpk2. In control experiments, the
MBP protein alone was not phosphorylated by Tpk2 (not
shown). These results indicate that both Flo8 and Sfll can be
directly phosphorylated by Tpk2 in vitro.

Next, we examined whether Flo8 and Sfll are phosphory-
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lated in vivo by Tpk2. Functional Flo§8-Myc12 and Sfl1-Myc12
fusion proteins were expressed from the endogenous FLOS or
SFL1 promoter from a 2pm plasmid in the protease-deficient
yeast strain BJ2168, an isogenic pk2 mutant, and the #pk2
mutant complemented with the wild-type TPK2 gene. Western
analysis was performed to detect any mobility shift of the
Mycl12-tagged proteins in these isogenic strains. As shown in
Fig. 1C, there was no significant SDS-PAGE mobility shift of
the Flo8-Myc12 protein from wild-type compared to pk2 mu-
tant cells. In contrast, the Sfl1-Myc12 fusion protein reproduc-
ibly migrated slightly more rapidly when expressed in tpk2
mutant cells. The slower wild-type electrophoretic mobility of
Sfl1 was restored when the wild-type TPK2 gene was reintro-
duced into the /pk2 mutant, indicating that the mobility shift of
Sfl1-Myc12 depends on the Tpk2 kinase. When the Sfl1-Myc12
fusion protein was isolated from the wild-type strain and
treated with calf intestinal phosphatase, the mobility of Sfil-
Mycl2 was increased to that observed in the #pk2 mutant,
demonstrating that the mobility shift of the Sfl1 protein results
from phosphorylation.

Because no mobility shift was observed with Flo8 in vivo, it
is possible either that Flo8 is not a physiological target of Tpk2
or that phosphorylation of Flo8 occurs but cannot be detected
by a shift in mobility. In support of the latter possibility, when
the Flo8-Myc12 fusion protein was purified from the pk2 mu-
tant strain and phosphorylated in vitro with GST-Tpk2, no
SDS-PAGE mobility shift of the protein was observed (not
shown). We conclude that both Sfll and Flo8 are directly
phosphorylated by Tpk2 in vitro and that Sfll is a physiologi-
cally relevant substrate of Tpk2 in vivo.

Genetic evidence that Flo8 and Sfll act downstream of
Tpk2. To further understand the consequence of Sfll phos-
phorylation by Tpk2 and investigate Flo8 regulation, we em-
ployed genetic approaches to test the relationships between
Tpk2 and Sfll and Flo8. In particular, we sought to test a
model in which Tpk2 phosphorylates and thereby inactivates
the Sfll repressor, resulting in FLOII expression and
pseudohyphal growth. In this model, Tpk2 might also phos-
phorylate and activate Flo8 to promote FLO11 expression and
filamentous growth. We addressed this model by conducting
genetic epistasis tests in which Tpk2, Sfl1, and Flo8 were mu-
tated or overexpressed.

In accord with previous results (38), an sfl/ mutation sup-
pressed the defect in FLOI11 expression and restored pseudohy-
phal growth of k2 mutant strains (Fig. 2A and C). Interest-
ingly, overexpression of the SFLI gene blocked pseudohyphal
growth in wild-type cells, and this effect was reversed by con-
comitant overexpression of TPK2 (Fig. 2C). These results sup-
port the model that Tpk2 inactivates Sfll during pseudohyphal
differentiation.

We also found that the flo§ mutation blocked the stimulating
effects of TPK2 overexpression on both FLOI11 expression and
pseudohyphal growth (Fig. 2B and C), consistent with previous
observations that flo§ mutations abolish the effect of activated
protein kinase A (35, 39). More importantly, overexpression of
either the wild-type FLOS gene (not shown) or the more active
FLOS-2 allele (R155G) enhanced filamentation and FLOI!
expression in wild-type cells but failed to restore FLOII ex-
pression (Fig. 2B) or pseudohyphal growth (Fig. 2C) in k2
mutant strains. These observations indicate that Flo8 requires
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FIG. 2. TPK2, FLOS, and SFL1 genes exhibit reciprocal epistasis in
controlling FLO11 expression and filamentous growth. (A) sfll muta-
tions enhance expression of the FLOI1 gene only in the presence of
Flo8. Total RNA was isolated from isogenic wild-type (WT) and tpk2A,
teclA, floSA, sflIA, sflIA tpk2A, sflIA teclA, and sflIA floSA mutant
strains (see Table 1), fractionated, and probed with portions of the
FLOI1 and ACTI genes. (B) Tpk2 and Flo8 activate FLOI1 expres-
sion in the presence of each other. A wild-type (WT) strain containing
a control plasmid (vector), a 2um TPK2 plasmid, or a 2pm FLOS-2
plasmid, a fpk2 mutant (tpk2A) containing a control plasmid (vector)
or a 2um FLOS-2 plasmids and a flo8 mutant (flo8A) containing a
control plasmid (vector) or a 2um 7PK2 plasmid were grown in selec-
tive medium. Total RNA was isolated and analyzed by Northern blot-
ting with portions of the FLOI1 and ACTI genes. (C) Tpk2, Sfi1, and
Flo8 exhibit reciprocal epistasis in pseudohyphal differentiation. Iso-
genic diploid wild-type (WT), tpk2A and floS8A mutant, and 2um SFL1
overexpression strains containing a control plasmid (vector, row 1), a
2pm TPK2 (row 2) or 2pm FLOS-2 (row 3) plasmid, or an sfll muta-
tion (row 4) were grown on SLAD medium for 3 days at 30°C. Rep-
resentative colonies were photographed at X25 magnification.

