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FIG. 1. Analysis of Irelp interaction with Ptc2p and mapping of interaction domains. (A) Two-hybrid analysis. LexA fusion proteins with intact and truncated forms
of the cytoplasmic domain of Irelp (bait) were tested for interaction with the original clone B42-HA-Ptc2p (aa 174 to 464), B42-HA-Ptc2p containing aa 1 to 312, or
B42-HA-Ptc2p containing aa 174 to 355. Transformants harboring JREI and PTC?2 fusions were patched onto His™ Trp~ plates and replica plated onto His™ Trp~
Leu™ plates containing either glucose or galactose. The growth of strain EGY48 harboring different regions of the Irelp cytoplasmic domain as LexA fusions (in
pEG202) and as B42-HA fusions (in pJG4-5) on His™ Trp™ medium (control) and His™ Trp~ Leu™ medium containing either galactose plus raffinose (Gal) or glucose
(Glu) was monitored. (B) Schematic representation of LexA-Irelp fusion proteins (bait) and their interactions with B42-HA-Ptc2p (prey) as detected by two-hybrid
analysis. WC, wild-type cytoplasmic-nucleoplasmic domain; NK, N linker plus kinase domain; WK, wild-type kinase domain; KC, kinase domain plus C-terminal tail;

CT, C-terminal tail.

deed a PP2C-like protein serine/threonine phosphatase that
can efficiently dephosphorylate Irelp kinase in vitro.

To investigate whether Ptc2p acts as a substrate for Irelp,
we performed in vitro phosphorylation assays by coincuba-
tion of GST-WC and Ptc2p in the presence of [y->*P]JATP.
Although GST-WC was autophosphorylated in these assays,
Ptc2p was not phosphorylated by GST-WC (data not shown).
To rule out the possibility that the phosphatase activity of
Ptc2p diminished the kinase activity of Irelp and thus the
substrate phosphorylation, catalytically inactive Ptc2p mutants
were used as substrates. Irelp did not frans-phosphorylate
Ptc2p under these conditions. These results suggest that Ptc2p
is not a substrate for Irelp in vitro.

Mutations in the metal binding sites affect the substrate
binding and catalytic activity of Ptc2p. The crystal structure of
human PP2Cax reveals that its catalytic domain is composed of
a binuclear metal center that is coordinated by four invariant
aspartate residues and a glutamate residue that are conserved
among some members of the PP2C family (9). Since metal ions
(Mn?* and Mg?") are required for the catalytic activity of the
PP2C-like enzymes, substitution of these residues would pre-
dict catalytically inactive enzymes. To establish whether the
phosphatase activity of Ptc2p is required for the in vivo regu-
lation of Irelp, we substituted the Glu*’, Asp*®, and Asp***
residues corresponding to the conserved residues that coordi-
nate metal ions in the human counterpart (Fig. 4) with alanine.
GST-Ptc2p fusion proteins carrying single (Ptc2pP?***), dou-
ble (Ptc2p™74/P384) or triple (Ptc2p™?7A/P38AD2344) myta-
tions were expressed as soluble proteins in E. coli, indicating
that the structures of these proteins were not severely mis-
folded. Dephosphorylation assays revealed that the single
(Ptc2p®?*4; Fig. 5A, lane 5), double (Ptc2p™374/P384; Fig 5A,
lane 4), and triple (Ptc2p=374/P38AD234A. data not shown)
phosphatase mutants could not catalyze the removal of co-
valently attached phosphate residues from GST-WC, similar to
the results obtained in the absence of Mg?* (Fig. 5A, lane 3).
These results demonstrate that the above-listed mutations ren-
der the phosphatase catalytically inactive and are consistent
with its predicted tertiary structure and the deduced catalytic
mechanism.

