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ABSTRACT

Regulation of Signalling Between the Endoplasmic Reticulum

and the Nucleus

Jeffery S. Cox

Cells respond to an accumulation of unfolded proteins in the

endoplasmic reticulum (ER) by increasing transcription of genes encoding ER

resident proteins. The information is transmitted from the ER lumen to the

nucleus by an intracellular signalling pathway, the unfolded protein response

(UPR). This thesis describes the results of two genetic screens designed to

identify components of the UPR pathway in the yeast Saccharomyces

cerevisiae. Initially, the IRE1 gene was identified as a key component of the

UPR; ire 1 mutants cannot activate transcription of KAR2 and PDI1, which

encode the ER-resident proteins BiP and protein disulfide isomerase.

Furthermore, IRE1 is essential for cell viability under stress conditions that

cause unfolded proteins to accumulate in the ER. IRE1 encodes a

transmembrane serine/threonine kinase that we propose transmits the

unfolded protein signal across the ER or inner nuclear membrane. We have

also identified a bzIP transcription factor, Hac1p, that is required for the UPR

and binds to the unfolded protein response element (UPRE) in the promoter

of UPR-regulated genes. Surprisingly, Hac1p is found in UPR-activated cells

only, and its level is controlled by regulated splicing of its mRNA. Splicing

replaces the C-terminal tail of Hac1p with a different peptide which renders

Hac1p more resistant to an otherwise extremely rapid, ubiquitin-dependent

Vii



degradation. The splice junctions of HAC1 mRNA do not conform to the

consensus sequences of other yeast pre-mRNAs. Furthermore, HAC1 mRNA

splicing is not impaired in cells that are blocked in spliceosome-mediated

mRNA splicing, suggesting that the regulated splicing of HAC1 mRNA

occurs by a novel pathway that is independent of the spliceosome. We

propose that the complex regulation of Hac1p expression serves to provide

multiple levels at which the UPR can be controlled. Interestingly, both IRE1

and HAC1 are also required for inositol prototrophy. Mutants defective for

the UPR are unable to accurately activate transcription of genes involved in

de novo inositol and phospholipid biosynthesis. The linkage between the

UPR and inositol signalling pathways suggests that the induction of ER

resident proteins is coupled to the biogenesis of new ER membrane.

% ºz º.º.
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Chapter 1

Introduction



In all eucaryotic cells, secreted and transmembrane proteins must be

folded and assembled correctly in the endoplasmic reticulum (ER) before they

can exit the ER. Folding in the ER is assisted by a set of enzymes including

BiP, a member of the HSP70 family of molecular chaperones (reviewed by

Gething and Sambrook, 1992). BiP is thought to bind transiently to nascent

proteins as they are translocated into the ER lumen to assist proper folding

and to prevent aggregation of folding intermediates (Pelham, 1986; Haas and

Wabl, 1983; Ng et al., 1989; Machamer et al., 1990). BiP also binds to partially

assembled and misfolded proteins and thereby may help target dead-end

products to degradative pathways in the ER (Ng et al., 1990; Gething et al.,
1986; Knittler and Haas, 1992). Another well-characterized ER lumenal

protein that is required for proper protein folding is protein disulfide

isomerase (PDI), which catalyzes the formation of disulfide bonds (Freedman,

1989).

The unfolded protein response (UPR) pathway allows eukaryotic cells

to respond to changing conditions in the endoplasmic reticulum (ER) by

regulating the synthesis of ER-resident proteins. The accumulation of

unfolded proteins in the ER leads to increased transcription of genes encoding

ER-localized chaperones. (Kozutsumi et al., 1988; Lee, 1987). The ER and

nucleus are distinct, membrane-bounded compartments of the cell. The

unfolded protein signal, therefore, must be sensed in the lumen of the ER, be
transferred across a membrane—either the ER or the inner nuclear

membrane with which it is contiguous—and be received by the

transcriptional apparatus in the nucleus where it modulates gene expression

(Figure 1 and reviewed in Shamu et al., 1994; McMillan et al., 1994).



In mammalian cells, synthesis of BiP, PDI, and GRP94, a member of the

HSP90 family, is induced when unfolded proteins accumulate in the ER (Lee,

1987, Kozutsumi et al., 1988; Dorner et al., 1990). Experimentally, the

accumulation of unfolded proteins in the ER is induced by various

treatments: i) the inhibition of glycosylation either by glucose starvation or by

the addition of drugs such as tunicamycin or 2-deoxyglucose; ii) the addition

of reducing agents, such as B-mercaptoethanol, which are thought to affect

protein folding by preventing proper disulfide bond formation; iii) the

expression of folding-defective mutant secretory proteins; or iv) the addition

of calcium ionophores, which deplete calcium stores in the ER.

Lee and co-workers have identified a regulatory element in the BiP

gene of mammalian cells that is required for BiP induction in response to

unfolded proteins. The sequence of this element is conserved among

different mammalian species (Resendez et al., 1988). Genes encoding other

ER lumenal proteins are coordinately regulated with the BiP gene. For

example, GRP94 contains a similar upstream element, and it has been

proposed that the two genes are regulated by a common transcription factor

(Chang et al., 1989; Li and Lee, 1991; Li et al., 1992).

Although present in all eukaryotic cells examined, the UPR is best

understood in the yeast Saccharomyces cerevisiae. Genes known to be up

regulated by the accumulation of unfolded proteins in the ER include KAR2

(encoding yeast BiP), PDI1 (encoding protein disulfide isomerase), ELIG1

(encoding a PDI-like protein), and FKB2 (encoding a peptidyl-prolyl cis-trans

isomerase). These genes encode proteins that, like their mammalian

counterparts, help catalyze the correct folding of proteins that transit through



the ER (reviewed in Gething and Sambrook, 1992; Shamu et al., 1994; Sweet,

1993).

As in mammalian cells, the UPR can be induced in Saccharomyces

cerevisiae by glycosylation inhibitors, reducing agents, and overexpression of

mutant secretory proteins. Furthermore, yeast cells containing temperature

sensitive mutations in either the SEC11, SEC18, or SEC53 gene induce the

UPR when grown at the non-permissive temperature. Sec11 mutants lack

signal peptidase activity and accumulate Secretory proteins that cannot fold

properly due to the presence of an uncleaved signal sequence (Bohni et al.,

1988). SEC18 encodes, NSF which is required for ER to Golgi transport

(Novick et al., 1980). Sec18 mutants, although not defective for protein

folding, are thought to induce the UPR pathway due to the disruption of the

normal flux of proteins leaving the ER. sec■ 3 mutants lack

phosphomannomutase and are defective for protein glycosylation (Kepes and

Schekman, 1988).

At the time this work was started, the only known component of the

pathway was the unfolded-protein response element (UPRE), a 22 bp sequence

present in the promoters of genes that are activated by the UPR (Mori et al.,

1992). When situated within a heterologous promoter, the UPRE is sufficient

to activate transcription in response to the accumulation of unfolded proteins

(Kohno et al., 1993; Mori et al., 1992). Although functional UPREs from

different promoters have been identified, sequence alignment shows a rather

modest conservation among these elements (Figure 2). Mutational analysis
has defined some of the nucleotides within the KAR2 UPRE that are essential

for its ability to activate transcription (Mori et al., 1992). However, further



mutational analysis is required to completely define the yeast UPRE in order

to use it as a tool to identify other genes regulated by the UPR.

To begin to understand how the unfolded protein signal is propagated

from the ER to the nucleus, we sought to identify the components of the UPR

in S. cerevisiae genetically. Our basic approach was to place genes under the

transcriptional control of a promoter containing a UPRE, using these gene

fusions as reporters of UPR function. These constructs allowed us to monitor

UPR activity in cells visually, which enabled us to identify mutant cells that

were unable to regulate the reporter genes properly. We reasoned that, like

signalling pathways from the plasma membrane, a number of protein

components dedicated to specific tasks may function together to form a

signalling pathway from the ER to the nucleus. First, the accumulation of

unfolded proteins within the ER lumen must be monitored. This

information must then be transferred across the ER membrane, into either

the cytoplasm or perhaps directly into the nucleus across the inner membrane

of the nuclear envelope. If the signal is transferred to the cytoplasm, then it

must be relayed into the nucleus, most likely through nuclear pores.

This work describes the identification and characterization of two

components the UPR in yeast. In Chapter 2, we describe the identification of

the transmembrane kinase Irelp as a required component of the UPR that is

likely to be the molecule responsible for transmitting the unfolded protein

signal across the ER membrane. Using a different UPR reporter led to the

identification of a transcription factor, Hac1p, that regulates the UPR by

binding to the UPRE only when the signalling pathway is activated. As

described in Chapter 3, our studies reveal a complex and unusual regulation



of Hac1p activity that distinguishes the UPR from other known signalling

pathways.

The ER membrane is also the major site of lipid synthesis in the cell.

In yeast the ER membrane has a high glycerophospholipid content, with a

particularly high proportion of phosphatidylinositol (PI). Both the

transcription of genes encoding enzymes required for synthesis of

phospholipids and the activity of these enzymes are regulated primarily by

the intracellular concentration of inositol, a precursor in the synthesis of PI

(Greenberg and Lopes, 1996). When intracellular inositol levels fall, the

transcription of a wide variety of genes involved in de novo phospholipid

synthesis including INO1 (encoding inositol-1-phosphate synthase), CHO1

(encoding phosphatidylserine synthase), and OPI3 (encoding phospholipid

methyltransferase required for de novo phosphatidylcholine synthesis) is

induced (Bailis et al., 1987; Hirsch and Henry, 1986; Kodaki et al., 1991). Such

genes contain at least one copy of a specific 10 bp DNA sequence in their

promoter region called the UASINo that is necessary and sufficient for the

inositol response (for review, see Carman and Henry, 1989).

Although how information about inositol concentration is sensed and

transmitted to the UASINO is unknown, the transcription factors involved in

the response have been identified. At high inositol concentrations,

transcription of phospholipid biosynthetic genes is repressed by the OPI1 gene

product, Opilp. opil mutant cells constitutively express all of the genes

regulated by inositol. The sequence of Opilp suggests that it is a transcription
factor, as it contains both a leucine zipper domain and a glutamine-rich

region, but it is not known if Opilp binds to DNA directly (White et al., 1991).

Upon inositol starvation, Opilp is inactivated, allowing the heterodimeric



transcriptional activator Ino2p/Ino4p to bind the UASINo and activate

transcription. ino.2 or ino.4 mutant strains cannot transcribe genes controlled

by the UASINo, including INO1, and thus are inositol auxotrophs (Hirsch and

Henry, 1986).

Interestingly, ire 1 and hac1 mutants also do not grow in the absence of

inositol in the growth medium (Nikawa and Yamashita, 1992; Sidrauski et al,

1996). Chapter 4 describes a link between the UPR and the signalling pathway

that regulates the abundance of phospholipid precursors in yeast cells.

Models to explain the link between inositol metabolism and the UPR suggest

the intriguing possibility that the de novo synthesis of phospholipids and the

up-regulation of ER content proteins are linked (Cox et al., 1993; Mori et al.,

1993). Since phospholipid biogenesis occurs primarily at the ER membrane,

we propose that linking these two pathways allows cells to coordinately

regulate both the lumenal and membrane components of the ER in response

to the physiological state of the organelle.

Finally, a preliminary genetic screen using the gene encoding green

fluorescent protein under UPR control where mutants were automatically

identified by the Fluorescence Activated Cell Sorter is described in Appendix

A. The one mutant identified in this screen, rut 1, expresses UPR-regulated

genes constitutively, even in the absence of IRE1. Furthermore, an irel rut1

double mutant constitutively expresses INO1 and is able to grow on medium

lacking inositol. We propose that RUT1 is a negative regulator that acts

downstream of IRE1 and prior to HAC1 function in the UPR and whose

function is to down-regulate the pathway under non-inducing conditions.



Figure 1. Model for the Route of the Unfolded Protein Response Pathway

Two possible routes (a and b) are depicted, along which the signal transmitted

by the unfolded protein response pathway might travel. The endoplasmic

reticulum (ER), nucleus (N), cytoplasm (C), unfolded protein response

element (UPRE), and unfolded proteins (UP) are labelled.



\\\\\\\\]\\



Figure 2. UPRE Alignment

A comparison of UPRE's from KAR2, PDI1, ELIG1, and FKB2 genes of S.

cerevisiae (Kohno et al., 1993; Mori et al., 1992; Partaledis and Berlin, 1993;

Tachibana and Stevens, 1992).
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Chapter 2

Transcriptional Induction of Genes Encoding Endoplasmic Reticulum

Resident Proteins Requires a Transmembrane Protein Kinase
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Transcriptional Induction of Genes Encoding
Endoplasmic Reticulum Resident Proteins
Requires a Transmembrane Protein Kinase
Jeffery S. Cox, Caroline E. Shamu, and Peter Walter
Department of Biochemistry and Biophysics
University of California Medical School
San Francisco, California 94143-0448

Summary

The transcription of genes encoding soluble proteins
that reside in the endoplasmic reticulum (ER) is in
duced when unfolded proteins accumulate in the ER.
Thus, an intracellular signal transduction pathway
must exist that mediates communication between the

ER lumen and the nucleus. We have identified a gene
in S. cerevisiae, IRE1, that is required for this pathway:
ire 1 mutants cannot activate transcription of KAR2
and PDI1, which encode the ER resident proteins BiP
and protein disulfide isomerase. Moreover, IRE1 is es
sential for cell viability under stress conditions that
cause unfolded proteins to accumulate in the ER. IRE1
encodes a transmembrane serine/threonine kinase
that we propose transmits the unfolded protein signal
across the ER or inner nuclear membrane. IRE1 is also

required for inositol prototrophy, suggesting that the
induction of ER resident proteins is coupled to the bio
genesis of new ER membrane.

Introduction

In all eukaryotic cells, secreted and transmembrane pro
teins must be folded and assembled correctly in the endo
plasmic reticulum (ER) before they can exit the ER. Folding
in the ER is assisted by a set of enzymes including BiP,
a member of the HSP70 family of molecular chaperones
(reviewed in Gething and Sambrook, 1992). BiP is thought
to bind transiently to nascent proteins as they are translo
cated into the ER lumen to assist proper folding and to
prevent aggregation of folding intermediates (Pelham,
1986; Haas and Wabl, 1983; Ng et al., 1989; Machamer
et al., 1990). BiP also binds to partially assembled and
misfolded proteins and thereby may help target dead-end
products to degradative pathways in the ER (Ng et al.,
1990; Gething et al., 1986; Knittler and Haas, 1992). An
other well-characterized ER lumenal protein that is re
quired for proper protein folding is protein disulfide iso
merase (PDI), which catalyzes the formation of disulfide
bonds (Freedman, 1989).

Interestingly, the synthesis of these ER resident proteins
is regulated according to demand for them inside the or
ganelle. In mammalian cells, for example, synthesis of
BiP, PDI, and glucose-related protein GRP94, a member
of the HSP90 family, is induced when unfolded proteins
accumulate in the ER (Lee, 1987; Kozutsumi et al., 1988;
Dorner et al., 1992). Experimentally, the accumulation of
unfolded proteins in the ER is induced by various treat
ments: the inhibition of glycosylation either by glucose
starvation or by the addition of drugs such as tunicamycin

or 2-deoxyglucose; the addition of reducing agents, such
as B-mercaptoethanol, which are thought to affect protein
folding by preventing proper disulfide bond formation; the
expression of folding-defective mutant secretory proteins;
or the addition of calcium ionophores that deplete calcium
stores in the ER. Induction of the ER resident proteins
occurs at the transcriptional level (Lee, 1987). Thus, an
unfolded protein response pathway must exist that allows
the transduction of a signal from the ER lumen, where
unfolded proteins accumulate, to the cell nucleus, where
transcription is activated.

Lee and colleagues have identified a promoter element
in the BiP gene of mammalian cells that is required for
BiP induction in response to unfolded proteins. The se
quence of this element is conserved among different mam
malian species (Resendez et al., 1988). Genes encoding
other ER lumenal proteins are coordinately regulated with
the BiP gene. For example, GRP94 contains similar up
stream promoter elements, and it has been proposed that
the two genes are regulated by a common transcription
factor(s) (Chang et al., 1989; Li and Lee, 1991; Li et al.,
1992).

In the yeast Saccharomyces cerevisiae, BiP is encoded
by the KAR2 gene, and, as in higher cells, its transcription
is induced when unfolded proteins accumulate in the ER
(Normington et al., 1989; Rose et al., 1989). However,
unlike the mammalian BiP gene, KAR2 transcription is
also induced by heat shock. An analysis of the KAR2 pro
moter has revealed that the unfolded protein response is
regulated by a 22 bp unfolded protein response element
(UPRE) that is distinct from the heat shock element in the
KAR2 promoter (Kohno et al., 1993; Moriet al., 1992). The
UPRE is sufficient to activate transcription from a heterolo
gous promoter in response to the accumulation of un
folded proteins in the ER lumen. Here, we describe the
results of a genetic screen in which we used a UPRE
controlled reporter gene to isolate yeast mutants defective
in the unfolded protein response pathway.

Results

Construction of a lacz Reporter Gene That is
Activated by the Accumulation of Unfolded
Proteins in the ER Lumen
To isolate S. cerevisiae mutants defective in KAR2 induc
tion, we first made a lacz reporter gene that is induced
when unfolded proteins accumulate in the ER. Because
transcription from the intact KAR2 promoter occurs at a
relatively high basal level even in the absence of KAR2
induction, we chose to construct a hybrid promoter with
a lower basal level. To this end, we took advantage of
the observation that the UPRE in the KAR2 promoter can
function as an upstream activating sequence when fused
to a heterologous promoter (Mori et al., 1992). Thus, we
synthesized a 38 bp DNA fragment bearing the UPRE
from KAR2 and inserted it upstream of a crippled CYC1
promoter that, in the absence of an upstream activating

13
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Table 1. Yeast Strains

Strain Genotype Source/Reference

W303-1A leu2-3,-112, his3-11,-15, trp 1-1, uraS-1, ade?-1; can 1-100: MATa R. Rothstein, Columbia University
W303-1B leu2-3,-112, his3-11,-15, trp 1-1; urag-1; ade2-1, can 1-100; MATa R. Rothstein, Columbia University
JC 103* same as W303-1A, except his3-11,-15::HIS UPRE-lacz; This study

leu2-3-1 12::LEU-UPRE-lacz: met
JC104 same as W303-1B, except his3-11,-15:HIS UPRE-lacz and This study

leu2-3-1 12::LEU’UPRE-lacz
CS1.65 same as JC103, except ire 1::URA3 This study
CS1715 same as JC103, except ire 1-1 This study
CS172 same as CS171, except MA Ta This study
CS181 diploid product of CS165 × CS172 This study
BRS1015 ino1-13; trp 1; leu2; ura3; MATa Culbertson and Henry, 1975
JRY318 tun 1-1; his 4-260,-39; leu2-1; ura 3: thr4; met; MATa Barnes et al., 1984

*Spontaneous met derivative of W303.
*CS171 is the product of the third backcross of our original ire 1-1 isolate, but for simplicity we designate all of the MATa products of ire 1-1
backcrosses by this name. In practice, the data in Figure 2 were obtained using the original ire 1-1 isolate and products of the first backcross, the
ire 1-1 strain rescued by puCO12 (from the yeast genomic library) was a product of the second backcross, and the data in Figures 3B, 3C, and 4
were obtained using the product of the third backcross. CS172 is a product of the third backcross.

sequence, is transcriptionally silent (Guarente and Mason,
1983). Single copies of this reporter construct were inte
grated at two different locations in the genome of yeast
strain W303 to create the reporterstrain.JC103(see Exper
imental Procedures; Table 1).