the presence of Tpk2 to activate FLOI1I expression and fila-
mentous growth in wild-type cells.

Interestingly, Flo8 and Sfll have antagonistic actions. Over-
expression of the SFLI gene blocked pseudohyphal growth in
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FIG. 3. Tpk2 does not control nuclear localization of Sfll or Flo8 or transcriptional activation or repression activity of Sfll or Flo§8 on
heterologous promoters. (A) Protein kinase A does not regulate localization of Sfll or Flo8. Plasmids expressing Sfl1-GFP and Flo8-GFP fusion
proteins were transformed into isogenic diploid tpk2A or pde2A mutant strains. Localization of the fusion proteins was visualized by direct
immunofluorescence microscopy (GFP, left panels), and cells and nuclei were visualized by differential interference contrast microscopy (DIC,
middle panels) and DAPI staining (DAPI, right panel). The pde2A mutant cells were treated with 10 mM cAMP for 10 min before GFP was
visualized. Localization of the GFP-Tpk2 fusion protein in the wild-type and the isogenic pde2A mutant strains was analyzed in a similar fashion.
(B) Tpk2 does not prevent LexA-Sfll from repressing gene expression. A plasmid expressing the LexA-Sfl1 fusion protein was cotransformed with
either a CYCI-lacZ or a lexA-CYCI-lacZ reporter plasmid into the isogenic wild-type (PJ69-4A) and pk2A mutant (XPY220a) strains. Three
independent colonies from each transformation were tested for 3-galactosidase activity. Error bars in this and the following figures indicate the
variation in reporter gene expression (standard error of the mean) among colonies from the same transformations. (C) A Gal4DB-Flo8 (amino
acids 206 to 799) fusion protein activates Gal4-dependent lacZ reporter expression independently of Tpk2. Plasmids expressing the Gal4
DNA-binding domain or Gal4DB-Flo8 fusion protein were individually transformed into isogenic wild-type (WT, PJ69-4A), a tpk2A mutant
(XPY220a), a 2um TPK2 overexpression, a pde2A mutant (XPY100a), or a 2um SFLI overexpression strain. Three independent colonies from

each transformation were tested for (-galactosidase expression.

strains overexpressing either the wild-type FLOS gene or the
more active FLOS-2 allele (Fig. 2C and not shown). On the
other hand, flo§ mutations also blocked the effect of sfI/ mu-
tations on both FLOII expression and filamentous growth
(Fig. 2A and C). In contrast, sfll mutations restored FLOI!
expression (Fig. 2A) and pseudohyphal growth (data not
shown) in cells lacking the MAP kinase pathway component
Tecl. These results suggest that Sfll acts together with Flo8 in
the protein kinase A pathway and that the functions of Sfll are
distinct from the MAP kinase cascade. Sfll might function by
antagonizing the effects of Flo8 on FLOII expression and
pseudohyphal growth.

Tpk2 does not control the nuclear localization of Sfll or
Flo8. Next, we investigated the mechanism by which Tpk2
controls Sfll and Flo8. Protein kinase A has been shown to
prohibit the nuclear localization of Msn2 and Msn4, two tran-

scription factors required for stress responses (16). We there-
fore tested whether Tpk2 controls Sfll or Flo8 in a similar
fashion. Sfll and Flo8 were tagged with the enhanced green
fluorescent protein GFPyqs1 at their carboxy termini and ex-
pressed from their native promoters from 2pm plasmids in the
wild-type and tpk2/tpk2 and pde2/pde2 mutant strains, and lo-
calization of the GFP signals was examined by direct fluores-
cence. As reported previously, Flo8 localized to the nucleus in
wild-type cells (22) (not shown). In accord with its presumptive
function as a transcriptional repressor, Sfll was also nucleus
localized (not shown). Mutation of the TPK2 gene, activation
of protein kinase A by treating pde2 mutant strains with exog-
enous cAMP for 10 and 60 min, or growth in liquid SLAD low
ammonium medium did not alter the nuclear localization of
either Flo8 or Sfll (Fig. 3A and data not shown).