To test the ability of the catalytically inactive Ptc2p mutants
to interact with Irelp, we performed in vitro adsorption exper-
iments. Reticulocyte lysates containing the *°S-labeled in vitro-
translated mutant proteins were incubated with either phos-
phorylated or nonphosphorylated GST-WC, and the proteins
adsorbed to GST-WC were analyzed by SDS-PAGE and flu-
orography. Like wild-type Ptc2p, the Ptc2p™*74P384 double
mutant was specifically adsorbed by phosphorylated GST-WC
(Fig. 5B, lanes 7 and 9) but not by nonphosphorylated GST-
WC (Fig. 5B, lanes 4 and 6), indicating that the substitution of
both residues Glu*” and Asp?® with alanine did not destroy the
interaction. This result is consistent with the observation that
amino acid residues 1 to 173 of Ptc2p were not required for the
interaction with Irelp detected by the two-hybrid analysis.
These results are also in agreement with the observation that
Mg?* was not required for the interaction, suggesting that the

Ptc2p-Irelp interaction differs from a canonical enzyme-sub-
strate interaction. In contrast, substitution of the invariant
aspartic acid residue at 234 with alanine completely abrogated
the Ptc2p interaction with phosphorylated GST-WC (Fig. 5B,
lanes 5 and 8), demonstrating the specificity and the selectivity
of the interaction. The interaction properties of the Ptc2p
triple mutant were almost indistinguishable from those of the
single mutant, and the triple mutant failed to interact with
Irelp (data not shown). These results are consistent with the
two-hybrid data and reconfirm that the Ptc2p-Irelp interaction
is mediated through amino acid residues 174 to 355 of Ptc2p.

PTC2 is not essential for cell viability. If the interaction
between Irelp and Ptc2p and the dephosphorylation of Irelp
by Ptc2p were physiologically significant for the regulation of
the UPR pathway, cells deficient in Ptc2p should have an
altered UPR. To investigate this hypothesis, two yeast strains
carrying null alleles of PTC2 were constructed. In AWY446, a
kan® gene was inserted into the unique 7thi111 site in the 5’
end of the PTC2 coding region. In the other null mutant,
AWY506, the open reading frame was disrupted by replacing
the 935-bp Xbal-Nrul fragment with a LEU2 gene. This con-
struction removed amino acid residues 42 to 353 of PTC2. PCR
and Northern blot analyses confirmed that these mutants con-
tained the disrupted PTC2 gene (data not shown). Both null
mutants were viable, indicating that PTC2 is not an essential
gene for cell viability. In rich liquid medium, Aptc2 cells exhib-
ited growth rates identical to those of wild-type and Aire! cells
(Fig. 6A). Under the same growth conditions, a low concen-
tration of tunicamycin, a drug that inhibits N-linked glycosy-
lation and causes the accumulation of unfolded proteins in the
ER, severely impaired the growth of the Airel cells (Fig. 6A).
In contrast, tunicamycin did not significantly affect the growth
of either wild-type or Aptc2 cells, and the growth curves for
these two strains were indistinguishable. These observations
suggest that Aptc2 cells have no apparent growth defects and
are capable of effectively protecting themselves from the lethal
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FIG. 2. Direct physical association of Irelp and Ptc2p in vitro. Aliquots of an
in vitro translation reaction mixture containing *>S-labeled Ptc2p were incubated
with glutathione-Sepharose beads impregnated with either phosphorylated (lane
5) or nonphosphorylated (lane 4) GST-WC. As a control, beads coated with GST
alone and either with (lane 3) or without (lane 2) prior incubation in in vitro
kinase buffer (41) were used to adsorb Ptc2p. Beads were collected, washed, and
boiled to release the bound proteins. Equal proportions of the samples were
analyzed by SDS-PAGE, Western blotting, and fluorography. A portion (8.3%)
of the Ptc2p input is shown in lane 1.
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FIG. 3. Dephosphorylation of Irelp by Ptc2p. A fixed amount of 3?P-labeled
GST-WC (1 pg) was incubated with increasing amounts of Ptc2p in dephosphor-
ylation buffer (21). Samples were boiled, and equal portions were analyzed by
SDS-PAGE and autoradiography. The GST-WC/Ptc2p ratios used were deter-
mined by a protein assay and were confirmed by scanning of the Coomassie
blue-stained gel with NIH Image. The migration of bovine serum albumin is
indicated by an arrow.

consequences of the accumulation of unfolded proteins in the
ER.