We can detect the induction of lacz expression from the
reporter construct using 5-bromo-4-chloro-3-indolyl-B-D-
galactoside (X-Gal) plates that contain tunicamycin, a drug
that blocks protein glycosylation and causes the accumu
lation of unfolded proteins in the ER. JC103 colonies turn
blue when transferred to X-Gal—tunicamycin indicator
plates, but are white when no drug is present (data not
shown). This induction is due to the presence of the UPRE,
because an isogenic strain bearing a lacz construct that
lacks this element fails to turn blue on X-Gal—tunicamycin
plates (data not shown). This result indicates that the inte
grated lacz reporter constructs respond properly to the
presence of unfolded proteins in the ER.

To confirm this observation, we analyzed the accumula
tion of KAR2 andlaczmessenger RNAs (mRNAs) in JC103
cells after treatment with tunicamycin. Figures 1B and 1C
show the results from a quantitative S1 nuclease protec
tion assay. When cells were grown in the absence of tuni
camycin, the amount of KAR2 mRNA was constant at all
time points analyzed (Figure 1B, lanes 1, 3, and 5; Figure
1C, Tm), and, as expected from the color assay described
above, lacz mRNA was barely detectable. In contrast,
when cells were grown in the presence of tunicamycin, a
3.5- to 5-fold increase in the amount of KAR2 mRNA was

seen (Figure 1B, compare lanes 2 and 4; Figure 1C, Tm").
lacz mRNA levels were induced as well, increasing more
than 150-fold after the addition of tunicamycin. This
greater induction is due to the lower basal transcription
of the UPRE-lacz reporter gene. Both KAR2 mRNA and
lacz mRNA amounts remained elevated at a constant level

for at least 6 hr after the addition of tunicamycin (Figure
1B, lane 6). Thus, there is a strict correlation between the
induction of the lacz reporter gene and the induction of
the endogenous KAR2 gene upon tunicamycin treatment.

lsolation of Mutants Defective in the
Unfolded Protein Response
We used JC103 cells in a genetic screen to isolate mutants
that fail to induce KAR2 transcription in response to the
accumulation of unfolded proteins in the ER. We reasoned
that the unfolded protein response pathway might not be
essential for cell viability under normal, nonstress condi
tions and that loss-of-function mutations in components
that participate in the signaling pathway could be obtained.
In the primary screen, JC103 cells were mutagenized with
ethyl methanesulfonate (to 30% survival) and plated on
rich medium. Colonies were grown at room temperature
and replica-plated from the master plates onto X-Gal-tuni
camycin indicator plates. Mutant cells unable to induce
transcription from the UPRE-lacz reporter gene formed
white colonies on the indicator plates. The corresponding
colonies were picked from the master plates for further
analysis. Approximately 45,000 mutagenized JC103 colo
nies were screened in this way.

To eliminate mutants that are not defective for KAR2

induction, we applied a series of secondary criteria to the
isolated mutants. First, we eliminated mutants that were
unable to take up tunicamycin or were resistant to its activ
ity. Such mutants have been described previously (Barnes
et al., 1984). We required that cell growth was still sensitive
to tunicamycin and that 2-deoxyglucose, another drug that
leads to impaired protein glycosylation in wild-type cells,
would fail to induce the reporter gene. Therefore, we dis
carded mutants that grew well on plates containing tuni
camycin and those that turned blue on X-Gal plates con
taining 2-deoxyglucose.

Next, we eliminated mutants that were unable to induce
transcription of lacz from a second regulated promoter.
Such mutants might be unable to carry out the 3-galac
tosidase enzymatic color reaction or might fail, in general,
to induce transcription. To this end, we took advantage
of the rat glucocorticoid receptor (GR), which can function
as a hormone-inducible transcriptional activator in yeast
(Schena and Yamamoto, 1988). Each prospective mutant
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mones, such as deoxycorticosterone, and wild-type yeast
cells bearing these constructs are blue on X-Gal plates
containing deoxycorticosterone. Mutants that carried
these plasmids and produced white colonies on X-Gal—
deoxycorticosterone plates were eliminated from further
analysis.

Finally, each mutant was tested directly for its ability to
induce transcription of the KAR2 gene. RNA was har
vested from cells grown in the presence of tunicamycin,
and the level of KAR2 transcript present was determined
by S1 nuclease protection. This test provided the most
direct confirmation that the induction pathway of endoge
nous KAR2, and not just the lacz reporter, was compro
mised in the mutant cells. We obtained two mutant strains
that passed all three secondary tests. The mutations in
the strains are recessive with regard to their white pheno
type on X-Gal-tunicamycin indicator plates, and the mu
tants fall into different complementation groups (data not
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Figure 1. Characterization of the Reporter Strain JC103
(A) The UPRE-lacz reporter construct. An oligonucleotide bearing the
22 bp UPRE defined by Mori et al. (1992) was inserted upstream of
a disabled CYC1 promoter and lacz gene fusion. Two copies of this
construct were integrated into the genome to produce reporter strain
JC103 (see Experimental Procedures). The approximate position of
the transcription start site is indicated by an arrow.
(B) induction of lacz transcription parallels that of KAR2. Midlog phase
cultures of JC103 were incubated at room temperature in the absence
(minus Tm) or presence (plus Tm) of 1 ug/ml tunicamycin for 0, 1, or
6 hr. Total RNA was harvested, and the abundance of KAR2, lacz,
and ACT1 mRNAs was analyzed by S1 nuclease protection assays
(see Experimental Procedures).
(C) The data from the 0 and 1 hr time points in (B) were quantitated
using the Phosphorimager (Molecular Dynamics, Sunnyvale, Califor
nia). KAR2 and lacz mRNA levels were normalized to ACT1 mRNA
levels. The relative induction of KAR2 and lacz mRNA did not change
significantly between the 1 and 6 hr time points.

was transformed with two plasmids, one encoding GRun
der the control of a constitutively active promoter and a
second bearing the lacz gene controlled by glucocorticoid
response element upstream activating sequences. GR
dependent transcription from the glucocorticoid response
element—lacz reporter construct is induced by steroid hor
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Figure 2. Strain CS171 Carries a Recessive Mutation That Abolishes
UPRE-Dependent Induction of the KAR2 and PD/1 Genes
(A) S1 protection analysis was performed on RNA isolated from the
parent JC103, haploid mutant CS171, the heterozygous diploid prod
uct of CS171 crossed with reporter strain JC104, and the four meiotic
products of sporulation of the diploid. RNA from two tetrads that were
products of different backcrosses of CS171 was analyzed by S1
nuclease protection; the data in lanes 7-14 are a representative result
for one tetrad. Each strain was grown for 1 hr in the absence or pres
ence of 1 ug/ml tunicamycin (Tm), and the amount of KAR2, ACT1,
and PDI1 mRNA was analyzed. The phenotype of each strain on X-Gal
indicator plates made without or with 1 ug/ml tunicamycin is indicated
under each lane as either blue (B) or white (w).
(B) The data from (A) were quantitated and normalized to actin mRNA
levels as in Figure 1C.
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shown). In this study, strain CS171 was chosen for further
analysis. The second mutant will be described elsewhere.

Characterization of CS171 Cells
When analyzed by S1 nuclease protection, CS171 cells
show a severely impaired level of KAR2 mRNA induction
upon tunicamycin treatment as compared with the parent
JC103 cells (Figure 2A, compare bands labeled KAR2 in
lanes 5 and 6 with lanes 1 and 2). The mutation in CS171
cells is recessive with regard to KAR2 induction: the diploid
formed by mating of CS171 cells with the wild-type reporter
strain JC104 showed the same amount of tunicamycin
dependent KAR2 mRNA induction as did JC103 cells (Fig
ure 2A, compare bands labeled KAR2 in lanes 3 and 4 with
lanes 1 and 2). Furthermore, analysis of the four colonies
derived from spores of a single tetrad after sporulation of
the heterozygous diploid strain (CS171 x JC104) showed
a 2:2 segregation of the KAR2 induction phenotype (Figure
2, lanes 7–14), consistent with the idea that the mutant
phenotype results from a mutation in a single gene. As
expected, the inability of the mutant to induce KAR2
transcription correlated with its white colony color on X-Gal
indicator plates containing either tunicamycin or 2-deoxy
glucose (Figure 2A).

In mammalian cells, the expression of soluble ER resi
dent proteins other than BiP (e.g., PDI) is also induced
upon accumulation of unfolded proteins in the ER. We
therefore wished to determine whether corresponding
yeast ER resident proteins are similarly coregulated and,
if this is the case, whether CS171 cells are impaired in
their induction. To address this question, we first estab
lished with the S1 nuclease protection experiment shown
in Figure 2 that yeast PDI, encoded by the PDI1 gene
(LaMantia et al., 1991), is induced in wild-type cells upon
tunicamycin treatment (Figure 2A, compare lanes 1 and
2, bands labeled PDI1). Analysis of CS171 cells showed
that the tunicamycin-dependent induction of PDI1 is im
paired (Figure 2). These results suggest that the unfolded
protein response pathway in yeast regulates aset of genes
whose products are involved in protein ■ olding and assem
bly in the ER and that the product of the gene mutated in
CS171 cells is required for the induction of both KAR2 and
PDI1 transcription.

The IRE1 Gene Restores Induction of KAR2
Transcription in CS171 Cells
To identify the gene that is defective in CS171 cells, we
screened a yeast genomic library for complementation of
the mutant phenotype. CS171 cells were transformed with
a high copy plasmid library and replica-plated onto X-Gal–
tunicamycin indicator plates. One plasmid, p.JC012, con
taining a 9 kb insert complemented the white phenotype
of CS171 cells, yielding blue colonies on indicator plates.
The 9 kb DNA insert was moved to a low copy vector
that also complemented the CS171 phenotype on X-Gal
tunicamycin plates. This result ruled out the possibility that
the observed complementation was the result of high copy
suppression.

To identify the region of the 9 kb DNA insert required
for complementation, a pool of puC012 was generated that
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Figure 3. Cloning of IRE1
(A) Restriction map of the 9 kb insert of plasmid puCO12, the plasmid
from the genomic library that complements the mutant phenotype of
CS171. The open reading frame encoding Irelp is represented by an
open box. The positions of TnTOLUK insertions (solid lines above box)
that abolish complementation are indicated. Arrows denote direction
of sequencing and approximate length of DNA sequence obtained
using primers from the ends of the inserted transposons. Restriction
sites: Hindlil (H), Kpnl (K), Saci (S), and Xhol (X). The region between
the Xhol and the HindIII site is drawn to scale except for the lines
representing Tn 10LUK.
(B) IRE1 restores tunicamycin (Trn)-dependent KAR2 and PDI1 mRNA
induction to CS171 (ire 1-1) and CS165 (Aire■ ) cells. KAR2 and PD/1
mRNA levels were analyzed in CS165, and CS171 cells that carried
either the CENIARS control plasmid pHS314 (ctrl) or pHS314 bearing
the Xhol—HindIII fragment shown in (A) (pCS110). Tunicamycin induc
tion followed by S1 nuclease protection analysis was performed as in
Figure 2A. The phenotype of each strain on X-Gal indicator plates is
indicated as in Figure 2B.
(C) The data from (A) were quantitated and normalized to ACT1 mRNA
levels as in Figure 10.
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had a bacterial transposon, TnTOLUK, inserted at random
positions (see Experimental Procedures). CS171 cells
were transformed with this plasmid pool. Colonies con
taining plasmid were selected and then screened for com
plementation of the CS171 phenotype by replica-plating
onto X-Gal—tunicamycin indicator plates. Five indepen
dent p.JC012::TnTOLUK plasmids were isolated that were
unable to complement the CS171 defect, presumably be
cause the transposon had inserted within the region of the
plasmid insert required for complementation. We mapped
the position of these transposon insertions by restriction
enzyme digestion and found that all five insertions were
clustered in a 2.5 kb segment of the 9 kb insert (Figure 3A).
Moreover, when a 5 kb Xhol—HindIII fragment of p.JC012
(Figure 3A, X-H) that includes the essential region identi
fied by the transposon insertion was subcloned into a low
copy plasmid (generating plasmid pCS110), it was found
to be sufficient to restore the tunicamycin-dependent in
duction of KAR2 mRNA in CS171 cells (Figure 3B, com
pare lanes 3 and 4). As expected, the control plasmid lack
ing the insert had no effect (Figure 3B, lanes 1 and 2).

These results strongly suggested that the transposon
insertions disrupted a gene sufficient to complement the
defect in CS171 cells. Using DNA primers complementary
to regions close to the ends of the transposon, we deter
mined the nucleotide sequences of regions flanking the
transposon insertion sites (Figure 3A, arrows). A compari
son of these sequences with GenBank entries revealed
that all five transposition events disrupted the coding re
gion of a previously sequenced gene, IRE1 (Nikawa and
Yamashita, 1992; GenBank accession number Z11701).
The restriction map of the 5 kb insert in pCS110 is also
in complete agreement with the published sequence of
IRE1.

CS171 Cells Are Mutant in the IRE1 Gene
To confirm that CS171 indeed has a defective IRE1 gene,
we first disrupted the chromosomal copy of IRE1 in JC103
cells. In the resulting strain, CS165, approximately 70%
of the IRE1 coding sequence was removed and replaced
by the URA3 gene. The integration of the selectable

- inositol Figure 4. Inositol Auxotrophy of ire 1-1 and
Aire? Cells

The yeast strains indicated were streaked for
single colonies on media containing either 100
ug/ml inositol or no inositol. Plates were incu
bated at room temperature for 3 days and then

IC103 hotographed.
(wt) photograp

CS1.65
(Aurel)

marker at the expected locus and the concomitant disrup
tion of IRE1 were confirmed by Southern blot. CS165 cells
are viable, consistent with the previous finding that IRE1
is a nonessential gene under normal growth conditions
(Nikawa and Yamashita, 1992).

When we analyzed the phenotype of CS165 cells on
X-Gal-tunicamycin indicator plates, we found that the col
onies remained white, indicating that the UPRE-driven
lacz reporter gene was not induced upon tunicamycin
treatment. Moreover, analysis by S1 nuclease protection
showed that neither KAR2 nor PDI1 transcription was in
duced in CS165 cells after tunicamycin treatment (Figures
3B and 3C). Thus, cells bearing the null allele of IRE1 are
defective in the unfolded protein response pathway. We
next crossed CS165 cells with a strain carrying our original
mutation, CS172(isogenic to CS171, but MATa), generat
ing diploid strain CS181. CS181 cells are also white on
indicator plates and do not induce KAR2 transcription
upon tunicamycin treatment, as determined by S1
nuclease protection (data not shown). This indicates that
the ire 1 disruption and the gene defective in our original
isolate affect the same complementation group. Finally,
CS181 cells were sporulated, the resulting tetrads were
dissected, and the dissection products were analyzed on
X-Gal-tunicamycin and X-Gal-2-deoxyglucose indicator
plates. Of 48 tetrads analyzed, each of which gave rise
to four viable spores, the white phenotype on indicator
plates always segregated 4:0. This demonstrates that
IRE1 is allelic to the gene defective in CS171 cells, and
we henceforth refer to the mutant allele in CS171 cells as
ire 1-1.

The IRE1 gene was originally cloned by complementa
tion of a yeast mutant auxotrophic for inositol (Nikawa and
Yamashita, 1992). Although at present we can only specu
late on how the two phenotypes (the requirement for inosi
tol and the inability to induce the unfolded protein re
sponse) are related (see Discussion), the reported inositol
auxotrophy of ire 17 cells provided us with an additional
phenotype to confirm that CS171 cells are defective in
IRE1. As shown in Figure 4, both CS171 and CS165 cells,
but not the parent JC103 cells, require inositol for growth.
The inositol auxotrophy of CS165 cells is as severe as

:
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Figure 5. Aire■ Cells Are Supersensitive to Tunicamycin and B-Mer.
captoethanol
Tunicamycin and 3-mercaptoethanol were added to JC103 and CS1.65
cultures growing in midlog phase.
(A) Growth rate of JC103 (closed squares) and CS165 (Aire 1) (closed
triangles) cells versus tunicamycin concentration. The growth rate is
defined as the inverse of the doubling time for each strain at a given
concentration of tunicamycin. The doubling time for cells in each cul
ture was determined by the change in optical density at 600 nm that
occurred between 7.5 hr and 10.75 hr of growth in the presence of
tunicamycin.
(B) Cell viability was determined for strains JC103 and CS165 at vari
ous times after the addition of tunicamycin (to 0.125 ug/ml) or 5-mer
captoethanol (to 15 mM). Aliquots from cultures were removed at differ
ent time points, and cells were plated on rich media. The fraction of
viable cells was determined by counting colonies after 3 days of growth
at 25°C. The viability of untreated cells at time 0 was set at 100%.
The data were collected from cultures treated in parallel. Each data
point represents the average of at least two determinations.

that of ino1 cells, which are defective in an enzyme essen
tial for inositol biosynthesis (Donahue and Henry, 1981).
CS171 cells grow slightly better than CS1.65 and ino1
cells on plates lacking inositol, indicating that, with regard
to the inositol requirement, ire 1-1 is a slightly weaker allele
than the IRE1 disruption. Importantly, the addition of extra
inositol to X-Gal-tunicamycin indicator plates does not
cause CS165 cells to turn blue, indicating that the failure
of these cells to induce transcription of the lacz reporter
gene is not due to the low concentration of inositol in
X-Gal-tunicamycin plates.

IRE1 is Required to Protect Cells from the
Accumulation of Unfolded Proteins
in the ER

With the exception of the requirement for inositol, IRE1
seems to be dispensable for normal cell growth: cells de
leted for IRE1 grow at approximately the same rate in rich
medium as wild-type cells (Figure 5A, point at Tm = 0)
and are not sensitive to either low or elevated tempera
tures (data not shown). We wished to determine whether
cells impaired in IRE1 function are more sensitive to the
specific stresses caused by the accumulation of unfolded
proteins in the ER lumen. To this end, we tested the sensi
tivity of wild-type and CS165 cells to tunicamycin and
3-mercaptoethanol, a compound that induces BiPin mam
malian cells (Whelan and Hightower, 1985). B-Mercapto
ethanol also induces UPRE-dependent transcription in
yeast: JC103 cells are blue on X-Gal–3-mercaptoethanol
plates. This response requires IRE1 because CS171 and
CS165 cells are white on X-Gal—3-mercaptoethanol
plates.

