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ABSTRACT

The yeast transcription factors Stpl and Stp2 are synthesized as latent cytoplasmic precursors. In re-
sponse to extracellular amino acids, the plasma membrane SPS sensor endoproteolytically excises the
N-terminal domains that mediate cytoplasmic retention, enabling the processed forms to efficiently enter
the nucleus and induce gene expression. Cytoplasmic retention is not absolute, low levels of full-length
Stpl and Stp2 “leak” into the nucleus, and the concerted action of inner nuclear membrane proteins
Asil, Asi2, and Asi3 restricts their promoter access. In cells lacking Asi function, the precursor forms bind
promoters and constitutively induce gene expression. To understand the requirement of Asi-dependent
repression, spontaneous mutations in Required for Latent Stpl/2-mediated transcription (RLS) genes
that abolish the constitutive expression of SPS sensor-regulated genes in an asiIA strain were selected. A
single gene, allelic with DALS8I, was identified. We show that Dal81 indiscriminately amplifies the trans-
activation potential of both full-length and processed Stpl and Stp2 by facilitating promoter binding. In
dal81A mutants, the repressing activity of the Asi proteins is dispensable, demonstrating that without
amplification, the levels of full-length Stpl and Stp2 that escape cytoplasmic retention are insufficient to
activate transcription. Conversely, the high levels of processed Stpl and Stp2 that accumulate in the nu-

cleus of induced cells activate transcription in the absence of Dal81.

LL cells sense discrete environmental signals and
respond by making appropriate adjustments in
patterns of gene expression. A basic problem in biology
is how cells generate clear differences between “oft” and
“on” transcriptional states. A strategy to achieve this in
eukaryotic cells is to control the movement of trans-
cription factors across the nuclear envelope. In such
instances, nuclear targeting physically transmits signals
from non-nuclear compartments to specific promoter
sequences and simultaneously provides the means to
initiate transcription. There are a growing number of
transcription factors that have been shown to be main-
tained as latent cytoplasmic factors requiring proteo-
lytic processing prior to nuclear targeting (BRIVANLOU
and DARNELL 2002). Understanding transcription factor
latency requires the elucidation of the mechanisms
that not only direct these proteins to the nucleus but
also establish and maintain the dormant or repressed
state of gene expression in the absence of inducing
signals.
Saccharomyces cerevisiae cells respond to the presence of
extracellular amino acids by inducing the expression of
several genes encoding amino acid permeases, a family
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of proteins that transport amino acids across the plasma
membrane into cells (FORSBERG and LJuNGDAHL 2001b).
Extracellular amino acids are recognized by the integral
plasma membrane protein Ssyl (J@RGENSEN el al. 1998;
IRAQUI et al. 1999; KLASSON et al. 1999; Wu et al. 2006),
which functions together with two peripheral mem-
brane proteins, Ptr3 and Ssyb, as core components of
the SPS sensor of extracellular amino acids (FORSBERG
and LjunepaHL 2001a). All three core components are
required for proper sensing; inactivating mutations in
SSY1, PTR3, or SSY5 completely abolishes SPS signaling.

Two homologous zinc-finger transcription factors,
Stpl and Stp2, are redundant downstream effector
components of the SPS-signaling pathway. Single dele-
tions of STPI or STP2 partially impair, whereas deletions
of both fully eliminate SPS sensor-regulated gene expres-
sion (DE BOER et al. 2000; ANDREASSON and LjUNGDAHL
2002). Stpl and Stp2 bind to specific upstream acti-
vating sequences (UAS,,) present within SPS sensor-
regulated promoters (DE BOER et al. 2000; NIELSEN e al.
2001; ABDEL-SATER et al. 2004b). Stpl and Stp2 are syn-
thesized as latent factors with N-terminal regulatory
domains that function as cytoplasmic retention motifs
(ANDREASSON and LjuNnepaHL 2002, 2004). In response
to amino acids, the SPS sensor endoproteolytically cleaves
the N-terminal regulatory domains in a processing event
termed receptor-activated proteolysis (ANDREASSON and
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LjuneDAHL 2002; ANDREASSON et al. 2006). The shorter
processed forms of Stpl and Stp2 efficiently target to
and accumulate in the nucleus where they function to
transactivate SPS sensor-regulated genes (ANDREASSON
and LjunepanL 2002). Thus, the mobilization of Stpl
and Stp2 transfers amino acid-induced regulatory in-
formation from the plasma membrane to the nucleus.

We have recently found that the mechanisms re-
sponsible for retaining latent forms of Stpl and Stp2
in the cytoplasm are not fully efficient (ANDREASSON
and LjunGDAHL 2004; BOBAN et al. 2006; ZARGARI et al.
2007). The concerted action of three inner nuclear
membrane proteins Asil, Asi2, and Asi3 is required to
restrict promoter access of unprocessed forms of Stpl
and Stp2 that escape cytoplasmic retention and inap-
propriately enter the nucleus. In contrast to wild-type
cells, where only processed forms of Stpl and Stp2 bind
SPS-regulated promoters, in asimutant cells unprocessed
latent forms also bind promoters, resulting in constitu-
tive activation of SPS sensor-regulated genes even in the
absence of amino acids or a functional SPS sensor
(FORSBERG et al. 2001).

Critical to understanding the role of Asi proteins is
the observation that Stpl and Stp2 do not accumulate in
the nucleus of asi mutant strains, thus eliminating the
possibility that Asi proteins affect cytoplasmic retention
mechanisms (BoBAN et al. 2006). Remarkably, the low
levels of full-length Stp1 and Stp2 that enter the nucleus
of uninduced asi mutants, or asi mutants lacking a
functional SPS sensor, suffice to induce SPS sensor gene
expression at levels indistinguishable to those observed
in induced wild-type cells (FORSBERG et al. 2001). Clearly,
if given the opportunity, latent forms of Stpl and Stp2
can efficiently bind promoters and induce transcrip-
tion (BoBaN et al. 2006). These findings demonstrate
that negative regulation of Stpl and Stp2 activity is not
limited to controlling cytoplasmic retention and that
cells require the Asi proteins to maintain the repressed
state of signaling in the absence of inducing amino
acids. Thus, two independent mechanisms control the
latent properties of Stpl and Stp2, i.e., cytoplasmic re-
tention that restricts nuclear targeting and Asi-dependent
repression that restricts promoter access. Notably, both
mechanisms exert their regulatory effects via the first
70 amino acids within the N-terminal regulatory do-
mains of these factors (ANDREASSON and LJUNGDAHL
2004; BoBAN et al. 2006).

