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ABSTRACT OF THE DISSERTATION

Regulation of Ire1 Kinase and Nuclease Activity During the Unfolded Protein Response

by

Aditi Chawla

Doctor of Philosophy in Biology

University of California San Diego, 2008

Professor Maho Niwa, Chair

Ire1 is an ER resident transmembrane protein that functions as a transducer of

the unfolded protein response (UPR). Its luminal domain senses unfolded proteins,

triggering the activation of the cytosolic domain for the transcriptional up regulation of

chaperones and other protein folding enzymes to help restore ER homeostasis. Ire1 is

unprecedented in nature with two functional domains, a kinase and an

endoribonuclease. Upon activation, Ire1 autophosphorylates, and cleaves an intron from

HAC1 mRNA. In the absence of autophosphorylation or lack of nuclease activity, a UPR
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response cannot be mounted. While the roles of Ire1’s kinase and nuclease domains

during the activation of UPR are understood to some extent, little is known about the

mechanism of attenuation of the response. In this study we used a mutagenesis-based

approach, both in vivo and in vitro, to characterize the importance of conserved residues

in Ire1 during the attenuation of UPR.

We present here that in wild type cells, spliced HAC1 mRNA disappears some

time after UPR induction, upon recovery of the ER protein folding capacity. In contrast,

cells with a mutation in the conserved DFG kinase motif, Ire1-D828A, show sustained

HAC1 splicing, even after recovery of ER protein folding capacity. Mutating the DFG

kinase motif inactivated the Ire1 kinase, although ATP binding and RNase activation

were normal. Limited proteolysis and further biochemical studies showed that the DFG

mutation altered Ire1 conformation such that it was no longer responsive to ATP binding.

Taken together, it suggests that Ire1-D828A is rendered conformationally unresponsive

to the attenuating signals from the ER luminal domain, causing the sustained HAC1

splicing. In addition, we also observed sustained H A C 1  splicing in the Ire1

phosphomimetic activation loop mutant, hinting at the importance of loop

dephosphorylation in the attenuation process. Thus, we show that the Ire1 kinase

domain in addition to its role in activation of UPR also plays an equally important role in

responding to the attenuating signal. In addition, we established that the timely down

regulation of UPR is as important an event as activation, because sustained UPR

activation was toxic to cellular growth.
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CHAPTER I

Introduction

1
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A: The unfolded protein response in yeast

Protein folding is an important aspect of cellular function. The endoplasmic

reticulum (ER) is the organelle that serves as the protein-folding factory for secreted as

well as surface proteins [1]. To support efficient folding, the ER maintains an oxidizing

environment with chaperones, glycosylation enzymes and oxidoreductases [2]. Proper

maturation of the secretory proteins is required before they can exit from the ER, or else

they get targeted for degradation [3]. Under certain conditions caused by changes in the

environment or in cellular protein load, the protein folding ability of the ER, or its quality

control capacity may fluctuate. This triggers the unfolded protein response (UPR), which

is a signaling pathway mediating the protein folding needs of the ER to the

transcriptional machinery in the nucleus, to increase the ER’s protein folding capacity

when needed [4-7] (Fig 1.1). In yeast, Ire1, an ER resident transmembrane protein, is

the only transducer of this pathway, sensing unfolded proteins in the ER and transmitting

the signal to the nucleus [8, 9]. Ire1 is conserved in all eukaryotes, from yeast to

mammals. In addition to Ire1, higher eukaryotes have two other proteins, ATF6 [10] and

PERK [11] that also function as ER resident sensors of unfolded proteins.

In yeast, the accumulation of unfolded proteins in the ER, caused by an

insufficient capacity for protein folding, activates Ire1p, an ER resident type I

transmembrane kinase functioning as a UPR inducer [8, 9]. IRE1 was originally identified

as a gene required for inositol auxotrophy, hence its name Inositol Requiring Element 1.

It was later shown to be responsible for tunicamycin-dependent induction of the KAR2

gene in yeast, thus linking it to the UPR pathway [12].  Although dispensable under

normal conditions, IRE1 was found to be essential for cell viability during ER stress [8,
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9]. Upon activation, Ire1p undergoes oligomerization and autophosphorylation in a

manner similar to receptor kinases at the plasma membrane [13]. An activated Ire1p

becomes a site-specific endo-ribonuclease (RNase) and cleaves an intron of HAC1

mRNA, which codes for a UPR specific transcription factor [14-17] (Fig 1.2).

Subsequently, the released exons are ligated by tRNA ligase to produce the spliced form

of HAC1 mRNA [18]. This Ire1p mediated splicing is a key regulatory step in yeast, since

translation does not occur efficiently until the HAC1 intron is removed [19, 20]. The

spliced form of HAC1 mRNA codes for a basic-leucine zipper transcription factor, Hac1p

and participates in transcriptional activation of the UPR target genes including ER

resident chaperones, protein folding enzymes and proteins involved in ER associated

degradation, to help relieve the stress [21].

B: Ire1 proteins from different species; homology to other serine-threonine

kinases and nucleases

Ire1 is a multi-domain protein that is conserved in all eukaryotes including yeast,

nematodes, fruit flies, frogs, mice, monkeys, plants, as well as in humans [30]. Ire1 has

an ER resident lumenal domain that is responsible for sensing ER stress, while on the

cytosolic side it has a functional serine-threonine kinase domain and a functional

nuclease domain. A linker of variable length and sequence connects the transmembrane

region to the kinase domain.

Ire1's lumenal domain has a unique protein fold. The recent x-ray crystal

structure of the lumenal domain of yeast Ire1 revealed the presence of a peptide-binding

groove between Ire1 oligomers, similar to the peptide-binding motif in the MHC Class I
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molecules [34], thus providing a mechanism by which it can sense unfolded peptides.

On the other hand, Ire1's kinase domain is highly conserved and on the basis of

homology it belongs to the family of serine-threonine kinases, which includes CDC28 of

S. cerevisiae and cdc2+ of S. pombe (27% identity, 46% similarity) [8]. As a whole

protein, Ire1 is most similar to RNaseL, which is a regulated but non-specific

ribonuclease activated by the mammalian interferon response to viral or cellular double-

stranded RNA [26]. Ire1 and RNaseL have significant similarity in their kinase (or kinase-

like) domains and 29% sequence identity in their ribonuclease domains [27]. Though

RNaseL has a kinase-like domain, it is missing several conserved protein kinase domain

residues and to date has not been shown to have any kinase activity. Despite the high

degree of homology between the nuclease domains of the above two proteins, they

show mutually exclusive substrate specificity and partially overlapping requirements for

the conserved amino acid residues in the nuclease domains, as shown experimentally

[28]. In addition, the recent crystal structure of yeast Ire1’s cytosolic domain [30] has

revealed that the ribonulcease fold displays a three-dimensional composition of catalytic

residues as in the tRNA splicing endonucleases. This suggests a similar catalytic

mechanism to pre-tRNA splicing, as seen before in biochemical assays [31].

C: Ire1 kinase domain functions; nucleotide binding and autophosphorylation

According to a large body of studies, a well-conserved lysine and two aspartate

residues that are present within the nucleotide-binding pocket of the kinase core are

critical for ATP binding and catalysis in all kinases [22, 23]. The conserved lysine in

CDK2 has been shown to interact directly with ATP [24]. A mutation of this lysine has

been shown for many kinases to kill kinase activity. The conserved aspartate of the
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highly conserved “DFG” motif is proposed to play a role in orienting the β- and γ-

phosphates of ATP in coordination with Mg2+ [25]. A mutation at this aspartate should

severely affect kinase function, although such an experiment has never been performed.

The second aspartate residue within the “RD” motif participates in hydrolysis of the γ-

phosphate of ATP and mutating this aspartate inactivates most kinases examined [22].

Amino acid comparisons have revealed that yIre1p contains the corresponding three

residues, lysine at position 702 (K702), aspartate at 828 (D828) within the “DFG” motif,

and the second catalytic aspartate 797 (D797) within the kinase pocket (Fig 1.3B). Both

K702 and D828 are important for Ire1 function, as mutating either residue to alanine

impaired the ability of Ire1 to activate UPR, based on its inability to induce UPR reporter

transcription [8, 13].

Previous phospho-amino acid analysis of yIre1p has identified three residues,

serine 840 (S840), serine 841 (S841), and threonine 844 (T844), within the well-

conserved activation loop, that are phosphorylated during the UPR [13]. Furthermore,

amino acid changes within these residues decreased the ability of Ire1p to induce

transcription of the UPR target genes, suggesting an importance of Ire1p auto-

phosphorylation in UPR activation. However, these studies were performed before Ire1

RNase activity was discovered and therefore, exact contributions of the kinase domain

specifically on RNase activation during the UPR were not described. A recent report has

suggested that the Ire1 kinase domain only provides a nucleotide-binding pocket [29],

while the requirement of phosphorylation can be bypassed. This report used an Ire1

mutant that was sensitized to bind an ATP analog and could induce UPR as long as

binding to the analog could take place. As this RNase active mutant was unable to
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autophosphorylate itself, it raised questions about the functional significance of

phosphorylation mediated by Ire1p. Because of the contrasting evidence above,

currently, the exact contribution of the kinase function of Ire1p in the UPR is not clear.

However, the recent crystal structure of Ire1’s cytosolic domain [30] has revealed

another aspect of the importance of autophosphorylation in activating Ire1 by allowing

nucleotide to gain access to the kinase pocket. This was evidenced by the inability of the

catalytically inactive and unphosphorylated D797A mutant to bind to nucleotide.

D: Ire1 nuclease and HAC1/ XBP1 mRNA; mechanism of cleavage

Once activated Ire1 oligomerizes and trans-autophosphorylates, resulting in the

activation of its site-specific endo-ribonuclease. In yeast the only substrate of the Ire1

nuclease is HAC1 mRNA, with XBP1 being its mammalian homologue. In its uninduced

form, the HAC1u mRNA cannot be translated because of base pairing between the intron

and the 5’ untranslated region (UTR) that causes ribosomes to stall (Fig 1.4B) [19].

Induction of the UPR pathway leads to the removal of the 252-nucleotide intron by a two-

step cleavage reaction to produce the mature form of this mRNA, HAC1i (induced), after

ligation of the exons by tRNA Ligase [18]. Splicing by Ire1 results in the removal of the

translation block [19, 20], allowing HAC1p to now be translated and function as a

transcription factor. The chemistry of the overall splicing reaction bears more similarity to

tRNA splicing than conventional spliceosome-mediated mRNA splicing.  Both splice

junctions in HAC1u are formed by stem loops (Fig 1.4A), where the stem loop secondary

structure, in addition to the conserved sequence at the cleavage site, is essential for

recognition and cleavage by Ire1 [31]. Although Ire1 accurately cleaves the stem loop

mini-substrates in vitro, with each splice junction being cleaved independent of the other
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[15], it is evident that other parts of HAC1u mRNA contribute to the efficiency of the

cleavage reaction. Longer HAC1u mRNA substrates are cleaved at a much higher

efficiency [31], indicating that other, yet to be identified, sequence and structure

elements contribute to the efficiency of cleavage probably by enhancing binding of

HAC1u to Ire1. Very little is understood till date about Ire1’s specificity for HAC1, and the

mechanism of its recognition before cleavage. After getting spliced HAC1i is translated

and HAC1p moves to the nucleus where it functions as a transcription factor for

upregulating ER resident chaperones, protein folding enzymes, and ER associated

degradation enzymes, to help relieve ER stress.

E: Mechanism of Ire1 activation and deactivation during the UPR

An increase in the protein folding needs of the ER initiates UPR signaling.

Experimentally, UPR can be induced by treatment of cells with drugs such as

tunicamycin (blocks N-linked glycosylation of proteins), dithiothreitol (reduces disulfide

bonds in proteins) and thapsigargin (depletes ER calcium stores), or by an increased

expression of a misfolded protein. The luminal domain of Ire1 is the sensor of unfolded

proteins in the ER. Multiple mechanisms by which Ire1 initiates the UPR have been

proposed. A series of experiments showing that the levels of BiP co-immunoprecipitated

with Ire1 decrease upon the induction of UPR, led to a proposal that the association

status of BiP with Ire1’s luminal domain plays a critical role in the activation of UPR [32,

33]. As unfolded proteins accumulate in the ER, BiP dissociates from the lumen of Ire1p

to assist in folding these proteins. It is thought that the release of BiP allows Ire1p to

oligomerize, thus leading to its activation. Upon production of Hac1p, a UPR specific

transcription factor, the transcription of BiP mRNA and ultimately BiP protein in the ER
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increases, providing further assistance in protein folding. Based on this model,

ultimately, increased level of BiP also allows re-binding to Ire1p, resulting in its

inactivation to turn off UPR signaling. Recent observations however, have suggested a

more active participation of Ire1 in sensing the protein folding needs of the ER [34]. The

deletion of the BiP binding site(s) within the ER luminal portion of Ire1 failed to activate

Ire1 constitutively [33]. Furthermore, an X-ray crystal structure of the ER luminal domain

of yeast Ire1 [34], has revealed the presence of a peptide binding motif characteristic to

that found in the Major Histocompatibility Complex (MHC) molecule, suggesting the

direct binding of Ire1 with unfolded proteins during the UPR. Further evidence supporting

this was provided by a recent observation where in vitro aggregation of unfolded

peptides was inhibited by Ire1’s luminal domain [35, 36], also suggesting direct

interaction between the two. Thus, Ire1 activation occurs in atleast two steps, firstly, BiP

dissociation and secondly, association of unfolded peptides, ultimately leading to

oligomerization and trans-autophosphorylation.