Overexpression of PTC2 retards cell growth. To further elu-
cidate the role of PTC2 in yeast biology, T7 epitope-tagged
Ptc2p was overexpressed with an inducible GALI promoter.
Overexpression of wild-type Ptc2p inhibited cell growth,
whereas overexpression of both Ptc2p mutants did not affect
the growth rate relative to that of wild-type cells (Fig. 6B).
Since the levels of expression of the mutant and wild-type
Ptc2p proteins were similar (Fig. 6C), this difference was not
due to a difference in expression. These results support the
conclusion that overproduction of the phosphatase is growth

MoL. CELL. BIOL.

inhibitory due to excessive phosphatase activity. It is possible
that Ptc2p is also involved in other signaling pathways that
regulate cell growth, and its overproduction may therefore
inhibit cell growth. The addition of tunicamycin significantly
retarded the growth of the yeast cells overexpressing wild-type
Ptc2p but did not significantly affect the growth of either wild-
type cells or cells that overexpressed mutant Ptc2p, indicating
that the UPR pathway is compromised upon Ptc2p overexpres-
sion, a phenotype common to Airel cells.

The UPR pathway is sensitized in ptc2 cells. In order to
investigate whether null mutants of PTC2 have an elevated
UPR, yeast strains harboring a single integrated copy of a lacZ
reporter gene that has an upstream 22-bp UPRE were con-
structed. The UPR was monitored by the levels of tunicamycin-
inducible B-galactosidase expression in the cell extracts. In
wild-type cells, the expression of B-galactosidase increased
steadily with increasing concentrations of tunicamycin (Fig.
7A). Although both the deletion (ptc2-Al::LEU2) and the in-
sertion (ptc2-1::kan") mutants showed similar dose-dependent
levels of B-galactosidase expression, the levels of expression
were approximately three- to fourfold higher than that of wild-
type cells, indicating that cells devoid of Ptc2p were hypersen-
sitive to unfolded proteins. These observations suggest that
PTC2 is a negative regulator of the UPR pathway.

Overexpression of wild-type Ptc2p but not the catalytically
inactive mutants of Ptc2p downregulates the UPR. To study
the functional effects of the catalytically inactive Ptc2p mutants
on the UPR, T7 epitope-tagged versions of the catalytically
inactive mutants were overexpressed in a wild-type strain that
harbors a UPRE-LacZ reporter construct. In comparison with
the vector control, yeast cells that overexpressed Ptc2p dis-
played a reduction in tunicamycin-dependent 3-galactosidase

Ptc2 1 HEoThoNg 50
PP2Ce. 1  MGAFLDKE oG 48
Ptc2p 51 | e 93
PP2Ca 49 T 98
Ptc2p 94 TEINTH. . QE VMKEBHSECTAT ST 141
PP2Co. 99 NGI GELETBEE GADREEGSTAVAV 146
Ptc2p 142 o 191
PP2Co 147 ; DHK] 196
Ptc2p 192 241
PP2Ca 197 246
Ptc2p 242 291
PP2Ca 247 290
Ptcep 292 LLKEGEDVAQWSDRMKSKAHRTSVRSFADKRRRVFSYYDFSKCNDEQUFA 341
PP2Co 291 FPNAPKVSPEAVKKEAELDKYLECRVEEI TKKQGEGVPDLVHVMRTLASE 339
Ptc2p 342 TTTKKPODKFTRDHEAAVASVTAADNDDPMDIDDTDADTDAENLDPSSQS 391
PP2Co 340 NIPSLPPGGELASKRNVIEAVYNRLNPYKNDDTDSTSTDDMW 382
Ptc2p 392 KSKTSGPIDLASLEALLGATGGVKTDSNGNKVTYTLPQSALAQLLOTMGH 441
Ptc2p 442 DPASSHPENDSNTDHKAGRSHLQ 464

FIG. 4. Sequence alignment of the catalytic domains of human PP2Ca and Ptc2p. The GenBank accession numbers for the PP2Ca gene and PTC2 nucleotide
sequences are S87759 and U18839, respectively. Invariant residues are shaded in gray. Conserved residues are boxed. Residues that coordinate metal ions are indicated
by circles. Residues that were mutated in this study are denoted by diamonds. The alignment was made with the Wisconsin sequence analysis package (Genetics