In a similar experiment, we found that a functional GFP-
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Tpk2 fusion protein is also predominantly localized to the
nucleus, and this localization was not affected by exogenous
cAMP (Fig. 3A). The localization of Tpk2 is distinct from that
of Tpk1, which has been shown to translocate from the nucleus
to the cytoplasm in response to cAMP (17). The localization of
Tpk2 with Flo8 and Sfll in the nucleus further supports a
model in which Tpk2 directly controls Flo8 and Sfll to effect
pseudohyphal differentiation. In vitro, we found that either
GST-Tpk2 or GST-Tpk1 that was purified from yeast cells was
capable of phosphorylating both Sfll and Flo8 (not shown).
Thus, the differences in localization between Tpk2 and Tpkl
may contribute to their distinct activating and inhibitory roles
in pseudohyphal differentiation by allowing Tpk2 but not Tpk1
access to the nuclear substrates Sfll and Flo8 (35).

Tpk2 does not affect the activity of Sfll or Flo8 on heterol-
ogous promoters. To further investigate how Tpk2 regulates
gene expression via Sfll and Flo8, we tested whether Tpk2
controls the transcriptional regulatory activity of either Sfll or
Flo8 targeted to heterologous promoters. Sfll, when fused to
LexA, is known to repress gene expression in a lex4 operator-
dependent manner (43). If Tpk2 antagonized the interaction
between Sfll and its corepressors, a fpk2 mutation should en-
hance repression by the LexA-Sfll fusion protein. We tested
the ability of LexA-Sfll to repress expression of a CYClI-lacZ
reporter with lex4 operators upstream of its upstream activa-
tion sequence in isogenic wild-type and pk2 mutant strains. In
the wild-type strain, the LexA-Sfll fusion protein repressed
reporter gene expression by 8.2-fold. Under the same condi-
tions, LexA-Sfll repressed expression by only 2.9-fold in the
tpk2 mutant strain (Fig. 3B). In conclusion, Tpk2 does not
antagonize the inhibitory effect of Sfll on gene expression
when Sfll is localized to a heterologous gene promoter by
LexA.

A similar approach was taken to investigate whether Tpk2
regulates the interaction between Flo8 and its coactivators. A
region of Flo§ encompassing amino acids 206 to 799 was fused
to the Gal4 DNA-binding domain. The resulting Gal4DB-Flo8
fusion protein activated expression of a Gal4-dependent lacZ
reporter gene (Fig. 3C). A plasmid expressing the Gal4DB-
Flo8 protein was introduced into isogenic wild-type, tpk2, and
pde2 mutant strains or cells overexpressing Tpk2. If Tpk2 were
required for Flo8 to interact with its coactivators, alterations in
Tpk2 activity should cause a change in transcriptional activa-
tion by the fusion protein. As shown in Fig. 3C, neither over-
expression nor deletion of 7PK2 had any significant effect on
the activity of the Gal4-Flo8 fusion protein. Activation of pro-
tein kinase A by exogenous cAMP in a pde2 mutant also did
not alter activity of the fusion protein.

Although this Gal4DB-Flo8 fusion lacks the amino-terminal
205 amino acids of the Flo8 protein, it is not likely that Tpk2
acts through this portion to activate Flo8 because full-length
Flo8 has also been shown to activate gene expression in a
cAMP-independent fashion when fused to the LexA DNA-
binding domain (39). These results indicate that Tpk2 is not
required for interactions between Flo8 and its coactivators. In
a similar experiment, overexpression of the SFLI gene also did
not affect Gal4-Flo8-dependent expression of the lacZ reporter
gene (Fig. 3C), suggesting that antagonism between Flo8 and
Sfl1 is specific to the FLOI11 promoter.

Tpk2, Sfl1, and Flo8 act on a small region of the FLOI11
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promoter. The FLO11 gene has one of the largest (>3,000 bp)
and most complex promoters in the yeast genome, and myriad
trans regulators control its expression (29, 35, 36, 38, 39).
Previous studies revealed that Stel12, Tecl, cAMP, and Flo8
act on distinct and overlapping regions of the FLO11 promoter
(39). To further determine the DNA region where Tpk2, Flo§,
and Sfl1 act, the bp —2000 to 0 region of the FLOI1I promoter
was divided into a series of 250-bp sequence elements that
overlap by 50 bp. These 250-bp DNA fragments were individ-
ually inserted upstream of a CYCI-lacZ reporter gene. The
resulting constructs were tested for expression of the lacZ
reporter gene in the wild-type and pk2, flo8, sfll, tpk2 sfll, and
flo8 sfll homozygous diploid mutant strains, as well as in strains
overexpressing 7PK2, FLOS, or SFL1.