Down regulation of signaling is an important aspect of all signal transduction

pathways. Its importance is evidenced by the myriad ways that cells have evolved to

down regulate any given signaling pathway [37]. In the case of UPR, once sufficient

amount of downstream genes have been transcribed to take care of the ER stress

situation, Ire1 needs to be deactivated to turn off the UPR signaling pathway.

Deregulation of the deactivation signal of Ire1 has been shown to have a significant

impact on cell survival [38, 39], yet despite its importance the deactivation mechanism

has not been carefully studied till date. Since Ire1 is a multi-domain protein, deactivation

will most likely involve changes that affect both its lumenal and cytosolic domains. Based
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on the activation mechanism, on the lumenal side, the reassociation of BiP and the

disassociation of the unfolded peptides will probably trigger the transition of Ire1 from its

oligomeric to its monomeric form.

One of the ways that UPR might be down regulated in mammals is through the

proposed transcriptional repressor function of the unspliced form of XBP1 protein [40]

that binds to and inhibits the transcription activating, spliced XBP1 protein. The complex

formed between the unspliced and spliced XBP1 proteins is sequestered away from the

nucleus and is degraded by the proteasome, allowing for UPR recovery. Since, in yeast

the unspliced Hac1 protein is not expressed at detectable levels, this might not be a way

of down regulating signaling. Instead, it is likely that in yeast another mechanism

involving the action of phosphatases, might take precedence. On the cytosolic side, the

Ire1 kinase because of its autophosphorylation, necessitates the requirement of a

phosphatase to return to the basal state. Such a requirement of a phosphatase to turn

off has been widely seen in other signaling pathways that involve kinases [41-43]. Two

phosphatases have been proposed to be involved in the unfolded protein response.

They are Ptc2 [44] and Dcr2 [45]. Ptc2 was discovered as an interactor with the cytosolic

domain of Ire1 in a yeast two-hybrid assay whereas Dcr2 was discovered as having a

genetic interaction with Ire1 in a suppressor screen. Both phosphatases physically

interacted with Ire1, could dephosphorylate Ire1 in vitro, and when over-expressed, they

caused a decrease in the levels of HAC1 splicing, thus, indirectly implying an effect on

Ire1. However, there is a lack of any direct evidence for the involvement of either of

these phosphatases in turning off UPR signaling or even in their role of

dephosphorylating Ire1's activation loop in vivo. Thus, it is plausible that another one of
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the forty non-essential phosphatases in yeast might regulate the turning off on the

cytosolic side.

F: Downstream consequences of Ire1 activation

Once HAC1p is translated it goes into the nucleus where it functions as a

transcription factor, causing the transcriptional upregulation of genes that have an

unfolded protein response element (UPRE) in their promoters. The UPRE was originally

defined as a 22-bp sequence element of the KAR2/BiP promoter [46] and subsequently

was refined to a seven-nucleotide consensus, CAGNGTG [47]. A recent report has

identified two novel UPREs, which are necessary and sufficient for UPR activation of

promoters and are bound by both HAC1p and GCN4p [48]. Microarray analyses [21]

indicated that approximately 5% of the yeast genome (381 genes) gets upregulated by

HAC1p during the UPR. These secretory pathway genes fall into several functional

categories [21] that include genes involved in- translocation (e.g. SEC61, SEC62,

SPC2), glycosylation (e.g. DPM1, OST2, ALG6), protein folding (e.g. FKB2, ERO1,

PDI1), protein degradation (e.g. DER1, HRD1, DOA4), vesicle trafficking (e.g. ERV25,

SEC12, SEC13), lipid metabolism (e.g. EPT1, INP51, LPP1), vacuolar protein sorting

(e.g. LUV1, VPS17, VPS35) as well as cell wall biogenesis (e.g. GAS5, CHS7, PKC1),

indicating that many aspects of the secretory pathway are upregulated by the UPR. This

ensures a wholesome response leading to efficient folding of misfolded proteins,

degradation of the permanently unfolded proteins and transport away from the ER of the

properly folded mature proteins, in order to relieve the ER stress situation.
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Fig 1.1: The Unfolded Protein Response – gauging the protein folding needs of the
ER
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Fig 1.2: Activation of Ire1, to splice HAC1,  leading to UPR target gene
transcription.
K: kinase, N: nuclease, HAC1P

U: Uninduced HAC1 protein, HAC1P
I: Induced HAC1

protein
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Fig 1.3: Structure of the Ire1 dimer formed by 2 protomers.
A. Ribbon representation of the back to back dimer formed by the Ire1 cytosolic domain
(658-1115; Δ869-892) containing the kinase and nuclease lobes [30].
B. A cartoon representation of the kinase pocket with important residues labeled in pink.

A.

B.
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Fig 1.4: HAC1U mRNA has a complex secondary structure
A. Putative HAC1U mRNA secondary structure showing the stem loop conformation at
the cleavage sites [31].
B. The intron in HAC1U mRNA base pairs with the 5' UTR inhibiting translation [19].
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Ire1 is a highly conserved protein across species, from yeast to mammals. It is a

type I single transmembrane, ER resident protein with an ER lumenal domain and a

cytosolic/ nuclear domain [1, 2]. The ER lumenal domain is the sensor for unfolded

proteins whereas the cytosolic/ nuclear domain is the effector for the downstream

response. The cytosolic/ nuclear domain has two functionalities - an active kinase

segment and an active endo-ribonuclease segment. The Ire1 kinase is highly

homologous to other serine-threonine kinases and has been shown to

autophosphorylate [3] with no other known kinase substrates. The only known substrate

of the Ire1 nuclease is HAC1 mRNA, which gets cleaved at two sites, independent of

each other, leading to the removal of a 252-nucleotide intron [4]. The splice sites are

predicted to be in a stem loop conformation, with the stem loops being important for

cleavage by Ire1, in addition to the sequence itself [5]. After removal of the intron, the

exons get ligated by tRNA Ligase [6], to produce the mature HAC1 mRNA, which can

then be translated. This splicing reaction has been reconstituted in vitro using

recombinant Ire1, purified as a tagged protein from E.coli, and in vitro transcribed HAC1

transcripts [4,7]. Several questions regarding how Ire1 specifically recognizes and

cleaves HAC1 mRNA, as well as how the interplay between the kinase and nuclease

domains, facilitates this recognition and cleavage, remain to be answered.  We decided

to use the established splicing assay and to reconstitute the binding between HAC1

mRNA and Ire1 in vitro, in order to understand the nucleotide dependency of the Ire1

nuclease, as well as its interaction with HAC1 mRNA.
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Expression and Purification of Recombinant Ire1 proteins

Ire1 is a transmembrane protein, with an ER lumenal domain, and on the

cytosolic side a short linker connects the transmembrane portion to the kinase and

nuclease segments. In order to facilitate expression in E.coli, we constructed a truncated

version of the protein Ire1(LKT) as described earlier [4,7], such that the recombinant

protein included the entire cytosolic portion with the kinase and nuclease segments and

varying lengths of the linker.

Yeast Ire1 (aa 556-1115) was cloned into a pGEX vector to purify it as a fusion

protein with a glutathione-s-transferase (GST) protein tag. A precision protease cleavage

site between GST and Ire1, allowed us to cleave the GST tag after purification. The

fusion protein was expressed in the E.coli strain DH5α. Overnight induction at room

temperature, gave the highest yield of soluble active protein. After purification using GST

beads (Fig 2.1), followed by precision protease cleavage, soluble Ire1 in the supernatant

was stored in buffer containing 5% glycerol, in small aliquots at –80oC. While almost half

of the expressed protein could not be recovered, as it remained stuck to the beads, the

remainder was sufficient for use in assays. The identity of one of the major

contaminating bands after purification was determined to be DnaK, an E.coli chaperone

[7]. DnaK was purified evenly from all the Ire1 mutants and its presence did not affect

any of the in vitro reactions. Recombinant Ire1(LKT) was also expressed in insect (SF9)

cells using baculoviral infection. The baculoviral expressed Ire1 was more active in vitro

both as a kinase and a nuclease, probably because expression in a eukaryote allowed

for all the appropriate post-translational modifications on Ire1. For the purpose of my

studies to biochemically characterize Ire1, I have used E.coli expressed Ire1.
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In vitro kinase and phosphatase assays of recombinant Ire1(LKT)

Upon treating recombinant Ire1(LKT) with the phosphatase Ptc2, we observed a

drop in molecular weight on a SDS PAGE gel, indicating that E.coli expressed Ire1(LKT)

is hyperphosphorylated (Fig 2.2A). Ptc2 has been previously shown to be able to

dephosphorylate Ire1 in vitro, although its role in vivo in the UPR is not clear [8]. Ptc2

was expressed as a GST fusion protein in E.coli, and was used as a phosphatase while

it was still attached to the GST beads, allowing it to be easily separated from the

dephosphorylated Ire1 by a quick spin. Interestingly the baculoviral expressed Ire1(LKT)

did not show a drop in molecular weight upon treatment with Ptc2 (Fig 2.2A), indicating

that either it is not hyperphosphorylated or that the phosphate residues are not

accessible to Ptc2. The dephosphorylated E.coli expressed Ire1, could re-incorporate

phosphates when incubated with ATP in kinase buffer, indicating its

autophosphorylation, as seen by an increase in molecular weight (Fig 2.2A). In addition,

the wild type Ire1 kinase also incorporated radiolabeled P32 upon incubation with γ-P32-

ATP in an in vitro kinase assay (Fig 2.2B), in contrast to the kinase dead mutant, K702A

Ire1.  Since there is no known substrate for the Ire1 kinase, we conclude that the purified

recombinant Ire1(LKT) protein is an active kinase for autophosphorylation.

In vitro splicing assays with recombinant Ire1(LKT) and HAC1 mRNA

In order to further understand the mechanism of action of the Ire1 nuclease and

the nature of its specific interaction with HAC1 mRNA, we decided to reconstitute the

splicing reaction in vitro using recombinant Ire1(LKT) and in vitro transcribed HAC1

mRNA transcript. HAC1 mRNA transcripts of varying lengths were transcribed using T7
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RNA polymerase from a T7 promoter. For the nuclease reaction the protein and RNA

were incubated together for 15 minutes at 30oC, in the presence of ATP and kinase

buffer (Fig 2.3). The most robust cleavage was seen with the HAC1-508 transcript,

which has both the splice sites surrounding the 252-nucleotide intron, with additional

overhangs on both sides. Removal of these overhangs seemed to deleteriously effect

cleavage efficiency, as seen in the HAC1-330 transcript as well as the XBP1-102

transcript, both of which have both of the splice sites with minimal overhangs (Fig 2.9).

Also, having only one cleavage site as in the HAC1-108 transcript, led to inefficient

cleavage by Ire1. These results suggest that for Ire1 dependent cleavage of HAC1

mRNA, both splice sites though cleaved independently [4] need to interact with Ire1

simultaneously. Also this interaction involves a larger part of HAC1 RNA rather than just

the cleavage sites, as demonstrated by the higher cleavage efficiency of the HAC1-508

transcript as compared to the HAC1-330 transcript. It is possible that the additional

overhangs allow for better binding between HAC1 RNA and Ire1, leading to a more

efficient placement of the stem loops in the nuclease catalytic site. It is also possible that

HAC1 RNA plays a role in stabilizing the dimer/oligomer conformation of catalytically

active Ire1 [9, 10].

In vivo, the cleaved exons of HAC1 mRNA are ligated by tRNA Ligase, to form

the mature HAC1 transcript, which gets translated.  Recombinant tRNA Ligase was

expressed in E.coli as a GST tagged protein, with the GST tag being cleaved after

purification, just as for Ire1(LKT). In the splicing assay, ligation of the cleaved exons of

HAC1 RNA was observed (Fig 2.3) when recombinant tRNA Ligase was added,
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following the incubation with Ire1. Thus, the complete splicing reaction was reconstituted

in vitro, as demonstrated previously [4,5,7].

Nucleotide dependency of recombinant Ire1

Since Ire1 is an active kinase and autophosphorylates, it requires nucleotide for

functioning. In addition, in vivo experiments have demonstrated the requirement of

kinase activity for nuclease action [1,3]. Hence, we hypothesized that Ire1 nuclease

action would in turn require nucleotide and to test its nucleotide dependency we have

used the in vitro splicing assay (Fig 2.4) with HAC1-508 transcript. Both E.coli and

baculoviral expressed Ire1 were able to cleave HAC1 RNA in the presence of almost all

adenine derived nucleotides but not guanine derived ones, indicating a requirement of

the adenine group for activating Ire1 nuclease. The fact that all forms of adenine

nucleotides (ATP, ADP, AMP-PNP, ADP-βS and AMP) were able to efficiently cleave

HAC1 RNA, suggests that the role of the nucleotide is probably not as a phosphate

donor, but rather that the binding of the nucleotide, and specifically the adenine group,

provides a structural change that is necessary for activating Ire1 nuclease. We also

noted that E.coli expressed Ire1 was more efficient at cleaving HAC1 RNA with ADP

than with ATP, as reported before [4]. This ability of Ire1 to be able to activate its

nuclease equally well with either ADP or ATP might be of significance in vivo as the

stresses during which Ire1 usually gets activated, are the times when energy (ATP) may

have to be conserved for use by chaperones and other protein folding enzymes.