Computer Group Inc., Madison, Wis.).
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FIG. 5. Effect of mutations at the predicted Mg?* binding sites on the Irelp
interaction and phosphatase activity. (A) In vitro dephosphorylation assay. Equal
amounts (1 pg) of 3>P-labeled GST-WC were incubated with dephosphorylation
buffer (control, lane 1), Ptc2p (1 pg, lane 2), Ptc2p (1 pg) with EDTA (lane 3),
Ptc2pB37AP38A (1 g, lane 4), or Pte2pP?3#4 (1 ug, lane 5). Samples were boiled,
and equal portions were analyzed by SDS-PAGE Coomassie staining, and au-
toradiography. The migration of the wild-type and mutant phosphatases is indi-
cated by a solid arrow. The open arrow indicates the migration of bovine serum
albumin. (B) In vitro binding assay. Beads impregnated with equal amounts of
cither nonphosphorylated (lanes 4 to 6) or phosphorylated (lanes 7 to 9) GST-
WC were tested for interaction with equal amounts of in vitro-translated
Ptc2p (lanes 4 and 7), Ptc2pP?**A (lanes 5 and 8), or Ptc2p®37A/P38A (lanes 6
and 9). Bound proteins were analyzed by SDS-PAGE, Western blotting, and
fluorography. Ten percent of the Ptc2p input is shown in lanes 1 to 3. The
phosphorylated form of GST-WC is indicated by an asterisk.
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expression (Fig. 7B). Although this difference was observed
throughout the entire range of concentrations, it was more
pronounced at lower doses (Fig. 7C). In contrast, yeast cells
that overexpress either Ptc2pP?*** (the single mutant that did
not interact with Ire1p) or Ptc2p™ 74384 (the double mutant
that could interact with Irelp) displayed increased and tunica-
mycin-inducible B-galactosidase activity (Fig. 7B). These re-
sults are consistent with the notion that PTC2 is a negative
regulator of the UPR pathway and that the phosphatase activ-
ity of Ptc2p is essential for the regulation of the UPR.

PTC2 is required for regulated HACI mRNA splicing. Since
activation of the UPR pathway is regulated by Irelp-depen-
dent HACI mRNA splicing and subsequent generation of
Haclp (8, 16), we questioned whether PTC2 plays a role in
HACI mRNA splicing. To investigate this possibility, splic-
ing of HACI mRNA was monitored by an RNase protection
assay. In this assay, detection of an RNase-resistant 147-nucle-
otide fragment is diagnostic of cleavage of the 3’ splice site of
HACI mRNA. In agreement with Cox and Walter (8), cleaved
HACI mRNA was detected in a tunicamycin-dependent fash-
ion in wild-type control cells (Fig. 8, lanes 1 and 2) but not in
Airel cells (lanes 3 and 4). Interestingly, Apzc2 cells displayed
a 64% increase in tunicamycin-dependent cleavage of HACI
mRNA (Fig. 8, lane 6), and tunicamycin-dependent cleavage
of HACI1 mRNA was reduced to 57% in cells overexpressing
wild-type Ptc2p (Fig. 8, lane 8). In addition, cleaved HACI
mRNA was detected in Aptc2 cells as well as in cells overex-
pressing either Ptc2pP#**4 or Ptc2p™*74/P384 in the absence of
tunicamycin (Fig. 8, lanes 5, 9, and 11), indicating that HACI
mRNA processing is deregulated in these cells. These results
confirm the role of PTC2 as a negative regulator of the UPR
pathway and, more importantly, demonstrate that PTC2 acts
upstream of the H4C1 mRNA splicing event.

DISCUSSION

Ptc2p is a novel phosphatase that binds to and dephosphor-
ylates Irelp. In the budding yeast S. cerevisiae, the Irelp kinase
is activated in response to unfolded protein in the ER to
transmit a signal that induces the transcription of genes en-
coding ER-resident protein chaperones. We have identified a

<
@
A c §<
Q QO QO
AN N AN
g L B
o o a
(=3
S o-T7 western
g ——— -
1 2 3

Time hrs

Time hrs

FIG. 6. Effect of PTC2 on the growth of S. cerevisiae in the presence (closed symbols) or absence (open symbols) of tunicamycin. (A) PTC2 deletion does not affect
the growth rate. AWY446 (ptc2-1::kan") (triangles), AWY500 (PTC2) (squares), AWYS506 (ptc2-Al::LEU2) (circles), and AWY 516 (irelAl) (arrowheads) were grown
in 1% yeast extract-2% peptone—2% dextrose (YPD) medium to an 44, of 0.1, and the cultures were divided into flasks. Tunicamycin (final concentration, 0.25 pg/ml)
was added to one set of flasks, and incubation was continued at 30°C. Aliquots were removed at the indicated times, and the A4y, was measured. (B) Ptc2p
overproduction inhibits cell growth. AWY500 harboring PTC2 (arrowheads), ptc2P%*A (circles), or ptc2B37A/P38A (squares) in a 2pm vector, pYES2 (diamonds), was
grown in Ura™ medium containing 2% galactose and 1% raffinose for 10 h. Cultures were divided and treated as in panel A. (C) Wild-type Ptc2p and single and double
Ptc2p mutants are expressed equally in S. cerevisiae. AWY500 harboring PTC2 (lane 1), ptc2537A/P384 (Jane 2), and ptc2P?344 (lane 3) in the pYES2 vector was grown
in Ura™ medium containing 2% galactose and 1% raffinose for 10 h. Cells were harvested and lysed, and the extracts were analyzed by Western blotting with anti-T7