Here we have directly tested the necessity of Asi-
dependent control in repressing SPS sensor-regulated
gene expression under noninducing conditions. Using
an unbiased genetic approach, we selected spontaneous
mutations in Required for Latent Stpl/2-mediated
transcription (RLS) genes that abolish the constitutive
expression of SPS sensorregulated genes in an asiIA
strain. The RLS selection identified a single gene that is
allelic to DALSI. Dal81 is a pleiotropic nuclear factor
that is required for full induction of SPS sensor-

regulated AAP gene expression (IRAQUI et al. 1999;
BERNARD and ANDRE 2001; ABDEL-SATER et al. 2004b),
induction of genes involved in utilization of urea and
allantoin (Jacoss et al. 1981; Turoscy and COOPER
1982), and y-aminobutyric acid (GABA) (VISSERS et al.
1989). We show that Dal81 amplifies Stpl- and Stp2-
dependent transactivation by indiscriminately facilitat-
ing the binding of both latent and processed forms to
SPS sensorregulated promoters. Consistent with its
function merely as an amplifier, Dal81 does not by itself
activate SPS sensorregulated gene expression. Strik-
ingly, in dal8IA mutants, the repressing activity of Asi
proteins is not required to maintain the off state of SPS
sensor-regulated gene expression. Our findings illumi-
nate important aspects of the SPS-sensing pathway that
puts the requirement of the Asi “backup” system in bio-
logical context.

MATERIALS AND METHODS

Media and strains: Standard media, including YPD and
ammonia-based synthetic minimal dextrose (SD) supple-
mented as required to enable growth of auxotrophic strains,
were prepared as described (BURKE and STEwART 2002).
Ammonia-based synthetic complex dextrose (SC) was pre-
pared as described (ANDREASSON and LjuNcpaHL 2002).
Where indicated, L-leucine was added at a concentration of
1.3 mM to induce the SPS sensor. When required, 5-fluoroortic
acid (FOA) was added to SC (1 g/liter). Media were made solid
with 2% (w/v) Bacto Agar (Difco, Detroit, MI). Antibiotic
selections were made on solid YPD supplemented with 200
mg/liter G418 (Invitrogen, Carlsbad, CA), 100 mg/liter clon-
NAT (Werner Bioagents, Jena, Germany), or 300 mg/liter
Hygromycin B (Duchefa, Haarlem, The Netherlands). Sensi-
tivity to 1 mm L-azetidine-2-carboxylic acid (AzC) was tested on
SD supplemented with L-leucine (1.3 mm) and L-glutamic
acid (1 mm). YPD containing 0.5 mg/ml 2-{[({[(4-methoxy-6-
methyl)-1,3,5-triazin-2-ylJ-amino}carbonyl) amino-|-sulfonyl}-
benzoic acid (MM) was prepared as described (J#RGENSEN
et al. 1998).

The yeast strains used in data collection are listed in Table 1.
The sequences of primers used in yeast strain construction are
available on request. All strains are isogenic descendants of the
S288c derived from strain AA255 (ANTEBI and FINk 1992).
Strain CAY118 is a meiotic segregant of a cross between CAY62
and CAY117. Strain YMH117 was obtained from a cross be-
tween AA255 and HKY20. Strain YMH173 was obtained from a
cross between YMH117 and PLY1016 (MATo wra3-52 lys2A201
pir3A14:: hisG-URA3kan™-hisG). Strain MBY3 was generated
from a cross between CAY224 and PLY1314. Strains MBY4 and
MBY5 were generated from a cross between MBY3 and YMH173.
Strains MBY13 and MBY14 are ura™ derivatives of strains MBY4
and MBY5, respectively, which were passaged on FOA. As de-
scribed in the Isolation of mutations in RLSI section, strains
MBY15 and MBY16 were generated from MBY13 and MBY14,
respectively. MBY17 and MBY18 were constructed by introduc-
ing dal8IA76::kanMX4 null allele into strains MBY13 and
MBY14; dal8IA76::kanMX4 was generated by PCR using
prMBI2F and prMBI2R primers and genomic DNA isolated
from the strain Y07303 (European S. cerevisiae archive for
functional analysis, http:/web.uni-frankfurt.de/fb15/mikro/
euroscarf/) as a template. Strain MBY40 was constructed by
introducing the ssyIA77::natMX4 null allele into strain CAY28;
the ssyIA77::natMX4 was generated by PCR using primers
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TABLE 1