Tpk2, Sfl1, and Flo8 all acted on only a common 250-bp
element corresponding to the bp —1400 to —1150 region of the
FLOI1 promoter. As shown in Fig. 4A, this 250-bp DNA
fragment modestly increased expression of the CYCI-lacZ re-
porter by 1.8-fold in a wild-type strain, and this effect was
dependent upon the presence of TPK2 because no increase in
lacZ gene expression was observed in the pk2/tpk2 mutant
strain. Correspondingly, overexpression of TPK2 further en-
hanced lacZ gene expression above the wild-type level by >2-
fold. Overexpression of the FLOS gene also increased expres-
sion of this reporter gene by >2-fold (Fig. 4A). In contrast, the
flo8 mutant not only prevented the enhancing effect of this
250-bp DNA fragment, but also revealed a repressive activity
that abolished lacZ reporter expression. Overexpression of Sfll
repressed expression of the lacZ reporter, and this effect re-
quired the 250-bp FLO!1 promoter element. Consistently, de-
letion of the SFLI gene enhanced lacZ gene expression from
the same reporter construct by >5-fold (Fig. 4A).

As was the case in regulation of the native FLOI11 gene, the
sfll mutation suppressed the effect of #pk2 mutations on re-
porter expression driven by the 250-bp FLOII element, and
B-galactosidase activity in the sfll pk2 double mutant was
increased by ~2.5-fold (Fig. 4A). However, the increase in
reporter expression in the sfil tpk2 double mutant strain (2.5-
fold) was lower than that observed in the sfl/ single mutant
stain (>5-fold), suggesting that Tpk2 has at least one target in
addition to Sfll. This could represent a basal activity of Flo8 in
the absence of Tpk2 that is only revealed in the sfl/ mutant
background. The 250-bp FLOI1 promoter region repressed
expression of the CYCI-lacZ reporter gene in a flo§ mutant
strain (>5-fold). However, this repressive effect was abolished
when both the SFLI and FLOS genes were deleted (Fig. 4A).
The experiments presented here show that Flo8 and Sfl1 have
antagonizing effects on FLOI1 gene expression.

Tpk2 modulates Sfll and Flo8 binding to the FLOI11 pro-
moter in vivo. Because both Sfl1 and Flo8 act on the bp —1400
to —1150 region of the FLOI11 promoter to govern gene ex-
pression, we used chromatin immunoprecipitation assays to
establish whether both proteins bind to this promoter in vivo.
Sfl1 and Flo8 were tagged with triple HA epitope tags on their
N termini, and these tagged alleles complemented the corre-
sponding mutations (data not shown). The HA3-Sfl1 protein
was expressed from the ADHI gene promoter, and the HA3-
Flo8 protein was expressed from the native FLOS promoter.
To test the effect of Tpk2 on DNA binding, the HA3-Sfl1 and
HA3-Flo8 expression plasmids were separately transformed
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FIG. 4. Tpk2, Flo8, and Sfll converge on a 250-bp region of the
FLOI1 promoter. (A) Tpk2, Flo8, and Sfl1 act on a common region of
the FLOI11 promoter to regulate gene expression. The CYCI-lacZ and
PFLOI11-CYCl-lacZ reporter genes were individually transformed into
the isogenic diploid wild-type (WT), 2um TPK2 overexpression, tpk2A
mutant, 2um FLOS overexpression, flo8A mutant, 2um SFLI overex-
pression, sflIA mutant, sfl/A tpk2A mutant, and sflIA floSA mutant
strains. In each case, three independent colonies were tested for B-ga-
lactosidase activity. (B) Tpk2 inhibits Sfll binding to the FLOII pro-
moter in vivo. HA3-Sl1 fusion protein was expressed in the isogenic
wild-type (WT), tpk2A mutant, and 2um TPK2 overexpression strains.
Cells were treated with formaldehyde to cross-link proteins and DNA.
Chromatin immunoprecipitation analysis of Sfll binding to the FLO11
promoter was performed by PCR amplification with DNA immuno-
precipitated by anti-HA3-Sfl1 (a-HA immunoprecipitation) or a no-
antibody control (no a-HA). (C) Tpk2 is required for Flo8 binding to
the FLO11 promoter in vivo. The HA3-Flo8 fusion protein was ex-
pressed in the isogenic wild-type (WT), tpk2A mutant, and (pk2A sfl1A
mutant strains. Flo8 binding to the FLO!11 promoter was analyzed by
chromatin immunoprecipitation assays as above.

into a wild-type protease-deficient strain and an isogenic pk2
mutant. Transformants expressing the fusion proteins were
identified by Western blotting with anti-HA antibody; muta-
tion of the TPK2 gene had no effect on the amount of either
protein (data not shown).