antibody.
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FIG. 7. PTC2 downregulates the UPR. (A) Null mutants of PTC2 exhibit an
clevated UPR. Cultures of strains AWY446 (ptc2-1::kan") diamonds, AWY500
(PTC2) (squares), and AWY506 (ptc2-Al::LEU2) (circles) were grown in YPD
to the early log phase and divided, and tunicamycin (Tm) was added to the final
concentrations indicated. After 90 min of incubation at 30°C, cells were har-
vested and lysed and B-galactosidase activity was measured. (B) Overexpression
of wild-type Ptc2p and catalytically inactive Ptc2p deregulates the UPR. Strains
expressing either wild-type or mutant Ptc2p were grown in Ura™ medium con-
taining 2% galactose and 1% raffinose for 10 h to the early log phase. Cultures
were divided, Tm was added to a final concentration of 2 wg/ml, and incubated
was continued for 90 min. Cells were harvested and lysed, and B-galactosidase
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novel serine/threonine phosphatase, Ptc2p, as a specific inter-
actor of Irelp by interaction-trap (two-hybrid) screening. This
is the first demonstration of a protein serine/threonine phos-
phatase as a component of the signal transduction pathway
from the ER to the nucleus. Several genetic and physical meth-
ods demonstrated that the association between Ptc2p and
Irelp was specific and selective. First, the yeast two-hybrid
assay demonstrated that Ptc2p interacted with Irelp but not
with Cdc28p, a kinase that shows the highest homology to
Irelp. Second, in vitro physical assays demonstrated that Ptc2p
interacted with phosphorylated Irelp but not with nonphos-
phorylated Irelp. Third, a single amino acid mutation in the
Irelp interaction domain of Ptc2p disrupted the interaction
between the two proteins in vitro. On the basis of the in vitro
interaction between the bacterially expressed Irelp and the in
vitro-translated Ptc2p, we suggest that the interaction is direct
and specific and depends on the phosphorylation status of
Irelp.

A typical PP2C enzyme requires Mg>" or Mn*" for sub-
strate binding (21). However, the Ptc2p-Irelp interaction dif-
fers from a typical PP2C-substrate interaction because the
interaction is Mg®" and Mn?* independent. This finding is not
completely unprecedented, as the interaction between a PP2C
enzyme in Caenorhabditis elegans, FEM-2, and its interaction
partner, FEM-3, is also Mg®* and Mn*" independent (6). Our
data support the idea that the Ptc2p-Irelp interaction is me-
diated through a kinase interaction domain mapped within aa
174 to 355 of Ptc2p (Fig. 9A). A similar kinase interaction
domain has been described for a PP2C-like enzyme, KAPP
(kinase-associated protein phosphatase), in Arabidopsis thali-
ana (38). Like the Ptc2p-Irelp interaction, the interaction be-
tween KAPP and the RLKS kinase is phosphorylation depen-
dent. However, there is no significant homology between these
two kinase interaction domains. It is not clear how Ptc2p dis-
criminates between the phosphorylated and nonphosphory-
lated forms of Irelp for interaction. It is possible that a phos-
phorylation-induced change in the secondary structure of
Irelp creates a Ptc2p binding site that mediates the inter-
action. On the other hand, phosphoserine or threonine(s) in
Irelp may act as a docking site(s) for Ptc2p. In fact, Muslin et
al. (26) recently demonstrated that the interaction between the
14-3-3 family of proteins and their interacting partners is me-
diated by the recognition of phosphoserine.