The data in Figure 5 demonstrate that growth of CS165
cells was inhibited by low tunicamycin concentrations (Fig
ure 5A, triangles) that only slightly impair the growth of
JC103 control cells (Figure 5A, squares), indicating that
ire 17 cells are hypersensitive to tunicamycin. A qualita
tively similar effect was observed when cells were grown
in medium containing 3-mercaptoethanol.

To distinguish whether these treatments lead to growth
arrest or cell death, CS165 cells and wild-type JC103 cells
were incubated in medium containing low concentrations
of either tunicamycin or 3-mercaptoethanol. After various
lengths of time in the presence of the drugs, cells from
each culture were plated on rich medium, and the number
of viable cells was determined by colony-forming ability.
The addition of either compound led to rapid cell death of
CS165 cells (Figure 5B, triangles) but did not significantly
impair the viability of the control JC103 cells (Figure 5B,
squares). We conclude from this experiment that IRE1
function is required to protect cells from the stress re
sulting from the accumulation of unfolded proteins in the
ER and that this stress, in the absence of the protective
unfolded protein response, is lethal to the cells. Hence,
under conditions where unfolded proteins accumulate in
the ER, IRE1 is essential for cell viability.

Irelp is a Transmembrane Protein
with a Cytosolic Kinase Domain
The data presented here suggest that the IRE1 gene prod
uct, Irelp, is an essential component in the unfolded pro
tein response pathway. IRE1 encodes a protein with a
predicted molecular mass of 127 kd that bears a classic
N-terminal signal sequence and has an internal stretch of
29 hydrophobic amino acids that is likely to be a single
membrane-spanning region (Figure 6A). These features
suggest that the N-terminal half of Irelp is translocated
into the ER lumen during its biogenesis and that the
C-terminal half of the protein is exposed in the cytosol.
Interestingly, the C-terminal portion of Irelp contains a
300 amino acid domain that has the sequence characteris
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Figure 6. Predicted Domain Structure of Irelp and Models for the Role
of Irelp in the Unfolded Protein Response Pathway
(A) A linear representation of Irelp as deduced from the nucleotide
sequence of the IRE1 gene.
(B) Two possible routes (a and b) are depicted, along which the signal
transmitted by the unfolded protein response pathway might travel.
The routes are distinguished by the subcellular location of Irelp. In
route a, the ER membrane and the nuclear envelope are a continuous
membrane system, and the kinase domain of Irelp may face into the
nucleus (N), where it transduces the signal generated by unfolded
proteins (UP) across the inner nuclear membrane; activation of the
kinase would lead to UPRE-dependent transcription, presumably by
modulating the activity of a transcription factor (Txf). In route b, alterna
tively, the kinase domain of Irelp may be in the cytoplasm (C), where
its activation leads to a signal that traverses the nuclear envelope,
most likely by traveling through nuclear pores.

tics of a serine/threonine protein kinase (Hanks et al.,
1988; Nikawa and Yamashita, 1992). Other regions of
Irelp are not similar in sequence to any known protein.
Thus, Irelp appears to have the topology of a membrane
protein kinase similar to that of many growth factor recep
tors in higher eukaryotic cells.

Discussion

We have identified agene required for the unfolded protein
response pathway in yeast and have shown that it is the
previously identified gene IRE1. The sequence of Irelp
suggests that it is a serine/threonine protein kinase similar

in structure to receptor kinases involved in transmem
branesignaling. Irelp thus belongs to a class of transmem
brane kinases that, to date, includes only five other pro
teins: the activin and transforming growth factor B type II
receptors from vertebrates (Mathews and Vale, 1991; Lin
et al., 1992), the daf-1 gene product from Caenorhabditis
elegans (Georgiet al., 1990), the TMK1 kinase from Arabi
dopsis (Chang et al., 1992), and the Zea mays protein
kinase 1 from maize (Walker and Zhang, 1990). Irelp is
the only known transmembrane kinase in yeast.

Because the accumulation of unfolded proteins in the
ER lumen sends a signal to activate transcription in the
nucleus and because of the similarity of Irelp to plasma
membrane receptors involved in other signaling events,
we propose that Irelp transmits the unfolded proteinsignal
across the membrane surrounding the ER lumen. Irelp
could transmit the signal directly to the nucleus (Figure
6B, route a) or to the cytosol to components that then enter
the nucleus through nuclear pores (Figure 6B, route b).
Thus, we predict that Irelp is localized either in the inner
nuclear membrane or in the ER membrane. These possi
bilities can be readily distinguished by localization studies
once antibodies that recognize Irelp become available.

If Irelpfunctions as proposed in Figure6B, it must detect
unfolded proteins in the ER lumen. It is likely that BiPPlays
a key role in the detection process. A growing body of
evidence suggests that in both yeast and mammalian
cells, the concentration of free BiP in the ER is monitored:
when the concentration of free BiP falls, transcription of
the genes encoding ER resident proteinsis induced via the
unfolded protein response pathway (Dorner et al., 1992;
Hardwicket al., 1990; Kohno et al., 1993; Ng et al., 1992).
It is possible that Irelp senses the level of free BiP in
the ER lumen directly. The activation of transmembrane
receptor kinases is thought to involve their dimerization
(Ullrich and Schlessinger, 1990; Hemmati-Brivanlou and
Melton, 1992), and, by analogy, the Irelp kinase may also
be activated in this manner. One hypothesis is that when
the level of free BiP in the ER is high, BiP binds the ER
lumenal domain of Irelp, thereby preventing dimerization
and keeping Irelp in an inactive state. In contrast, under
conditions that cause the accumulation of unfolded pro
teins in the ER, preferential binding of BiP to unfolded
proteins rather than to Irelp may permit the dimerization
of Irelp. Dimerization would activate the kinase and trans
mit a signal via phosphorylation of nuclear or cytosolic
proteins. In turn, the Irelp-initiated phosphorylation
events would activate UPRE-dependent transcription of
genes in the nucleus. This simple model is consistent with
the available data and with current ideas about transmem

brane kinase function; however, werecognize the possibil
ity that the pathway may be more complex.

The identification of IRE1 as an essential gene in the
unfolded protein response pathway has allowed us to ad
dress a number of issues regarding the physiological role
of the pathway. For example, we have shown that IRE1 is
not essential for normal growth in rich medium. However,
when cells are challenged with compounds that cause
unfolded proteins to accumulate in the ER, we observe
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that ire 1 cells die quickly. By contrast, IRE1" cells remain
viable under the same conditions. These observations

demonstrate unambiguously that the unfolded protein re
sponse pathway is required for cell survival under condi
tions of stress in the ER.

We have also shown that PD11 transcription is induced
in response to unfolded proteins in the ER. This is in con
trast with arguments made by others that PDI1 and KAR2
are not coregulated (Tachibana and Stevens, 1992). More
over, Irelp is required for the tunicamycin-dependent in
duction of both KAR2 and PDI1 transcription, suggesting
that the two genes are regulated by the same pathway or
by pathways that are at least partially overlapping. While
this work was in progress, another ER resident protein,
Eug1p, was identified and shown to be related to PDI.
Interestingly, transcription of EUG1 is also induced by the
accumulation of unfolded proteins in the ER and there is
a UPRE-like sequence in the EUG1 promoter (Tachibana
and Stevens, 1992). Thus, as has been postulated for
mammalian cells, it seems likely that the unfolded protein
response pathway in S. cerevisiae operates on a set of
genes that encode ER resident proteins.

Finally, with the identification of IRE1, we have discov
ered a surprising link between the unfolded protein re
sponse pathway and inositol metabolism. In yeast, phos
phatidylinositol is a major constituent of membranes, and
free inositol levels play a central role in the regulation of
phospholipid synthesis (White et al., 1991). This suggests
the possibility that the regulation of synthesis of ER resi
dent proteins and the regulation of phospholipid biogene
sis may be coupled. Such a link seems reasonable be
cause as a cell synthesizes more ER proteins, it might
also need to produce more ER membrane, and Irelp may
coordinate the two processes.

Experimental Procedures

Media and Genetic Methods
YPD (complete) and synthetic minimal media are described by Sher
man (1991). X-Gal indicator plates are described by Chien et al. (1991)
and contained 40 mg/ml of X-Gal (Biosynth International, Skokie, Illi
nois) and either 1 ug/ml tunicamycin (Boehringer Mannheim, Indianap
olis, Indiana), 10 mM 2-deoxyglucose, 15 mM 3-mercaptoethanol
(Sigma Chemical Company, St. Louis, Missouri), or 1 mM deoxycorti
costerone (gift of K. Yamamoto, University of California, San Fran
cisco). Minimal medium lacking inositol was made as described by
Culbertson and Henry (1975). When added, inositol (myo-inositol;
Sigma, St. Louis, Missouri) was at a final concentration of 100 ug/ml.
Yeast transformations were performed by lithium acetate procedures
(to et al., 1983, Elble, 1992). Plasmids were isolated from yeast as
described by Strathern and Higgins (1991).

Plasmid Construction
To make the UPRE-lacz reporter construct, the following double
stranded oligonucleotide bearing the UPRE (Mori et al., 1992) was
synthesized. Its protruding termini are complementary to those gener.
ated by the restriction endonucleases Bglll and Xhol:

5'-GATCTGTCGACAGGAACTGGACAGCGTGTCGAAAAAGC-3'
3'-ACAGCTGTCCTTGACCTGTCGCACAGCTTTTTCGAGCT-5'

One copy of this oligonucleotide was inserted into the Bgll■ and Xhol
sites of plasmid pCA1696 to create plasmid puCO05. pga1696 is a
plasmid identical topGA1695, described by Sorger and Pelham (1987),
but it has a 5' Bgll site and a 3' Xhol site. It is a derivative of plasmid

plG-A178 (Guarente and Mason, 1983) and bears the Escherichia
coli lacz gene under the control of a disabled CYC1 promoter.

To create reporter plasmids that could integrate into the yeast ge
nome, a 4 kb Bglli–Tth 1111 fragment of puCO05 containing the UPRE,
disabled CYC1 promoter, and lacz gene sequences was subcloned
into the yeast-integrating vectors pHS303 (HIS3) and pPS305 (LEU2,
Sikorski and Hieter, 1989) to replace the Bamhl-Nael fragments in
both plasmids. The resulting plasmids were named puC002 (HIS3
UPRE-lacz) and puCO03 (LEU2 UPRE-lacz).

pCS110 was constructed by inserting the Xhol—HindIII fragment
bearing IRE1 (see Figure 3) into the low copy TRP1 yeast vector
pRS314 (Sikorski and Hieter, 1989) to replace the Xhol-EcoRI frag
ment in the polylinker.

Yeast Strains
Yeast strains used in this study are listed in Table 1. Reporter strains
JC103 and JC104 were constructed by homologous recombination of
both puC002 (cut with Nhel) and puCOO3 (cut with BstEII) into the
chromosomal copies of the HIS3 and LEU2 genes of strains W303-1A
and W303-1B. Correct integration of the reporter genes was confirmed
by Southern blot.

To disrupt the IRE1 gene in strain CS165, a plasmid, pCS109, was
constructed in which the 2.1 kb Kpnl fragment of IRE1 is replaced by
the URA3 gene. The haploid reporter strain JC103 was transformed
with the Xhol—HindIII fragment from p(XS109 that bears the disrupted
IRE1 gene, and cells were plated on URA plates that had been supple
mented with inositol. Inositol was added to a final concentration of 20

ug/ml in the selection plates to allow growth of the inositol auxotrophs
that were created by disrupting the chromosomal copy of IRE1. The
disruption of the IRE1 gene with URA3 in strain CS165 was confirmed
by Southern blot.

RNA Analysis
RNA Preparation
Cultures were grown in log phase in the absence or presence of tuni
camycin. Yeast cells from a 25 or 50 ml sample from each culture
were collected by centrifugation and washed with water, and the cell
pellets were stored at -80°C until processed for RNA. Whole-cell RNA
was made according to a scaled-down version of the hot phenol
method described by Kohrer and Domdey (1991).
Probes

The probes used for S1 analysis protect the following sequences:
bases 375–561 of KAR2 (Rose et al., 1989), bases 878–1016 of ACT1
(Ng and Abelson, 1980), bases 207-3060f PDI1 (LaMantia et al., 1991),
and bases 2231—2330 of lacz (Kalnins et al., 1983). In a three-fragment
ligation, DNA fragments bearing these sequences were cloned into
the polylinker of the phagemid puC119 (Vieira and Messing, 1987)
along with a DNA fragment from Staphylococcus aureus nuclease
that is not homologous to yeast or lacz DNA sequences. To make
end-labeled probes, oligonucleotides specific for the mRNA se
quences were labeled with (Y-"P)ATP, annealed to single-stranded
plasmid bearing the sense strand of the sequences to be analyzed,
and extended with the Klenow fragment of DNA polymerase. The dou
ble-stranded product was cut with a restriction enzyme and probes of
discrete lengths bearing KAR2, ACT1, PDI1, or lacz sequences fused
to 150 bp of S. aureus nuclease sequences were isolated by prepara
tive denaturing gel electrophoresis (Sambrook et al., 1989).
S1 Nuclease Protection Assay
S1 nuclease protection assays were carried out as described by Fava
loro et al. (1980). In brief, 15 ug of RNA was hybridized at 37°C over
night to 0.01 pmol of each probe. S1 digestion was carried out at 18°C
for 2 hr using 500 U/ml of S1 nuclease (Sigma, St. Louis, Missouri).
Samples were then fractionated on polyacrylamide (8%) denaturing
gels and analyzed by autoradiography and by quantitation using the
Phosphorimager (Molecular Dynamics, Sunnyvale, California).

Primary Screen
Strain JC103 was mutagenized with ethyl methanesulfonate (Sigma,
St. Louis, Missouri) to 30% survival according to the protocol of Law
rence (1991). Cells were plated onto YPD plates and allowed to grow
at room temperature for 3 days. The colonies were then replica-plated
onto X-Gal-tunicamycin indicator plates and incubated overnight at
30°C. The desired mutants failed to turn blue on the indicator plates
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and were patched from the master YPD plates onto fresh YPD plates.
They were rescreened on X-Gal-tunicamycin indicator plates.

Secondary Screens
2-Deoxyglucose
Yeast patches were replica-plated from YPD onto X-Gal–2-
deoxyglucose plates. Mutants that turned blue on these indicator
plates were discarded.
Tunicamycin Resistance
Roughly equivalent numbers of yeast cells from each mutant strain
were transferred to YPD plates containing 1 ug/ml tunicamycin by
spotting diluted suspensions of cells onto the plates. The plates were
then incubated at room temperature for 3 days in the dark. Wild-type
JC103 failed to grow at this concentration of tunicamycin, and any
mutants that grew equally well as the tunicamycin-resistant strain
JRY318 (Barnes et al., 1984) were discarded.
Glucocorticoid Response
To identify those mutants that were able to activate transcription of a
reporter construct regulated by the glucocorticoid response element,
mutant cells were transformed with two plasmids. pHS314/F260SGR
bears a mutant version of the GR driven by the glyceraldehyde-3-
phosphate dehydrogenase promoter in a low copy TRP1 yeast vector.
The F620S mutation in the GR seems to increase the affinity of the
receptor for its ligand and is described by Garabedian and Yamamoto
(1992). The reporter plasmid pas26X (Schena et al., 1989) has three
copies of the glucocorticoid response element fused to a disabled
CYC1 promoter and the lacz gene in a high copy URA3 yeast vector.
Both plasmids were provided by S. Bohen. When replica-plated onto
X-Gal indicator plates containing the GR ligand deoxycorticosterone,
yeast that can carry out the GR response turn blue. We discarded
mutants that failed to turn blue in this assay,
Measuring Tunicamycin-Dependent KAR2 mRNA Induction
Cultures (25 ml) of mutant cells were grown to midlog phase at room
temperature in YPD. Tunicamycin was added to a final concentration
of 1 ug/ml, and cells were grown for 1 hr in the presence of the drug
before being harvested. Whole-cell RNA was isolated, and S1
nuclease protection experiments were carried out as described above.
Mutants that induced expression of KAR2 mRNA to similar levels as
(control) JC103 cells were discarded.

Rescuing the CS171 Mutant Phenotype
Strain CS171 was transformed with a high copy yeast genomic library
(Carlson and Botstein, 1982), and colonies were replica-plated to
X-Gal-tunicamycin plates. One colony (out of 10,000 screened) turned
blue, and the complementing plasmid, p.JC012, was isolated. The 9
kbyeast genomic insert from puC012 was subcloned into the low copy
vector pHS314 (Sikorski and Hieter, 1989), and this new plasmid also
complemented the CS171 defect. Tn 10LUK mutagenesis of puCO12
was performed essentially as described in Huisman et al. (1987) except
that pools of transposon-containing puC012 were transformed into the
reca—E. coli strain DH5a and amplified before being transformed into
yeast. Plasmids containing integrated transposons were screened for
their ability to complement the white phenotype of CS171 cells on
X-Gal—tunicamycin plates. Ten plasmids that were unable to comple
ment the defect were isolated from the yeast cells, transformed into
DH5a cells, and reamplified. Restriction digest mapping of the
p.JC012::TnTOLUK plasmids revealed five different integration events
that clustered within a 2.5 kb segment in the genomic insert. DNA
sequencing across the junctions of the Tnt.0 integrations was carried
out using a primer oligonucleotide specific to the 5' end of the Tn 10LUK
lacz gene. The identity of IRE1 was determined by comparison of
these sequences with the GenBank database. The accession number
of the IRE1 sequence is Z11701.
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Chapter 3

A Novel Mechanism for Regulating Activity of a Transcription Factor That

Controls the Unfolded Protein Response
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Abstract

Cells respond to an accumulation of unfolded proteins in the

endoplasmic reticulum (ER) by increasing transcription of genes encoding ER

resident proteins. The information is transmitted from the ER lumen to the

nucleus by an intracellular signalling pathway, the unfolded protein response

(UPR). We have identified a bZIP transcription factor, Hac1p, that is required

for the UPR and binds to the unfolded protein response element (UPRE) in

the promoter of UPR-regulated genes. Surprisingly, Hac1p is found in UPR

activated cells only, and its level is controlled by regulated splicing of its

mRNA. Splicing replaces the C-terminal tail of Hac1p with a different peptide

which renders Hac1p more resistant to an otherwise extremely rapid,

ubiquitin-dependent degradation. We propose that the complex regulation of

Hac1p expression serves to provide multiple levels at which the UPR can be
controlled.

Introduction

The unfolded protein response (UPR) pathway allows eukaryotic cells

to respond to changing conditions in the endoplasmic reticulum (ER) by

regulating the synthesis of ER-resident proteins. The accumulation of

unfolded proteins in the ER leads to increased transcription of genes encoding

ER-localized chaperones that assist in protein folding (Kozutsumi et al., 1988;

Lee, 1987). The ER and nucleus are distinct, membrane-bounded

compartments of the cell. The unfolded protein signal, therefore, must be

sensed in the lumen of the ER, be transferred across a membrane—either the
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ER or the inner nuclear membrane with which it is contiguous—and be

received by the transcriptional apparatus in the nucleus where it modulates

gene expression (reviewed in McMillan et al., 1994).