As shown in Fig. 4B, the FLOII promoter immunoprecipi-
tated with HA3-Sfl1, indicating that Sfll interacts with this
DNA sequence. Tpk2 inhibits the binding of Sfll, and the
amount of FLOII promoter DNA that immunoprecipitated
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with Sfll was increased in the pk2 mutant compared to wild-
type cells. Overexpression of Tpk2 reduced the ability of Sfl1 to
bind to the FLOII promoter (Fig. 4B). In contrast, Tpk2 was
required for Flo§ to bind to the promoter of the FLOI1 gene,
and the HA3-Flo8 protein failed to coimmunoprecipitate with
this DNA sequence when expressed in a fpk2 mutant strain
(Fig. 4C). Interestingly, the sfll mutation partially restored
binding of Flo8 to the FLOI!I promoter in a fpk2 mutant (Fig.
4C), consistent with the observation that sfl/ mutations sup-
press the pseudohyphal growth and FLOI11 expression defects
of the fpk2 mutant but not of the k2 flo§ double mutant
strains (Fig. 2 and data not shown). This suggests that Sfll and
Flo8 may compete to occupy the FLOII promoter. In control
assays, a nonspecific DNA fragment from the TPKI gene did
not interact with either Sfll or FloS.

Tpk2 represses Sfll and activates Flo8 binding to the FLO11
promoter in vitro. Our chromatin immunoprecipitation anal-
ysis indicated that Sfll and Flo8 are associated with the FLO11
promoter in vivo. We next tested whether these proteins bind
directly to DNA and how DNA binding is controlled by Tpk2.
MBP-Flo8-His6 and MBP-Sfl1-His6 fusion proteins were pu-
rified from bacteria and then incubated in a protein kinase A
phosphorylation assay with GST or a GST-Tpk?2 fusion protein
immobilized on glutathione beads in the presence or absence
of ATP. The beads were pelleted to separate the GST or
GST-Tpk2 protein from the reaction mixture, and the super-
natant containing either Flo8 or Sfll was then employed in
DNA-binding assays.

Sfil bound to the bp —1400 to —1150 region of the FLO11
promoter and yielded a DNA mobility shift (Fig. 5A). This
complex was specific and was inhibited by unlabeled specific
DNA (Fig. 5A, lanes 2, 3, and 4), but not by a nonspecific DNA
fragment (the bp —2000 to —1750 region of the FLOI11 pro-
moter; Fig. 5A, lane 5). Phosphorylation of the MBP-Sfl1-His6
protein by GST-Tpk2 dramatically reduced specific binding
(Fig. 5A, lane 6). In these experiments, the MBP-Sfl1-His6
fusion protein but not MBP alone formed a specific protein-
DNA complex with the FLOI1 promoter. This specific DNA
mobility shift was not caused by the GST-Tpk?2 fusion protein
or copurified yeast proteins that might be present in the pro-
tein-DNA binding reaction mixture (compare lanes 1 and 2 of
Fig. 5A). In independent experiments, we found that the MBP-
Sfl1-His6 fusion protein formed the same protein-DNA com-
plex with the FLOI1I promoter in vitro in the absence of GST-
Tpk2 (data not shown).

On the other hand, native unphosphorylated Flo8 did not
bind to this DNA sequence, whereas phosphorylation by Tpk2
dramatically enhanced DNA binding by Flo8 (Fig. 5B, lanes 2
and 3). Again, Flo8 binding to the FLO11 promoter was spe-
cific and readily inhibited by unlabeled specific DNA but not
by even a 25-fold excess of a nonspecific DNA fragment (Fig.
5B, lanes 4, 5, and 6). In control reactions, the MBP-Flo8-His6
fusion protein that was treated with GST did not bind to this
DNA fragment (Fig. 5B, lane 1). We also note that the specific
DNA mobility shift in lanes 3 through 6 of Fig. 5B was not
caused by potential phosphorylation of copurified proteins by
GST-Tpk2, because this specific complex was absent in lane 6
of Fig. 5A, in which GST-Tpk2 and ATP were present in the
absence of Flo8. No supershift to a higher-molecular-weight
DNA-protein complex was observed when the MBP-Flo8-His6
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FIG. 5. Tpk2 regulates Sfll and Flo8 binding to the FLO11 promoter in vitro. (A) Phosphorylation of Sfil by Tpk2 inhibits its binding to the
FLO11 promoter. MBP and MBP-Sf11-His6 purified from E. coli were used as substrates in a phosphorylation reaction with GST-Tpk2 kinase
(purified from yeast cells on glutathione beads) in the presence (+) or absence (—) of ATP. Following incubation at 30°C for 30 min, beads were
pelleted and separated from the reaction mixture. The supernatant was used in DNA-binding assays with the labeled FLOI1 promoter fragment
in the presence or absence of specific (S) or nonspecific (NS) competitor DNA, as indicated. The solid arrow indicates a mobility shift caused by
Sfi1 or Flo8 (panel B) binding to the probe. The open arrow indicates nonspecific background binding, and the star indicates free probe. (B) Flo8
binds to the FLOI1 promoter in vitro only when phosphorylated by Tpk2. MBP-Flo8-His6 protein purified from E. coli was used as the substrate
in a phosphorylation reaction with GST or GST-Tpk2 kinase (purified from yeast cells on glutathione beads) in the presence (+) or absence (—)
of ATP. The reaction mixture was separated, and the supernatant used in DNA-binding assays with the labeled FLO11 promoter in the presence
or absence of specific (S) or nonspecific (NS) competitor DNA, as indicated.