Yeast strains

Strain Genotype Reference
AA255 MATo ura3-52 ade2 his3A200 lys2A201 leu2-3,112 ANTEBI and FINk (1992)
CAY28 MATo ura3-52 ANDREASSON and LjuNepaHL (2002)
CAY47 MATo wra3-52 stpIA50:: CaURA3MX3 BoBAN et al. (2006)
CAY60 MATo ura3-52 stpIAS51:: Agleu2 BoBaN et al. (2006)
CAY62 MATo ura3-52 lys2A201 stpIA51:: Agleu2 BoBAN et al. (2006)
CAY118 MATo ura3-52 stp2A50:: hphMX4 This work
CAY117 MATa ura3-52 stp2A50:: hphMX4 ANDREASSON and LjuNGDAHL (2002)
CAY119 MATa ura3-52 stp2A50:: hphMX4 ANDREASSON and LJjUNGDAHL (2002)
CAY123 MATa ura3-52 stpIA51:: Agleu2 sth2A50:: hphMX4 ANDREASSON and LjuNcpaHL (2002)
CAY126 MATa ura3-52 asilA8::kanMX stp2A50:: hphMX4 BoBAN et al. (2006)
CAY150 MATa ura3-52 asiIA8::kanMX stpIA51::Agleu2 BoBaN et al. (2006)
CAY151 MATo ura3-52 stpIAS51::Agleu2 stp2A50:: hphMX4 asilAS::kanMX This work
CAY152 MATa wra3-52 stpIA51:: Agleu2 stp2A50:: hphMX4 asilA8::kanMX ANDREASSON and LjuNGpaHL (2004)
CAY206 MATa ura3-52 ssylA13:: hisG asiIA8::kanMX ANDREASSON and LjuNepaHL (2004)
CAY224 MATa wra3-52 gapIA::PAGPI-LacZ ANDREASSON and LjuNGDAHL (2004)
HKY20 MATa ura3-52 lys2A201 ssyIA13:: hisG Krasson et al. (1999)
MBY3 MATo ura3-52 asilAS80:: hphMX4 gapIA::PAGPI-LacZ This work
MBY4 MATo wra3-52 his3A200 ptr3A14:: hisG-URA3-kan™-hisG asiIA80:: This work
hphMX4 gapIA::PAGPI-LacZ
MBY5 MATa ura3-52 ade2 ptr3A14:: hisG-URA3-kan"-hisG asil1A80:: This work
hphMX4 gapIA::PAGPI-LacZ
MBY13 MATo ura3-52 his30200 ptr3A15:: hisG asilASO:: hphMX4 gapIA:: This work
PAGPI-LacZ
MBY14 MATa ura3-52 ade2 ptr3A15:: hisG asiIA80:: hphMX4 gaplA::PAGPI-LacZ This work
MBY15 MATo wra3-52 his3A200 ptr3A15:: hisG asilA80:: hphMX4 dal81-101 gapIA:: This work
PAGPI-LacZ
MBY16 MATa ura3-52 ade2 ptr3A15:: hisG asilAS80:: hphMX4 dal81-102 gapIA:: This work
PAGPI-LacZ
MBY17 MATo wra3-52 his30200 ptr3A15:: hisG asilASO:: hphMX4 gapIA:: This work
PAGPI-LacZ dal8IA76::kanMX4
MBY18 MATa ura3-52 ade2 ptr3A15:: hisG asilAS80:: hphMX4 gapIA:: This work
PAGPI-LacZ dal81A76::kanMX4
MBY40 MATo ura3-52 ssyIA77::natMX4 This work
MBY61 MATa ura3-52 stp2A50:: hphMX4 dal8IA77:: natMX4 This work
MBY62 MATa ura3-52 stpIA51:: Agleu2 stp2M50:: hphMX4 dal81A77:: natMX4 This work
MBY64 MATa ura3-52 asiIA8::kanMX stpIA51::Agleu2 dal81A77:: natMX4 This work
MBY66 MATa wra3-52 ssyIA13::hisG asilA8::kanMX dalSIA77::natMX4 This work
MBY67 MATo ura3-52 asilAS0:: hphMX4 dal81A77::natMX4 This work
MBY79 MATo wra3-52 stpIAS51:: Agleu2 dalSIA77::natMX4 This work
MBY80 MATa ura3-52 asiIA8::kanMX stpIAS51::Agleu2 stp2A50:: hphMX4 This work
dal81A77::natMX4
MBY82 MATa ura3-52 stpIA51::Agleu2 stp2A50:: hphMX4 dal81AT77:: natMX4 This work
MBY83 MATo ura3-52 stpIAS51::Agleu2 stp2A50:: hphMX4 dal8IA77:: natMX4 This work
MBY91 MATa ura3-52 ssy5A1:: hisG-URA3-kan®-hisG stpIA51:: Agleu2 stp2A50:: This work
hphMX4
MBY93 MATa ura3-52 ssy5A1:: hisG stpIA51:: Agleu2 sth2A50:: hphMX4 This work
MBY101 MATo wra3-52 ssy5AI:: hisG-URA3-kan"-hisG asilAS::kanMX stpIAS]:: This work
Agleu2 stp2A50:: hphMX4
MBY102 MATo ura3-52 ssy5A1:: hisG asilA8::kanMX stpIA51::Agleu2 stp2A50:: This work
hphMX4
MBY124 MATa ura3-52 stpIA51:: Agleu2 stp2A50:: hphMX4 ssy5A1:: hisG asiIA8:: This work
anMX dal81A77::natMX4
PLY1313 MATa ura3-52 asiIA80:: hphMX4 BoBAN et al. (2006)
PLY1314 MATo ura3-52 asilA80:: hphMX4 BoBAN et al. (2006)
YMH117 MATa ura3-52 ade2 his3A200 lys2A201 leu2-3,112 This work
YMH173  MATa wra3-52 ade2 his3A200 lys2A201 ptr3A14:: hisG-URA3-kan"-hisG This work
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TABLE 2

Plasmids
Plasmid Description Reference
pCA029 STPI in pRS316 ANDREASSON and LJuNGDAHL (2002)
pHKO027 PTR3 in pRS316 Krasson et al. (1999)
pMB10 13xMYC-STPI-6xHA in pRS316 BoBaN et al. (2006)
pMB31 13xMYC-STPI-6xHA in pRS202 This work
pMB44 13xMYC-STPI-133-6xHA in pRS316 This work
pMB45 13xMYC-STPI-133-6xHA in pRS202 This work
pMB71 DALSI in pSEY18 This work
pRS202 2w URA3 CoNNELLY and HIETER (1996)
pRS316 CEN URA3 SikorskI and HIETER (1989)
pSEY18 2. URA3 EMR et al. (1986)

prMB75/76 and pAG25 (GOLDSTEIN and MCCUSKER 1999) as a
template. The dal81A77::natMX4 cassette was constructed by
PCR using primers prMB130/131 and pAG25 (GOLDSTEIN and
McCUSKER 1999) as a template. Strains MBY61, MBY62, MBY64,
MBY66, and MBY67 were generated by introducing the dalSIA77::
natMX4null allele into strains CAY119, CAY123, CAY150, CAY206,
and PLY1314, respectively. Strain MBY79 was generated from a
cross between strain CAY28 and MBY62. CAY151 is a ura™ deriv-
ative of a meiotic segregant obtained from a cross between CAY47
and CAY126, which was passaged on FOA. Strains MBY80 and
MBY82 are meiotic segregants from a cross between strain CAY151
and MBY62. Strain MBY101 is a meiotic segregant obtained from a
cross between HKY93 (MATo ura3-52 ssy5A 1:: hisG-URA3+kan-hisG)
(FOrSBERG and LjuNGpaHL 2001a), and CAY152 and strains
MBY93 and MBY102 are ura™ derivatives of meiotic segregants
obtained from the same cross. Strain MBY124 is an ura~ deriv-
ative of a meiotic segregant obtained from a cross between
MBY82 and MBY101.

Plasmids: Plasmids used are listed in Table 2. Plasmid
pMB31 was generated by homologous recombination in yeast
by cotransforming Stul/Xmnlrestricted pMB10 and Kpnl/
Sacl-restricted pRS202 (ConNELLY and HIETER 1996). The
Stpl-HA epitope-tagged allele of Stpl in plasmid pMBI10
encodes a fully functional protein on the basis of the following
criteria. First, a stpIA stp2A double mutant transformed with
pMB10 is unable to grow in the presence of AzC on SD medium
containing 1.3 mMm leucine and grows well on YPD medium
containing MM. Second, pMBl0O-encoded Stpl is endo-
proteolytically processed and activates a PAGPI-lacZ reporter
gene expression in an amino acid-dependent manner. Finally,
when pMB10 is introduced into an ssyl leu2 strain, which is not
able to grow on amino acid rich SC medium owing to a defectin
amino acid uptake, the pMB10-encoded Stpl does not confer
growth, indicating that the unprocessed pMB10-encoded Stpl
is not constitutively active. Plasmids pMB44 and pMB45 were
isolated from yeast cotransformed with PCR product amplified
by primers prMB163-F and 167-R using plasmid pCA120
(ANDREASSON and LjuNeDAHL 2004) as a template and Miul/
BgllFrestricted pMB10 or pMB31, respectively. Generation of
plasmid pMB71 is described in the following section.

Isolation of mutations in RLSI: Twenty independent colo-
nies from pir3A asiIA strains of both mating types (MBY13 and
MBY14) were separately inoculated in 40 tubes containing
SD medium supplemented with 1 mm glutamic acid, 1.3 mm
leucine, and standard concentrations of uracil, adenine, and
histidine, and the cultures were grown to ODg of 8. Aliquots
(150 pl) of each culture were individually spread on separate
SD plates containing 1 mm AzC and supplemented as above.
Plates were incubated at 30° for 6 days, and the B-galactosidase

activity in AzC resistant colonies was assayed using an X-Gal
overlay. Fifty out of 100 AzCresistant and B-galactosidase
negative colonies were picked for further analysis.