The interaction between Ire1 and its RNA substrates
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RNA-protein interactions have been studied by various means such as UV cross-

linking, nitrocellulose filter binding and electrophoretic mobility shift assays (EMSA),

each of which use a labeled RNA and a means to distinguish between the RNA and

RNA-protein complex. In my study we have chosen to use the EMSA to characterize the

interaction between HAC1 RNA and Ire1, mainly because of its ease of set up and

flexibility to answer a variety of questions. The EMSA is based on the principle that a

stable interaction between RNA and protein will lead to an increase in size when

compared to the RNA by itself and this increase can be visualized via electrophoresis on

a native gel. In order to understand the nature of interaction between HAC1 RNA and

Ire1, as well as the role of oligomerization and nucleotide binding, I set up an EMSA

assay using recombinant yeast Ire1(LKT) and in vitro transcribed HAC1 transcripts of

various lengths.

Inspite of various attempts at visualizing the Ire1-HAC1 complex we were best

able to visualize the shift on a native gel as a fuzzy band (Fig 2.5). We tried to better

resolve the fuzzy band into a discrete band, by changing the gel composition and the gel

running conditions. We also changed the complex incubation temperature of Ire1 and

HAC1 RNA to 4oC instead of 30oC, as we reasoned that the fuzziness might be partly

due to Ire1 cleaving HAC1 RNA during the 5 min of incubation at 30oC. Inspite of all

efforts, the shift was still observed as two fuzzy bands and was independent of the

presence of nucleotide. Unfortunately, neither of the fuzzy bands appeared to be specific

for HAC1 RNA, as they were competed away equally by both HAC1 and ACT1 RNA (Fig

2.5). Infact we observed that a complex was formed between Ire1 and ACT1 RNA, even

though Ire1 does not cleave ACT1. This raised the possibility that Ire1 might be able to
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bind to most RNA transcripts, with its nuclease specificity being derived from the

structural (stem loop) requirements of its catalytic site and not from binding specificity.

This would be similar to the case of the E.coli RNA binding protein ROP that recognizes

RNA in a structure rather than sequence-dependent fashion [11, 12]. Additionally, it is

also possible that another regulatable protein factor presents HAC1 RNA to Ire1 upon

UPR activation in vivo.

One of the reasons for the fuzziness of the bands could be the fact that the Ire1

protein is non-uniformly hyper-phosphorylated in E.coli, which along with its tendency to

dimerize/ oligomerize, creates complexes of various sizes. A HIS tagged recombinant

yeast Ire1 protein (642-1115) that was purified from E.coli (Chakrabarti S.) and ran as a

single band on SDS-PAGE, indicating uniform phosphorylation, also gave a fuzzy band

with HAC1 RNA in the EMSA.

In addition, the HAC1-508 transcript by itself runs as three bands on a native gel

because of its complex secondary structure and big size, again favoring the formation of

multiple differently sized complexes leading to a fuzzy band on a native gel. To check for

the complex secondary structure of the HAC1-508 transcript, we heated the RNA to

95oC for 5 min and allowed it to either flash cool on ice for 5 min or slow cool at room

temperature over night (Fig 2.7). In both of these cases the HAC1-508 transcript no

longer appeared as 3 bands on the native gel, but inspite of that the shift observed in the

presence of Ire1 was miniscule. This was probably because the large size of the

substrate RNA did not allow for a significant molecular weight change when bound to

protein. To overcome this we have used the shorter HAC1 transcripts for the EMSA (Fig
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2.9).  The complex formed with either of the three transcripts HAC1-330, HAC1-108 or

XBP1-102 was not a specific complex, as it was competed away by adding heparin, a

negatively charge polymer that mimics RNA, to the reaction mix. This again suggested

that Ire1 might be able to bind most RNA transcripts, and its nuclease specificity is

instead being derived from the structural requirements of its catalytic site.

The interaction between tRNA Ligase (Rlg1p) and HAC1

The in vivo splicing reaction of HAC1 RNA involves tRNA Ligase (Rlg1p) for

ligating the HAC1 exons generated by Ire1 [6]. We have been able to reconstitute this

ligation in vitro using recombinant tRNA Ligase protein (Fig 2.3) purified from E.coli.

tRNA Ligase is an essential protein for its role in ligating tRNA halves during tRNA

splicing [13], where it is thought to preferentially bind pre-tRNAs in complex with the

tRNA endonuclease [14-16]. Hence, we hypothesized that tRNA Ligase might be the

specificity factor in the interaction between Ire1 and HAC1 RNA. A complex was formed

with tRNA Ligase and HAC1-508 (Fig 2.6), but it was again not a specific complex.

Similarly, a tri-complex (Fig 2.6) was formed between Ire1, tRNA Ligase and HAC1-508,

but that was also competed away equally by both HAC1 and ACT1 RNA, indicating that

even tRNA Ligase did not impart specificity to this interaction.

Summary and Future Perspective

Recombinant Ire1 protein and transcribed HAC1 RNA by themselves are

sufficient to reconstitute the splicing reaction in vitro as shown earlier [4,7]. Ire1 cleaves

all HAC1 transcripts that have cleavage sites in the stem loop context, but the efficiency

of cleavage differed depending on the length of the adjoining regions. We found that
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transcripts with longer adjoining regions were cleaved with a higher efficiency than

transcripts with shorter or no adjoining regions. This suggests that regions of HAC1

mRNA in addition to the cleavage sites play a role in recognition and cleavage by Ire1.  It

is also possible that the Ire1-HAC1 complex is stabilized to a greater extent when HAC1

RNA has longer overhangs. This is of significance in vivo as Ire1 is known to be an

active nuclease only in the dimer form, and HAC1 mRNA may play a role in stabilizing

the dimer. In addition, my data demonstrates that Ire1 nuclease can get activated in the

presence of any adenine-based nucleotide, indicating that the role of nucleotide is not in

phospho-transfer but rather that nucleotide binding may provide a structural change

necessary for activating Ire1. This observation is in line with our findings in the following

chapter, which reiterate the importance of this conformational change for activating Ire1.

Our hypothesis that Ire1's nuclease specificity is imparted by its specific binding

to HAC1 RNA, is probably not true, as the Ire1-HAC1 complex was equally well

competed by HAC1, ACT1 and heparin. Instead this suggests that rather than binding

specificity, the specificity of the nuclease is probably coming from the structural

requirements imposed by Ire1's catalytic site. For instance, only RNAs like HAC1, that

have a particular stem loop conformation can form specific contacts with the catalytic

site and get cleaved. If this is the case, then it would tightly link binding of HAC1 to its

cleavage, as it has been shown that cleavage by Ire1 requires structural elements of

HAC1 mRNA [5].

On the other hand, it is also possible that in vivo another specificity factor

presents HAC1 RNA to Ire1 at the ER membrane. Since having excess of competitor
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RNA such as ACT1 or pre-tRNAphe, inhibits the in vitro splicing reaction, the specificity

factor in vivo would allow HAC1 to easily access Ire1 and get cleaved by it. We tested

the possibility that tRNA Ligase, an essential component of the Ire1-HAC1 splicing

reaction could be that factor, but even the tRNA Ligase-HAC1 complex was not specific.

Even though a screen looking for UPR components has been done in the past, it is

possible that the screen was not saturated and more screening might yield a novel

component that presents HAC1 to Ire1 in vivo.

Both of the above hypotheses are based on the assumption that the fuzzy

semblance of an Ire1-HAC1 complex seen in the EMSA assay is not an artifact of the

assay. As most RNA-protein complexes usually shift as a single sharp band on an

EMSA, I will have to validate this fuzzy complex further before proceeding on either of

the hypotheses. As I revisit this question, I would first develop an alternate assay such

as filter binding or UV cross-linking, to study this interaction. In the event that the

interaction is validated, our attempts to study the Ire1-HAC1 complex would have

revealed interesting aspects of the UPR pathway such as structure specific recognition

of HAC1 and the possibility of an additional novel UPR component.
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Material and Methods

a) Expression and purification of recombinant GST-Ire1(556-1115)

The entire cytosolic portion (amino acids 556-1115) of wild type yeast Ire1 was

cloned into an E.coli expression vector, pGEX-6P-2 to generate the plasmid pCF210,

which was obtained as a gift from Dr. Maho Niwa. The plasmid pCF210 was stored at

–80oC as a glycerol stock of the E.coli strain DH5α. A small aliquot of the glycerol stock

was used to set up an over night (12-14hr) starter culture at 37oC in the presence of

100ug/ml ampicillin. The starter culture was used to inoculate larger volumes at 0.5%

final concentration, the following day. The cultures were grown at 37oC until the

O.D.(600nm) reached ~0.4, which took approximately 4hrs. At this point the cultures

were induced with 0.01mM IPTG and were allowed to grow for another 12-14hrs at room

temperature. Fresh ampicillin was also added at the time of induction. The following day

cells were spun down and pelleted in the Sorvall at 5000 rpm at 4oC for 10 minutes. If

the pellets were to be processed at a later time, they were flash frozen in liquid nitrogen

and stored at –80oC. Else, they were resuspended in 10ml/liter of AS buffer (20mM

Hepes, pH7.5, 150mM KCl, 5mM MgCl2, 10% glycerol, 1mM DTT, 1mM PMSF, 1%

TritonX-100 and 50ug/ml lysozyme).  The cell suspension was then sonicated 5-6 times

using a macro tip (50% output, 50% duty cycle) for 30 seconds each with 1 minute in

between, on ice. After sonication the suspension was cleared by spinning at 11,000 rpm

at 4oC for 30 minutes. The supernatant was transferred to 50ml conicals and 0.8ml of

50% Sepharose 4B resin (pre-equilibrated with 20mM Hepes pH 7.5) was added. The

conicals were rotated at 4oC for 1hr to allow the GST-Ire1p to bind to the resin. The resin

was then spun down at 2000rpm for 3 minutes, and washed sequentially for 5 minutes

each with AS buffer (x2) and then once with precision protease buffer (50mM Tris-Hcl,
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pH7.0, 150mM NaCl, 1mM EDTA, 1mM DTT) at 4oC. After this the beads were collected

in an eppendorf tube, and precision protease (20ul in 400ul buffer) was added to cleave

off the GST tag at 4oC for 4hrs. The precision protease itself is GST-tagged and was

cleared away from the suspension by adding fresh resin and rotating for 15 minutes at

4oC twice. After spinning down the resin, the supernatant containing the purified

recombinant Ire1 was collected and glycerol was added to a final concentration of 10%.

The purified Ire1p was then aliquoted and flash frozen in liquid nitrogen. All the various

Ire1 mutants were expressed and purified in a similar manner. After purification, a small

aliquot was used to determine the concentration of Ire1 and the level of purity on a SDS-

PAGE gel. The baculoviral Ire1 purified from SF9 cells was obtained as a gift from Dr.

Maho Niwa and the HIS-Ire1(642-1115) was obtained as a gift from Dr. Sutapa

Chakrabarti.

b) Expression and purification of recombinant GST-Ptc2p

An E.coli expression vector containing the yeast PTC2 gene cloned as a GST

fusion was obtained as a gift from Dr. Maho Niwa [8]. The plasmid pMH77 was stored at

–80oC as a glycerol stock of the E.coli strain DH5α. A small aliquot of the glycerol stock

was used to set up an over night (12-14hr) starter culture at 37oC in the presence of

100ug/ml ampicillin. The starter culture was used to inoculate larger volumes at 0.5%

final concentration, the following day. The cultures were grown at 37oC until the

O.D.(600nm) reached ~0.4, which took ~4hrs. At this point the cultures were induced

with 0.1mM IPTG and were allowed to grow for another 3hrs at 37oC. After that the cells

were spun down and pelleted in the Sorvall at 5000 rpm at 4oC for 10 minutes. The

extraction and purification procedure used was similar to that used for Ire1 until the step
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of washing the protein bound beads. After the washes, the GST-Ptc2p containing beads

were aliquoted and flash frozen at –80oC, and a small aliquot was used to determine the

concentration and level of purity on a SDS-PAGE gel.

c) Expression and purification of recombinant GST-Rlg1p

An E.coli expression vector containing the yeast tRNA Ligase (RLG1) gene,

cloned as a GST fusion, was obtained as a gift from Dr. Maho Niwa [5]. The plasmid

pSD103 was stored at –80oC as a glycerol stock of the E.coli strain DH5α . The

expression and purification procedure followed was similar to that used for recombinant

Ire1p above, and the purified Rlg1p was then aliquoted and flash frozen in liquid

nitrogen.

d) In vitro transcription of radiolabeled RNA

HAC1-508

A 508 base pair fragment of the HAC1 gene, including the 252-nucleotide intron

and 181 nucleotides upstream and 75 nucleotides downstream of the intron, was cloned

into the vector pBluescript IISK(-) to generate pCF187, which was obtained as a gift from

Dr. Maho Niwa [4]. The plasmid pCF187 was linearized with the restriction enzyme Sac1

and treated with T4 DNA polymerase to remove the overhangs, before being used for

transcribing HAC1-508. In vitro transcription of HAC1-508 mRNA and its shorter

derivatives was carried out at 37°C for 1hr using T7 RNA polymerase (Promega

Corporation, WI) in 20ul reactions containing 1mM each of ATP, GTP, and CTP, 100uM

of UTP, 50uCi of 32P-α-UTP (10mCi/ml) (Perkin Elmer, Boston, MA), and 1ug of

linearized plasmid. The in vitro transcripts were precipitated and resuspended in 10ul of
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formamide loading dye followed by purification by gel electrophoresis on a 6% urea

PAGE (31.5g urea, 11.8ml of 40% acrylamide/ bisacrylamide (19:1) solution and 15ml of

5X TBE in a total volume of 75ml). The transcripts were eluted from the gel slice in

50mM Tris–HCl (pH 8.0), 1mM EDTA, 0.3 M NaOAc/phenol/chloroform (1:1:1) overnight

at 4°C (or 4 hrs at room temperature) and then extracted and ethanol-precipitated. The

RNA pellet was resuspended in 50ul TE, pH 8.0 and 1ul of that was used to estimate the

extent of incorporation of the radiolabel in a scintillation counter (LS6500, Beckman

Coulter). To generate unlabeled (cold) HAC1-508 RNA for competition assays we used

the megascript kit (Ambion). After the transcription reaction the yield of RNA was

estimated using O.D. at 260nm.