Although present in all eukaryotic cells examined, the UPR is best

understood in the yeast Saccharomyces cerevisiae. Experimentally, the UPR

can be activated in yeast by preventing glycosylation, e.g., by treating cells with

tunicamycin (Tm), or by preventing disulfide-bond formation with reducing

agents such as 2-mercaptoethanol. Genes known to be up-regulated by such

treatments include KAR2 (encoding Kar2p or BiP), PDI1 (encoding protein

disulfide isomerase), ELIG1 (encoding a PDI-like protein), and FKB2 (encoding

a peptidyl-prolyl cis-trans isomerase). These genes encode proteins that help

catalyze the correct folding of proteins that transit through the ER (reviewed

in Gething and Sambrook, 1992; Shamu et al., 1994; Sweet, 1993).

To date, only two components of the UPR have been identified. One of

these is the transmembrane kinase Irelp, encoded by the nonessential gene

IRE1. Cells in which IRE1 has been deleted do not increase transcription of

ER-resident proteins in response to induction of the UPR (Cox et al., 1993;
Mori et al., 1993). Irelp is located in the ER and/or inner nuclear membrane

and is likely to be the component that transmits the unfolded protein signal

across the membrane. Its N-terminal domain lies in the lumen of the ER,

where it presumably detects the accumulation of unfolded proteins, and its

kinase domain lies in the cytoplasm (or nucleus), where it is presumably

responsible for transmitting the unfolded protein signal to the appropriate

downstream component(s). Irelp, like most receptor transmembrane kinases,

is thought to be activated by oligomerization and phosphorylation by

neighboring Irelp molecules (Shamu and Walter, 1996).
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Interestingly, ire 1 mutants do not grow in the absence of inositol in the

growth medium (Nikawa and Yamashita, 1992). Models to explain the link

between inositol metabolism and the UPR suggest the intriguing possibility

that the de novo synthesis of phospholipids and the up-regulation of ER

content proteins are linked (Cox et al., 1993; Mori et al., 1993; Cox, Chapman

and Walter, unpublished). Thus, the ER membrane may coordinately expand

to accommodate an increase in ER content proteins. The unfolded protein

response may therefore be more than a stress response pathway: it may

execute—or be intimately linked to—a cellular program(s) that maintains the

appropriate abundance of ER during homeostasis (Nunnari and Walter,
1996).

A second known component of the pathway is the unfolded-protein

response element (UPRE), a 22 bp sequence present in the promoters of genes

that are activated by the UPR. When situated adjacent to a heterologous

promoter, the UPRE is sufficient to activate transcription in response to the
accumulation of unfolded proteins (Kohno et al., 1993; Mori et al., 1992).

Mutational analysis has defined the nucleotides within the UPRE that are

essential for its ability to activate transcription (Mori et al., 1992).

The putative UPRE binding factor that is responsible for altering gene

expression has proven elusive. Gel shift experiments have identified an

activity present in cell extracts that binds specifically to a UPRE probe,

regardless of the activity of the UPR (Mori et al., 1992). However, the gene(s)

encoding this factor has not been identified, and its participation in the UPR

remains unclear. Furthermore, genetic screens to isolate mutants incapable

of activating the UPR have isolated different alleles of IRE1 yet have not

identified a gene encoding a DNA binding protein.
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We describe here the identification of a transcription factor, Hac1p, that

regulates the UPR by binding to the UPRE only when the signalling pathway
is activated. Our studies reveal a complex and unusual regulation of Hac1p

activity that distinguishes the UPR from other known signalling pathways.

Results

HAC1 encodes an essential component of the UPR pathway.

We used a genetic approach in S. cerevisiae to identify new

components of the UPR signaling pathway. In particular, we sought

components that function downstream of the Irelp transmembrane kinase.

To this end, we screened a multi-copy genomic library to isolate genes that,

when overexpressed in cells deleted for IRE1, turn on the UPR constitutively.

The UPR can be monitored using reporter enzymes whose synthesis is placed

under control of the UPRE. As shown in Figure 1A, multimerization of the

UPRE considerably increased the sensitivity of a reporter system. When one

copy is present in the promoter of a lacz reporter gene, the UPRE mediated an

8-fold increased level in 3-galactosidase activity upon addition of Tm, an

inducer of the UPR (Fig. 1, lanes 1 and 2). In contrast, 43-fold and 40-fold

increases were observed in cells carrying constructs that contained 2 and 4

tandem repeat copies of the UPRE, respectively (Fig. 1, lanes 3 - 6). Because of

the enhanced overall signal and the signal-to-background ratio, we used a

promoter containing four copies of the UPRE to optimize the sensitivity of

the screening procedure.
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The Airel strain used in our screen contained a (UPRE)4-driven HIS3

construct that was integrated into the chromosome and provided the only

functional copy of HIS3 in the cell. A multi-copy genomic library was

screened for plasmids that induced sufficient expression of HIS3 to allow cells

to grow on plates lacking histidine. Twenty plasmids containing different

inserts were identified in the library. All 20 inserts contained one of three

genes, IRE1, SWI4, and HAC1 that, when individually subcloned into multi

copy vectors, were sufficient to induce the UPR as shown by growth of the

reporter strain in the absence of histidine (Fig. 1B). The induction of the UPR

was confirmed and quantitated using (UPRE)4-driven lacz that was integrated

into the genome as a second, independent reporter construct. Overexpression

of HAC1 and SWI4 caused a 5-fold increase in 3-galactosidase activity,

whereas overexpression of IRE1 caused a 500-fold increase (Fig. 1C).

Overexpression of IRE1 was previously shown to induce the UPR

constitutively (Shamu and Walter, 1996). Identification of IRE1 in our screen

was therefore expected, validating the approach. Both SWI4 and HAC1

encode transcription factors and are therefore candidates to be directly or

indirectly involved in the transcriptional activation of genes encoding ER

resident proteins. SWI4 encodes a general transcription factor that regulates a

wide variety of genes (Koch and Nasmyth, 1994; Ogas et al., 1991). Much less is

known about HAC1. Based on sequence comparisons, Hac1p is a member of

the bZIP family of transcription factors that contain a basic DNA binding

region followed by a leucine zipper motif (Fig. 3A) and was accordingly

named (HAC = Homologous to ATF and CREB, two other members of the

bZIP family) (Nojima et al., 1994).
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If SWI4 and/or HAC1 are bona fide components of the signalling
pathway from the ER to the nucleus, then mutations in these genes should
impair the UPR. Because neither of the two genes is essential for viability in

haploid strains, we tested the ability of cells deleted for either gene to up
regulate ER-resident protein genes in response to Tm treatment. As

previously described, wild-type cells induced transcription of KAR2 mRNA

(Fig. 2, lanes 1 - 2), whereas the response was reduced to background levels in

cells deleted for IRE1 (Fig. 2, lanes 3-4) (Cox et al., 1993; Mori et al., 1993).

Interestingly, Aswia mutant cells were indistinguishable from wild-type cells

(Fig. 2, lanes 5-6), indicating that SWI4 is not required for the UPR pathway.

In striking contrast, Ahac1 cells, like Airel cells, were unable to elicit the UPR

(Fig. 2, lanes 7-8), suggesting that Hac1p is an essential component of the
UPR. Because of these results, we focused our studies on HAC1 and did not

further pursue the effects that led to the identification of SWI4.

As expected, HAC1 on a CEN/ARS plasmid restored the UPR in Ahac1

cells (Fig. 2, lanes 9-10). Overexpression of HAC1 from a 21 plasmid caused

no significant increase above the basal level of KAR2 transcription (Fig. 2,

lanes 11 - 12), consistent with the results in Figure 1C that show only a low

level of induction of the (UPRE)4-driven reporter construct. Thus it is

unlikely that we would have identified HAC1 as a multi-copy suppressor of

an IRE1 deletion without the sensitive reporter system.

Hac1p binds specifically to the UPRE.

The results presented so far have identified HAC1 as a required

component of the UPR and, taken together with its similarity to other

transcription factors, suggest that Hac1p may bind to the UPRE directly to
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activate transcription of genes encoding ER-resident proteins. We tested this

possibility using gel-shift experiments. To this end, we incubated cell extracts

with a 32P-labelled, 48 base pair oligonucleotide containing the UPRE

sequence and flanking DNA from the KAR2 promoter. After incubation, the

mixture was fractionated on non-denaturing polyacrylamide gels. Cell extracts

contained a factor that bound to the oligonucleotide and retarded its

migration in the gel, resulting in the formation of a new band (Fig. 3B, lanes 2

- 3, “band A"). Importantly, the presence of this DNA binding activity

correlated with the activity of the UPR. DNA binding activity was induced

when cells were treated with Tm (Fig. 3B, lane 3) and was undetectable in

extracts prepared from Ahac1 cells, even if these cells were treated with Tm

(Fig. 3B, lanes 4 - 5). These results are consistent with the conjecture that

Hac1p itself is the factor binding the UPRE.

To test this possibility directly, we expressed an epitope-tagged version

of Hac1p. We inserted a DNA segment encoding the HA epitope derived

from influenza virus hemagglutinin into HAC1 near the 5' end of the coding

region. The epitope-tagged gene ("HA-HAC1") fully complemented a HAC1

deletion, indicating that the presence of the epitope tag did not impair the

function of Hac1p (not shown). Extracts prepared from cells expressing HA

Hac1p also showed an identical UPRE binding activity compared to wild-type

extracts (Fig. 3B, compare lanes 6 - 7 to lanes 2 - 3). Most importantly, addition

of anti-HA antibodies to the binding reaction resulted in the disappearance of

band A and the appearance of a new band of slower mobility (Fig. 3B, lane 8,

“band B"). In contrast, addition of a control antibody had no effect (Fig. 3B,

lane 9). The supershift of band A after addition of the anti-HA antibody

provides strong evidence that HA-Hac1p, and by extension Hac1p, is a
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component of the DNA binding activity that is induced upon activation of
the UPR.

We assessed the specificity of Hac1p binding to the UPRE by adding an

excess of different, unlabelled oligonucleotides into the binding reaction.

Hac1p binding was competed by an oligonucleotide consisting of the

minimal, 25 base pair UPRE sequence (Fig. 3B, lane 11). In contrast, an

identical oligonucleotide containing a single point mutation that abolishes

the transcriptional activity of the UPRE in vivo (Mori et al., 1992) did not

compete (Fig. 3B, lane 12).

Induction of the UPR correlates with Hac1p abundance.

From the data presented so far we conclude that Hac1p is the

transcription factor that activates the expression of genes encoding ER

resident proteins. As Hac1p functions downstream of the Irelp kinase, we

thought that the intracellular localization of Hac1p in uninduced cells might

provide clues as to the route along which the UPR is propagated from the ER

lumen to the nucleus. To determine its intracellular localization, we

visualized HA-Hac1p by indirect immunofluorescence using anti-HA

antibodies. After induction of the UPR with Tm, a strong mostly nuclear

signal was detected (Figure 4A, panel labelled "HA-Hac1p; +Trn") that

coincided with nuclear DNA as detected by DAPI staining (Fig. 4A, panel

labelled “DNA; +Tm). Surprisingly, we observed no staining above

background levels in uninduced cells (Fig. 4A, panel labelled "HA-Hac1p;

-Tm"), suggesting that Hac1p levels are significantly lower in these cells.

This conjecture was supported by Western blot analysis, in which

whole cell extracts were probed with anti-HA antibodies. A band
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corresponding to HA-Hac1p was detected in extracts of cells that were treated

with Tm but not in uninduced cells (Fig. 4B, lanes 1 and 2). HA-Hac1p was

also detected in cells in which the UPR was induced by treatment with B

mercaptoethanol (Fig. 4B, lane 3), but not in cells that were temperature

shifted to induce the heat shock response (Fig. 4B, lane 4), indicating that the

change in the cellular Hac1p level was specific for the UPR. Consistent with

this interpretation, no HA-Hac1p was detected in Airel cells even after Tm

treatment (Fig. 5B, lanes 5 and 6).

HAC1 mRNA is spliced when the UPR is induced.

The changes in Hac1p abundance upon induction of the UPR could be

due to transcriptional and/or post-transcriptional events. This prompted us

to test by Northern blot analysis whether the amount of HAC1 mRNA is

altered when the UPR is induced. As shown in Figure 5A, the overall

amount of HAC1 mRNA detected was unchanged upon induction of the

UPR (Figure 5A, lanes 1 and 2). To our surprise, however, we observed a new,

faster migrating species of HAC1 mRNA in cells in which the UPR was

induced (Figure 5A, "HAC1"). The mobility shift was a direct consequence of
Irelp kinase activation as it was not observed in cells deleted for IRE1 (Figure

5A, lanes 3 and 4). We refer to the smaller HAC1 mRNA species in induced

cells as HAC1 mRNA and to the larger HAC1 mRNA species in uninduced
cells as HAC114 mRNA.

To determine the molecular structure of HAC1 mRNA and HAC1"

mRNA, we first examined the 5' ends of the two species by primer extension.

RNA isolated from induced and uninduced cells gave rise to identical primer

extension products (data not shown). We therefore conclude that the different
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mobilities of the two HAC1 mRNA species were not due to use of different

transcription start sites. The bands representing both primer extension

products were of equal intensity, thereby providing independent

confirmation of the results in Figure 5A that the total level of HAC1 mRNA

is not significantly changed in either cell.

We next synthesized a cDNA pool from RNA fractions isolated from

uninduced and induced cells using reverse transcriptase primed with oligo

dT containing DNA oligonucleotide primers. Since both HAC1 mRNA

species contain the identical 5' end, we amplified HAC1 cDNAs by PCR, using

an oligonucleotide corresponding to the common 5' end in combination with

a second oligonucleotide corresponding to a sequence that was introduced

with the oligo-dT primer during first strand synthesis. PCR products obtained

from RNA isolated from induced cells were approximately 250 nucleotides

smaller than those obtained from RNA isolated from uninduced cells (Figure

5B, compare lane 4 with lane 3), consistent with the difference in size

observed in the Northern analysis in Figure 5A.

We next cloned and sequenced the PCR fragments. DNA sequencing

showed that the 3' ends of HAC1 mRNA and HAC11 mRNA were very
similar, although the precise poly-A addition site differed by a few nucleotides

in individual clones. HAC1; mRNA, however, lacked an internal stretch of

252 nucleotides (Figure 5C), indicating that it had undergone an RNA splicing

reaction. This result was surprising as the sequences surrounding the

presumptive splice junctions do not conform to the consensus sequences for

mRNA splicing in yeast. For example, the 5 nucleotides immediately

following the HAC1 mRNA 5' splice site (CCGTG) vary from the highly

conserved consensus (TATGT) (Rymond and Rosbash, 1992). We therefore
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confirmed the prediction from the cDNA cloning by repeating the Northern

analysis shown in Figure 5A but using probes that exclusively monitor either

the 5’ exon, the 3’ exon, or the intron (IVS). As expected, the 5' and 3’ exons

were present in both HAC1 mRNA species (Figure 5D, lanes 3 - 4 and 7-8),

whereas the 252 bp IVS could only be detected in HAC11 mRNA that is

predominant in uninduced cells (Figure 5D, lanes 5 and 6).

We isolated and sequenced seven independent cDNA clones of spliced

HAC1 mRNA. We found that the seven isolates varied by a few nucleotides

at their 3' ends, suggesting that they were derived from individual mRNA

molecules which differed from one another because poly-A addition occurred

at slightly different sites. Importantly, all seven clones lacked the identical 252

nucleotide IVS. We therefore conclude that splicing of HAC1 mRNA is

precise, i.e., that the 5’-3’ exon junction determined by cDNA sequencing is

the major, if not the only, product of the splicing reaction in induced cells.

Splicing of HAC1 mRNA is sufficient to induce the UPR.

Because the splicing of HAC1 mRNA correlates directly with induction

of the UPR, we considered it an attractive hypothesis that the splicing reaction

is a required step in the signalling pathway. The IVS is positioned towards the

3' end of the open reading frame of HAC1, so that splicing is predicted to

change the C-terminal tail of Hac1p (Fig. 5C). In particular, as the result of

splicing, the most C-terminal 10 amino acids of Hac1p are replaced by a

sequence of 18 different amino acids, thus predicting a distinct protein

product that will be henceforth referred to as Hac1pi. To ascertain that Hac1pi
is actually synthesized, we raised an antibody against a peptide comprising the

C-terminal 10 amino acids of the predicted Hac1pi sequence. As shown by
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Western blot analysis, the anti-Hac1pi tail antibody recognizes a band of the

correct size in cells treated with Tm (Fig. 5E, lane 6), but fails to detect a band

in cells in which the UPR was not induced (lane 5) or in which HAC1 or IRE1

were disrupted (lanes 1 - 4). In addition to showing directly that Hac1pi is

synthesized in vivo, these data provide additional support for the notion that

HAC1 mRNA splicing accurately produces the exon-exon junction that was

determined by nucleotide sequencing.

We next tested directly whether splicing of HAC1 mRNA is sufficient

to cause induction of the UPR. For this purpose, we removed the IVS from

the HAC1 gene, thereby creating a gene that only encodes Hac1pi. Indeed,
expressing the intron-less HAC1 from its own promoter in Ahac1 cells
resulted in constitutive induction of the UPR that reached about the same

level as Tm-treated cells expressing wild-type HAC1 (Fig. 6, compare bars 4

and 5). Whereas induction of the UPR in wild-type cells required IRE1 (Fig. 6,

bars 4 and 12), the constitutive induction of the UPR in HAC1' expressing
cells was IRE1-independent (Fig. 6, bars 5 and 13), indicating that the

requirement for IRE1 to induce HAC1 mRNA splicing has been bypassed.

These results, therefore, establish a causal relationship between splicing and

the UPR. We also observed that cells expressing HAC1 gave rise to
significantly smaller colonies, suggesting that a permanent, strong induction

of the UPR is detrimental to cell growth.

Interestingly, a further 1.5-fold induction of the UPR was observed

upon Tm treatment of HAC1' expressing cells (Fig. 6, compare bars 5 and 6).
In contrast to the constitutive induction of the UPR caused by expression of

HAC1i alone, this further increase was IRE1-dependent (Fig. 6, compare bars 6
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and 14). This result suggests that in addition to inducing HAC1 mRNA

splicing, there is another way in which IRE1 can affect the level of the UPR.

Both Hac1pu and Hac1pi are synthesized, but only Hac1pi is stable.

As shown above, Hac1p levels are significantly greater in cells in which

the UPR is induced. Splicing of HAC1 mRNA could increase the levels of

Hac■ p by two principally different mechanisms. First, only HAC1 mRNA
may be efficiently translated. According to this scenario, HAC1” mRNA could

be retained in the nucleus unless it becomes spliced or, if it reaches the

cytosol, translation may be impaired due to the presence of the unspliced IVS.

Alternatively, both HAC11 mRNA and HAC1 mRNA may be efficiently
translated, but changing the C-terminal tail of Hac1p could result in a protein

with increased stability.

To begin to address these possibilities, we asked first whether HAC1;
mRNA and HAC114 mRNA are translated with similar efficiencies. To this

end, we prepared cell extracts from induced and uninduced cells and

fractionated them by sucrose density centrifugation to display polyribosome

profiles. The UV absorbance profiles of the gradients showed that intact

polyribosomes were well preserved during the fractionation procedure (Fig.