The mutants were backcrossed to the appropriate RLS"
starting strain of the opposite mating type (either MBY13 or
MBY14). All of the resulting diploid strains were AzC sensitive
and exhibited high levels of 3-galactosidase activity, indicating
that the mutations were recessive. Complementation analysis
was carried out by crossing all possible combinations of MATa
and MATuw rls mutants; the ability of the diploids to grow on SD
medium containing AzC and the levels of [-galactosidase
activity were determined. No complementation was observed
in any of the crosses, all diploids were AzC resistant, and they
did not express detectable B-galactosidase activity. One strain of
each mating type MBY15 and MBY16 was backcrossed to MBY14
and MBY13, respectively. The resulting diploids were subjected
to tetrad analysis, and in both cases a 2:2 (AzC" 3-gal :AzC*
B-gal®) segregation pattern was observed, indicating that the
phenotypes were due to mutations in a single RLSI gene.

Cloning of RLSI: To clone RLSI we used YPD medium
containing MM, an inhibitor of branched chain amino acid
synthesis. On this medium (YPD + MM), growth is dependent
on the ability of cells to express two SPS sensor-controlled
permeases, Bap2 and Bap3 (JGRGENSEN et al. 1998). Because of
their inability to express these permeases, ptr3A asiIA rls] mu-
tant strains MBY15 and MBY16 are not able to grow on YPD +
MM. Strains MBY15 and MBY16 were transformed with a
genomic plasmid library (THOMPSON el al. 1993). Several
transformants were found to confer partial complementation,
i.e., slow growth on YPD + MM and low levels of B-galactosidase
activity. Plasmids rescued from these transformants contained
PTR3. Our failure to obtain a fully complementing plasmid
prompted us to use an alternative genomic library kindly
provided by Michael N. Hall (Biozentrum, University of Basel,
Basel, Switzerland). This second library is comprised of
plasmids carrying large 15-20-kb inserts. Using this pSEY18-
based library, we obtained two populations of transformants,
one exhibiting partial and the other complete complementa-
tion. Plasmid pMB71 conferred complete complementation,
and sequencing revealed that this plasmid contained DALSI.
We constructed ptr3A asilA dal81A strains in both mating types
(MBY17 and MBY18). Subsequent genetic analysis confirmed
that dal8IA and ris] are allelic.

[B-galactosidase activity overlay assay: Semiquantitative mea-
surements of B-galactosidase activity were determined with
Mauroyl-sarcosine permeabilized cells (KippErRT 1995). Low
melting-point agarose (0.5%) was melted in 0.4 M potassium
phosphate buffer (pH 7.0) and, after slight cooling, 0.2%
N-lauroyl sarcosine, 0.05% B-mercaptoethanol, and 0.2 mg/ml
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X-Gal (from 100 mg/ml stock in dimethyl formamide) were
added. Approximately 10 ml of the final agarose mixture (37°)
was poured over cells grown on the solid medium. Plates were
incubated at 30° until a blue precipitate was visible and kept at
4° until photographed.

Chromatin immunoprecipitation: Chromatin immunopre-
cipitation (ChIP) analysis was performed according to
STRAHL-BOLSINGER et al. (1997) with minor modifications.
Cells were grown to an ODgg of 0.8 and fixed for 30 min at
room temperature in the presence of 1% formaldehyde. The
formaldehyde was added directly to the cultures. Cells were
harvested by centrifugation, resuspended in lysis buffer, and
disrupted with glass beads by beating 6 X 40 sec in a beadbeater
(Biospec Products, Bartlesville, OK). The resulting lysate was
sonicated twice for 10 sec using a Branson Sonifier 250
(Branson Ultrasonics, Plainview, NY) with output control set
to 5 (average size of DNA fragments was 0.5 kb). Sonicated
lysates were clarified by centrifugation (twice for 10 min at
15,000 X g). The protein content was measured, and the
samples were adjusted to 10 mg/mlin 1200 wl, and 10 pl of the
total lysate was putaside to control input levels. The remaining
lysates were split in two equal fractions. Magnetic beads with
covalently attached sheep anti-rat IgG (Dynabeads M-450,
Dynal Biotech, Carlsbad, CA) were incubated with rat monoclonal
anti-HA antibody (clone 3F10, Roche, Basel, Switzerland). A total
of 50 ul of coated beads were used in immunoprecipitation
reactions. Immunoprecipitates were sequentially washed in lysis
buffer, lysis buffer containing 500 mmM NaCl, washing buffer (10
mM Tris Cl pH 8.0, 500 mm LiCl, 1% Nonidet-P-40, 1% Na-
deoxycholate, and 1 mm EDTA), and TE. Bound protein was
eluated by incubating beads twice for 10 min at 65° in 75 pl of
eluation buffer (50 mM Tris Cl pH 8.0, 10 mm EDTA, and 1%
SDS). Crosslinking of immunoprecipitates and input samples was
reversed by an overnight incubation at 65°, after which DNA was
extracted (PCR Purification kit, Qiagen GmbH, Hilden, Germany).
PCR was carried out with primers that amplify promoter re-
gions of AGPI (PrMB23/24), GNPI (PrMB31/32), and ACTI
(PrMB41/42) (sequence of primers is available on request).
Taq polymerase (Invitrogen) and corresponding buffer system
were used. Hot start was achieved by using TagStart Antibody
(Clontech, Mountain View, CA). The appropriate dilution of
template DNA and the number of cycles (25-30) were empir-
ically determined. Samples were first incubated for 3 min at
94°, and the amplification cycle was as follows: 45 sec at 94°, 45
sec at 50°, and 20 sec at 72°. The reactions were stopped in the
logarithmic phase of amplification, and the PCR products
were separated on 2.3% agarose gel and visualized by ethidium
bromide. The quantity of PCR products was determined using
the LAS1000 system and Image Gauge software V.4.22 (Fuji
Photo Film, Tokyo, Japan). The intensities of bands from im-
munoprecipitations (minus background) were normalized to
the bands obtained from input DNA.

Microscopy: Cells were grown to an ODggo of 0.8 and
processed for indirect immunofluorescence analysis essen-
tially as described in (BURKE et al. 2000). Cells were fixed by the
addition of an aliquot of 37% formaldehyde directly to the
cultures to a final concentration of 4.5% and incubated 45 min
at 30°. To detect HA-tagged proteins, the primary antibody
used was the 3F10 anti-HA monoclonal antibody diluted 1:300.
To detect myc-tagged proteins, the primary antibody used was
the 9E10 anti-myc monoclonal antibody diluted 1:300. The
secondary antibody was Alexa Fluor 488 conjugated to goat
anti-mouse or donkey anti-rat IgG (H + L; Molecular Probes,
Eugene, OR), diluted 1:500. Cells were viewed using a Zeiss
Axiophot microscope with a Plan-Apochromat 63X /1.40 ob-
jective. Digital images of cells examined using Nomarski
optics, and antibody-dependent and DAPI fluorescence (stan-
dard filter sets) were captured using a C4742-95 CCD camera

(Hamamatsu Photonics, Hamamatsu, Japan) and QED Imag-
ing software (Media Cybernetics, Bethesda, MD). Image files
were incorporated into figures using Adobe Photoshop CS.