ACT1

The plasmid, pActin, containing a 543 base pair fragment of the yeast ACTIN

gene (nucleotides 610-1153) was obtained as a gift from Dr. Maho Niwa [4]. The plasmid

was linearized with the restriction enzyme HindIII and treated with T4 DNA polymerase,

before being used for transcribing ACT1, in a similar manner as for HAC1-508 above.

pre-tRNAphe

A fragment of the yeast pre-tRNAphe gene cloned into the pUC12T7 vector was

obtained as a gift from Dr. Maho Niwa [5]. This plasmid was linearized by the restriction

enzyme BstNI, and treated with T4 DNA polymerase, before being used to transcribe

pre-tRNAphe RNA.

HAC1-330
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The primer A130F (TAATACGACTCACTATAGCGGGAAACAGTCTACC), which

has the T7 promoter  (under l ined)  and the pr imer  A131R

(GAATTCAAACCTGACTGCGC) were used to PCR amplify a 330 base pair fragment

from the plasmid pCF187 containing 508 base pairs of the HAC1 gene. The 330 base

pair fragment contains the 252-nucleotide intron, and 57 residues upstream and 21

residues downstream of it. This amplified PCR product was directly used for in vitro

transcription by T7 RNA polymerase using the procedure described above.

HAC1-108

The primer A130F (TAATACGACTCACTATAGCGGGAAACAGTCTACC), which

has the T7 promoter (underlined) and the primer A137R (GCTGGGGCTAGTGTTC)

were used to PCR amplify a 108 base pair fragment containing the 5’ splice site, from

the plasmid pCF187 containing 508 base pairs of the HAC1 gene. This amplified PCR

product was directly used for in vitro transcription by T7 RNA polymerase using the

procedure described above.

XBP1-102

The primer A142F (TAATACGACTCACTATAG GAAGTGAGGCCAGTG), which

has the T7 promoter (underlined) and the primer A143R (GGAGATGTTCTGGAGG)

were used to PCR amplify a 102 base pair fragment containing both the 5’ and 3’ splice

sites as well as 26-nucleotide intron of XBP1, from the plasmid pMH202 (a gift from Dr.

Maho Niwa) containing the XBP1 gene. This amplified PCR product was directly used

for in vitro transcription by T7 RNA polymerase using the procedure described above.
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e) In vitro kinase and phosphatase assays

In vitro autophosphorylation of various forms of the recombinant Ire1p was

performed as described previously [7]. Briefly, the recombinant Ire1 was incubated in

kinase buffer (10mM Hepes pH7.5, 5mM Mg(OAc)2, 25mM KOAc, 1mM DTT),

containing 200uM unlabeled ATP and 167µCi of [γ-32P] ATP (7000Ci/mmol, ICN) at 30oC

for 30 min before being analyzed on 7% SDS-PAGE. The gel was dried and

autoradiograhed on a phosphoimager (Typhoon, Amersham Biosciences). When

autophosphorylation was observed only as a shift on SDS-PAGE, 1mM of cold

unlabeled ATP was used instead.

For the in vitro phosphatase assay the recombinant Ire1 was incubated with the

purified GST-Ptc2p containing beads in phosphatase buffer (50mM Tris pH7.0, 60mM

Mg(OAc)2, 1mM DTT) for 30 minutes at 30°C with constant shaking to keep the beads in

suspension. At the end of the reaction, the supernatant was collected and analyzed on

7% SDS-PAGE.

f) In vitro nuclease assay

The cleavage reactions were carried out in kinase buffer (10mM Hepes pH7.5,

5mM Mg(OAc)2, 25mM KOAc, 1mM DTT) in the presence of 1mM ATP (or another

nucleotide) and contained 25,000 cpm of purified labeled in vitro HAC1 transcript and

0.5µg of the recombinant Ire1 protein. The samples were incubated at 30°C for different

amounts of time, after which they were extracted once with a 1:1 mix of phenol-

chlorophorm and urea buffer (42% urea, 350mM NaCl, 10mM Tris pH7.6, 10mM EDTA,

1% SDS).  After extraction, the samples were ethanol-precipitated, and analyzed on
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denaturing 6% polyacrylamide gels. For the ligation reactions, 1mM GTP and 0.3µg of

recombinant tRNA Ligase protein were also added to the reaction mix, and the samples

were analyzed as above.

g) Electrophoretic mobility shift assay (EMSA)

Various labeled in vitro transcripts (20,000 cpm) were incubated with purified

recombinant Ire1p or Rlg1p, in the presence of kinase buffer for 15-30 minutes on ice in

a volume of 10-15 µl. The RNA was either added directly after thaw or was pre-heated to

95°C for 5 minutes and then cooled before use. Additional components such as heparin

and cold competing RNA were added to the mix where mentioned. At the end of the

incubation, 3µl of native dye (bromo phenol blue in glycerol) was added and the reaction

mix was loaded on to a native gel (4% 80:1 acrylamide:bisacrylamide, 1X Tris-Glycine-

EDTA buffer (50mM Tris, 50mM glycine, 10mM EDTA pH8.0) and 2.5% glycerol or 0.5%

agarose). The gel was run at 200V at 4°C for about 2.5 hrs. To analyze the shift the gel

was dried and exposed on a phosphoimager.

Table 2.1: List of Plasmids

Plasmid Description Backbone Source/Reference

pCF210 E.coli expression plasmid for

GST-Ire1 (aa 556-1115)

pGEX-6P-2 S id rausk i  and

Walter, 1997

PMHR009 E.coli expression plasmid for

HIS-Ire1 (aa 642-1115)

pET15b This study
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Table 2.1 (continued)
pCF187 Vector for in vitro transcription

of HAC1-508

pBluescript

IISK(-)

S id rausk i  and

Walter, 1997

pSD103 E.coli expression plasmid for

GST-tRNA Ligase

pGEX-6P-2 Gonzalez et al.,

1999

pMH77 E.coli expression plasmid for

GST-Ptc2

pGEX-6P-2 Welihinda et al.,

998

PACTIN Vector for in vitro transcription

of ACT1-543

S id rausk i  and

Walter, 1997

pUC12T7 Vector for in vitro transcription

of pre-tRNAphe

Gonzalez et al.,

1999
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Fig 2.1: Expression and Purification of GST-Ire1 (aa 556-1115)
1: Protein molecular weight ladder, 2: Flow through after cell lysis,
3, 4: Washes, 5: GST beads after precision protease treatment, indicating a large
portion of Ire1 still stuck on beads and a small portion of uncleaved GST-Ire1, 6:
Soluble and purified yIre1p in the supernatant after separation from beads. The
purified Ire1p contains the linker, kinase and nuclease domains. A small amount of
the E.coli chaperone DnaK co-purifies with Ire1.

556 1115
linker kinase nuclease

IRE1*

  *
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Fig 2.2: Kinase and Phosphatase treatment of recombinant Ire1(LKT)
A: E.coli expressed Ire1(LKT) as well as Baculovirus expressed Ire1(LKT) were treated
with the phosphatase, Ptc2, or were incubated with ATP to check for
autophosphorylation, and visualized as a molecular weight shift on SDS-PAGE.
B : Ire1(LKT) was incubated with P32-ATP and the products were visualized by
autoradiography (upper panel) or SDS-PAGE (bottom panel). Ire1(LKT)-K702A is a
kinase dead mutant and does not incorporate radiolabeled phosphate.
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Fig 2.3: In vitro splicing of HAC1-508 transcript by Ire1 and tRNA Ligase
In vitro transcribed HAC1-508 transcript was cleaved by Ire1 upon incubation at 30oC
for 30 min in the presence of 1mM ATP. After 30 min tRNA ligase and 1mM GTP
were added to the reaction and it was incubated for another 30 min to obtain the
ligated exons.
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Fig 2.4: Nucleotide dependence of Ire1 RNase activity
A: Baculovirus expressed Ire1(LKT) was incubated with HAC1-508 transcript for 30 min
at 30oC in the presence of different nucleotides and the products were visualized on
urea-PAGE. All adenine nucleotides can activate Ire1 RNase.
B : E.coli expressed Ire1(LKT) was incubated with HAC1-508 transcript for 30 min at
30oC in the presence of different nucleotides and the products were visualized on urea-
PAGE. With E.coli Ire1, ADP was a better activator than ATP.
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Fig 2.5: The Ire1-HAC1 complex is non-specific.
Increasing amounts of unlabeled HAC1 and ACT1 RNA were used as competitors for
radiolabeled HAC1. The Ire1-HAC1 complex was competed equally by both.

HAC1
runs as
three
bands



43

Fig 2.6: Both the HAC1-tRNA Ligase complex as well as the HAC1-Ire1-tRNA
Ligase complex are non-specific.

The labeled HAC1-508 transcript was incubated with either recombinant tRNA Ligase
protein or both recombinant Ire1 and tRNA Ligase proteins, and the shift of the
complex was observed on a native gel. Both of these complexes were competed
equally by unlabeled HAC1 and ACT1 RNA.
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Fig 2.7: Heating at 95oC resolves some of the complex secondary structure of the
HAC1-508 transcript, but does not yield a clear shift with Ire1.

Lane 1: HAC1 from freezer
Lane 2: HAC1, 95oC for 5 min, o/n cool to room temp.
Lane 3: Lane 2 + HIS-Ire1
Lane 4: HAC1, 95oC for 5 min, cool on ice for 5 min.
Lane 5: Lane 4 + HIS-Ire1
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Fig 2.8: Not all HAC1 transcripts that have cleavage sites, are efficient substrates
of Ire1 RNase in the in vitro nuclease assay.

HAC1 transcripts with varying lengths of overhangs, adjoining the cleavage site, were
incubated with recombinant yeast Ire1 for increasing amounts of time. The reaction
products were visualized by urea-PAGE. None of the transcripts were efficient
substrates as compared to HAC1-508.
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Fig 2.9: Non-specific complex between Ire1 and shorter HAC1 transcripts.
Recombinant Ire1 was incubated with different HAC1 transcripts at 4oC and complex
formation was analysed on a native gel. The complex formed in all cases was non-
specific and was competed away by the RNA mimic Heparin, as seen in lane 4 and 11.
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A Role of the DFG Kinase Motif in Down Regulating Ire1

Signaling
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Introduction

Regulation of signaling pathway activity can allow cells to respond in a measured

fashion to prevailing demands. In eukaryotic cells, folding and modification of nascent

membrane and secreted proteins takes place in the endoplasmic reticulum (ER)[1].

Increased demand or disruption of such functions activates the unfolded protein

response (UPR) signaling pathway, leading to adjustment of ER protein processing

capacity though increased production of ER-resident chaperons and critical processing

enzymes [2-6]. Thus, while UPR activation leads to restoration of ER protein processing

homeostasis, details of recovery of ER functions and of those pertaining to the

mechanism of UPR deactivation have only been investigated at limited capacity.

In yeast, UPR signaling is initiated by activation of the ER-transmembrane

sensor/receptor Ire1 [7,8] leading to Ire1 autophosphorylation and oligomerization [9] as

well as Ire1 endoribonuclease (RNase) activity-mediated excision of a translation-

inhibitory intron to produce the spliced form of HAC1 mRNA [10-13]. HAC1 protein, a

UPR-specific transcription factor then induces UPR target gene expression including

ER-resident chaperones and critical protein folding enzymes [14,15]. Since HAC1

protein is produced only from the spliced form of HAC1 mRNA, Ire1p-mediated splicing

is a key regulatory step in UPR pathway regulation. At present, details of the molecular

signals that cause Ire1 activation remain unknown. In the ER lumen, the major

chaperone BiP is found associated with the Ire1 sensor domain under non-stressed

conditions [16, 17]. Increasing levels of unfolded protein cause BiP to dissociate from

Ire1 and to participate in protein folding. While BiP dissociation correlates with Ire1

activation, recent studies suggest that BiP dissociation is not the only triggering event
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[18-20]. Further, X-ray crystal structure analysis of the Ire1 luminal domain has revealed

structural elements similar to the peptide-binding pocket of major histocompatibility

complex (MHC) proteins, suggesting that Ire1 activation requires binding by a specific

ligand, although the identity and nature of such a ligand remains a mystery [21].