protein was added to the Sfll-DNA complex (data not shown).
Taken together, these results demonstrate that phosphoryla-
tion by Tpk?2 inactivates Sfl1 binding and activates Flo8 binding
to the same region of the FLOI! promoter.

Tpk2 inhibits Sfl1-Sfll interactions. In mammals, cAMP
signaling controls gene expression via the cAMP response el-
ement binding protein (CREB) and related transcription fac-
tors (32). Dimerization of CREB and its associated protein
CBP is increased by protein kinase A phosphorylation, which
promotes DNA binding by the heterodimer (34). We therefore
tested whether Tpk2 inhibits multimerization of Sfll or pro-
motes that of Flo8.

Differentially epitope-tagged forms of Sfll (Sfll-Myc12 and
HA3-S$11) and Flo8 (Flo§8-Mycl12 and HA3-Flo8) were ex-
pressed in isogenic wild-type and #pk2 mutant strains. The
epitope-tagged proteins were immunoprecipitated with anti-c-
Myc antibody, and dimerization (or oligomerization) of either
Sfl1 or Flo8 was determined by probing for the presence of
HA3-tagged proteins in the immunoprecipitates. Any effect of
Tpk2 on these interactions would be apparent by a difference
between the amount of HA3 fusion protein present in the
immunoprecipitates from wild-type compared to fpk2 mutant
cells.

As shown in Fig. 6, an interaction between HA3-Sfl1 and
Sfl1-Myc12 was clearly detected. More importantly, the inter-
action between the two differentially epitope-tagged forms of
Sfll was inhibited in the presence of Tpk2 (Fig. 6). In control
experiments, HA3-Sfll was not detected in the immunopre-

cipitates from cells coexpressing HA3-Sfl1 and an empty vector
(Fig. 6) or HA3-Sfl1 and Flo8-Mycl2 (data not shown). In
accord with the finding that Sfll forms multimers, the Sfll
protein contains a coiled-coil domain (amino acids 336 to 371),
which is known to mediate subunit oligomerization of other
proteins (5). In contrast, we were not able to detect any inter-
action between HA3-Flo8 and Flo8-Mycl2 coexpressed in ei-
ther wild-type or fpk2 mutant strains (not shown).

Input Anti-Myc IP
HA3-5f11 + + + + + +
Sfl1-Myc12 -+ + = + T
Anti-HA R gy - = .-
Anti-Myc -— e il g—
WT tpk2A WT tpk24

FIG. 6. Tpk2 inhibits Sfl1-Sfll interactions. The HA3-Sfl1 fusion
protein was coexpressed with Sfl1-Myc12 or an empty plasmid in the
isogenic wild-type and pk2A mutant strains. Immunoprecipitation with
anti-c-Myc conjugated to Sepharose beads (anti-Myc immunoprecipi-
tation) was performed in each sample (1,000 pg of total protein).
Whole-cell extracts (input) and immunoprecipitated samples were
probed with anti-HA and anti-c-Myc monoclonal antibodies.
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DISCUSSION

Previous genetic studies have suggested that the cAMP path-
way controls FLO!1 expression and pseudohyphal growth in S.
cerevisiae through the transcription factors Sfll and Flo8 (35,
38, 39). However, at the outset of these studies, the molecular
mechanism of action was unclear. Here we present genetic and
biochemical evidence elucidating the role of the Tpk?2 catalytic
subunit of protein kinase A during this complex differentiation
process. The Sfl1 repressor and Flo8 activator play antagonistic
roles in controlling FLO11 expression. The protein kinase A
catalytic subunit Tpk2 phosphorylates Sfll and inhibits its
binding to the FLOI11 promoter. Additionally, Tpk2 binds to
and phosphorylates Flo8 (Fig. 1) and stimulates binding to the
same region of the FLOII promoter (Fig. 4C and 5B). Re-
cently, similar findings on protein kinase A-dependent inhibi-
tion of Sfl1 binding to target promoters were reported, and the
Ssn6/Tupl complex was implicated in repression by Sfil (6).
Therefore, the Tpk2 catalytic subunit of protein kinase A con-
trols the balance between transcriptional repression by Sfil
and activation by Flo8 (Fig. 7A).