RESULTS

Genetic analysis of constitutive Stpl- and Stp2-
dependent gene expression in asilA mutants: To
investigate the necessity of the Asi proteins in the main-
tenance of the repressed state of SPS sensor-regulated
gene expression under noninducing conditions, we
selected spontaneous mutations in RLS genes (Figure
1A). Briefly, to prevent Stpl and Stp2 processing, the
asiIA starting strain lacked a functional SPS sensor
(ptr3A). Because of loss of Asil function, SPS sensor-
regulated promoters are constitutively active, and con-
sequently the strain is sensitive to the toxic proline
analog AzC. AzC is efficiently transported into cells by
two SPS sensorregulated permeases, Agpl and Gnpl
(ANDREASSON et al. 2004). The effective uptake of AzC
by multiple permeases provides the basis of an ex-
tremely tight selection for mutations conferring re-
sistance. Such mutations must affect factors required
for the functional expression of both Agpl and Gnpl.
The redundant function of Stpl and Stp2 minimized
the possibility of isolating mutations in these genes.
Finally, to identify mutations affecting transcription and
to differentiate those from mutations affecting post-
transcriptional events, we monitored the activity of
B-galactosidase expressed from a PAGPI-lacZ construct
integrated in the genome at the GAPI locus (gapIA::
PAGP-lacZ). Colonies carrying mutations in RLS genes
were identified on the basis of their ability to grow in the
presence of AzC and the lack of B-galactosidase activity
(Figure 1B). All analyzed rls mutations were found to be
recessive and to belong to the same rls/ complementa-
tion group. Details regarding the rls selection are pro-
vided in MATERIALS AND METHODS and summarized in
Table 3.

RLS1 is allelic with DALSI and is required for con-
stitutive SPS sensor gene expression in asiIA mutants:
Plasmids from two genomic libraries were identified on
the basis of their ability to complement the recessive rls]
mutation (see MATERIALS AND METHODS). Interestingly,
two classes of complementing plasmids were isolated.
The first class comprised plasmids that only partially
complemented the 7/s/ mutation. These plasmids were
found to carry PTR3. The second class of plasmids,
which fully complemented the rlsI mutation, contained
DALSI. The ability of these plasmids to fully comple-
mentsuggested that RLSIis in fact DALS1. To rigorously
test this possibility, we constructed ptr3A asilA dal81A
strains MBY17 (MATa) and MBY18 (MATa). These
strains were crossed with the pir3A asiIA ris] strains
MBY16 (MATa) and MBY15 (MATw), respectively. Sub-
sequent genetic analysis confirmed that dal81A and risI
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F1cure 1.—Mutations in RLSI repress asiIA-induced constitutive SPS sensor-regulated gene expression. (A) Schematic of down-
stream events in the SPS-sensing pathway. In cells lacking a functional SPS sensor (left), the latent unprocessed forms of tran-
scription factors Stpl and Stp2 are primarily localized to the cytosol. The presence of cytoplasmic retention signals (anchor)
restricts their entry to the nucleus (ANDREASSON and LjuNGDAHL 2004). The low levels of latent forms of Stp1 and Stp2 that enter
the nucleus (dashed arrow) are prevented from binding SPS sensor-regulated promoters of amino acid permease genes (AAP) by
the combined action of Asi proteins (Asil, Asi2, and Asi3) localized to the inner nuclear membrane (NM) (BoBaN et al. 2006;
ZARGARI ¢t al. 2007). The ability of the Asi proteins to prevent transcription is dependent on the presence of sequences of Stpl and
Stp2 (Region I) in the N-terminal regulatory domain (red/white diagonal box). Consequently, there are low levels of AAP gene
expression; cells are AzC resistant and remain white when incubated in the presence of X-Gal because of lack of PAGPI-lacZ ex-
pression. In cells lacking Asil (middle), the latent forms of Stp1 and Stp2 that enter the nucleus constitutively induce the expres-
sion of SPS-regulated AAP genes, and cells are AzC sensitive and turn blue in the presence of X-Gal (ANDREASSON and LjuUNGDAHL
2004; BoBAN et al. 2006). Mutations in RLS genes (right) prevent the latent forms of Stpl and Stp2 from gaining access to SPS
sensor-regulated promoter; mutant cells are AzC resistant and remain white in the presence of X-Gal. (B) Strains MBY13 (ptr3A
asiIA) and MBY15 (ptr3A asilA risI—01) were grown on SD medium. Cells were resuspended in water to obtain identical cell
densities. Aliquots of 10-fold serial dilutions were spotted on SD supplemented with glutamate, leucine, adenine, uracil, histidine
(SD), and SD containing AzC (SD + AzC). The plates were grown at 30° for 2 days, after which the SD plate was overlaid with X-Gal
substrate (MATERIALS AND METHODS).

are allelic; the mutations did not complement, and after
sporulation, all meiotic segregants were resistant to AzC.

mutants do not grow. Consistent with our previous
findings (Figures 1B and 2A), the introduction of the

We examined the ability of plasmids carrying either
PTR3or DALSI to complement the dal§IA null allele on
SD media supplemented with leucine and containing
AzG (Figure 2A). The ptr3A asilA starting strain for the
RLS selection, carrying an empty vector (vc), did not
grow on this medium (vc; dilution 1), whereas the ptr3A
asiIA dal8IA carrying an empty vector exhibited robust
growth (vc; dilution 2). Consistent with the partial
complementation of rls/ mutations with plasmids con-
taining PTR3, the introduction of PTR3 weakly sup-
pressed the AzC sensitivity of dal8IA strains; poor but
detectable growth was observed (dilution 3). Thus, re-
storation of SPS sensor signaling partially complements
the loss of DALSI. In contrast, introduction of DALSI
fully suppressed the AzC-resistant phenotype of this
strain (dilution 4). These results strongly suggested that
Dal81 affects the efficiency of Stpl- and Stp2-mediated
gene expression.