In addition to activation steps, understanding the mechanism of UPR attenuation

is also important. Upon activation, the extent of Ire1 RNase activity must be tightly

controlled as both ectopic expression of the spliced form of HAC1 mRNA and the

expression of an extra copy of Ire1 causes cells to grow poorly. While it is not clear why

cells become sick, these observations suggest that excess Ire1 (or UPR) interferes with

cell growth. Mechanistically, while the importance of a functional kinase domain, and in

particular a requirement of nucleotide binding, for Ire1 RNase activity, has been

demonstrated, steps leading to attenuation of Ire1 RNase activity remain mostly

unexplored. Both Ptc2 and Dcr2 phosphatases are reported to participate in Ire1

dephosphorylation although essentially nothing is known regarding how or when these

phosphatases become available to Ire1 [22, 23].  In order to achieve a better

understanding of UPR attenuation, we have monitored Ire1 RNase behavior over

extended periods following UPR induction. We further tested the effects of altering well-

conserved residues in Ire1 kinase domain on Ire1 RNase attenuation in vivo. Our studies

reveal previously un-described molecular steps in the regulation of Ire1 activity and may

have implications for regulation of receptor kinases in other signal transduction

pathways.
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Results

Various strategies for signal attenuation have been described for other signal

transduction pathways [24]. Transcription of the UPR target genes induced by Ire1

activation increases levels of ER-resident chaperones to aid protein folding and

ultimately to re-establish ER protein folding homeostasis. Thus, we profiled Ire1 activity

following UPR activation for extended lengths of time to test if recovery phase of the

UPR can be examined. We incubated wild type (WT) yeast cells with the well-

characterized UPR inducer tunicamycin (Tm) and followed Ire1 RNase activity by

monitoring HAC1 mRNA splicing levels by northern blot analyses. Initially, in agreement

with previous reports, spliced HAC1 mRNA appeared upon Tm incubation [25, 26] and

increased over time. By 8 to 10 hrs after Tm treatment, almost no HAC1 mRNA splicing

was detected, indicating that Ire1 RNase was inactivated (Fig. 3.1a). Furthermore, the

kinetics of HAC1 mRNA splicing correlated well with initial increases and subsequent

declines in the levels of KAR2/BiP mRNA, an immediate Hac1 transcription factor target,

and BiP protein (Fig. 3.1a&1b). Thus, these results were consistent with the idea that ER

protein folding homeostasis was restored and Ire1 RNase was attenuated at late stage

of the time course.

However, an alternative explanation for reduced Ire1 activity at later time points

could be the loss of Tm activity over time. We therefore added a second dose of Tm

(final concentration 1 µg/ml) at the same concentration as the 1st time, to cultures after 8

hrs. While this Tm concentration is sufficient to activate Ire1 initially, addition of the

second dose was without effect as evidenced by the lack of spliced HAC1 mRNA at later

time points (Fig. 3.1c, compare lanes 2 &3 vs 5&6). Furthermore, HAC1 mRNA splicing
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occurred efficiently in fresh cells when incubated with media taken from cells grown for 8

hrs in the presence of Tm (Fig. 3.1d). Taken together, these results suggest that lowered

levels of spliced HAC1 mRNA at later time points were not caused by loss of the ability

of Tm to induce UPR, but is rather consistent with the idea that re-establishment of ER-

protein folding homeostasis leads to attenuation of Ire1 activation. Re-establishment of

ER protein folding capacity at later time points was further supported by the parallel

recovery of carboxyl peptidase Y (CPY) function, a vacuolar peptidase that cleaves its

colorimetric substrate, N-Benzoyl-L-Tyrosine p-Nitroanilide, BTPNA (Fig. 3.1e) [27-29].

CPY undergoes folding and modification in the ER, and thus, recovery of CPY peptidase

activity at 7 hr time point of UPR induction provided evidence for functional recovery of

the ER for proper maturation of CPY protein. Thus, taken together, data shown in Fig.

3.1 indicated that initial activation of Ire1 leads to re-establishment of ER protein folding

homeostasis followed by attenuation of Ire1 activity.

Attenuation of Ire1 activity remains sensitive to the ER luminal information.

While many aspects of Ire1 activation have been studied, little is known about the

relationship between ER conditions and attenuation of Ire1 activity. To examine the

responsiveness of Ire1 in relation to the state of ER protein folding homeostasis, we

performed Ire1 recovery assays. Following treatment of cells with Tm for 2 hrs, ER-

stress inducing signals were removed by washing cells into fresh media lacking Tm (Fig.

3.2b, 2 hr) and Ire1 activity was monitored by examining HAC1 mRNA splicing. At two

hours after Tm washout, peak levels of spliced HAC1 mRNA had declined by 50%. By 3

hrs after recovery, spliced HAC1 mRNA was mostly undetectable with the majority of

HAC1 mRNA present in the unspliced form (Fig. 3.2b). To facilitate direct comparisons,
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the result of this experiment (open square) was also superimposed onto the UPR time

course with continuous presence of Tm (closed square) shown in Fig. 3.2a.

To further characterize the attenuation of Ire1 activity, we asked if attenuation

was sensitive to the length of exposure to UPR inducing signals.  Cells were incubated

with Tm for 1.5 hrs, 1 hr, or 40 minutes (0.6 hr) prior to Tm washout and monitored for

HAC1 mRNA splicing hourly for the subsequent 4 hours (Fig. 3.2b). Increased duration

of Tm exposure resulted in higher levels of spliced HAC1 mRNA. However, quantitation

revealed that the rate of HAC1 mRNA recovery, determined by plotting the percent of

spliced HAC1 mRNA over time, was insensitive to the length of Tm treatment. The initial

one-hour delay we observed before the levels of spliced HAC1 began to decline

presumably reflects the time required to replenish functional glycosylation stores.

Furthermore, in all cases, the kinetics of spliced HAC1 mRNA disappearance were

faster when Tm was washed out than when Tm was kept during the entire time course.

Together, these experiments provide further support for the notion that in wild type cells,

the declining spliced HAC1 mRNA levels at later time points, represents the attenuation

of Ire1 activity due to re-establishment of ER protein folding homeostasis. Furthermore,

the hastened decline of spliced HAC1 mRNA levels observed following Tm washout

indicates that attenuation of Ire1 activity is sensitive to signals received by the Ire1

luminal sensor domain that monitors the overall state of ER protein folding capacity.

Phosphomimetic mutation on the activation loop of Ire1 shows no recovery of Ire1

RNase.
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During activation, Ire1 autophosphorylates and oligomerizes to become a fully

active kinase and RNase [9]. Presumably, attenuation of Ire1 RNase involves

dephosphorylation [23,30]. If so, then, we reasoned that a phosphomimetic Ire1 mutant

would be unable to attenuate Ire1 RNase activity, even after Tm removal. The serine

residues at positions 840 and 841, and the threonine residue at position 844 of the Ire1

kinase activation loop become phosphorylated during UPR activation [9]. We therefore

prepared a phosphomimetic Ire1 mutant in which each of these residues were mutated

to aspartate (Ire1-S840D/S841D/T844D) and tested the behavior of this mutant in ire1Δ

cells.

Following Tm addition, H A C 1  mRNA was efficiently spliced in Ire1-

S840D/S841D/T844D cells (Fig. 3.3a). Curiously however, HAC1 mRNA splicing was

not constitutively active. Splicing occurred only after UPR induction, supporting the idea

that phosphorylation alone is not sufficient to activate Ire1 and that other events,

including sensing of the ER environment by the Ire1 sensor domain is required for

activation, in agreement with previous reports [17, 19, 20]. Further, in marked contrast to

wild type cells, splicing of HAC1 mRNA by Ire1-S840D/S841D/T844D cells continued

through later time points, even after removal of Tm (compare Fig. 3.2b&3b). Thus, these

observations are consistent with the idea that dephosphorylation of the kinase activation

loop is critical for attenuation of Ire1 RNase and that attenuation of UPR signaling is

dictated at least in part by kinase domain activity, similar to many other kinase signaling

pathways [31-34].
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D828A Ire1 mutation causes prolonged Ire1 RNase, but not a constitutively active

RNase.

Responsiveness of Ire1 RNase attenuation to the extent of ER stress reveals that

attenuation is influenced by signals from the ER luminal domain. We therefore reasoned

that the process of attenuation is initiated by transmission of information on ER protein

folding capacity from the Ire1 sensor domain to the Ire1 cytoplasmic kinase/RNase

domain, and further, that mutation of certain residues in the cytoplasmic domain might

interfere with transmission of such signals. Thus, identification of such residues would

facilitate further analysis of RNase attenuation. We examined the effects of mutant Ire1

carrying amino acid changes at various positions in the kinase domain for their effects

on restoration of ER protein folding homeostasis. Based on amino acid sequence

comparisons with other kinase domains, residues lysine 702 (K702) and aspartates 828

(D828) and 797 (D797) of yeast Ire1 had been predicted as important for ATP binding,

coordination of ATP b and g phosphates with Mg2+, and phospho-transfer, respectively

[35-38]. While effects of K702A and D828A mutation on UPR reporter gene transcription

had been examined previously [7, 9], these analyses did not include examination of Ire1

RNase activity in vivo. We also examined the importance of the Serine 840, Serine 841,

and Threonine 844 phosphorylation sites from the Ire1 kinase activation loop. To this

end, we mutated each of these residues to alanine and expressed mutant constructs in

ire1 knockout cells. Yeast cells expressing these mutant proteins were incubated with

Tm for 2 hrs. Since kinase domain function and ATP binding in particular was shown

previously to be critical for RNase activation, certain kinase domain mutations might

simply result in RNase inactivation. In fact, in contrast to the efficient splicing of HAC1

mRNA by wild type cells, we observed essentially no HAC1 mRNA splicing in Ire1-
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K702A cells, and substantially reduced splicing in Ire1-D797A and Ire1-

S840A/S841A/T844A cells (Fig 3.8). However, the kinase-domain mutant Ire1-D828A

displayed significant RNase activity only after UPR induction, differentiating it from the

other kinase domain mutants we studied.

Close inspection and quantitation of HAC1 mRNA splicing revealed that Ire1-

D828A RNase activity at 2 hrs after UPR induction was approximately 70% of wild type

Ire1 (Fig. 3.4a). While continued incubation of Ire1-D828A cells with Tm did not increase

HAC1 mRNA splicing efficiency, splicing activity was sustained for nearly 8 hrs.

Furthermore, both transcript (Fig. 3.4a) and protein (Fig. 3.4b) levels of the Hac1

transcription factor target, BiP/KAR2,  were also sustained at later time points,

suggesting that Ire1-D828A is unable to undergo normal recovery. Similarly, we

observed sustained HAC1 mRNA splicing with the asparagine mutant, Ire1-D828N (data

not shown). An alternative possibility, however, is that the slightly lower overall levels of

HAC1 mRNA splicing might cause Ire1-D828A to remain active. To test if the sustained

RNase activity of Ire1-D828A is due to an inability to accumulate sufficiently high level of

Hac1p, we performed the following experiments. First, we tested if introduction of an

extra copy of the BiP/KAR2 gene hastened the recovery of Ire1-WT as reported

previously [39]. While our result confirmed previous observation, this had little effect on

the HAC1 mRNA splicing kinetics of Ire1-D828A cells (Fig. 3.4c, compare lanes 3 and

11, 15 and 23 and quantitation). Second, although increasing Ire1 levels using a high

copy 2m plasmid increased HAC1 mRNA splicing, it did not alter the sustained splicing

phenotype of Ire1-D828A (Fig. 3.4c, compare lanes 4 and 8, and 16 and 20).
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D828A Ire1 mutation causes Ire1 to remain activated even after ER stress is

removed.

To further investigate differences in HAC1 mRNA splicing kinetics between wild

type and Ire1-D828A cells at later time points, recovery from ER stress was facilitated by

replacing Tm containing media with fresh media lacking Tm at two hours after initial Tm

treatment. In contrast to wild type, even after Tm removal, Ire1-D828A cells showed

essentially no recovery (Fig. 3.5a & 3.5b) regardless of the length of Tm treatment,

revealing that sustained splicing of HAC1 mRNA in Ire1-D828A cells was due to intrinsic

properties of the Ire1-D828A protein, and not to the sustained presence of ER stress.

This sustained activation of Ire1-D828A RNase was similar to that of the Ire1-

S840D/S841D/T844D phosphomimetic mutant (Fig. 3.3), suggesting that mutation at

D828, the aspartate residue in the conserved DFG kinase motif of Ire1, caused Ire1

RNase to become incapable of RNase attenuation even after restoration of ER protein

folding capacity.

Ire1-D828A is an inactive kinase but is capable of binding to nucleotides.

Structural studies with other kinases predict that the aspartate of the well-

conserved DFG kinase motif plays a role in coordinating ATP with Mg2+, while the exact

functional role has not been demonstrated experimentally [35, 40]. Therefore, while

mutating the aspartate at 828 in the Ire1 DFG motif was expected to be an inactive

kinase, the sustained RNase phenotype suggested that Ire1-D828A might not be a

kinase inactivating mutant or alternatively that Ire1-D828A is defective in phospho-

transfer but retains nucleotide binding ability. To examine both nucleotide binding and

catalytic activities of Ire1-D828A, we prepared the recombinant protein Ire1(LKT),



59

containing the cytoplasmic portion of Ire1, including the kinase and RNase domains.