7A and 7B). RNA was isolated from individual fractions and analyzed by

Northern blotting. Actin mRNA was recovered exclusively in the

polyribosome peak near the bottom of the gradients (Fig. 7A and B; "ACT1").

Interestingly, HAC1 mRNA in Tm-induced cells (Fig. 7B) and most HAC1."
mRNA in uninduced cells (Fig. 7A) were also recovered in the polyribosome

region, indicating that both RNAs are actively translated. These results
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suggest that neither mRNA stability nor access to or recruitment onto

ribosomes are significantly different between the two HAC1 mRNA species.

It is interesting to note, however, that in contrast to HAC 1i mRNA and

the actin mRNA control, a small portion (approximately 20%) of HAC11.
mRNA in uninduced and about half of HAC1" mRNA in induced cells

always sedimented near the top of the sucrose gradient. This result indicates

that HAC1" mRNA was not quite as efficiently recruited onto ribosomes as
HAC1i mRNA or other cellular mRNAs.

Hac1pu activates the UPR if its ubiquitin-dependent degradation is prevented.

If both HAC11 and HAC1 mRNA are indeed translated to a similar

extent, then Hac1pu must be degraded significantly faster than Hac1pi.

Inspection of the Hac1p sequence reveals clues about the mechanism of Hac1p

degradation: the C-terminal half of the protein (Fig. 3A, amino acids 119 - 230)

contains multiple clusters of the amino acids Pro, Glu, Asp, Ser, and Thr,

which overall constitute 47% of the amino acids that make up this domain.

Regions rich in these amino acids, known as PEST sequences, have been

shown to destabilize proteins by targeting them into ubiquitin-dependent

proteolysis pathways. The first step in ubiquitin-dependent protein

breakdown is recognition of the substrate protein by one of the ubiquitin

conjugating enzymes, a family of structurally and functionally related

proteins, encoded in yeast by the UBC genes, which catalyze the initial

covalent attachment of ubiquitin (reviewed in Hochstrasser, 1995). Mutations

in different UBC enzymes affect the stability of different substrate proteins.

We therefore asked if we could identify ubc mutants in which Hac1pu would
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be stabilized, reasoning that stabilization by itself might be sufficient to

activate the UPR constitutively.

Strains bearing mutations in different UBC genes were transformed

with the UPRE-lacz reporter construct. Indeed we found that 3-galactosidase

was induced in different mutant strains (Fig. 8A). Highest levels of induction

were observed in strains deleted for both LIBC4 and UBC5, whereas the

deletion of either gene alone had more marginal effects. LIBC4 and LIBC5

encode ubiquitin conjugating enzymes that are closely related in their

primary structure and have an overlapping function (Seufert and Jentsch,

1990). 3-galactosidase was also induced in ubc7 and ubc8 strains, indicating

that multiple UBC proteins may cooperate to degrade Hac1p (Fig. 8A). B

galactosidase levels in Aubc4,5 strains were 39% of those obtained after

induction of the UPR with Trn (Fig. 8B, compare bars 3 and 4), indicating that

the increased stability of Hac1p in these cells led to a significant level of

induction of the UPR. Importantly, a similar induction was measured in

Aubc4,5 strains that also lacked IRE1 (Fig. 8B, bar 5), although, as expected, this

response could not be further induced upon addition of Tm (Fig. 8B, bar 6).

Hac1pu and Hac1pi differ only by their C-terminal tails. Because Hac1pi

appears to be considerably more stable than Hac1p", the Hac1pi tail must exert
a stabilizing influence on the protein or, alternatively, the Hac1pu tail must be

destabilizing. To distinguish between these possibilities, we constructed a

deletion mutant that inserts a stop codon at the exon-exon splice junction.

This tail-less version of HAC1 ("HAC14tail") was expressed in Ahac1 cells.
We found that expression of HAC14tail induced the UPR to the same degree
as expression of HAC1i (Fig. 6, bars 7, 8, 15 and 16). We therefore conclude that

Hac1pu's tail is required for its extreme instability in uninduced cells.
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Discussion

We have identified Hac1p as the transcription factor that controls the

UPR in yeast. Hac1p binds directly to the UPRE, and disruption of HAC1

results in the complete loss of the UPR. Ahac1 cells grow at wild-type rates

and require inositol for growth (Sidrauski, Cox and Walter; manuscript in

preparation), i.e., their phenotype is identical to that of Airel cells. We

therefore propose that the function of Hac1p is dedicated to the UPR pathway.

As a member of the bZIP family of transcription factors, it is likely that

Hac1p functions as a dimer in which two subunits are linked via a leucine

zipper. We cannot presently distinguish whether the active transcription

factor is a homodimer or a heterodimer in which Hac1p assembles with an

unknown partner. HAC1 was previously shown to be transcribed at constant

levels throughout the yeast cell cycle (Nojima et al., 1994). Expression was

increased, however, during late phases of meiosis. In light of the newly

proposed role of Hac1p as regulator of the UPR, it is interesting to speculate

that this up-regulation reflects an additional need for ER membrane, possibly

required to envelop the developing spores. Intriguingly, meiotic up

regulation of HAC1 was blocked in Aswig cells, indicating that SWI4, directly

or indirectly, controls HAC1 transcription (Nojima et al., 1994). This

observation provides a possible explanation for the identification of SWI4 in

OUII SCTeen.

In the same study, Hac1p was also proposed to bind to cAMP regulatory

elements. Binding, however, was assayed using high concentrations of

purified GST-Hac1p fusion proteins, raising some doubts about specificity and
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the physiological significance of the observed interaction. Although we

consider it unlikely, we cannot rule out from the data presented here that

Hac1p binds to other DNA targets in addition to the UPRE.

Most importantly, we have shown here that the UPR is controlled by

regulating the cellular level of Hac1p, which, in turn, coincides with splicing

of the HAC1 mRNA. Our current model for these regulatory events is shown

in Figure 9. When unfolded proteins accumulate in the ER, Irelp is activated

and induces the processing of HAC1 mRNA (Fig. 9, left branch). We have

shown that splicing is strictly Irelp-dependent and produces a unique new

exon-exon junction. The consequence is a change in the HAC1 open reading

frame so that it now encodes a protein, Hac1p, that differs in its C-terminal

tail from Hac1pu, the protein encoded by the unspliced mRNA. Hac1pi–in
contrast to Hac1pu–is readily detectable in cells (Fig. 3). Indeed, expression

from its own promoter of an intron-less construct encoding Hac1pi induces
the full UPR. Thus as the result of splicing, Hac1pi becomes available in

sufficient concentrations to mediate the transcriptional activation of its target

genes. We therefore consider it likely that splicing of HAC1 mRNA is an

obligate event in eliciting the response under physiological conditions.

In S. cerevisiae, RNA splicing generally occurs constitutively. In

addition to HAC1 mRNA, the splicing of only one other transcript, MER2

mRNA coding for a meiosis specific protein, is known to be positively

regulated (Engebrecht et al., 1991). Efficient MER2 mRNA splicing requires a

dedicated factor, Mer1p, which is only expressed during meiosis and helps

engage MER2 mRNA with the spliceosome. Thus, similar to many known

examples of regulated splicing in higher eukaryotic cells, MER2 mRNA

splicing is induced after cells have made the irreversible decision to enter a
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different developmental state. In contrast, HAC1 mRNA splicing is part of a
bona fide intracellular signalling pathway that is operative in vegetatively
growing cells. To our knowledge, splicing has not been described as a

regulatory step in signalling pathways in yeast or other cells.

The details of HAC1 mRNA splicing are remarkable. In particular, i)

the splice junctions do not conform to the consensus of spliceosome

mediated splicing, and ii) splicing is not blocked in mutants affecting

spliceosome function (Sidrauski, Cox and Walter; manuscript in preparation).

We therefore propose that HAC1 mRNA bypasses spliceosome-mediated

processing and is spliced in a non-conventional manner. Furthermore,

whereas yeast introns are commonly found close to the 5' end of open reading

frames, the IVS is positioned near the 3' end of the HAC1 open reading

frame. Early stop codons introduced by introns are thought to limit the

recruitment of ribosomes onto unspliced mRNAs, thereby contributing to the

destabilization of unspliced pre-mRNAs, such as pre-MER2 mRNA (He et al.,

1993). In contrast, we find that unspliced HAC14 mRNA is found on

polyribosomes of similar size as is HAC1 mRNA (Fig. 7), and that both
versions of HAC1 mRNA have similar half-lives (not shown). Splicing of

HAC1 mRNA therefore represents a switch between two functional mRNAs.

As we show in Figure 7, HAC1” mRNA is actively recruited to

polyribosomes. Thus, in contrast to most other intron-containing mRNAs

that are retained in the nucleus as hnRNA until they become spliced, the

majority of HAC1” mRNA exits the nucleus to become translated. In

uninduced cells, about 20% of HAC114 mRNA, however, is not found in

polyribosomes. This portion of the mRNA molecules may represent a pool

that has not exited the nucleus, and would therefore be available as splicing
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substrate when Irelp becomes activated upon changing conditions in the ER.

Thus we predict that the rate of exit of HAC14 RNA from the nucleus is

slowed, possibly due to interactions with the components mediating its

Splicing.

Formally, we have not yet demonstrated that HAC11 mRNA is indeed

translated constitutively to produce Hac1pu, because we cannot detect Hac1pu

in uninduced cells (Fig. 3). Indirect evidence suggests, however, that Hac1pu is

indeed synthesized, but then degraded as rapidly as it is made (Fig. 9, right

branch). First, most HAC1” mRNA is found on polyribosomes. To our

knowledge, there is no example of a mRNA found on polyribosomes in vivo

that is not being actively translated. Second, the UPR is partially induced in

Aubc4.5 cells, indicating that blocking ubiquitin-dependent protein

breakdown leads to the accumulation of sufficient Hac1p levels to activate the

response. Even then, however, we have not been able to detect HA-Hac1pu in

Aubc4.5 cells using anti-HA antibodies, unless overexpressed from a 2p,

plasmid. Thus, if our conjecture is correct and Hac1pu is constitutively

synthesized, only small levels of Hac1pu, i.e., levels below our detection limit,

are sufficient to induce the UPR significantly. It follows that the Hac1pi levels

that are produced upon induction of the UPR via splicing and that are readily

detectable in Western blots must represent a significant excess over this

minimal amount. Importantly, the UPR is also constitutively induced in

Aire! Aubc4,5 triple mutant cells (Fig. 8B), suggesting that Hac1pu is, in

principle, a functional transcription factor that does not require any further

activation by Irelp.

The data from the ubc mutant strains indicate that Hac1p is degraded by

the proteosome after ubiquination. It is likely that the extended PEST region
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found in the C-terminal halves of both Hac1pu and Hac1pi target either

protein for degradation. Other bziP transcription factors, such as Gcn4p, also

contain pronounced PEST regions that determine their short half-lives

(Kornitzer et al., 1994). In Hac1p the additional amino acid sequences that

constitute the Hac1pu tail must further stimulate degradation, because

Hac1p.Atail, a mutant Hac1p bearing no C-terminal tail, exhibited the same

activity as Hac1pi. The molecular basis for this effect remains to be

investigated.

In addition to initiating HAC1 mRNA splicing, we observed a second

point of regulation that is exerted by Irelp. When we compared the activity of

Hac1pi in wild-type and Airel cells, we noticed that activation of Irelp with
Tm caused an additional 1.5-fold increase in the levels of the UPRE

controlled reporter enzyme. We consider it likely that Irelp can render Hac1pi
more active, possibly by phosphorylating Hac1pi itself or, more indirectly, by

modifying other components required for its synthesis, stability and/or

activity. This additional activation of Hac1pi by Irelp may also be exerted on

the activity of Hac1pu.

This possibility may provide a rationale as to why cells seemingly

squander energy on degrading Hac1pu as quickly as it is synthesized. If Hac1pu

is synthesized as a functional transcription factor and can be activated by

Irelp, then the constitutively synthesized Hac1pu may provide a

physiologically important pool that could be made instantly available to

mount a transcriptional response. In contrast, Irelp-activated splicing would

induce a slower, but longer lasting activation by producing the intrinsically

more stable Hac1pi. HAC1 mRNA decays with a half-time of about 20 min
(Sidrauski, Cox and Walter; manuscript in preparation), so that each splicing
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event is committed to memory for a significant period of time. Thus splicing
allows the UPR to be sustained even after the stimulus has been removed.

The two branches of the model in Figure 9 may therefore represent two

different means of temporal regulation, allowing cells to fine-tune the UPR.

Furthermore, although the components that mediate the signalling in

mammalian cells are still unknown, the general features of the UPR are

conserved among eukaryotic cells. It will therefore be interesting to

determine if similar mechanisms of transcriptional regulation operate in

higher eukaryotic cells.

Experimental Procedures

Media and General Methods

YPD (complete) and synthetic minimal media are described by

Sherman (1991). All synthetic media were supplemented with inositol (myo

inositol; Sigma, St. Louis, MO) to a final concentration of 50 pg/ml. When

added, tunicamycin (Tn; Boehringer Mannheim, Indianapolis, IN) was at a

final concentration of 1 mg/ml (for W303-derived strains) or 10 pg/ml (for all

other strain backgrounds) and 3-mercaptoethanol was at 15 mM. X-Gal

indicator plates are described by Chien et al. (1991) and contained 40 mg/ml of

X-Gal (Biosynth International, Skokie, IL). Yeast transformations were

performed by lithium acetate procedures (Elble, 1992; Ito et al., 1983) and

plasmids were isolated from yeast as described by Strathern and Higgins

(1991).



Yeast Strains and Plasmids

Yeast strains used in this study are listed in Table 1. The hac1::UIRA3

disruption was created by homologous recombination of Bamh1-linearized

pHAKO1 plasmid and removes only the Hac1p coding region. pHAKO1 was

created using PCR-amplified fragments of sequences adjacent to HAC1 ligated

into plasmid pKS306 (URA3, (Sikorski and Hieter, 1989). Correct integration

of pHAKO1 in JC408 was confirmed by Southern blot. Strains JC406 and JC417

were created by crossing JC408 with appropriate congenic strains containing

the pep4::TRP1 and irel:URA3 alleles, respectively.

Plasmid p■ C5 contains one UPRE oligonucleotide inserted upstream of

the disabled CYC1 promoter-driven lacz reporter gene fusion (Cox et al.,

1993). Plasmids containing two and four tandem repeats of the same UPRE

oligonucleotide, p■ C100 and p■ C104 respectively, were created by iterative

insertion of the UPRE into the BgllI and Sall sites of p■ C5. p■ C31 was created

by placing the entire UPRE-driven lacz gene from p■ C5 into pKS314 (TRP1,

CEN/ARS).

The diploid reporter strain used for the selection of suppressor

plasmids, JC329, contains two reporters integrated at the UIRA3 loci. One

reporter construct, p■ CI06, places the HIS3 gene under the control of the

4xUPRE-driven crippled CYC1 promoter followed by the ACT1 transcriptional

terminator. To create p■ CI06, the 4xUPRE-CYC1 promoter fragment of p■ C104

replaced the GAL1/10 promoter of p[SI210, pISI210 is a derivative of p[S210
(gift of Tim Stearns, Stanford University) in which the yeast origin of

replication and the centromere have been removed. Finally, a PCR fragment

containing the HIS3 gene was then inserted between the 4xUPRE-CYC1
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promoter and the ACT1 terminator. p■ CI06 was linearized with Ncol and

integrated at the URA3 locus. The other reporter construct, p■ CI186, has the

lacz gene under the control of the 4xUPRE-driven crippled GAL1 promoter.

pjCI186 was created by inserting the tetramer UPREXhoI-Sall fragment of

pjC104 into the XhoI site of p■ L638 (Li and Herskowitz, 1993). p■ CI186 was

linearized with Stul and integrated at the LIRA3 locus. The ire 1:TRP1

disruption present in JC329, which removes all Irelp coding sequence as well

as 675bp of the promoter region of IRE1, was created by homologous

recombination of Smal-linearized p■ C73. p.JC73 was created using PCR

amplified fragments of sequences adjacent to IRE1 ligated into plasmid

pRS304 (TRP1). Correct integration of p■ C73 was confirmed by Southern blot.

Most of the HAC1 containing plasmids isolated from the pGAD

libraries contained short inserts and were missing either 5 or 3’ flanking

sequences. Therefore, a plasmid containing a genomic copy of HAC1 with

ample surrounding sequence, p■ C314, was isolated from a different library

(Nasmyth) by colony hybridization with a HAC1 DNA probe. A 3.2 kb Cla■

NgoMI fragment that contains HAC1 was subcloned into pKS313 (HIS3,

CEN/ARS) creating p■ C315. p■ C322 and p■ C328 were created by subcloning the

Cla■ -NgoNMI fragment of p■ C315 into pKS423 (HIS3, 2p.) and pKS425 (LEU2, 2p)

respectively. p■ C316 was created by inserting a double-stranded

oligonucleotide coding for the HA epitope (YPYDVPDYA) into the unique

Spel site of p■ C315, placing the epitope between the tenth and eleventh codon

of wild-type HAC1.

Genetic Selection
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JC329 was unable to grow on plates lacking histidine due to low

expression of the HIS3 reporter. We confirmed that the HIS3 reporter was

functional because plasmids containing IRE1 allowed for JC329 to grow on

plates lacking histidine. The high-copy genomic libraries pCAD1-3 (Chien et

al., 1991) were screened for plasmids that allowed JC329 to form colonies on

-his plates. The resulting colonies were replica plated to X-Gal indicator plates

and allowed to develop overnight. Only plasmids that activated both

reporters were harvested, amplified in DH50. E. coli cells, and the ends of the

genomic inserts were sequenced.

RNA Analyses

Northern Blots. Cells were treated and total RNA prepared as described

previously (Cox et al., 1993). RNA was quantitated and equal amounts were

loaded on 6.7% formaldehyde, 1.5% agarose gels and run in 1X E buffer (20

mM MOPS, pH 7.0, 5 mM NaOAc, 0.5 mM EDTA). The RNA was transferred

to Duralon-UV membranes (Stratagene) and probed overnight at 65°C in
Church hybridization buffer (0.5 M NaPO4, pH 7.2, 7% SDS, 1 mM EDTA).

The membranes were subsequently washed in 0.5-1 x SSC and exposed.

Quantitation of Northern blots was performed on a Molecular Imager System

GS-363 (BioFad).

Probes. All probes were labelled with [o-32PldCTP using the Ready-To-Go
DNA labelling kit (Pharmacia). The KAR2 and ACT1 probes were generated

by PCR of 1 kb fragments of the respective coding regions. The "Full" and

"3" HAC1 probes were made by isolating the 1.3 kb Spel-EcoMI and the 419 bp

*"
º
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fragments of p■ C315, respectively. Both the "5" and "IVS" probes were

generated by PCR.