We have established that Ptc2p is a genuine serine/threonine
phosphatase and that Irelp is the target for the Ptc2p phos-
phatase. This is the first description of a physiological substrate
for the PP2C class of enzymes. As revealed by the crystal
structure, the catalytic domain of human PP2Ca contains a
binuclear metal ion center that is coordinated by four invariant
aspartate residues and a semiconserved glutamate residue. It is
proposed that in PP2C-like enzymes, the metal ion-activated
water molecules act as nucleophiles and acids to catalyze de-
phosphorylation. Our data demonstrated that the substitution
of aspartate and glutamate residues in Ptc2p at positions equiv-
alent to those of the metal ion-coordinating aspartate residues
in the human counterpart destroyed catalytic activity, support-

activity was measured. Specific B-galactosidase activity represents an average of
three independent experiments. Bars indicate standard deviations. (C) Tm dose
dependence of the UPR in wild-type cells overexpressing wild-type or mutant
Ptc2p. The UPR was monitored as described in panel B, except that different
concentrations of Tm were used for induction. Symbols: squares, pYES2 vector;
diamonds, pYES2 carrying PTC2; circles, pYES2 carrying the D234A allele;
triangles, pYES2 carrying the E37A/D38A allele.
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FIG. 8. PTC2 regulates HACI mRNA splicing. Cultures of strains AWY500, AWY506, and AWY500 overexpressing either wild-type Ptc2p or Ptc2p mutants were
grown in synthetic complete medium with or without uracil to the early log phase, divided, and induced with tunicamycin (Tm) (2 pg/ml) for 90 min. Cells were
harvested, RNA was isolated, and cleavage of HA4CI mRNA was assayed by an RNase protection assay with a probe that is colinear with the S. cerevisiae HACI gene.
The 147-nucleotide (nt) fragment represents the 3’ portion of (HAC1) mRNA that extends to the 3’ cleavage site. The 74-nucleotide fragment derived from the 5’ side
of the spliced HACI mRNA is not shown in this analysis. The abundance of spliced HACI mRNA HACI' relative to ACTI mRNA is indicated. Products of higher
molecular weights may represent intermediates in the splicing reaction that are observed only in Aptc2 cells (asterisks). 2, 2pm.

ing the requirement for a binuclear metal ion center in the
proposed catalytic mechanism for the PP2C family of enzymes.

Ptc2p negatively regulates the UPR pathway upstream of
HACI mRNA splicing. An increasing body of evidence suggests
that the PP2C-like enzymes play multiple roles in regulating a
number of signal transduction pathways. In mammals, PP2C is
implicated in Ca®* -related signaling in the brain (11). In C. el-
egans, the PP2C enzyme FEM-2 is required to promote male
development (6). The ABII gene product of A. thaliana, which
features an EF hand (two alpha helices) Ca?*-binding site at
the amino terminus and a PP2C domain at the carboxy ter-
minus, is required for abscisic acid-mediated responses,
such as stomatal closure (18), the maintenance of seed dor-
mancy (18, 22), and the inhibition of plant growth (22). The S.
cerevisiae genome encodes six PP2C-like enzymes (37) whose
physiological functions are unknown, with the exception of
Ptclp and Ptc2p. Ptclp downregulates the osmosensing signal
transduction pathway (20) and is required for tRNA splicing
(27). In Schizosaccharomyces pombe, the Ptclp counterpart is
encoded by ptc1™ and is important for survival of heat shock as
well as for osmoregulation (32). S. cerevisiae Ptc2p is most
homologous to Ptc3p of S. pombe, and both proteins are im-
plicated in osmosensing signal transduction pathways (19, 20,
33, 34). In this report, we have described the role of Ptc2p in
the UPR, a hitherto-unknown function for this enzyme.

The UPR pathway is required for cell survival under condi-

tions of ER stress (7). Since null mutants of PTC2 grow in the
presence of tunicamycin, a condition that requires induction of
the UPR, PTC2 is not a positive regulator of the UPR. Instead,
the evidence presented here suggests that PTC2 is a negative
regulator of the UPR. In comparison to wild-type cells, ptc2
null mutant cells had a three- to fourfold-increased UPR, and
this response correlates with increased levels of spliced HACI
mRNA, a phenotype qualitatively similar to that of Irelp-
overexpressing cells (8). In addition, overexpression of wild-
type Ptc2p but not the catalytically inactive Ptc2p mutants
reduced the UPR, with coincident reduced levels of HACI
mRNA, consistent with inactivation of signaling from Irelp.
Overexpression of the catalytically inactive Ptc2p mutants ac-
tually elevated the UPR and increased the levels of spliced
HACI mRNA, possibly by competition for interactions with
critical regulatory components of the UPR pathway. Expres-
sion of the catalytically inactive mutant that was capable of
binding to Irelp, Ptc2p™74P384 caused the greatest increase
in the UPR, suggesting that the interaction of inactive Ptc2p
with Irelp prevents turning off of the UPR. The results of
these experiments are consistent with a requirement for Ptc2p
in preventing signaling from Irelp.