Ire1(LKT) was expressed and purified from E. coli [41]. In contrast to Ire1(LKT)-WT,

Ire1(LKT)-D828A was indeed kinase inactive as it was unable to catalyze phospho-

transfer both upon incubation with [γ32P]-ATP in an in vitro kinase assay (Fig. 3.6a) and

in vivo during UPR activation (data not shown). We further measured Ire1(LKT)-D828A

nucleotide binding capacity using fluorescent MANT-ATP or MANT-ADP [42, 43].

Fluorescent Resonance Energy Transfer (FRET, ΔF) between the MANT-ATP

fluorescent donor and an acceptor tryptophan within the nucleotide binding pocket of

Ire1(LKT) demonstrated that Ire1(LKT)-D828A was capable of binding to ATP while

Ire1(LKT)-K702A was not (Fig. 3.6b). In contrast, Ire1-K702A was both kinase inactive

and unable to bind ATP (Fig. 3.6a, lane 2, and Fig. 3.6b). Furthermore, the equilibrium

dissociation constants of Ire1(LKT)-D828A for both ATP and ADP were similar to those

of Ire1(LKT)-WT (Fig. 3.6c). Thus, while consistent with predictions from amino acid

comparisons, Ire1-D828A is an inactive kinase, although the binding capacities for ATP

or ADP are retained to the similar extent as Ire1-WT.

Ire1-D828A locks in the activated conformation even in the absence of

phosphorylation.

The sustained phenotype of Ire1-D828A might stem from an inability to switch

between conformations governed by ATP binding or autophosphorylation and thus Ire1-

D828A could be locked in an active conformation. To probe potential structural changes

upon nucleotide binding and phosphorylation, we performed limited tryptic digests of

Ire1-D828A in the presence and absence of ATP. In trypsin digest time course

experiments, distinct sets of proteolytic fragments were generated from Ire1(LKT)-WT
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(Fig. 3.6d). In the presence of ATP, more fragments survived trypsin treatment,

indicating that ATP binding and subsequent autophosphorylation protect Ire1(LKT)-WT

from digestion. In contrast, ATP had little effect on the fragment set generated from

Ire1(LKT)-D828A (Fig. 3.6c), supporting the idea that little conformational change took

place in Ire1-D828A. The DFG kinase motif is positioned at the neck of the activation

loop containing the autophosphorylation sites (Fig. 3.6f). Since phosphorylation of the

activation loop is known to induce conformational changes including movement of the

loop itself, the DFG aspartate may play a role in establishing the position of the

activation loop depending upon state of ATP binding and/or autophosphorylation.

Furthermore, the sustained phenotype of Ire1-D828A might stem from its inability to

switch between different conformations depending upon ATP binding or

autophosphorylation. Thus Ire1-D828A may be locked in a conformation that mimics the

active one.

The similarity of the sustained RNase phenotypes between Ire1-D828A and Ire1-

S840D/S841D/T844D suggests that the D828A mutation bypasses consequences to

Ire1 kinase domain or activation loop structure normally induced by phosphorylation

upon nucleotide binding. If the D828A mutation circumvents the activation loop

conformational changes normally achieved by phosphorylation, we reasoned that the

D828A mutation would rescue the low H A C 1  mRNA splicing levels of the

unphosphorylatable activation loop mutant Ire1-S840A/S841A/T844A. Indeed, HAC1

mRNA splicing in Ire1-D828A/S840A/S841A/T844A cells increased significantly, to

levels similar to that of Ire1-D828A at 2 hrs after UPR induction (Fig. 3.6e), suggesting
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that the D828A mutation could convert the non-phosphorylated activation loop into a

conformation suitable for RNase activation.

Conformational changes induced by phosphorylation are often stabilized by

interactions between newly neighboring amino acids. Thus, we reasoned that activation

loop residues other than the phosphorylated S840, S841 and T844 might play a role in

conformational changes important for RNase activation, and further that residues critical

for such change would be conserved in Ire1 from other species. Upon close inspection

of available Ire1 sequences, we noted an invariant phenylalanine at position 842 (F842)

(Fig. 3.6f). We examined the contribution of F842 to Ire1 activation by mutation to

alanine. We found that Ire1-F842A RNase activated to wild type levels but also that like

Ire1-D828A, Ire1-F842A caused HAC1 mRNA splicing to be sustained over an extended

time course (Fig. 3.6g).  The effect of mutation was specific to F842 as mutation of

arginine at position 843 to alanine had no effect on Ire1 RNase activity. Thus, these

results suggest that the conserved F842 within the activation loop participates in

conformational changes that are sensitive to ATP binding and phosphorylation status of

the activation loop. In addition, normal RNase activity (for both activation and

deactivation) of Ire1-R843A demonstrated that not all Ire1 mutants with significant

RNase activity resulted in the phenotype found in Ire1-D828A, providing an important

control that the phenotype of Ire1-D828A was caused by its intrinsic property. Finally,

these results were consistent with the idea that mutating the DFG motif aspartate

caused alteration of Ire1 activation loop conformation.
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Proper attenuation of the UPR signaling pathway must be important for cell

physiology, although very little has been described so far. In order to determine

functional consequences of the sustained UPR, we examined the ability of either WT or

D828A cells to grow under the UPR induced conditions. Both WT and D828A cells grew

similarly in the absence of Tm (Fig. 3.7b). Furthermore, during the time course of UPR

induction with Tm, WT and D828A cells grew at a similar rate (Fig. 3.7a), consistent with

the ability of D828A cells to induce UPR efficiently. However, D828A cells were ~25 fold

reduced in their ability to grow on growth medium containing Tm (0.4 µg/ml). Thus, the

inability of D828A cells to attenuate UPR signals caused an increase in the sensitivity to

the UPR inducing growth condition.

Discussion

An importance for IRE1 kinase domain functions in the activation of IRE1 RNase

has been demonstrated [44,45]. Here, we report on a previously unrecognized

involvement of the well-conserved DFG kinase motif in the attenuation of Ire1 RNase

activity. Similar to activation, Ire1 attenuation may occur in multiple steps; with an initial

step being the recognition of termination cues originating in the ER lumen, followed by

mechanical steps such as activation loop dephosphorylation and associated

conformational change. We propose a pivotal role for the DFG motif in the initiation of

IRE1 deactivation in which the DFG motif serves as a conduit for the transmission of

information from the IRE1 luminal sensor domain. An attenuation mechanism utilizing an

internal switch, as opposed to a mechanism relying solely on activation loop

dephosphorylation may allow IRE1 to respond intimately to conditions in the ER lumen.

Identification of the DFG aspartate residue as critical for termination of Ire1 activity
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provides a first step toward understanding the molecular determinants leading to IRE1

attenuation and the mechanism by which ER luminal signals are transmitted across the

ER membrane.

Structural analysis of other kinases as well as a recent X-ray structure for Ire1

[38] positions the DFG motif at the base of the kinase activation loop, deep within the

nucleotide binding pocket between the N-terminal kinase lobe containing nucleotide

binding residues and the C-terminal lobe containing the activation loop. Structural

studies with insulin receptor kinase (IRK), Src kinase and Abl kinase each predict an

importance for the DFG motif in activating their catalytic function [31,46], beyond

previous predictions of its role in nucleotide binding [36,37]. In addition, computational

models show a “cascade” of hydrogen bonds connecting the primary site of activation

loop phosphorylation with the DGF motif [47,48]. Thus, the DFG motif conformation

appears to be well coordinated with the phosphorylation state of the activation loop. The

recent crystal structure study with yeast Ire1 also supports a similar placement of the

DFG motif. Thus, the spatial positioning of the DFG motif is well suited to function as a

molecular switch for re-positioning the kinase lobes to coordinate nucleotide occupancy

and activation loop phosphorylation state during Ire1 RNase activation.

 For Ire1, Lee et al., suggest that steric hindrance prevents access to the

nucleotide binding pocket until the activation loop is phosphorylated. Consistent with this

idea, substitution of the catalytic aspartate residue at Ire1 position 797 generated an

inactive kinase that was also incapable of binding ATP [38]. The corresponding

aspartate in most other kinases does not play a significant role in ATP binding, but rather
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is involved in hydrolysis of ATP γ-phosphate. In this regard, our finding that the kinase

inactive Ire1-D828A bound both ATP and ADP with affinities similar to Ire1-WT was

unexpected, but supports the idea that mutation of the DFG motif induces a

conformational change in the activation loop such that Ire1-D828A becomes available for

activation in response to upstream signals, though losing its ability to attenuate in

response to signals from the ER sensor domain. An ability of the DFG motif to affect

activation loop conformation is also supported by the finding that the D828A mutation

converts the non-phosphorylatable activation loop mutant (Ire1-S840A/S841A/T844A)

into an active RNase. Thus, these alterations in positioning of the DFG motif may

provide molecular bases for utilizing the evolutionarily conserved kinase domain for

attenuating signals by allowing establishment of additional coordination with the luminal

domain of Ire1.

Analyses of multiple Ire1 mutants with similar RNase phenotypes has revealed

the idea that Ire1 attenuation occurs in multiple steps. In addition, the attenuation

process is not simply reversing events leading to the activation. Ire1-

S840D/S841D/T844D and Ire1-D828A are trapped in two different steps in the

deactivation process representing different intermediate stages of attenuation, even

though both displayed the same observable phenotypes. The sustained RNase of Ire1-

S840D/S841D/T844D results from its inability to dephosphorylate, even though the initial

attenuation signal from the ER can be received by the DFG motif, while the sustained

RNase activity of Ire1-D828A may be caused by its inability to respond to ER luminal

signals transmitted through the DFG motif. Thus, the dephosphorylation of the activation

loop may be downstream of the DFG mediated event; or conversely dephosphorylation
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can only occur after the re-establishment of ER homeostasis is communicated through

the DFG motif.

In addition, mutation in the activation loop phenylalanine of Ire1 (Ire1-F842A)

might represent another intermediate stage. The activation loop phenylalanine (F842) is

conserved among known Ire1 proteins and may be involved in establishment of certain

critical hydrophobic interactions between the activation loop and the Ire1 kinase domain.

Such interactions might be significantly altered in Ire1-F842A such that the activation

loop can remain in the active conformation regardless of its phosphorylation state.

Presence of structural links between the activation loop and the kinase domain beyond

phosphorylation, has been suggested for insulin receptor kinase (IRK) [46], where

alteration of the IRK activation loop residue (IRK-D1161A) induced structural disorder in

the IRK nucleotide binding pocket, specifically of the DFG motif, mimicking a transition

state between the apo and the fully activated conformations. Ultimately, all of these

events would lead to dissociation of dimerized/oligomerizied Ire1 and attenuation of

RNase activity. One of the important questions that remains is that of the molecular

event(s) initiating the attenuation process in the lumen of the ER. Like during activation,

both BiP re-association to Ire1 and the dissociation of unidentified ligand(s) from the Ire1

luminal domain may be required to take place. In the long time course of the WT cells,

the ER protein folding capacity is presumably re-established at later time points (Fig.

3.1), providing an ideal experimental system for the future dissection of the molecular

changes associated with the “re-establishment” of ER capacity.



66

Several signaling pathways utilize multiple strategies for signal attenuation. In the

mammalian UPR, a transcription factor coded by the unspliced form of XBP1 mRNA

(pXBP1(U)), is produced that functions as negative regulator of the transcription factor

coded by the spliced XBP1 message (pXBP1(S)) [51]. As pXBP1(U) concentration

increases at later time points, heterodimer formation with pXBP1(S) causes pXBP1(S) to

be transported to the cytoplasm where it undergoes proteasome-mediated degradation.

In yeast, there has been no evidence for production of a similar pHAC1(U), presumably

because the presence of the intron within unspliced HAC1 mRNA (excised by Ire1

RNase) inhibits translation of the unspliced message. It is possible, however, that other

negative factors generated during the UPR may facilitate UPR down regulation.

During attenuation, dephosphorylation of Ire1 predicts an involvement of a

phosphatase(s). To date, two phosphatases, Ptc2 and Dcr2, have been reported to

dephosphorylate Ire1. In the absence of the operable phosphatase(s), Ire1 deactivation

kinetics would be predicted to differ from those of Ire1-WT, and to resemble those of

Ire1-S840D/S841D/T844D deactivation. Curiously, in our recovery assays, neither ptc2

nor dcr2 knockout cells displayed significant changes in the deactivation kinetics as

compared to WT cells (data not shown). Currently, the reasons for these phenotypes

remain unclear. Even if both phosphatases are needed to dephosphorylate Ire1, a

prediction would be that some changes in recovery kinetics would take place if cells lack

either one of the phosphatases.  It is also possible that those phosphatases

dephosphorylate UPR component(s) other than Ire1, although both phosphatases are

reported to physically interact with Ire1. Future study will be required to uncover the



67

identities of Ire1 phosphatase(s) and to define the biochemical roles of Ptc2 and Dcr2

during the UPR.

Attenuating Ire1 in a timely manner, and with the right kinetics, will constitute an

important aspect of the UPR signal transduction pathway.  Recently, we have

discovered a “housekeeping” function for UPR signaling such that UPR signaling is

elevated during cytokinesis [50] and presumably, following cytokinesis UPR activity

decreases and remains low until the next cytokinesis. Continued activation of UPR

causes cytokinesis delay. Thus, timely attenuation of UPR activity in such cases is as

crucial an event as is regulation of UPR activation.
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MATERIAL AND METHODS

Yeast strains and plasmids

Yeast strains carrying various forms of IRE1 were generated by the standard

yeast transformation protocol [49]. Mutant forms of IRE1 were generated using the

Quickchange kit (Stratagene) and confirmed by sequencing the entire coding region.