RT-PCR. RNA used for RT-PCR analysis was extracted several times with

CHCl3 prior to ethanol precipitation. First-strand cDNA synthesis and tagging

was performed by annealing a mixture of three oligonucleotides

(GCCGATCGATAAGCTTCCGCIT]18[G,A,C]) with 10 pig total RNA and

extending for 1h using AMV reverse transcriptase at 48°C. This cDNA

template was subjected to two rounds of nested PCR using as the 3' primer an

oligonucleotide identical to the tag incorporated during first-strand synthesis.

The first round of PCR was performed using a 5 primer (HAC16) that anneals

at +1 to +24 of HAC1. This PCR reaction was diluted and used as a template

for a second round of PCR using a 3' primer (HAC23) that anneals to +210 to

+231. A 1 pil sample of this reaction was cloned using the TA cloning kit

(Invitrogen) and individual clones were sequenced.

Gel Shift Assay

The synthetic, double stranded UPRE30/31 oligonucleotide used as a

probe in all binding experiments is as follows:
5 GAT CT CGC GGCACCCGAGGAACTGG ACAGCGT GT CGAAAAAGTT GCTTTTTT AC3'

3'AGCGCCGT GGGCT CCTTGACC T GT C GCACAGCTTTTT CAAC GAAAAAATGAGCT 5

UPRE30/31 was end-labelled and gel purified. The UPRE1/2 oligonucleotide

used as an unlabelled competitor is a shorter version of UPRE30/31 and is

described in Cox et al. (1993). UPRE24/25, a single point mutant derivative of

UPRE1/2, changes the sequence CAGCG to CATCG and was shown

previously to abolish UPRE activity in vivo (Mori et al., 1992).

º
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Extracts were prepared as described by Einerhand et al. (1993) with slight
modifications. Cells were harvested by centrifugation and washed once with

ice-cold breakage buffer (200 mM Tris, pH 8.0, 10 mM MgCl2, 1 mM EDTA,

10% glycerol, 0.5 mM DTT, 1 mM PMSF, 5 mg/ml leupeptin, 2 pg/ml

pepstatin). Cell pellets were resuspended in an equal volume of breakage
buffer and disrupted by vortexing in the presence of zirconia/silica beads

(Biospec Products, Inc.). After centrifugation for 5 min in a microfuge, the

supernatant was re-centrifuged in a TL-100 ultracentrifuge using a TLA100.2

rotor at 90,000 rpm for 20 min. The supernatant was frozen in liquid nitrogen
and stored at -80°C.

20 pil binding reactions included 0.2 ng radiolabelled UPRE

oligonucleotide probe, 1 pig poly(dI-dC) (Pharmacia), and 1x binding buffer (20

mM HEPES, pH 7.9, 50 mM KCl, 2.5 mM EDTA, 5% glycerol, 0.5 mM DTT, 1

mM PMSF). 15 pig crude extract was added last and binding proceeded at room

temperature for 15 min. The reactions were loaded on a 4% polyacrylamide

gel containing 5% glycerol and electrophoresed at 150 V for 2.5 h in 0.5x TBE

at room temperature. Where appropriate, addition of antibodies to the

binding reaction occurred 5 min prior to gel loading. For competition assays,

a 100-fold molar excess of unlabelled oligonucleotide as compared to the

probe was added prior to addition of the extract.

Antibodies, Western blots, and Immunofluorescence

The anti-HA ascities fluid was purchased (BAbCO, Richmond, CA) and

the anti-myc monoclonal antibody is described by Evan et al. (1985). Rabbit

anti-Hac1pi serum was raised against a peptide corresponding to its last 10 C
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terminal amino acids (CFELNDFFITScooh) that was covalently coupled to

keyhole limpet hemocyanin.

Denatured protein extracts were prepared by bead-beating cells directly

into 10% TCA, 10 mM Tris, pH 8.0, 25 mM NH4OAc, 1 mM EDTA. TCA

precipitates were resuspended in 100 mM Tris, pH 11.0, 3% SDS, and heated to

100°C for 5 min. SDS-PAGE was performed on 10-15% gradient gels, and

Western blots were visualized by enhanced chemiluminescence (ECL,

Amersham) according to the instructions of the manufacturer.

Immunofluorescence was performed exactly as described by Harlow and Lane

(1988) using anti-HA ascites fluid. Polysome gradients were prepared exactly

as described in Baim et al. (1985).
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Table 1. Yeast Strains

W303-1A

W303-1Apep4

JC103

CS1.65

JC408

JC406

JC417

RT228

JC329

MHY501

MHY495

MHY497

MHY498

MHY499

MHY507

MHY508

MHY599

MHY601

MHY612

MHY680

JC472

MATa; ura■ -1; leu2-3,-112, his3-11,-15; trp 1-1; ade2-1; can 1-100

same as W303-1A, except pep4:TRP1

same as W303-1A, except leu2-3,-112::LEU-UPRE-lacz;

his3-11,-15::HIS3-LIPRE-lacz

same as JC103, except ire 1::URA3

same as W303-1A, except leu2-3,-112::LEU-UPRE-lacz; hac1:URA3

same as JC408, except pep4:TRP1

same as JC408, except ire 1:URA3

same as W303-1A, except swi4:HIS3
MATa/MATO.; ire 1::URA3/ire 1::TRP1; leu.2-3,-112/leu2-3,-112;

his3-11,-15/his3-11,-15; trp 1-1/trp1-1; ade2-1/ade2-1; can 1-100/

can 1-100; uraj-1::UIRA3-4xUIPRE-HIS3/ura3-1::URA3-4xUIPRE-lacz

MATo; ura■ -52; leu2-3,-112; his3-4200, trpl-1; lys2-801

same as MHY501 except ubc6-A1::HIS3

same as MHY501 except ubc1-A1:HIS3

same as MHY501 except ubc4-A1:HIS3

same as MHY501 except ubc5-A1:LEU2

same as MHY501 except ubcz:LEU2

same as MHY501 except ubcA-A1:HIS3; ubc5-A1:LEU2

MATo; uraj-52; leu2-3; trp; ade1; ubc10(pas2)

same as W303-1A except MATo; ubc8::URA3

same as MHY501 except ubc2::LEU2

MATa; ura■ -52; leu2-42; bas1-2, bas2-2a, gena-A1; ade&-GCN4;

calc34-2(ubc3)

MATo; ura3; leu2-3,-112; his3; trpl-1; irel:URA3;

ubc4-A1::HIS3; ubc5-A1::LEUI2

Source/Reference

R. Rothstein

R. Rothstein

Cox et al., 1993

Cox et al., 1993

This study

This study

This study
I. Herskowitz

This study

Chen et al., 1993

Chen et al., 1993

Seufert et al., 1990

Seufert, Jentsch 1990

Seufert, Jentsch 1990

Jungmann et al., 1993
Chen et al., 1993

Chen et al., 1993

Chen et al., 1993

M. Hochstrasser

Kornitzer et al., 1994

This study
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Figure 1. Identification of high-copy activators of the UPR

(A) Tandem repeats of the UPRE increase the sensitivity of the UPRE-lacz

reporter construct. 1, 2, and 4 copies of an oligonucleotide containing the 22

bp UPRE were inserted upstream of a disabled CYC1 promoter-lacz gene

fusion. Wild-type strain W303-1A bearing these constructs on 21-plasmids

were grown in the absence (“-Tm", empty bars) or presence ("+Tm", filled

bars) of 1 ug/ml tunicamycin for 4 h before 3-galactosidase levels were

determined. (B) Isolation of plasmids that activate the UPRE-HIS3 reporter

gene in the absence of IRE1. Diploid reporter strain JC329 (Airel/Aire■ )

contains an integrated 4xUPRE-HIS3 construct as the only copy of HIS3 and is

unable to grow on media lacking histidine (“ctrl"). Transformants carrying

each of the indicated genes on high-copy plasmids were streaked for single

colonies and grown at 30°C for 3 days. (C) The levels of activation of the UPR

by the high-copy plasmids in (B) were quantitated by measuring the activity of

a separate 4xUPRE-lacz reporter construct present in JC329.
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Figure 2. HAC1 is required for the UPR

(A) Northern hybridization was performed on RNA isolated from cells with

the indicated genotypes incubated for 1 h either in the absence or presence of 1

pg/ml tunicamycin. The same blot was probed for KAR2 mRNA, stripped,

and then probed for ACT1 mRNA. (B) The KAR2 levels from (A) were

quantitated and normalized to ACT1 mRNA levels.
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Figure 3. Haclp, a b/IP transcription factor, binds to the UPRE only when the
UPR is activated

(A) A schematic representation of the primary sequence of Hac1p. The PEST

region includes a 24 amino acid sequence that the PEST-FIND program

identified as a likely degradation signal (Rogers et al., 1986). (B) Gel shift

analysis. Native extracts (see Experimental Procedures) prepared from

indicated strains were incubated with a radiolabelled UPRE probe for 15 min

and fractionated on non-denaturing polyacrylamide gels. The plasmid pHA

HAC1 (p)C316) carries a gene encoding for a version of Hac1p with the HA

epitope inserted near the N-terminus of the protein. For lanes 8 and 9, equal

amounts of o-HA and o-myc antibodies were added 5 min prior to gel

loading. For lanes 11 and 12, a 100-fold molar excess of unlabelled UPRE

oligonucleotide to probe was added prior to addition of extract. The particular

method of extract preparation was critical. Extracts prepared according to Mori

et al. (1992) were devoid of Hac1p (presumably due to degradation) and any

regulated UPRE binding activity.
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Figure 4. Haclp is detected only when unfolded proteins accumulate in the

ER

(A) HA-Hac1p localizes to the nucleus in Tm-treated cells. Ahac1 mutant

cells (JC408) harboring the HA-tagged version of the HAC1 gene were grown

either in the absence or presence of Tm and treated as described in

Experimental Procedures. Cells were visualized by light microscopy (Phase),

and DNA was stained with DAPI. HA-Hac1p was visualized by indirect

immunofluorescence using monoclonal o-HA antibodies and FITC-labelled

secondary antibodies. Both the untreated and Tm-induced cells were fixed

and stained identically and equal exposure times for each column are shown.

(B) Hac1p induction is specific for ER-localized protein misfolding and

requires functional Irelp. Trn treatment of wt cells (JC408 harboring the

plasmid p■ C316) and Airel cells (JC417 harboring p■ C316) was performed as in

Figure 2A. 15 mM 3-mercaptoethanol (2-ME) and 37°C treatments were for 1

h prior to harvest. Cell extracts were probed by Western blot analysis using o
HA antibodies.
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Figure 5. HAC1 mRNA is spliced in response to UPR activation

(A) Northern analysis was performed as in Figure 2A except the blot was

probed for HAC1 mRNA. The uninduced (HAC14) and faster migrating

induced (HAC1i) forms of HAC1 mRNA are denoted. (B) RT-PCR analysis

using primers to amplify from the 5' end of HAC1 to the poly-adenosine tail

of the transcript (see Experimental Procedures) was performed on RNA

extracted from wild-type cells (JC103) grown in the absence or presence of 1

pg/ml Tm. Reverse transcriptase was either omitted (“-RT") or added

(“+RT") to the first-strand cDNA synthesis reaction. An aliquot of the final

PCR reaction was loaded onto a 1% agarose gel and electrophoresed in the

presence of ethidium bromide. (C) Linear representation of HAC1 mRNA

splicing deduced from sequencing the PCR products from (B). The dotted line

represents excision of the 252 nt intron from HAC14, giving rise to HAC1: .
Boxes above the lines represent Hac1p coding information and depict the

removal of 10 codons from HAC1" (black) with the concomitant addition of

18 codons (diagonally striped) to HAC15. HAC1 mRNA contains one G
residue at the exon-exon junction. We cannot distinguish whether this

residue is derived from G661 or G913 of HAC114 mRNA. The IVS therefore

corresponds either to nucleotides 661 - 912 or to nucleotides 662 - 913. (D)

Northern analysis probing for different portions of HAC1 mRNA. DNA

probes were generated that contain only the sequences denoted (nts) and

correspond to those in (C). Faint bands (denoted with asterisks) were

consistently detected and may represent the 5’ exon alone (**) and the 5' plus

the IVS (*). It is not clear whether these bands correspond to splicing

intermediates or dead-end products. (E) Hac■ pi has a new C-terminus.
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Polyclonal rabbit serum raised against the predicted tail-peptide of Hac1pi

[diagonally striped box in Panel C) was used in a Western blot of cell extracts

prepared as in (B).
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Figure 6. HAC1 mRNA splicing is sufficient to activate the UPR

lacz expression from an integrated 1xUPRE-lacz reporter construct was

determined in Ahac1 mutant cells (JC408) or from Airel, Ahac1 double mutant

cells (JC417). Strains harbored plasmids containing either no insert (“ctrl"),

wild-type HAC1 ("HAC1"), a modified HAC1 gene in which the sequence

corresponding to the IVS of the HAC1 mRNA was removed ("HAC1i "), or a

version of HAC1 that encodes for a truncated version of Hac1p in which a

stop codon was inserted at the exon-exon junction (HAC14tail). The different
forms of Hac1p all contained the HA-tag at their N-termini.

****
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Figure 7. Both forms of HAC1 mRNA are translated

Northern analysis of the distribution of HAC1 and ACT1 mRNAs in

polysomes from extracts of wild-type cells incubated either (A) in the absence

of Tm or (B) in the presence of Tm. Cell extracts were centrifuged on 7 to 47%

sucrose gradients and fractionated using an ISCO gradient fractionator. A UV

absorbance profile was recorded by scanning at 254 nm to display the

polysome profile. RNA was isolated from individual gradient fractions and

equal volumes of each fraction were subjected to Northern analysis. The

position of the 80S monosome peak and the direction of sedimentation are
indicated.
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Figure 8. The UPR is activated in mutants deficient for ubiquitin dependent

proteolysis

(A) A panel of ubc mutants were tested for their ability to constitutively

activate a 1xUPRE-lacz reporter construct present on plasmid p■ C31. The

strain bearing the temperature sensitive ubc3 allele, also called cac34, was

shifted to the non-permissive temperature for 4 h before 3-galactosidase levels

were determined. (B) The Aubc4 Aubc5 mutant strain was further tested for

its ability to respond to Tm, as well as for its ability to activate the UPR

constitutively in the absence of IRE1.
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Figure 9. Model for regulation of Haclp

The individual steps are described in the Discussion. The left branch depicts

the Irelp-activated splicing pathway of HAC1 mRNA, leading to the

production of Hac1pi; the right branch depicts Hac1pu synthesis and
degradation in uninduced cells. The C-terminal peptide sequences of Hac1pi

and Hac1pu are spelled out in single letter code. The dashed black arrow

(bottom) indicates the putative activation of the UPR by stabilizing and/or

activating Hac1pu that is discussed in the text.
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Chapter 4

The Unfolded Protein Response Coordinates ER Biogenesis
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Introduction

The cytoplasm of eukaryotic cells is subdivided into functionally

distinct, membrane-bound compartments, or organelles, that allow cells to

carry out a multitude of specialized functions required for normal growth.

However, the amount and composition of any organelle is altered in

response to the changing needs of the cell (for review, see Nunnari and

Walter, 1996). For example, as a B lymphocyte differentiates into a plasma

cell, the endoplasmic reticulum (ER) expands to accommodate the increased

flux of secretory proteins through the organelle (Wiest et al., 1990). Likewise,

during repeated muscle contraction, the number of mitochondria increase to

satisfy the demand for more energy (Hood et al., 1994).

Any increase in the amount of a particular organelle requires that the

cell coordinately up-regulate synthesis of the protein and lipid components

that comprise the organelle. This must be achieved in the context of the
continuous cross talk and coordination of function between the different

organelles. In many cases, regulation of organelle synthesis is achieved by

transcriptional networks that respond to a change in demand for the function

of a particular organelle, leading to altered expression of genes encoding

organellar proteins (Nunnari and Walter, 1996 and references therein).

Regulated synthesis of lumenal ER proteins and of the enzymes

required for membrane phospholipid synthesis are both controlled by

transcriptional networks. The unfolded protein response (UPR) pathway

allows eukaryotic cells to respond to changing conditions in the endoplasmic

reticulum (ER) by regulating the synthesis of ER-resident proteins. The

accumulation of unfolded proteins in the ER leads to increased transcription

º
º
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of genes encoding ER-localized chaperones that assist in protein folding

(Kozutsumi et al., 1988; Lee, 1987). Although present in all eukaryotic cells

examined, the UPR is best understood in the yeast Saccharomyces cerevisiae.

Experimentally, the UPR can be activated in yeast by preventing glycosylation,

e.g., by treating cells with tunicamycin (Tm), or by preventing disulfide-bond

formation with reducing agents such as 2-mercaptoethanol. Genes known to

be up-regulated by such treatments include KAR2 (encoding Kar2p or BiP),

PDI1 (encoding protein disulfide isomerase), ELIG1 (encoding a PDI-like

protein), and FKB2 (encoding a peptidyl-prolyl cis-trans isomerase). These

genes encode proteins that help catalyze the correct folding of proteins that

transit through the ER (reviewed in Gething and Sambrook, 1992; Shamu et

al., 1994; Sweet, 1993).

To date, three components of the UPR have been identified. One of

these is the transmembrane kinase Irelp, encoded by the nonessential gene

IRE1. Cells in which IRE1 has been deleted do not increase transcription of

ER-resident proteins in response to induction of the UPR (Cox et al., 1993;

Mori et al., 1993). Irelp is located in the ER and/or inner nuclear membrane

and is likely to be the component that transmits the unfolded protein signal

across the membrane. Its N-terminal domain lies in the lumen of the ER,

where it presumably detects the accumulation of unfolded proteins, and its

kinase domain lies in the cytoplasm (or nucleus), where it is presumably

responsible for transmitting the unfolded protein signal to the appropriate

downstream component(s). Irelp, like most receptor transmembrane kinases,

is thought to be activated by oligomerization and phosphorylation by

neighboring Irelp molecules (Shamu and Walter, 1996).
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Activation of Irelp leads to splicing of HAC1 mRNA, which encodes a

transcription factor, Hac1p, that binds to the UPRE (Cox and Walter, 1996).

The spliced HAC1 mRNA encodes a form of Hac1p that is much more stable

than the extremely short-lived protein encoded by the unspliced form.

Stabilized Hac1p then binds the UPRE of target genes leading to

transcriptional activation and subsequent increase of ER lumenal content.

Interestingly, the splicing of HAC1 mRNA bypasses spliceosome-mediated

processing and is spliced in a non-conventional manner involving tPNA

ligase (Sidrauski et al., 1996). A specific allele of the essential tRNA ligase

gene, trl1-100, has no detectable tRNA splicing defect but completely blocks

HAC1 mRNA splicing. Like ire 1 and hac1 mutants, trl.1-100 mutants are

completely blocked for the UPR.

The ER membrane is also the major site of lipid synthesis in the cell.