Since permanent activation of the UPR pathway is detri-
mental to cell growth, the UPR pathway must be negatively
regulated (8). This fact may explain in part the slow growth of
Ptc2p-overexpressing cells. Although pfc2 mutant cells exhib-
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ited an elevated UPR, the pathway was not completely dereg-
ulated, as their growth rates in either the absence or the pres-
ence of tunicamycin were identical to that of wild-type cells.
Perhaps, like the S. pombe PP2C enzymes (33, 34), the S. cer-
evisiae counterparts may have overlapping functions. It is also
possible that a completely unrelated serine/threonine phospha-
tase(s) could substitute for Ptc2p. Such partial or complete
redundancy is not uncommon in phosphorylation- or dephos-
phorylation-mediated signal transduction (19).

The results presented here reveal that Ptc2p plays a novel
regulatory role upstream of HACI mRNA splicing in the UPR
pathway. Important issues that remain concern the mecha-
nisms that regulate Ptc2p activity. Since PTC2 transcription is
not induced in response to stress in the ER (data not shown),
the expression of Ptc2p is not regulated at the transcriptional
level through Irelp. It is not known whether Ptc2p is regulated
at posttranscriptional levels that may include translation and/
or a mechanism of activation or inactivation. A common reg-
ulatory mechanism controlling protein phosphorylation is the
compartmentalization of the kinases and the counteracting
phosphatases to allow maximum efficiency and specificity of the
signaling events. Compartmentalization is achieved through a
targeting moiety that directs an enzyme to a preferred site. In
contrast to PP1, PP2A, and PP2B serine/threonine phospha-
tases, which utilize targeting subunits for localization (for a
review, see reference 10), Ptc2p has a kinase interaction do-
main that directs it to Irelp. In addition, Ptc2p contains a
potential myristic acid lipid anchor at the amino terminus (Fig.
9A) that may facilitate the association of Ptc2p with mem-
branes and that may further enhance targeting to Irelp. The
targeting of Ptc2p to phosphorylated Irelp could provide a

major regulatory event that controls Irelp activity in the UPR
pathway.

Reversible protein phosphorylation is the underlying theme
in the regulation of protein function in a variety of signaling
pathways leading to diverse biological responses. This process
is accomplished by the opposing actions of protein kinases and
phosphatases. In yeast, upon accumulation of unfolded pro-
teins in the lumen of the ER, the transmembrane Irelp kinase
undergoes oligomerization and trans-autophosphorylation at
serine and threonine residues to initiate the UPR. Since Irelp
kinase activity is required to induce HACI mRNA splicing, we
propose that activation of the UPR generates phosphorylated
Irelp, which directly induces the cleavage of HACI mRNA
(35). Subsequently, the tRNA ligase, Rlglp, ligates the spliced
products to complete the splicing reaction. Spliced HACI
mRNA serves as a template for the synthesis of Haclp, which
binds to the UPRE and induces transcription of the genes
encoding ER-resident chaperones. Since permanent induction
of the UPR is detrimental to cell growth (8), Irelp must be
inactivated so that the UPR pathway is downregulated upon
removal of the stimulus. The data presented here support the
idea that Ptc2p dephosphorylates Irelp kinase to inactivate
endonuclease activity and downregulate the UPR pathway.
Our current model for this regulation is shown in Fig. 9B.
When Irelp is phosphorylated, it oligomerizes and its endo-
nuclease activity is activated, and Ptc2p is recruited to the
receptor kinase via its kinase interaction domain. The interac-
tion results in the dephosphorylation and depolymerization of
Irelp and the subsequent inactivation of HACI mRNA splic-
ing. Dephosphorylation leads to the dissociation of Ptc2p from
Irelp and prevents further signaling from Irelp. Since the
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general features of the UPR pathway are conserved among
eukaryotes, it will be interesting to determine the role of PP2C
in the UPR of higher eukaryotes.
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