Table 1 & 2 summarize the yeast strains and plasmids used in this study.

Table 3.1: List of Yeast strains
Strain Genotype Source/Reference

MNY1000 MATa; ura3-1; leu2-3-112; his3-11-15; trp1-1; ade2-1;

can1-100

R. Rothstein

MNY1013 Same as MNY1000, except ire1::URA3 Cox et al. 1993

MNY1014 Same as MNY1013 with [pRS314] This study

MNY1015 Same as MNY1013 with [pCS110] This study

MNY1016 Same as MNY1013 with [pMHR001] This study

MNY1017 Same as MNY1013 with [pMHR002] This study

MNY1018 Same as MNY1013 with [pMHR003] This study

MNY1019 Same as MNY1017 with [pMR713] This study

MNY1020 Same as MNY1017 with [pRS315] This study

MNY1021 Same as MNY1015 with [pRS315] This study

MNY1022 Same as MNY1013 with [pCS122] This study

MNY1023 Same as MNY1013 with [pMHR004] This study

MNY1024 Same as MNY1015 with [pMR713] This study
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Table 3.1 (continued)
MNY1025 Same as MNY1013 with [pMHR005] This study

MNY1026 Same as MNY1013 with [pMHR006] This study

MNY1027 Same as MNY1013 with [pMHR007] This study

MNY1028 Same as MNY1013 with [pMHR008] This study

MNY1029 Same as MNY1013 with [pMHR010] This study

MNY1030 Same as MNY1013 with [pMHR011] This study

ACY013 Same as MNY1013 with [pCS140] This study

PWY308 Same as MNY1000, except hac1::URA3

ACY019 Same as PWY308, except ire1::KanMx This study

ACY021 Same as ACY019, with [pCS110] and [pJC316] This study

ACY022 Same as ACY019, with [pMHR002] and [pJC316] This study

ACY023 Same as ACY019, with [pMHR002] and [pAC07] This study

ACY025 Same as ACY019, with [pCS110] and [pAC07] This study

ACY029 Same as MNY1013 with [pRLB012] This study

ACY030 Same as MNY1013 with [pAC09] This study

Table 3.2: List of Plasmids
Plasmid Description Backbone Source/Reference

pCS110 Wild type IRE1 gene (trp) pRS314

(cen/ars)

Cox et al., 1993

pCS122 Wild type IRE1 gene (trp) yEPLac112 (2µ) Shamu and Walter,

1996
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Table 3.2 (continued)
pMR713 Wild type KAR2 gene (leu) pRS315 (cen/ars) Ng et al, 2000

pMHR001 K702A mutation in IRE1 pCS110 This study

pMHR002 D828A mutation in IRE1 pCS110 This study

pMHR003 S840A/S841A/T844A mutations

in IRE1

pCS110 This study

pMHR004 D828A mutation in IRE1 pCS122 This study

pMHR005 S840D/S841D/T844D mutations

in IRE1

pCS110 This study

pCF210 E.coli expression plasmid for

GST-IRE1 (aa 556-1115)

pGEX-6P-2 Sidrauski and

Walter, 1997

pMHR006 D797A mutation in Ire1 pCS110 This study

pMHR007 R843A mutation in Ire1 pCS110 This study

pMHR008 F842A mutation in Ire1 pCS110 This study

pMHR009 E.coli expression plasmid for

HIS-IRE1 (aa 642-1115)

pET15b This study

pMHR010 D828A/S840A/S841A/T844A

mutations in IRE1

pCS110 This study

pMHR011 D828N mutation in IRE1 pCS110 This study

pMHR012 E.coli expression plasmid for

HIS-IRE1 (aa 642-111) with

D828A

pMHR009 This study
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Table 3.2 (continued)
pAC07 5' HA tagged Hac1p with S238D

mutation

pJC316 This study

pCS140 Full length Ire1 with K702A

mutation

YEplac112 Shamu C.

pJC316 5' HA tagged Hac1p pRS313 Cox et al., 1996

pAC09 Full length HA-Ire1p with D828A

mutation

pRLB012 This study

pRLB012 Full length Ire1p with 3' HA tag pCS110 This study

pAC40 HIS- I re1(642-1115)-  F842A

mutation

pMHR009 This study

pAC42 HIS-Ire1(642-1115)-

S840D/S841D/T844D mutations

pMHR009 This study

Primers used to make mutant Ire1 and Hac1 via quick change PCR.

1. Quick change primer for K702A mutation in Ire1

A001F: ggaagacctgttgcggtagcgagaatgttaattgatttttg

A002R: caaaaatcaattaacattctcgctaccgcaacaggtcttcc

2. Quick change primer for D828A mutation in Ire1

247yIreF: cgaattttgatatcagcctttggtctttgc

248yIreR: gcaaagaccaaaggctgatatcaaaattcg

3. Quick change primer for S840D and T844D mutations in Ire1

A054F: gactctggtcaggattcatttagagataatttgaataaccc
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A055R: gggttattcaaattatctctaaatgaatcctgaccagagtc

4. Quick change primer for S841D in S840D and T844D mutant Ire1

A062F: gactctggtcaggatgattttagagataatttgaataaccc

A063R: gggttattcaaattatctctaaaatcatcctgaccagagtc

5. Quick change primer for D828N mutation in Ire1

A066F: cgaattttgatatcaaactttggtctttgc

A067R: gcaaacaccaaagtttgatatcaaaattcg

6. Quick change primer for F842A mutation in Ire1

A070F: ggtcagtcttcagctagaacaaatttg

A071R: caaatttgttctagctgaagactgacc

7. Quick change primer for R843A mutation in Ire1

A072F: ggtcagtcttcatttgcaacaaatttg

A073R: caaatttgttgcaaatgaagactgacc

8. Quick change primer for D797A mutation in Ire1

A082F: ccatcgagctttaaagcc

A083R: ggctttaaagctcgatgg

9. Quick change primer for S238D mutation in Hac1

A027F: gatttcttcatcactgattgaagacaatcgc

A028R: gcgattgtcttcaatcagtgatgaagaaatc

Cell culture and growth conditions

All yeast strains were grown in synthetic complete media supplemented with

inositol at a final concentration of 50 µg/ml. Tunicamycin was added to a final

concentration of 1 µg/ml to induce the unfolded protein response when required. Yeast
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strains were grown overnight to saturation, with an OD600 of ~1.5. The following morning,

cells were diluted to 0.75-0.8 x 107 cells/ml, and allowed to recover for ~1 hr and 40 min

in fresh media to reach a OD600 of ~0.5. Upon addition of tunicamycin, cells were

collected for analyzing the RNA at indicated time points.

Isolation of RNA and northern blot analyses

Total RNA was isolated according to the hot phenol method (Kohrer and

Domdey, 1991). RNA was separated by electrophoresis on 1.5% agarose gels

containing 6.7% formaldehyde and transferred to a Duralon-UV membrane (Stratagene,

La Jolla, CA) as described[13]. Hybridization was performed at 65oC overnight in Church

buffer containing 0.5M Na2HPO4, 1mM EDTA, 7% SDS (pH 7.5). Quantitation of

Northern blots was performed on a Typhoon 9400 imager system (Amersham

Biosciences). All probes were labeled with [α-32P]dCTP using the Megaprime DNA

Labeling system (Amersham Biosciences). The probe used for detecting both spliced

and unspliced forms of HAC1 mRNA was as described previously [44]. The KAR2 probe

was generated by PCR of a 0.5 kb fragment of the coding region.

Recombinant Ire1 protein expression and in vitro kinase assay

The GST-Ire1p containing the entire cytosolic domain of Ire1 (amino acids 556-

1115) was expressed and purified as described previously [10]. The fusion protein was

purified using glutathione-sepharose beads (Amersham Biosciences). All the mutant

forms of Ire1 were prepared essentially in a similar manner. In vitro autophosphorylation

of various forms of the recombinant Ire1p was performed as described previously [41].

Briefly, the recombinant Ire1 was incubated in kinase buffer (10 mM Hepes pH7.5, 5 mM
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Mg(OAc)2, 25 mM KOAc 1 mM DTT), containing 200 mM unlabeled ATP and 167 µCi of

[γ-32P] ATP (7000Ci/mmol, ICN) at 30oC for 30 min before being analyzed on 7% SDS-

PAGE.

Fluorescent nucleotide binding assay

Increasing amount (5-120 mM) of the fluorescent nucleotides, MANT-ADP and

MANT-ATP (Invitrogen) were mixed with 1.4 mM recombinant Ire1 in 25 mM Tris pH 7.5,

0.4 M NaCl, 5% glycerol, 10 mM MgCl2 before being excited at 280 nm. The emission

was measured at 440 nm. FRET (indicated as ΔF) was calculated as the difference in

emission observed between the Ire1-nucleotide and the buffer-nucleotide mixtures, and

was plotted as a function of the concentration of nucleotide to obtain the equilibrium

dissociation constant (Kd).

Isolation of protein and western blot analyses

Pellets from 3 OD600 cells were resuspended in 100ml SUME (1% SDS, 8M urea,

10mM MOPS, pH6.8, 10mM EDTA) with protease inhibitors (1mM PMSF, 10mg/ml

TPCK, Leupeptin and Pepstatin). Total cell extract was prepared by vortexing in the

presence of 100ml of 0.5mm acid washed glass beads at 4oC. 100ml of 2XUSB (75mM

MOPS, pH6.8, 4% SDS, 200mM DTT, 8M urea) was then added, and the samples were

incubated at 65oC for 10 min. Proteins were isolated on SDS-PAGE and were

transferred on to a nitrocellulose membrane, which was probed sequentially for Kar2p

using anti-Kar2 antibody (gift from Dr. Jeff Brodsky, Univ. of Pittsburgh), and for Pgk1p

using anti-Pgk1 antibody (Molecular Probes).
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Limited tryptic digests

Recombinant Ire1(LKT)-WT and Ire1(LKT)-D828A containing the cytoplasmic

portion of Ire1 were subject to limited proteolysis with the same concentration of trypsin,

after incubation with or without 5mM ATP for 30 min, in buffer containing 50mM Tris,

pH7.0, 0.1mM EDTA and 50mM Mg acetate. The Trypsin to Ire1 concentration ratio was

1:1000, and the tryptic digest reaction was carried out at room temperature. An aliquot of

the tryptic digest reactions was taken at different times for the analyses of Ire1 fragments

generated on SDS-PAGE. Since Ire1(LKT) purified from E. coli is heavily

phosphorylated, all proteins were treated with the recombinant Ire1 phosphatase, ptc2,

prior to digesting with trypsin.

Carboxyl peptidase (CPY) functional Assay

Carboxyl peptidase Y (CPY) catalyzed the hydrolysis of its substrate N-Benzoyl-

L-Tyrosine p-nitroanilide (BTPNA, Sigma-Aldrich, St. Louis, Mo) to give the yellow

product p-nitroaniline, whose production was followed by an increase in absorbance at

410 nm. Cells were permeabilized in a buffer containing 100mM Tris, pH 7.6 and 0.2%

triton for 30 minutes at 37oC, in the presence of BTPNA. After permeabilization, the

BTPNA gained access to vacuolar, mature CPY for the catalytic reaction, and the

percentage of functional CPY was calculated.
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Fig 3.1: Deactivation of HAC1 mRNA splicing during the UPR.

(a) Wild type Ire1 (Ire1-WT) bearing ire1Δ yeast strains were grown until mid log phase
and UPR was induced by the addition of tunicamycin (Tm). HAC1 mRNA splicing was
analyzed by collecting cells at various time points followed by isolation of total RNA. Tm
was present in the medium throughout the entire time course. Splicing of HAC1 mRNA
was analyzed on northern gels. The positions of unspliced and spliced HAC1 mRNA
are indicated. The level of KAR2/BiP mRNA during the Tm time course was analyzed
by re-probing the HAC1 mRNA membrane. The right panel shows the quantitation of
the northern, calculated as the percentage of spliced HAC1 mRNA over total HAC1
mRNA. Error bars represent standard deviation of at least three repeats.
(b) BiP protein production during UPR induction. Cells with Ire1-WT were treated with
Tm for indicated amount of time and level of BiP protein was examined by western blot
using anti-KAR2 antibody. The same blot was re-probed for Pgk1 using anti-Pgk1
antibody as a loading control.
(c) Cells continuously incubated with Tm were tested for their ability to induce UPR by
further addition of fresh Tm (1 mg/ml) at the 8 hr time point. Total RNA was isolated
from cells at different time points and HAC1 splicing was analyzed using northern gels.
(d) Testing of the potency of Tm after incubating with cells for 8 hrs. The media taken
from WT cells grown under the UPR inducing condition in the presence of Tm for 8 hrs,
was incubated with fresh cells that have never been induced before. Again, total RNA
was isolated from cells at different time points and HAC1 splicing was analyzed using
northern gels.
(e) Percentage of functional carboxypeptidase Y (CPY) in the vacuole was assayed by
using permeabilized ire1Δ yeast cells either bearing wild type Ire1 or control plasmids.
The ability of CPY to cleave its substrate N-Benzoyl-L-Tyrosine p-Nitroanilide (BTPNA)
was measured colorimetrically.
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Fig 3.2: Removal of tunicamycin from medium allows faster recovery of HAC1
mRNA splicing in wild type IRE1.