In yeast the ER membrane has a high glycerophospholipid content, with a

particularly high proportion of phosphatidylinositol (PI). Both the

transcription of genes encoding enzymes required for synthesis of

phospholipids and the activity of these enzymes are regulated primarily by

the intracellular concentration of inositol, a precursor in the synthesis of PI

(Greenberg and Lopes, 1996). When intracellular inositol levels fall, the

transcription of a wide variety of genes involved in de novo phospholipid

synthesis including INO1 (encoding inositol-1-phosphate synthase), CHO1

(encoding phosphatidylserine synthase), and OPI3 (encoding phospholipid

methyltransferase required for de novo phosphatidylcholine synthesis) is

induced (Bailis et al., 1987; Hirsch and Henry, 1986; Kodaki et al., 1991). Such

genes contain at least one copy of a specific 10bp DNA sequence in their
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promoter region called the UASINo that is necessary and sufficient for the

inositol response (for review see Carman and Henry, 1989).

Although how information about inositol concentration is sensed and

transmitted to the UASINO is unknown, the transcription factors involved in

the response have been identified. At high inositol concentrations,

transcription of phospholipid biosynthetic genes is repressed by the OPI1 gene

product, Opilp. opil mutant cells constitutively express all of the genes

regulated by inositol. The sequence of Opilp suggests that it is a transcription

factor, as it contains both a leucine zipper domain and a glutamine-rich

region, but it is not known if Opilp binds to DNA directly (White et al., 1991).

Upon inositol starvation, Opilp is inactivated allowing the heterodimeric

transcriptional activator Ino2p/Ino4p to bind the UASINo and activate

transcription. ino.2 or ino.4 mutant strains cannot transcribe genes controlled

by the UASINo, including INO1, and thus are inositol auxotrophs (Hirsch and

Henry, 1986).

Interestingly, ire 1, hac1, and trl.1-100 mutants also do not grow in the

absence of inositol in the growth medium (Nikawa and Yamashita, 1992;

Sidrauski et al., 1996). Models to explain the link between inositol metabolism

and the UPR suggest the intriguing possibility that the de novo synthesis of

phospholipids and the up-regulation of ER content proteins are linked (Cox et

al., 1993; Mori et al., 1993). In this paper we demonstrate that the UPR

dependent synthesis of ER lumenal components and inositol concentration

dependent synthesis of ER membrane components are intimately linked.

Furthermore, we provide evidence that coupling of these two pathways

allows for coordinate expansion of both the membrane and lumenal

components of the ER.
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Results

Under normal conditions, IRE1 is dispensable for growth. However, as

described previously and shown in Figure 1A, Aire 1 mutant cells were unable

to grow when shifted to media lacking inositol. To distinguish whether

inositol depletion led to growth arrest or cell death, aliquots of the cell culture

were removed at different times after shifting to inositol-depleted medium

and plated on rich medium. The depletion of inositol led to rapid cell death

of the Airel mutant strain (Fig. 1B, triangles) but did not affect the viability of

the wild-type strain (Fig. 1B, squares). Therefore, in the absence of exogenous

inositol in the growth media, IRE1 is required to allow cells to produce
sustainable amounts of inositol de novo.

The product of the INO1 gene, Ino1p, catalyzes the synthesis of inositol

from glucose. In wild-type cells grown in the presence of excess inositol, the

transcription of INO1 and a family of genes encoding phospholipid

biosynthetic enzymes is repressed by the transcription factor Opilp.

Repression by Opilp is relieved when the cells are shifted to media lacking

inositol, allowing the transcriptional activators Ino2p and Ino4p to activate

transcription. To determine whether ire 1 mutants are inositol auxotrophs

because they are unable to express the INO1 gene, we tested whether over

expression of INO1 could enable Airel mutants cells to grow in the absence of

inositol. We reasoned that if Aire 1 mutant cells are inositol auxotrophs due

to an inability to relieve Opilp repression of INO1, then cells lacking both

IRE1 and OPI1 should grow on plates lacking inositol. As shown in Fig. 2A,

the Aire 1 Aopil double mutant was able to form colonies on media lacking
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inositol, whereas Aire 1 mutant cells were unable to grow (ctrl). Furthermore,

suppression of the inositol auxotrophy of Aire 1 mutant cells was due to

overexpression of INO1 exclusively because Aire] mutant cells carrying a

high-copy plasmid containing the INO1 gene also grew on plates lacking
inositol (21-INO1).

To determine the levels of INO1 mRNA in the strains described in Fig.

2A, we performed quantitative S1 nuclease protection assays on RNA

harvested from cells grown both in the presence and absence of inositol. As

expected, wild-type cells dramatically induced the transcription of INO1, as

well as the co-regulated gene OPI3, when shifted to media lacking inositol

(Fig. 2B, lanes 1 - 2). Surprisingly, after 6 hours of growth in media lacking

inositol, the Airel mutant strain was also able to induce INO1 transcription to

only 75% of the levels found for the wild-type strain (Fig. 2B, lanes 3 - 4).

Importantly, INO1 is highly expressed in both the Airel Aopil double mutant

strain and the Aire 1 strain containing INO1 in high-copy, confirming that

INO1 is overexpressed under these conditions.

To further examine the partial INO1 induction seen in the Aire■

mutant strain, we performed a more extensive time course of INO1 induction

in response to inositol depletion. As shown in Figure 3, wild-type cells

induced INO1 maximally three hours after inositol depletion and maintained

high INO1 mRNA levels throughout the time course (lanes 1 - 5, squares).

Although Airel mutants were able to induce INO1 transcription to 75% of the

wild-type levels by three hours, they were unable to sustain high levels of

INO1 transcription (Fig. 3, lanes 6-8). Although the Airel cells were dying in

the later time points of this experiment, they were still metabolically active

because they were still able to transcribe ACT1 mRNA.
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From these data we conclude that ire 1 mutants are inositol auxotrophs
because they cannot adequately transcribe INO1 to a level required for de

novo inositol biosynthesis. Furthermore, it appears that the signalling events

leading to full activation of INO1 transcription can be divided into two steps:
i) an initial IRE1-independent activation and ii) a sustained induction of

INO1 mRNA in which Irelp is a critical component.

If Irelp activity is required during growth in inositol-depleted media,

then activation of Irelp by inositol depletion may also activate the UPR.

Indeed, KAR2 transcription is induced 4-fold after inositol depletion (Fig 1B,

lanes 1 - 2). This induction is IRE1 dependent as ire 1 mutants were unable to

induce KAR2 transcription in response to inositol depletion (Fig. 1B, lanes 3 -

4).

Since Irelp activation in response to inositol levels also activates the

UPR, we tested whether the accumulation of unfolded proteins in the ER that

normally induces the UPR would also activate INO1 transcription. As shown

in Figure 4, the addition of Tm induced INO1 transcription approximately

300-fold and KAR2 transcription 6-fold (lanes 1 - 5). The induction of both

INO1 and KAR2 mRNAs observed in wild-type cells requires Irelp as the

Airel mutant was unable to activate transcription of INO1 (lanes 6 - 10).

We next asked whether the induction of INO1 mRNA in response to

Tm also involved the transcriptional activators, Ino2p and Ino4p, which are

required for signalling in response to inositol levels. Cells carrying mutations

in either the INO2 or INO4 gene were severely impaired in their ability to

activate INO1 in response to Tm but were still able to activate KAR2

transcription (Fig. 4, lanes 11 - 14).
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To this point, we have demonstrated that the UPR and the inositol

signalling pathways are linked via Irelp. Furthermore, the transcription

factors Opilp, Ino2p, and Ino4p, are required for activation of genes encoding

phospholipid biosynthetic enzymes in response to inositol levels and

unfolded proteins. However, these transcription factors are specific for

UASINo-containing genes as they are not required for the induction of UPRE

containing genes. We therefore wanted to determine if the other known

components of the UPR also influence the transcription of genes involved in

lipid biosynthesis.

Since Hac1p is a transcription factor required for the UPR and is the

component of the cascade most distal to the unfolded protein signal, we first

tested whether mutations in HAC1 affect the inositol signalling pathway. As

shown in Figure 5A, Ahac1 mutant cells are unable to grow on plates lacking

inositol. Furthermore, the induction profile of INO1 in response to depletion
of inositol in the Ahac1 mutant is identical to that seen in the Airel mutant

strain, indicating that Hac1p participates in the inositol signalling pathway

(Fig. 5B, lanes 5-8). Hac1p is only detected in cells with an activated UPR. To

determine if Hac1p is induced in wild-type cells when shifted to media

lacking inositol, whole-cell extracts from cells expressing an HA epitope

tagged version of Hac1p were subjected to Western blot analysis using anti

HA antibodies. A band corresponding to HA-Hac1p was detected in extracts of

cells that were treated with Tm but not in uninduced cells (Fig. 5C, lanes 1

and 2). HA-Hac1p was also detected in cells grown in media lacking inositol

indicating that Hac1p levels are also modulated by intracellular inositol

concentration. Taken together, these results demonstrate that components at
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each end of the UPR pathway also participate in the signalling pathway for de
novo phospholipid biogenesis.

Discussion

The results presented here, and as diagrammed in figure 6, show that

the mechanisms regulating synthesis of ER lumenal and membrane

components are intimately linked. We have demonstrated that either

depletion of lipid precursors or accumulation of unfolded proteins leads to an

increase in the synthesis of both ER lumenal proteins and the enzymes

involved in membrane synthesis. This coordinate regulation requires the

activity of Irelp, an ER membrane receptor kinase, and Hac1p, the

transcription factor whose stability is controlled by Irelp activity.

Downstream of Hac1p, at the level of the promoters of genes controlled in

this way, the signalling pathway diverges. Transcriptional induction of genes

encoding ER lumenal proteins is an immediate and sustained response that

requires the presence of a UPRE in the promoter. However, induction of the

genes involved in lipid synthesis is directed by a UASINO and shows both an

immediate and a delayed transcriptional response. The delayed but not the

immediate response is dependent on Irelp and Hac1p. These observations

provide a direct explanation for the inositol auxotrophy phenotype observed

for yeast cells defective in the UPR.

Furthermore we have demonstrated that this coordinate regulation of

synthesis of different ER components is physiologically relevant. Conditions

87



that induce karmellae, a specialized form of ER, are lethal for cells lacking

Irelp if membrane precursors are limiting. However, ire 1 mutant cells are

viable and able to make karmellae in the absence of Irelp if either a) the

precursors for membrane synthesis are provided exogenously, or b) the OPI1

gene is also mutated, resulting in derepressed transcription of genes required

for synthesis of phospholipid precursors. These data indicate that inability to

make more membrane, rather than saturation of the protein folding

machinery, is the lethal event for ire 1 mutant cells during karmellae

induction. Thus the UPR pathway is essential for the coordinate regulation

of both the lumenal and lipid components required for ER biogenesis.

How might the seemingly divergent signals of depletion of inositol

and increase in unfolded proteins be detected by a single receptor molecule?

It is possible that both signals act through a single ligand, perhaps in different

ways, to induce or inhibit its binding to Irelp leading to kinase activation.

Alternatively, different parts of the Irelp molecule might be able to receive

specific signals about the state of the ER lumen or membrane composition.

For example, signals indicating an increase in unfolded proteins might be

transmitted to the ER lumenal part of Irelp, and signals transmitting

information about the membrane might be transmitted via the Irelp

transmembrane domain. A further possibility is that depletion of inositol, a

sugar and a precursor in both lipid and carbohydrate synthesis, affects protein

glycosylation within the ER lumen and induces the accumulation of

unfolded proteins. Although we cannot rule out this possibility, we consider

it unlikely as there is no decrease in the efficiency of modification of CPY as it

passes through the ER during inositol deprivation (data not shown).
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How might Hac1p direct transcription from the UASINo in view of its

high affinity for the UPRE? It is possible that Hac1p i) binds directly to the

UASINO or adjacent sequences to activate transcription of the downstream

genes, ii) that Hac1p directly prevents Opilp repressor activity, or that iii)

Hac1p acts indirectly by regulating transcription of another gene which

prevents Opilp repressor activity. Although each of these activities is

formally possible, we consider the possibility that Hac1p binds directly to the

UASINo or nearby sequences unlikely. The main reason is that in an Aopil

strain, genes controlled by the UASINO are fully and constitutively transcribed

independently of UPR, and thus Hac1p, activity. In the same cells, genes

under the control of the UPRE, and thus Hac1p, are not transcribed

constitutively. Furthermore, we have demonstrated that a potential, albeit

non-consensus, UPRE present in the INO1 promoter does not compete with

the KAR2 UPRE for Hac1p binding (not shown).

We favor the second and third possibilities suggested above - that

Hac1p influences UASINo-containing genes by antagonizing Opilp repressor

activity. Because both Hac1p and Opilp both contain putative leucine zipper

domains, it is possible that these proteins interact by forming a heterodimer.

This interaction may directly prevent Opilp from inhibiting transcriptional

activation by the Ino2p/Ino4p complex at the level of binding to the UASINo.

An alternative, but intriguing possibility is that dimerization might promote

degradation of Opilp. It has been shown that when inositol levels drop, the

previously stable Opilp is ubiquitinated and targeted for degradation by the

proteasome (P. McGraw, personal communication). We have recently

demonstrated that Hac1p is a short-lived protein, which is also targeted to

degradation by the same ubiquitin conjugating enzymes, Ubc4p and Ubc5p, as
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Opilp (Cox and Walter, 1996). We are now in a position to test whether

Hac1p directly interacts with Opilp and how this interaction may affect

UASINo-dependent transcription.

Experimental Procedures

Media and General Methods

YPD (complete) and synthetic minimal media are described by

Sherman (1991). Minimal medium lacking inositol was made as described by

(Culbertson and Henry, 1975). When added, inositol (myo-inositol; Sigma, St.

Louis, MO) was at a final concentration of 50 pg/ml. When added,

tunicamycin (Tn; Boehringer Mannheim, Indianapolis, IN) was at a final

concentration of 1 mg/ml. Yeast transformations were performed by lithium

acetate procedures (Elble, 1992; Ito et al., 1983)

Yeast Strains and Plasmids

Yeast strains used in this study are listed in Table 1. The 2p-INO1

plasmid, p■ H318, was a kind gift from Susan Henry.

RNA Analyses

S1 Nuclease Protection Assay. S1 nuclease protection assays were carried out

as described by Favaloro et al. (1980). Briefly, 15 pig of RNA was hybridized at

37 OC overnight to 0.01 pmoles of each probe. S1 digestion was carried out at

18 °C for 2 h using 500 units/ml of S1 nuclease (Sigma, St. Louis, MO).

*rº,

90



Samples were then fractionated on 8% polyacrylamide denaturing gels and

analyzed by autoradiography and by quantitation using a Phosphorimager
(Molecular Dynamics, Sunnyvale, CA).

Northern Blots. Cells were treated and total RNA prepared as described

previously (Cox et al., 1993). RNA was quantitated and equal amounts were

loaded on 6.7% formaldehyde, 1.5% agarose gels and run in 1X E buffer (20

mM MOPS, pH 7.0, 5 mM NaOAc, 0.5 mM EDTA). The RNA was transferred

to Duralon-UV membranes (Stratagene) and probed overnight at 65°C in

Church hybridization buffer (0.5 M NaPO4, pH 7.2, 7% SDS, 1 mM EDTA).

The membranes were subsequently washed in 0.5-1 x SSC and exposed.

Quantitation of Northern blots was performed on a Molecular Imager System

GS-363 (BioFad). All Northern probes were labelled with [o-32P]dCTP using

the Ready-To-Go DNA labelling kit (Pharmacia). The INO1 and ACT1 probes

were generated by PCR of 1 kb fragments of the respective coding regions.

Western blots

The anti-HA ascities fluid was purchased (BAbCO, Richmond, CA).

Denatured protein extracts were prepared by bead-beating cells directly into

10% TCA, 10 mM Tris, pH 8.0, 25 mM NH4OAc, 1 mM EDTA. TCA

precipitates were resuspended in 100 mM Tris, pH 11.0, 3% SDS, and heated to

100°C for 5 min. SDS-PAGE was performed on 10-15% gradient gels, and

Western blots were visualized by enhanced chemiluminescence (ECL,

Amersham) according to the instructions of the manufacturer.
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Table 1. Yeast Strains

Strain Genotype Source/Reference

JC104 MATO.; leu2-3,-112::LEUI-LIPRE-lacz; his3-11,-15::HIS3-UPRE-lacz; Cox et al., 1993
uraj-1; trp 1-1; ade2-1; can 1-100

CS173 same as JC104 except ire 1:URA3 Cox et al., 1993

JC132 MATa; ire 1::UIRA3; his3-11,-15::HIS3-UPRE-lacz; leu.2-3,-112; This study
ura■ -1; trp 1-1; ade2-1; can 1-100

JC140 MATa; ire 1:URA3; opil:LEU2; his3-11,-15:HIS3-UPRE-lacz, This study
uraj, trp 1-1; leu.2

JC193 MATa; ino1::HIS3; his3-A200; leu2-A1; trp1-A63; ura■ -52 Susan Henry

JC198 MATo; ino.4::LEU2; leu2; his3; trp1; ura■ Susan Henry

JC408 MATa; hac1::UIRA3; ura■ -1; leu2-3,-112::LEUI-LIPRE-lacz; Cox and Walter,
his3-11,-15; trp1-1; ade2-1; can 1-100 1996
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Figure 1, irel mutants die when starved for inositol.

Cells grown in minimal media containing inositol were collected by

centrifugation, washed, and diluted into minimal media lacking inositol. (A)

Growth of wild-type (squares) and Aire] mutant strains (triangles) was

assessed by optical density at 600 nm. (B) Cell viability was determined at

various times after the shift to -inositol media. Aliquots from cultures were

removed at different time points, cells were counted and dilutions were

plated on rich medium. The percentage of viable cells was determined by

counting colonies after three days of growth at 30°C.
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Figure 2. Overexpression of INO1 SuppreSSeS inositol auxotrophy of irel

mutants.

(A) Strains JC104 (wt), CS173 (Aire 1), JC140 (Airel Aopil) and CS173 carrying

the high-copy with the indicated genotypes were streaked for single colonies

on media containing either 50 pg/ml inositol or lacking inositol completely.

Cells were incubated at 30°C for 3 days before photography. (B) Strains in (A)

were grown to mid-log phase in culture medium containing 50 pg/ml

inositol and then shifted to media lacking inositol. Total RNA was harvested

from cells harvested immediately following the change of media (0 h -ino)

and after 6 hours at 30°C, and the abundance of INO1, KAR2, ACT1, and OPI3

mRNAs was analyzed by S1 nuclease protection assays.
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Figure 3. irel mutants are unable to sustain INO1 transcriptional induction.

(A) Wild-type and Aire 1 mutant strains were grown in the presence of 50

pg/ml inositol and then shifted to media lacking inositol. S1 protection

analysis was performed on RNA isolated from cells harvested at different

time points after the media shift and probed for INO1 and ACT1 mRNAs. (B)

The data from (A) and a repeat experiment were quantitated and normalized

to ACT1 mRNA levels and plotted.
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Figure 4. The accumulation of unfolded proteins in the ER induce INO1

transcription.