Our findings that the Tpk2 catalytic subunit of protein ki-
nase A controls gene expression via both a transcriptional
repressor and a transcriptional activator is unusual. Typically,
either activating an activator or inactivating a repressor is suf-
ficient to govern gene expression. The double-barreled mech-
anism described here may provide a finer network of checks
and balances to modulate gene expression, possibly by control-
ling the ratios of phosphorylated and unphosphorylated forms
of both Sfll and Flo8. Several signaling pathways control
FLOI1 expression, likely in response to different environmen-
tal stimuli; this may again serve to provide a finer level of
regulation of gene expression via cross talk between pathways.
The ability of cells to finely tune Floll expression may be
important for survival in nature by enabling cells to appropri-
ately effect a key developmental switch: choosing to adhere to
each other and invade growth substrates when nutrients are
limiting or to rapidly adopt a normal budding growth when
nutrients are encountered.

Protein kinase A controls binding of transcription factors to
target promoters. In this study, we found that Tpk2 does not
regulate either the intracellular localization or the transcrip-
tional activity of either Flo8 or Sfll on heterologous promot-
ers. In fact, Tpk2 phosphorylates Flo8 in vitro and Sfl1 both in
vitro and in vivo, and phosphorylation by Tpk2 prevents DNA
binding by Sfll and facilitates Flo8 binding to the same region
of the FLOI11 promoter. Additionally, we found that the Sfil
protein forms multimers and this multimerization is inhibited
by Tpk2. In mammalian systems, protein kinase A phosphor-
ylates the transcription factor CREB at serine 133 and in-
creases dimerization between CREB and the associated pro-
tein CBP, which promotes binding of the heterodimer to DNA
(34). Using the dimeric b/ZIP vitellogenin promoter-binding
protein, Szilak and colleagues designed a leucine zipper that is
stabilized when a serine residue is phosphorylated by protein
kinase A (45). The phosphorylated protein binds to DNA with
a 15-fold-higher affinity, and in a transient transfection assay,
protein kinase A-dependent activation of a reporter gene was
observed (45). The ability of Tpk2 to inhibit multimerization of
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FIG. 7. Tpk2 modulates the assembly of transcription factors on
the FLOI1 promoter. (A) Tpk2 controls binding of Sfl1 and Flo8 to the
FLOI11 promoter. In the model presented, the transcriptional repres-
sor Sfll and transcriptional activator Flo8 bind to the same or adjacent
regions of the FLOII promoter to effect gene expression. Phosphor-
ylation (P) by Tpk2 removes Sfll and promotes Flo8 binding to the
target DNA. (B) The MAP kinase and protein kinase A (PKA) path-
ways employ analogous mechanisms to control FLO11 expression, and
both pathways drive gene expression by inactivating repressors and
stimulating activators.

Sfll and impair DNA binding may be accomplished by similar
mechanisms.

Functions of the Tpk2 and Tpkl catalytic subunits are dis-
tinct. Previous studies reveal that the three catalytic subunits of
protein kinase A play distinct roles in filamentous growth, with
Tpk2 serving as an activator and Tpk1 and Tpk3 functioning as
inhibitors under most conditions (35, 38). Our findings suggest
that two molecular mechanisms distinguish the functions of
Tpk2 from those of Tpkl. First, we found that Tpk2 binds to
both Flo8 and Sfl1 in the two-hybrid assay, whereas Tpk1 does
not (Fig. 1A). In control experiments, Tpkl and Tpk2 bound
equally well to the Bey1 regulatory subunit, suggesting that the
two differ in ability to associate with substrates. This difference
is not absolute, since we also found that GST-Tpk1 and GST-
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Tpk2 fusion proteins were both capable of phosphorylating
Flo8 and Sfll1 in vitro. A second molecular mechanism that
distinguishes the functions of Tpk2 and Tpkl1 is their different
intracellular localizations. Tpkl is rapidly exported from the
nucleus in response to cAMP (17), whereas we found that
Tpk2 is exclusively nuclear (Fig. 3A). Thus, differences in both
substrate binding and intracellular localization likely contrib-
ute to the unique activating function of Tpk2 compared to the
inhibitory role of Tpkl.