Amino acid-induced SPS sensor gene expression is
not strictly Dal81 dependent: We examined the role of
Dal81 in the SPS sensor pathway (Figure 2B). As
expected, on media containing AzC, a wild-type strain
(WT; dilution 1) is unable to grow, whereas a mutant
lacking a functional SPS sensor (ssyIA; dilution 2) grows
well. Because of the constitutive expression of AGPI and
GNPI, asiIA (dilution 3) and ssyIA asiIA (dilution 4)

dal81A null allele into the ssyIA asiIA strain completely
restored growth (dilution 5). However, the introduction
of the dal8IA into the asiIA strain possessing an intact
and functional SPS sensor did not fully prevent AGPI
and GNPI expression; weak growth was observed (di-
Iution 6). This latter observation demonstrates that
Dal81 is not absolutely essential for the expression of
SPS sensorregulated AAP genes under amino acid-
inducing conditions. As expected, the introduction of
null mutations in S7PI and STP2 conferred AzC re-
sistance in an asilA dal8IA mutant (dilution 7). To-
gether, these results are consistent with the notion that
Dal81 is strictly required for transcription of SPS sensor-
regulated genes under conditions when there are low
levels of Stp1 and Stp2 present in the nucleus, a situation

TABLE 3

Summary of the RLS selection

Step Quantity
Cells analyzed 2.5 X 108
AzCr colonies 2000
3-Gal~ colonies (white) 100
rls mutants analyzed for complementation 50
Complementation groups 1
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Ficure 2.—Constitutive SPS sensor-regulated gene expres-
sion in asiIA mutants is strictly Dal81 dependent. (A) Strains
ptr3A asilA (MBY13; dilution series 1) and ptr3A asilA
dal81—101 (MBY15; dilution series 2—4) carrying plasmids
pRS316 (vc), pHK027 (PTR3), or pMB71 (DALS8I) were
grown in SD supplemented with glutamate, leucine, and his-
tidine (SD). Aliquots of 10-fold serial dilutions were spotted
on SD and SD containing AzC (SD + AzC). Plates were incu-
bated at 30°. (B) Wild-type (WT; CAY28) and mutant ssy/A
(MBY40), asiIA (PLY1313), ssyIA asiIA (CAY206), ssyIA asiIA
dal81A (MBY66), asilA dal8IA (MBY67), and asilA dal81A
stpIA stp2A (MBY80) strains were grown and growth charac-
teristics analyzed as in A.

that occurs in asiIA mutants lacking a functional SPS
sensor or in asiIA mutants grown under noninducing
conditions. In contrast, under amino acid-inducing
conditions, the requirement for Dal81 is not strict,
which indicates that when Stpl and Stp2 are processed
and efficiently targeted to the nucleus, the levels of
these factors are sufficiently high to induce expression
independently of Dal81. Thus, Dal81 appears to func-
tion analogously to an amplifier.

The constitutive STPI-133 mutation abolishes cyto-
plasmic retention and bypasses the strict requirement
of Dal81 in SPS sensor-regulated gene expression: The
N-terminal regulatory domain of Stpl possesses two
conserved sequence motifs (Regions I and II) required
to control the latent behavior of Stpl (Figure 3A)
(ANDREASSON and LjuNcpaHL 2004). When fused to
the bacterial DNA binding protein lexA, the first 70
amino acids of the N terminus of Stpl (encompassing
the Region I motif) mediate both cytoplasmic retention
and Asil-dependent control (BoBaN et al. 2006). Dis-
tinct mutations within Region I (STPI-133) give rise to
a constitutively active factor. The constitutive nature of
this mutant allele is not due to enhanced processing
(ANDREASSON and LjuNGpaHL 2004), thus, the STPI-
133 mutations could either result in impaired cytoplas-
mic retention or loss of Asil-dependent control. If the
mutations impair cytoplasmic retention, we anticipated
to find Stpl-133 constitutively accumulated in the nu-
cleus. Alternatively, if the mutations specifically impair
Asil-dependent control and not cytoplasmic retention,
then the bulk of Stp1-133 would remain in the cytoplasm
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Ficure 3.—The STPI-133 mutation abolishes cytoplasmic
retention and enables SPS sensor-regulated gene expression
in the absence of Dal81. (A) Schematic of Stpl. The location
of the inhibitory regulatory domain (REG), the DNA binding
domains (DBD), and putative nuclear localization sequence
are depicted in the full-length Stp1 (519 aa). Conserved Re-
gion I (aa 16-35) containing sequences important for cyto-
plasmic retention (anchor) and Region II (aa 65-97) are
indicated in the enlargement of the N-terminal domain (1-
125 aa). The alanine substitution mutations of the STPI-
133 allele are shown (ANDREASSON and LjuNGDpAHL 2004).
(B) Indirect immunolocalization of myc-Stpl (pMB31) and
myc-Stpl-133 (pMB45) in strain CAY60 (stpIA). Cells were
grown in SD medium under noninducing conditions to an
ODg of 0.8 and fixed. Left to right: a-myc monoclonal anti-
body (9E11)-dependent Alexa Fluor 488 fluorescence; DAPI
staining; and cells viewed by Nomarski optics. (C) Phenotypic
analysis of the constitutive active STPI-133 allele and the
dal8IA null mutation. Plasmids pRS316 (vc), pMBI10
(STPI), and pMB44 (STPI-133) were introduced into a sipIA
stp2A mutant (+, CAY123) and into s{pIA sip2A strains carry-
ing ssy5A (MBY93), ssyS5A asiIA (MBY102), and ssy5A asilA
dal81A (MBY124). The strains were grown on SC (-ura) me-
dium. Aliquots of 10-fold serial dilutions in water were spotted
on SD medium containing leucine (SD) and SD-containing
leucine and 0.33 mM AzC (SD + AzC). Plates were incubated
at 30°.
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and would not be found accumulated in the nuclei of
uninduced cells. To distinguish between these two possi-
bilities, we used epitope-tagged wild-type Stpl and Stpl-
133 constructs carrying the myc epitope at their extreme
N termini and compared the intracellular localization
of these constructs in cells grown in the absence of in-
ducing amino acids. In cells expressing the wild-type
myc-Stpl, we did not observe nuclear localized myc-
dependent fluorescence (Figure 3B, top). In contrast,
cells expressing myc-Stpl-133 displayed intense and
highly focused fluorescence that colocalized with DAPI-
stained DNA (Figure 3B, bottom). These results clearly
demonstrate that the STPI-133 mutant allele gives rise
to constitutive SPS sensor-regulated gene expression pri-
marily because of impaired cytoplasmic retention of the
mutant Stp1-133 protein.