Cultures of strains with the indicated genotypes were grown in media

containing 50 pg/ml inositol at 30°C. Tm was added to a final concentration

of 1 plg/ml and aliquots of cells were collected at the indicated times. RNA

was harvested and subjected to S1 nuclease protection analysis.
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Figure 5. Another component of the UPR. Haclp, is also required for inositol

(A) The indicated strains were grown exactly as in 2A. (B) Ahac1 mutant

strain was grown to mid-log phase in the presence of 50 pg/ml inositol and

then shifted to medial lacking inositol. Total RNA harvested from cells

taken at different time points after the media change were subjected to

Northern analysis using an INO1 probe. The blot was stripped and re-probed

for ACT1 mRNA. (C) Ahac1 mutants harboring the HA-tagged version of the

HAC1 gene were grown either in the absence or presence of Tm (lanes 1 and

2) or shifted to media lacking inositol (lanes 3-5). Cell extracts were probed

by Western blot analysis using o-HA antibodies.
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Figure 6. Model of the interconnected nature of the UPR and inositol

signalling pathways.

Pointed arrows indicate activators and flat-headed arrows indicate repressors.
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Chapter 5

Summary and Perspectives
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When this work was started, we were fascinated by the ability of

different organelles within a eukaryotic cell to communicate with one

another. In particular, we wanted to know how the intracellular UPR

pathway differs from the many extracellular signalling pathways which

originate from the cell surface. We were in the unique position of knowing

how to trigger the start of the pathway (e.g. Tm treatment) and how to

monitor the end result (transcription), leaving in between a "black box" to

open. Although there is undoubtedly much more to learn about the yeast

UPR, from what we know so far it is clear that the UPR is distinct from any

other signal transduction pathway described. The UPR is now not only the

most well characterized intracellular signal transduction pathway, it is

providing insight into a new and exciting regulatory scheme that incorporates

such events as phosphorylation, regulated mRNA splicing, and protein

degradation.

This thesis describes the discovery and characterization of two

components of the UPR in yeast, Irelp and Hac1p. Mutants lacking either

IRE1 or HAC1 have identical phenotypes: i) complete loss of UPR function, ii)

supersensitivity to agents that cause unfolded proteins to accumulate in the

ER, and iii) inositol auxotrophy. Each protein, however, carries out distinct

functions within the pathway. Irelp, a serine-threonine transmembrane

kinase, resides in the ER membrane and transfers the unfolded protein signal

across the ER membrane. Hac1p is a bZIP transcription factor that binds to the

UPRE to activate transcription of genes under UPR control. The

identification of these two components and the details of how they are

regulated is not only novel, but it opens the door to a new set of questions,

many of which go far beyond the realm of intracellular signal transduction.
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How the unfolded protein signal within the lumen of the ER is sensed

and transmitted to Irelp is still unknown. Models for how protein folding in

the ER is monitored have been suggested (Shamu et al., 1994; Sweet, 1993;

Shamu and Walter, 1996; Mori et al., 1993), but these await direct evidence. Is

there a ligand that binds to the large N-terminal domain of Irelp?

Furthermore, it remains possible that Irelp itself may monitor the

concentration of unfolded proteins. The answer to these questions will most

likely be found in directed studies of Irelp's lumenal domain, such as

searching for mutants in the N-terminus that have interesting phenotypes or

by looking for other proteins that interact with Irelp in the ER.

What is the next step in the UPR pathway after Irelp kinase activation?

Although Irelp auto-phosphorylates (Shamu and Walter, 1996), it seems

likely that Irelp also phosphorylates the component directly downstream in

the pathway. Biochemical analysis of proteins phosphorylated by Irelp in

response to Tm, including Hac1p, may identify such a substrate.

Furthermore, in lieu of direct evidence of Irelp localization, the localization

of the substrate will provide the most conclusive evidence for the functional

site of Irelp activity.

The most fascinating aspect of the UPR pathway known so far is the

regulated splicing of HAC1 mRNA. The details of HAC1 mRNA splicing are

remarkable. In particular, i) the splice junctions do not conform to the

consensus of spliceosome-mediated splicing, and ii) splicing is not blocked in

mutants affecting spliceosome function (Sidrauski, Cox and Walter;

submitted). Furthermore, a specific mutant in TRL1, encoding tPNA ligase,

disrupts HAC1 mRNA splicing and is defective in the UPR (Sidrauski, Cox

and Walter; submitted). We therefore propose that HAC1 mRNA bypasses
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spliceosome-mediated processing and is spliced in a non-conventional

manner.

Many questions about HAC1 mRNA splicing remain unanswered.

What is the HAC1 mRNA endonuclease? Does trNA ligase directly ligate

HAC1 mRNA halves? Are any spliceosome components also involved in

HAC1 mRNA splicing? What are the sequences within the HAC1 mRNA

that are required for splicing? Are there other mRNAs that are also spliced by

the same non-conventional manner? Surely, all these questions and more

will be addressed as the results presented here will likely spark much interest

in the RNA splicing field. The simplest and most intriguing mechanistic

model for HAC1 mRNA splicing involves Irelp as the nuclease. Although

such a model seems improbable, the C-terminal tail of Irelp has striking

homology to a mammalian RNase involved in the inflammatory response,

RNase L (Bork and Sander, 1993). According to this model, Irelp dimerizes

and auto-phosphorylates with its C-terminus facing into the nucleus. The

activated dimer then binds and cleaves HAC1 mRNA, allowing tPNA ligase

to join the two halves. In this scenario, the kinase domain of Irelp is only

required for auto-phosphorylation which stimulates the kinase domain. The

development of in vitro splicing assays will allow this model to be tested

directly.

The result of the splicing event, as described in Chapter 3, is a change in

the C-terminus of Hac1p. It is this induced form of Hac1p, Hac1pi, that is
more resistant to degradation and accumulates in Tm-induced cells.
Although the unspliced HAC1 mRNA appears engaged with ribosomes, it is

still unclear whether Hac1pu is ever translated. It remains a possibility that

the spliced form of HAC1 mRNA is more efficiently translated than the
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unspliced form, contributing to the overall large induction of Hac1pi found
in induced cells. To address this question, it may be possible to isolate HAC1

mutants that constitutively activate the pathway even in the absence of IRE1

mediated splicing. Such mutants may either affect Hac1pu stability or
translation.

Since Hac1p is a member of the bZIP family of transcription factors, it is

likely that Hac1p functions as either a homodimer or as a heterodimer with

an as yet unidentified protein. Furthermore, Hac1p may dimerize with more

than one other protein, allowing for differential effects on the UPR or other

pathways depending on which partner Hac1p is complexed with. Indeed,

since Hac1p also affects INO1 transcription despite the absence of a clear

UPRE, we favor the model that Hac1p influences the INO1 promoter through

an interaction with Opilp. This suggestion is strengthened by the presence of

a leucine zipper in Opilp. Experiments to test for a direct interaction between

Hac1p and Opilp are currently being pursued.

As mentioned above, an unexpected phenotype of all the UPR mutants

is inositol auxotrophy. Further examination of the reasons for this

phenotype, as described in Chapter 4, led us to the conclusion that the UPR

pathway is essential for the coordinate regulation of both the lumenal and

lipid components required for ER biogenesis. However, since ire 1 mutants

are able to form karmellae in rich medium, it is clear that another regulatory

mechanism is responsible for the signalling to increase ER volume. Since

ire 1 mutants die when forced to make karmellae on plates with limiting

amounts of inositol, it may be possible to isolate mutants that do not make

these structures by selecting for growth on low-inositol plates.
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Finally, it is imperative to understand the UPR in higher eukaryotes.

To date, however, searches for mammalian homologues of IRE1 have been

unsuccessful and mammalian HAC1 searches have only just begun. It is clear

that an emphasis on identifying the components of the mammalian UPR is

needed to determine whether the same regulatory mechanisms, such as

mRNA splicing by tPNA ligase, are employed as in yeast. Understanding in

molecular detail the intracellular signal transduction pathway between the

ER and nucleus may provide insight into less well characterized pathways

connecting other organelles within the cell.
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Appendix A

Identification of Mutants Defective in the Unfolded Protein Response Using

GFP1 as a Reporter of Transcription and the Fluoresence-Activated Cell Sorter
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Results

Previous screens to identify components of the UPR were designed to

isolate only mutants unable to activate the UPR in response to the

accumulation of unfolded proteins in the ER. Mutations that inactivated

putative repressors of the pathway designed to down-regulate the UPR would

not have been identified. Figure 1 outlines our genetic approach to identify

such negative elements in the pathway. We reasoned that mutations which

inactivate repressors of the pathway (denoted by the flat-headed arrows)

would cause constitutive expression of the UPRE-containing reporter

constructs, even in the absence of inducers of the UPR as well as the Irelp

transmembrane kinase.

To facilitate the rapid identification of constitutive mutations, we

constructed a Airel reporter strain and harboring two different UPR reporter

constructs. First, one copy of the UPRE-lacz gene described previously (Cox et

al., 1993) was integrated into the genome of a wild-type strain. Next, we

transformed this strain with an plasmid containing GFP1 under UPRE

control. In theory, this reporter strain allowed us to search for mutants that

activated both reporters, and therefore would be both fluorescent-green and

turn blue on X-gal indicator plates. Figure 1 depicts the two different classes

of mutations we expected from this approach. Unwanted gain-of-function

mutations in activators working downstream of Irelp would presumably be
dominant alleles and could be discarded on that basis.

To ensure that we could monitor the activity of the UPR using the

UPRE-GFP1 reporter, we tested whether GFP was induced in response to Tm

in a wild-type strain carrying this plasmid. The induction profile of GFP was
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monitored in live yeast cells using a fluorimeter. The induction of UPRE

GFP1 exactly mirrored the induction of the well characterized UPRE-lacz

reporter (Fig. 2) and GFP fluorescence was quite intense.

The use of GFP1 as a reporter for UPRE-dependent transcription

allowed us to use the fluorescence activated cell sorter (FACS) to rapidly

isolate fluorescent-green yeast cells from a population of cells that do not

express GFP. Wild-type cells carrying the UPRE-GFP1 reporter were treated as

in Figure 2, except they were analyzed on the FACS. As seen in Figure 3A, the

uninduced cells had a very low level of fluorescence intensity (top panel,

-Tm) which was identical to cells that were not carrying the GFP1 gene. In

contrast, after Tm treatment for three hours, most cells were now expressing

detectable amounts of GFP, and had approximately 10-fold greater

fluorescence than the uninduced cells (Fig. 3A, bottom panel). These results

indicated that GFP was expressed in a UPR-dependent fashion and that the

level of fluorescence intensity was sufficient for the FACS to distinguish
induced and uninduced cells.

We next mutagenized the Aire! reporter strain with EMS, allowed the

cells to recover overnight, and screened for fluorescent-green cells.

Unmutagenized cells had very low fluorescence intensity as well as most of

the mutagenized cells (Fig. 3B). However, a small population of mutagenized

cells were expressing high-levels of GFP and were collected by the FACS (Fig.

3B, +EMS, boxed areas). In two separate experiments we mutagenized cells at

a 50-65% survival frequency and screened approximately 5 x 106 cells. The
FACS screening was rapid; we screened the cells at an approximate rate of

2000 cells/min, which took approximately 4 hours. In total, 240 candidate

mutant cells were collected by the FACS and were plated on solid medium.
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Colonies that arose after four days of growth at room temperature were

analyzed for induction of the integrated UPRE-lacz reporter by replica plating

onto X-gal indicator plates. Seventeen mutants isolated from the primary

GFP screen that also turned blue were then mated to a wild-type strain and

retested for their ability to activate the UPRE-lacz reporter. Of these

seventeen mutants, three carried recessive alleles that were determined to

comprise two complementation groups.

We focused our efforts on one mutant, named rut1 for repressor of

UPRE transcription, that had a particularly strong induction of both reporters.

Figure 4 shows the isolated Aire■ rut1 mutant harboring the UPRE-GFP1

plasmid analyzed on the FACS, demonstrating that nearly every cell has the

reporter highly induced (Fig. 4).

Since ire 1 mutants are also inositol auxotrophs, we asked whether rut 1

could suppress the growth defect of the Airel strain on media lacking inositol.

Surprisingly, the rut1 Aire■ double mutant was able to grow on plates lacking

inositol whereas the Airel RUT1 strain could not (Fig. 5). Since ire 1 mutants

cannot accurately transcribe the INO1 gene required for inositol prototrophy,
we next tested the level of INO1 mRNA in Aire 1 rut 1 mutant cells. Even in

the presence of excess inositol, the rut 1 allele caused Airel cells to express

INO1, possibly explaining the suppression of the inositol auxotrophy (Fig. 6,

lane 2). Surprisingly, the level of KAR2 mRNA is not induced in the Aire■

rut 1 strain. The promoter of KAR2 is under various controls besides the

UPR, and therefore alterations in one pathway of transcriptional regulation

(eg. UPR) might be compensated by an inverse modulation of another

pathway (eg. heat shock) to keep KAR2 mRNA levels constant. It is clear,

however, that the levels of lacz transcription from the UPRE reporter as well
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as PDI1 transcription are increased in the Aire■ rut1 strain (Fig. 6, compare

lanes 1 and 2).

In an attempt to isolate the RUT1 gene, we cloned a plasmid from a

yeast genomic library that complemented the rut 1 mutant phenotype on X-gal

indicator plates. This plasmid, named p■ C772, also complemented the defect

as monitored by S1 nuclease protection analysis (Fig. 6, lane 3). It is not

known, however, what gene(s) is carried in p■ C772 as the plasmid has not

been sequenced yet.

Discussion

Although incomplete, this work has demonstrated at the very least the

utility of the approach using GFP1 as a reporter of transcription. The obvious

advantage of using GFP1 is that it allows for automated screening of mutants

by the cell sorter. Simply the rate at which the FACS can monitor individual

cells allowed us to screen vastly greater number of cells over what is possible

using conventional screening methods. Furthermore, the time required for

completing the primary screen, approximately seven hours of work over two

days, was miniscule and the number of false positives was low.

There are, however, drawbacks to this procedure. First of all,

expression of GFP must be sufficient for detection by the FACS. Although

this can be a problem in some cases, new GFP1 mutants which emit more

light per polecule than the wild-type GFP1 used here could prove invaluable.

Also, since the cells screened by the FACS are also the same cells that will start

colonies, screening under conditions which kill the desired mutants is
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impossible. For example, mutants in the UPR are supersensitive to agents

that cause unfolded proteins to accumulate in the ER. Screening for mutants

that cannot induce the UPRE-GFP1 reporter when treated with Tm would

most likely kill any real UPR mutants.

The one clear mutant isolated in this screen, rut 1, appears by all the

criteria tested so far to be a bona fide mutant in the UPR pathway. However,

this mutant awaits further characterization. It is especially imperative to

clone the RUIT1 gene, which may reside on the complementing plasmid

p]C772. Furthermore, it will be interesting to determine if rut1 suppresses

other known components of the pathway that work downstream of IRE1.
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Figure 1. Scheme for Isolation of Constitutive Mutants of the UPR

Pointed arrows indicate potential activators of UPR and flat-headed arrows

indicate potential repressors of the UPR. Two different kinds of mutants

were expected: 1) Dominant, gain-of-function mutations (indicated by *) in

activators working downstream of Irelp (left pathway) and 2) recessive, loss

of-function mutations in repressors (right pathway).
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Figure 2. UPRE-GFP1 Construct is an Accurate Reporter of UPR Activity

Wild-type cells carrying either a UPRE-lacz or a UPRE-GFP1 reporter plasmid

were induced with Tm. At different time points, aliquots of each culture

were assayed either for 3-galactosidase activity or for GFP fluorescence (left

graph). The right panel demonstrates the induction profile of KAR2 mRNA

in cells from an identical experiment.
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Figure 3. Separation of UPR-Activated Cells Using the Cell Sorter

(A) Wild-type cells carrying the UPRE-GFP1 reporter plasmid pCH1 were

grown either in the presence (+Tm, bottom panel) or absence (-Tm, top panel)

of Tm for 1 h prior to cell sorting. The X-axis represents a measurement of

scattered excitation light (488mm) from the surface of individual cells, and the

Y-axis represents the intensity of light at 525 nm emitted from each cell. The

dots within the histogram represent each individual cell monitored by the

cell sorter and the boxes (R1 and R2) are the gated areas used to collect only

the fluorescent cells in (B). (B) irel mutants harboring pCH1 were

mutagenized, allowed to recover overnight, and fluorescent cells were sorted

as in (A) (+EMS, bottom panel). As a control, unmutagenized cells were also

analyzed and showed very little fluorescence (-EMS, top panel).
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Figure 4. rut 1 Mutant has Constitutively Activated UPR

The irel rut1 double mutant strain (JC75) containing the UPRE-GFP1 reporter

was analyzed by the cell sorter as in Fig. 3A.
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Figure 5. rut! Suppresses the Inositol Auxotrophy of irel Mutants

Strains JC104 (wt), CS173 (Airel), and JC75 (Airel rut 1) were streaked onto

media lacking inositol and incubated at 30°C for three days before

photography.
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Figure 6. The rut 1-1 Mutation Causes Constitutive Activation of the UPR

Total RNA isolated from the indicated strains was subjected to S1 nuclease

protection analysis. p■ C772 is a library plasmid isolated by its ability to

complement the rut 1 phenotype on X-gal indicator plates.
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Appendix B

A Simple Method for Constructing Gene Deletions in S. cerevisiae
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Typically, the construction of plasmids for one-step gene deletions in

Saccharomyces cerevisiae has required multiple cloning steps as well as

having the gene of interest in hand. Furthermore, the region deleted from

the genome is usually dictated by the position of unique restriction sites

within the cloned gene. Here I describe a simple and efficient method of

producing precise gene deletions that requires only one cloning step and

knowledge of the DNA sequence adjacent to the gene of interest.

Figure 1 depicts the steps involved in deleting a hypothetical gene,

gene X, from the genome. The choice of restriction endonucleases in this

example is not exclusive, only illustrative.

Step 1.: The 5' and 3’ regions flanking gene X are amplified

directly from yeast genomic DNA by PCR using oligonucleotides designed to

create convenient restriction endonuclease sites at the ends of the amplified

product. The DNA fragments should be 300 bp or longer, and the

incorporated restriction sites must be unique to both of the fragments as well
as the final construct.

Step 2.: The PCR fragments are digested with the appropriate

restriction endonucleases and then ligated, as a three-piece ligation, into a

plasmid containing a yeast Selectable marker but lacking any yeast origins of

replication (eg. pKS306). It is critical that the orientation of the two inserts

relative to each other be as shown in Fig. 1.

Step 3. The plasmid resulting from Step 2 is linearized with

BamhI and transformed into yeast using conventional methods. Cells are

plated on minimal medium to select for the marker present on the
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integrating plasmid. Transformants are then screened for proper integration

of the plasmid, either by Southern blot or by diagnostic PCR.

In summary, this is a quick and easy method to make precise gene

deletions that requires only four oligonucleotides, flanking DNA sequence

information, a PCR amplification step, and a yeast integrating vector. Only

one cloning step is involved, which considerably reduces the hands-on time

to make the knock-out construct. Typically, a strain deleted for any non

essential gene of interest can be obtained in just about a week using this

method. One major difference between this method and conventional

methods is that the gene is replaced by an entire plasmid, not just a selectable

marker. This, however, usually has no effect and can actually be useful as a

tag for Southern analysis of the transformants.
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