Under certain conditions, Flo§8 can promote filamentous
growth in the absence of Tpk2. For example, Flo8 promotes
FLOI1 expression and pseudohyphal differentiation in sfll
tpk2 mutant strains, in which Tpk2 is not present (Fig. 2).
Moreover, in chromatin immunoprecipitation assays, Flo8
binding to the FLOI11 promoter was significantly reduced but
not abolished in sfl/ tpk2 mutant strains (Fig. 4C). Under these
conditions, the two other protein kinase A catalytic subunits
(Tpk1 and Tpk3) may play a role. In previous studies, we found
that in cells in which protein kinase A was constitutively acti-
vated by loss of the Bceyl regulatory subunit, Tpkl and Tpk3
could partially promote filamentous growth in the absence of
Tpk2 (35). Based on this finding, Tpkl and Tpk3 may play a
role in promoting Flo8 action in sfl/ tpk2 mutants. In support
of this hypothesis, we found that a GST-Tpk1 fusion protein
purified from yeast cells could phosphorylate both Sfll and
Flo8 in vitro (not shown). In a recent report, bovine protein
kinase A was also shown to phosphorylate Sfll and inhibit
binding to target DNA in vitro (6).

Taken together, our observations support a model in which
Tpk2 reciprocally controls the activity of Sfll and Flo8 in
wild-type cells and the functions of Tpk2 are distinguished
from those of Tpkl1 by their different intracellular localizations
and affinity for substrates.

Similarities between protein kinase A and MAP kinase
pathways. Although the protein kinase A and MAP kinase
signaling pathways are distinct and respond to different extra-
cellular stimuli, there are several common features in how they
control pseudohyphal differentiation in S. cerevisiae. First, the
protein kinases in both pathways have dual functions. In the
protein kinase A pathway, Tpk2 activates filamentous growth,
whereas Tpkl and Tpk3 play negative roles (35, 38). Similarly,
in the MAP kinase pathway, Kss1 has a dual role in which
unactivated Kssl inhibits pseudohyphal growth, whereas acti-
vated Kss1 promotes filamentation (8, 30). Second, both the
protein kinase A and MAP kinase pathways converge to con-
trol expression of the FLOII gene required for filamentous
growth (35, 38, 39). Third, both pathways employ similar mech-
anisms — removing repressors and stimulating activators — to
control FLOI1 expression (Fig. 7B). When the MAP kinase
pathway is inactive, the MAP kinase Kssl and the repressors
Digl and Dig2 bind to and inhibit Ste12/Tecl heterodimers.
Firing of MAP kinase signaling activates Kss1 and prevents it
from binding to and inhibiting the Stel2/Tecl complex. In
addition, activated Kssl phosphorylates Digl and Dig2 and
might further reduce interactions between the Dig repressors
and Stel12/Tecl heterodimers (1, 2, 7, 8, 30).

Whether Kss1 directly phosphorylates Ste12 to activate tran-
scription and whether the Dig repressors inhibit DNA binding
or mask transactivation activity of the Ste12/Tecl heterodimers
remains to be determined. In the protein kinase A pathway, we
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show here that Tpk?2 inhibits the Sfl1 transcriptional repressor
and activates the Flo8 transcriptional activator to promote
FLOI1 expression and that Tpk2 directly controls their assem-
bly on the FLO11 promoter (Fig. 7). These results set the stage
for further analysis of how different signaling pathways coor-
dinately and combinatorially control gene expression critical
for the complex developmental switch to pseudohyphal differ-
entiation.

Coordinated repression and activation of gene expression.
Although the double-barreled mechanism in which a single
kinase inactivates a transcriptional repressor and activates an
activator is so far unique to Tpk2 control of FLOI1 expression,
the combination of dual control by activation and relief of
repression employed here is fairly ubiquitous. In bacteria, the
lactose operon is under control of both the lactose repressor
and the CAP activator, ensuring that genes required for lactose
metabolism are induced only when lactose but not glucose is
present (31, 33). Similarly, in Candida albicans, filamentous
growth and hypha-specific gene expression are inhibited by
homologs of the Ssn6/Tupl general repressor and activated by
the Efgl transcription factor (4, 40).

Both positive and negative control of filamentous growth is
important for virulence because both hyperfilamentous fupl
and nonfilamentous efg/ mutant strains of C. albicans are avir-
ulent (3, 23a). Interestingly, the Ssn6/Tupl repressor and the
Efgl activator converge to control expression of cell wall glyc-
erol phosphinositol-anchored proteins that are functional ho-
mologs of Flo11 in S. cerevisiae (4, 40). It will be of significant
interest to determine whether the known role of the protein
kinase A catalytic subunit Tpk2 in C. albicans virulence (44)
also involves a double-barreled mechanism of transcriptional
control.
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