The finding that unprocessed Stp1-133 constitutively
accumulates in the nuclei of noninduced cells promp-
ted us to use the STPI-133 allele to more rigorously
examine the requirement of Dal81 in the SPS-sensing
pathway. An empty plasmid vector or plasmids carrying
STPI-133 and STPI were independently introduced
into a stpIA stp2A strain (CAY123) and into sipIA stp2A
strains carrying ssy5A (MBY93), ssy5A asilA (MBY102),
and ssy5A asilA dal81A (MBY124) mutations. The
strains were grown under amino acid-inducing condi-
tions in absence and presence of AzC (Figure 3C). The
strain lacking Stpl and Stp2, but with an intact func-
tional SPS sensor (+), grew in the presence of AzC; the
introduction of either STPI or STPI-133 restored AzC
sensitivity (dilutions 1-3). Inactivation of SSY5, encod-
ing the Stpl- and Stp2-processing protease (ABDEL-
SATER et al. 2004a; ANDREASSON el al. 2006), conferred
AzC resistance in the cells expressing S7TPI but not
STPI-133 (dilutions 5 and 6, respectively). These find-
ings clearly confirm that unprocessed full-length Stpl-
133 escapes cytoplasmic retention and targets to the
nucleus (Figure 3B), where it constitutively activates SPS
sensor-regulated genes. Inactivation of AS/I in the ssy5A
strain enabled full-length Stpl to gain access to pro-
moters, resulting in AzC sensitivity (Figure 3C, dilution
8). Consistent with our previous results (Figure 2),
introduction of the dal8IA mutation in the ssy5A asiIA
strain impaired Stpl-mediated gene expression, and
AzC resistant growth was observed (compare dilution 11
with 8). In contrast, the same strain expressing the con-
stitutive STPI-133 allele exhibited clear AzC sensitivity
(compare dilution 12 with 10). These results are fully
consistent with Dal81 playing an important role in the
expression of SPS sensor-regulated genes, however, it is
not stringently required for SPS sensor signaling under
inducing conditions when abundant amounts of Stpl
and Stp2 are present in the nucleus. Importantly, the
slight, but noticeable AzC resistance of the dal8IA strain
expressing the STPI-133 allele (compare dilution 12
with 9) supports the notion that Dal81 functions to
amplify SPS sensor-induced signals.

Dal81 facilitates binding of both processed and la-
tent forms of Stpl to SPS sensor-regulated promoters:
The finding that Dal81 is strictly required for SPS
sensorregulated gene expression under conditions
when low levels of Stpl and Stp2 enter the nucleus sug-
gested that Dal81 may facilitate the binding of Stpl and
Stp2 to SPS sensor-regulated promoters. We used ChIP
to examine this possibility by analyzing the association
of Stpl with two SPS sensor-regulated promoters AGPI
and GNPI. To facilitate the analysis, we used a plasmid
encoding a Stp1 construct that carried an HA-epitope at
the C terminus; this plasmid fully complements sipIA
stp2A null mutant phenotypes, thus, the Stpl-HA pro-
tein is functional (see MATERIALS AND METHODS). A
plasmid encoding native Stpl without an epitope tag
was included in the experiment as a control for non-
specific immunoprecipitation, and the ability to amplify
the ACTI promoter was used to control the binding to
nonspecific DNA sequences. Amino acid induction
results in a slightly enhanced nonspecific immunopre-
cipitation of ACTI promoter sequences; presumably
this is a consequence of the greatly enhanced levels of
nuclear localized Stpl in induced cells (ANDREASSON
and LjunGpaHL 2002; BoBAN et al. 2006).

In wild-type cells, we readily detected the specific
association of Stpl with AGPI and GNPI promoters, but
only after induction with amino acids and only in lysates
prepared from cells expressing the HA-tagged construct
(Figure 4, lanes 1-3). In lysates prepared from asiIA
cells, anti-HA antibodies immunoprecipitated the AGPI
and GNPI promoters even in cells grown in the absence
of inducing amino acids (lane 4). This finding, consis-
tent with our previously published results (BOBAN et al.
2006), indicates that in the absence of Asil, full-length
unprocessed Stpl is able to gain access to SPS sensor-
regulated promoters. This fully accounts for the consti-
tutive expression of SPS sensorregulated promoters
observed in asilIA mutants. Strikingly, in lysates pre-
pared from uninduced asiIA dal8IA cells, the levels of
immunoprecipitated AGPI and GNPI promoters were
significantly decreased (compare lanes 4 and 5), clearly
indicating that Dal81 is important for the association of
Stp1 with SPS sensor-regulated promoters. Furthermore,
the data show that Dal81 also facilitates the binding of
processed Stpl; significantly lower levels of AGPI and
GNP1 promoters were immunoprecipitated from lysates
prepared from amino acid-induced dal8IA cells (com-
pare lanes 6 and 8 with lane 3).

We note that the amounts of Stpl found associated
with AGPI promoters (Figure 4) directly correlate with
the observed AzC sensitivity of wild-type and mutant
strains (Figures 1, 2, and 3C). Specifically, the lack of
Stp1 binding in uninduced asiIA dalSIA cells accounts
for the AzC resistance of asiIA dal8IA cells that lack a
functional SPS sensor [pir3A (Figures 1 and 2A); ssyIA
(Figure 2B); and ssy5A (Figure 3C)]. The low levels of
Stpl associated with AGPI promoters detected in amino
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Ficure 4.—Dal81 is required for the efficient promoter
binding of latent and processed forms of Stpl. ChIP analysis
of Stpl association with AGPI and GNPI promoters before
and after amino acid-induced processing. Cultures of wild-
type (WT; CAY60), asilA (CAY150), asilA dal8IA (MBY64),
and dal81A (MBY79) strains carrying plasmid pMB10 (Stpl-
HA) were grown in SD medium (— leu), and where indicated
leucine was added 30 min prior to harvest (+ leu). Cell lysates
were prepared and analyzed by ChIP using anti-HA antibody
(3F10). Strain CAY60 (WT) carrying pCA029 (nontagged
Stpl) was included to control nonspecific immunoprecip-
itation, and the ability to amplify the ACTI promoter was
assessed to control association with nonspecific DNA sequen-
ces. The size of amplified fragments are: AGP1, 246 bp; GNP1,
313 bp; and ACT1, 274 bp. The relative levels of immunopre-
cipitated promoter DNA are indicated (arbitrary units).

acid-induced dal8IA mutants (Figure 4, lanes 6 and 8)
account for the reduced but still detectable AzC re-
sistant growth (Figure 2A, dilution 3; Figure 2B dilution
6; Figure 3B, dilution 11). These results demonstrate
that AzC sensitivity provides a highly sensitive measure
of SPS sensor promoter activity, as barely detectable
promoter binding (Figure 4, lanes 6 and 8) leads to clear
AzC sensitivity (Figure 2B, dilution 6, Figure 3C, di-
lution 11).

Dal81 does not affect targeting of processed Stpl to
the nucleus: Since dal81A mutations greatly diminish
the binding of both latent and processed forms of Stpl
to promoters of SPS sensor-regulated genes (Figure 4,
lanes 5-8), we examined the possibility that the loss of
Dal81 function interfered with mechanisms facilitating
nuclear localization of Stp1. In this case, we anticipated
that Stpl would not target to the nucleus in dal§IA
mutants. Using immunofluorescence microscopy, we
determined the intracellular location of processed Stpl
in wild-type (DALS8I) and dal8IA strains grown under
inducing conditions in the presence of amino acids

Stp1-HA DAPI

Nomarski

DALS81

dal81A

F1Gure 5.—Dal81 is not required for nuclear localization of
Stpl. Indirect immunolocalization of Stpl-HA in DALSI
(CAY60) and dal8IA (MBY79) cells was performed with
anti-HA monoclonal antibodies. Strains carrying plasmid
pMB31 (Stpl-HA) were grown in SD and induced 30 min with
leucine. Left to right: a-HA monoclonal antibody-dependent
Alexa Fluor 488 fluorescence; DAPI staining; and cells viewed
by Nomarski optics.

(Figure 5). In both strains, an intense and highly focused
fluorescence, which colocalized with DAPI-stained DNA,
was observed. These observations clearly demonstrate
that Dal81 does not play a major role in nuclear targeting
of Stpl.

DISCUSSION

Here, we used an unbiased genetic approach to iden-
tify components required for transcription mediated by
unprocessed latent forms of Stpl and Stp2 in asiIA
mutants. We selected spontaneous mutations in RLS
genes that suppressed the constitutive expression of SPS
sensor-regulated genes in asiIA cells. We anticipated
finding loss-of-function mutations in multiple genes,
i.e., genes encoding transcriptional coactivators that
function together with Stpl or Stp2, but also mutations
in genes encoding proteins facilitating nuclear import
or stability of Stp1 and Stp2. However, we found that all
rls mutations belonged to a single complementation
group. The number of 7ls mutations analyzed strongly
suggests that under the conditions used, the RLSscreen
is saturated. Our inability to identify a large set of RLS
genes could be due to the extremely tight selection used
that allowed isolation of only those mutations that
completely abolish expression of AGPI and GNPI. Alter-
natively, the processes governing the nuclear import or
stability of Stp1 and Stp2 may be functionally redundant
or may rely on proteins with essential functions required
for cell viability.

RLS1is identical to DALS8I. DALS8I encodes a nuclear
factor that pleiotropically contributes to the proper ex-
pression of multiple genes in at least three nitrogen
assimilation and utilization pathways. Mutations in DALS]
prevent induction of genes involved in utilization of urea
and allantoin (Jacoss et al. 1981; Turoscy and COOPER
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1982; COORNAERT et al. 1991) and GABA (VISSERS el al.
1990). More recently, and consistent with our results
presented here, it has been shown that Dal81 is required
for full induction of amino acid-induced SPS sensor-
dependent AAP gene expression (IRAQUI el al. 1999;
BERNARD and ANDRE 2001; ABDEL-SATER et al. 2004b). In
all of these pathways, Dal81 functions together with an
inducer-specific transcription factor to activate target
genes via inducer-specific sequences (VAN VUUREN ¢t al.
1991; TaLiBI e al. 1995; IRAQUI et al. 1999; BERNARD and
ANDRE 2001; ABDEL-SATER et al. 2004b). However, while
inducer-specific factors Uga3 (NOEL and TURCOTTE 1998;
Ip1cuLra et al 2002), Dal82 (ANDRE and JaAuNIAUX 1990;
OLIVE ¢t al. 1991; DorrRINGTON and CooPER 1993), and
Stpl and Stp2 (DE BOER et al. 2000; NIELSEN el al. 2001;
ABDEL-SATER et al. 2004b) have been found to directly
bind to specific upstream-activating sequences, direct
binding of Dal81 to these elements has not been
demonstrated. Consistently, the deletion of the putative
Zn (II)9Cysg DNA binding domain of Dal81 has no
effect on the induction of allantoin /urea and GABA uti-
lization pathways (BRICMONT et al. 1991).

Our results demonstrate that Dal81 is important, but
not absolutely required for SPS sensor-regulated gene
expression under conditions when Stpl and Stp2 accu-
mulate in the nucleus. The SPS sensor-regulated pro-
moters remained partially active in induced dal81A cells
(Figure 2B) or dal81A cells carrying the dominant STPI-
133 allele (Figure 3C). Conversely, in the absence of
Stpl and Stp2, Dal81 by itself was unable to induce
sufficient expression of AGPI or GNPI to confer AzC
sensitivity (Figure 3). Together these findings indicate
that Dal81 enhances signaling mediated by Stpl and
Stp2. Similarly, the UASgapa element from the UGAI
promoter is capable of supporting low levels of GABA-
induced reporter activation in dal81A cells (TALIBI ¢t al.
1995), which suggests that Uga3 is also able to inde-
pendently activate transcription of UGAI. Thus, Dal81
appears to have an important and synergistic role in
amplifying the induced expression of genes in several
well-characterized nitrogen source utilization pathways,
i.e., urea and allantoin, GABA, and SPS sensor pathways.

We found that Dal81 facilitates the binding of Stpl to
SPS sensorregulated promoters (Figure 4). Notably, the
decreased association of Stpl with promoters in dal8IA
mutants was not due to impaired nuclear targeting or
accumulation (Figure 5). Similarly, the nuclear localiza-
tion of Dal82 is not changed in a dal§IA mutant (ScoTT
et al. 2000). In previous work by others, it was shown that
the induction of a lacZ reporter construct via a 21-bp
UAS,, element from the AGPI promoter is abolished by
deleting either STPI or DALS8I (ABDEL-SATER el al.
2004b). Clearly, Stpl and Dal81 exert their function via
the same regulatory sequences. On the basis of our ChIP
analysis (Figure 4), Dal81 functions to amplify the sensi-
tivity of SPS sensor-mediated signaling by increasing the
efficiency of Stpl and Stp2 binding to target promoters.

The finding that RLSI is identical to DALSI provides
novel insights into the functional significance of the Asi
backup system. The inactivation of the Asi system results
in constitutive gene activation owing to the amplifying
function of Dal81, which enables robust transcription
even in the presence of low levels of nuclear localized
Stp1 and Stp2. In fact, the levels of immunoprecipitated
Stpl associated with AGPI and GNPI promoters in
uninduced asiIA cells are indistinguishable to those
observed in induced wild-type cells (Figure 4) in which
all of the detectable Stpl and Stp2 is in the nucleus
(ANDREASSON and LjuNGDAHL 2002; BOBAN et al. 2006).
Conversely, in the absence of Dal81, Stpl promoter
binding was barely detected in uninduced asiIA cells
(Figure 4). This striking observation suggests that Dal81
ensures high affinity binding of Stp1 to target promoters.
Consistently, in dal8IA mutants, the repressing activity of
the Asi proteins is dispensable, demonstrating that with-
out Dal8l-dependent amplification, the levels of pre-
cursor forms of Stpl and Stp2 that escape cytoplasmic
retention are insufficient to activate transcription.

In summary, we have addressed how the SPS-sensing
pathway provides the proper balance between two op-
posing parameters that influence accurate transcrip-
tional responses, i.e., the ability to promote gene
expression in a highly specific and sensitive manner
vs. the need to prevent gene activation in the absence
of inducing signals. Dal81 contributes greatly to the
sensitivity and responsiveness of amino acid-induced
gene activation by amplifying signals, whereas, the inner
nuclear membrane Asi proteins ensure that SPS sensor-
regulated genes are expressed only after amino acid-
dependent processing of Stpl and Stp2. The fact that, in
the presence of Dal81, only low levels of Stpl and Stp2
can mediate what amounts to a fully induced state
underscores the importance of regulatory mechanisms
that negatively modulate gene expression.
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