(a) HAC1 mRNA splicing of ire1Δ yeast cells transformed with Ire1-WT was examined
during UPR induction. Tm was either kept throughout the entire time course (a) or
removed after 2 hrs incubation (b). Sample of cells was collected at the indicated time
points for further analyses of HAC1 mRNA splicing. The positions of unspliced and
spliced HAC1 mRNA are indicated. The right panel is the quantitation of the northern,
calculated as the percentage of spliced HAC1 mRNA over total HAC1 mRNA. Closed
square represents the % HAC1 spliced with Tm present throughout the time course. In
comparison, the % HAC1 spliced from cells recovered from Tm after 2 hr incubation
(described below) were shown (open square). Notice that the time scale used in graph
(a) is the overall length of time, starting from the beginning of experiments, while the
time scale used in graphs in (b) represent hours upon removal of Tm. Error bars
represent standard deviation of at least three repeats.
(b) Ire1-WT cells were treated with Tm for varying amount of times (as indicated)
before Tm was removed. The cells were allowed to recover in fresh media after
washing with warm media without Tm and samples were taken every hour up to four
hours after recovery (time indicated after wash on northern blots). The panels on the
right, are the quantitations of the % spliced HAC1 as described above. Each recovery
experiment was performed at least three times for calculation of standard deviation.
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Fig 3.3: Phosphomimetic Ire1 does not recover HAC1 mRNA splicing upon UPR
induction.
(a) The phosphomimetic activation loop mutant Ire1 (Ire1-S840D/S841D/T844D)
bearing cells were induced for UPR by addition of Tm, which was either kept in the
medium throughout the entire time course or washed out after 2 hrs (b). The positions
of unspliced and spliced HAC1 mRNA are indicated. The right panel is the quantitation
of the northern, calculated as the percentage of spliced HAC1 mRNA over total HAC1
mRNA. The solid line with closed circles represents the % HAC1 spliced with Tm
present throughout the time course while the dashed line with open circles represents
the % HAC1 spliced after drug removal at 2 hrs (b). Error bars represent standard
deviation of at least three repeats.
(b) Ire1-S840D/S841D/T844D cells were induced with Tm for different times after which
the drug was removed and the cells were allowed to recover in fresh media. The cells
failed to recover HAC1 splicing, and it was sustained for up to 4 hrs, unlike Ire1-WT
cells, irrespective of whether UPR was induced for 2 hrs or 6 hrs as indicated. The
panels on the right, are the quantitations of the % spliced HAC1 as described above.
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Fig 3.4: HAC1 mRNA splicing is sustained with Ire1-D828A during the UPR.
(a) Wild type Ire1 (Ire1-WT) or Ire1-D828A bearing ire1Δ yeast strains were grown until
mid log phase and UPR was induced by the addition of Tm. Tm was present in the
medium throughout the entire time course. Splicing of HAC1 mRNA was analyzed on
northern gels using total RNA isolated at different time points. The positions of
unspliced and spliced HAC1 mRNA are indicated. The level of KAR2/BiP mRNA during
Tm time course was analyzed by re-probing the HAC1 mRNA membrane. The panel on
the right shows the quantitation of the time course experiments, representing the
percentage of spliced over total HAC1 mRNA for Ire1-WT (, dotted line), and Ire1-
D828A (, solid line). Error bars represent standard deviation of at least three repeats.
(b) BiP protein production during UPR induction. Cells with Ire1-WT or Ire1-D828A
were treated with Tm for indicated amount of time and level of BiP protein was
examined by western blot using anti-KAR2 antibody. The same blot was re-probed for
Pgk1 using anti-Pgk1 antibody as a loading control.
(c) The effect of having extra copies of Ire1 (2µ) or KAR2/BiP (KAR2) on HAC1 mRNA
splicing kinetics was compared with that of ire1Δ cells transformed with either Ire1-WT
or Ire1-D828A on a low copy number plasmid (cen/ars). Lanes 1-4; ire1Δ cells with
Ire1-WT (cen/ars) alone, lanes 5-8; ire1Δ cells with Ire1-WT (2µ), lanes 9-12; ire1Δ cells
with Ire1-WT (cen/ars) plus KAR2/BiP, lanes 13-16; ire1Δ  cells with Ire1-D828A
(cen/ars) alone, lanes 17-20; ire1Δ  cells with Ire1-D828A (2µ), lanes 21-24; ire1Δ cells
with Ire1-D828A (cen/ars) plus KAR2/BiP. The panels on the right represent the
quantitation of HAC1 mRNA splicing for Ire1-WT and Ire1-D828A. In each case, %
spliced HAC1 mRNA was compared with cells with Ire1 on cen/ars.  At least three
independent experiments were used to generate error bars for each experiment.
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Fig 3.5: Ire1-D828A was unable to recover from activation even after removal of
Tm from the medium.
(a) HAC1 mRNA splicing of ire1Δ cells carrying Ire1-D828A was examined during UPR
induction. Tm was either kept throughout the entire time course or removed at 2 hrs (b).
The positions of unspliced and spliced HAC1 mRNA are indicated. The right panel is
the quantitation of the northern, calculated as the percentage of spliced HAC1 mRNA
over total HAC1 mRNA. The line with closed circles represents the % HAC1 spliced
with Tm present continuously while the line with open circles represents the % HAC1
spliced after drug removal at 2 hrs. Error bars represent standard deviation of at least
three repeats.
(b) Ire1-D828A cells were induced with Tm for different times after which the drug was
removed and the cells were allowed to recover in fresh media. The cells were unable to
recover HAC1 splicing, irrespective of whether UPR was induced for 2 hrs, 4 hrs or 6
hrs, as indicated. The panels on the right, are the quantitations of the % spliced HAC1
as described above.
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Fig 3.6: Ire1(LKT)-D828A binds ATP but is resistant to conformational change
unlike Ire1(LKT)-WT.
(a ) An in vitro kinase assay using Ire1(LKT)-WT, -K702A, -D828A, -
S840D/S841D/T844D and -S840A/S841A/T844A. Upon incubation with [γ32p]-ATP,
autophosphorylation of either Ire1(LKT)-WT or mutant Ire1(LKT) was analyzed on SDS-
PAGE after staining with sypro ruby (bottom panel) or autoradiography (top panel).
Faster migration of Ire1(LKT)-D828A on SDS-PAGE in comparison to Ire1(LKT)-WT
after incubation with ATP was also consistent with the inability of Ire1(LKT)-D828A to
autophosphorylate in vitro (see sypro ruby stained Ire(LKT), ).
(b) Nucleotide binding measurement of Ire1(LKT)-WT, D828A, and K702A using the
fluorescent MANT-ADP in vitro nucleotide-binding assay. A significant increase in
fluorescence at 440nm shows efficient fluorescent resonance energy transfer (FRET,
denoted as ΔF in arbitrary units) between the MANT-ADP fluorescent donor and an
acceptor tryptophan within the Ire1 nucleotide binding pocket, indicating nucleotide
binding to Ire1(LKT). Lack of FRET showed that Ire1(LKT)-K702A did not bind
nucleotide, in good agreement with the prediction.
(c) The assay described in (b) was used to determine the equilibrium dissociation
constants (µM) of binding of MANT-ATP and -ADP to Ire1(LKT)-WT and Ire1(LKT)-
D828A.
(d) Recombinant Ire1(LKT)-WT and Ire1(LKT)-D828A containing the cytoplasmic
portion of Ire1 (amino acids 642-1115) were subject to limited proteolysis with the same
concentration of trypsin, upon incubation with 5mM ATP (+ATP) or without (-ATP) for
30 min. An aliquot of the tryptic digest reactions was taken at the indicated times after
addition of trypsin for the analyses of Ire1 fragments generated on SDS-PAGE. Since
Ire1(LKT) purified from E. coli is heavily phosphorylated, all proteins were treated with
the recombinant Ire1 phosphatase, Ptc2 30, prior to digesting with trypsin.
(e) The D828A mutation partially rescues RNase inactive Ire1-S840A/S841A/T844A.
Cells carrying Ire1-D828A+S840A/S841A/T844A, Ire1-D828A and Ire1-
S840A/S841A/T844A were induced for UPR by the addition of Tm for 2 hrs and HAC1
splicing was analyzed by northern blots. Positions of spliced and unspliced HAC1
mRNA are shown. The % spliced HAC1 mRNA at 2 hrs after Tm incubation was
calculated as described above and standard deviations were calculated from
quantitation of at least three independent time course experiments.
(f) Alignment of amino acid residues in the activation loop surrounding the DFG motif
shows phenylalanine at residue 842 is evolutionarily conserved. Serines at 840 and
841, and threonine at 844 in yeast Ire1 (marked with dots) become phosphorylated
upon UPR activation.
(g) A mutation at the conserved phenylalanine in the activation loop (Ire1-F842A)
phenocopies Ire1-D828A mutant, whereas mutating arginine at 843 (Ire1-R843A) does
not alter HAC1 mRNA splicing ability of Ire1-WT. Northern analysis of Tm time course
of ire1Δ cells transformed with Ire1-WT, F842A, and R843A, and quantitation of %
HAC1 spliced are shown. Values from at least three independent experiments were
used to calculate the standard deviation.
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Fig 3.7: Ire1-D828A is more sensitive to ER stress than Ire1-Wt because of its
sustained HAC1 splicing.

(a) Growth curve of ire1Δ yeast cells transformed with either Ire1-Wt or Ire1-D828A or
empty plasmid, in the continuous presence of 1 µg/ml Tm. After the addition of Tm,
growth media containing cells was collected and O.D.600nm was estimated at regular time
intervals and plotted on a graph.
(b) ire1Δ yeast cells transformed with Ire1-WT or Ire1-D828A on plasmids, were grown
to an O.D.600nm of 0.25 and then cells were serially diluted by 5 folds and spotted on
plates containing different amounts of Tm.

b

a
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Fig 3.8: Nucleotide binding and phosphorylation are important for full activation of
Ire1 RNase.
(a) HAC1 mRNA splicing of ire1Δ strains carrying wild type (WT) or various forms of
IRE1 mutants. UPR was induced for indicated amount of time by addition of Tm. At each
time point, total RNA was extracted from cells and analyzed for HAC1 mRNA splicing by
northern gels.
(b) Quantitation of (a), calculated as the percentage of spliced HAC1 mRNA over total
HAC1 mRNA. Error bars represent standard deviation of at least three repeats.
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B: Supplemental Results

In addition to the results in the manuscript, I would like to briefly elaborate on a

few other experiments that did not get included in the manuscript, but allowed us to

make some of the assumptions necessary to do the experiments that are in the

manuscript.

The kinetics of recovery of HAC1 splicing differ, depending on the way cells are

diluted after o/n growth (figure 3.9).

Interestingly we found that depending on how long wild type cells were allowed to

grow after diluting them in fresh media post o/n saturation, their response to ER stress

was different. In the first case the o/n saturated cultures were diluted and allowed to

grow for ~1 hr and 40 min in fresh media to reach an OD600 of ~0.5, before being

induced with tunicamycin. In this case, as we saw in the manuscript, wild type cells

activated HAC1 splicing, which peaked at 2 hrs and then began to return to basal levels

with a complete shut down by 8 hrs.  In the second case, the o/n saturated cultures were

diluted and allowed to grow for ~5 hrs instead, allowing for two doublings of the cell

population before inducing with tunicamycin. In this case, wild type cells activated HAC1

splicing, which peaked at 2 hrs, but instead of turning down after that, it stayed on at

similar levels for another 6-8 hrs. We reason that this difference was partly probably due

to the pace at which cells were growing when they were induced with ER stress. In the

first case at the time of induction, the cells were not completely out of lag phase, making

their rate of protein production much slower, and hence they did not get affected much

by the ER stress inducer, and were able to turn down the response sooner. In the

second case, as the cells had completed two doublings and were in the log phase of
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growth, their rate of protein production was much higher, and the damage caused by the

drug was more extensive, causing HAC1 splicing to stay on for longer.

Equal expression of HA tagged Ire1p and Hac1p in wild type and Ire1-D828A cells

(figure 3.10).

To test the protein levels of wild type and mutant Ire1 as well as Hac1 in the

corresponding strains, we expressed HA-tagged versions of the protein in cells. As seen

on the western blot, the levels of Ire1p as well as Hac1p were similar in both Ire1-Wt and

Ire1-D828A cells both before and 2 hrs after UPR induction (also confirmed in fig 3.11).

Unfortunately, we were not able to use the HA tagged wild type Ire1 for the longer UPR

time courses as unlike the untagged Ire1 which started to recover after showing

maximum splicing at 2 hrs, the HA tagged Ire1 was activated normally but showed

delayed recovery kinetics, indicating that in some way the HA tag was interfering with

recovery of HAC1 splicing.

In vivo phosphorylation status of wild type and D828A Ire1 (figure 3.11).

As mentioned in the manuscript, we tested to see if the Ire1-D828A mutant was

an inactive kinase in vivo as it was in vitro. To do this we immuno-precipitated HA

tagged Ire1, both wild type and D828A, and then incubated it with P32-ATP followed by

running the samples on SDS-PAGE. Unfortunately, we did not see a phosphorylation-

induced shift even for wild type Ire1. Also, immuno-precipitated wild type HA-Ire1 could

not be dephosphorylated by calf intestinal phosphatase. Hence, the HA tagged Ire1 was

not useful in determining the phosphorylation status. In order to confirm the

phosphorylation status we radiolabeled cells with ortho-phosphate and then
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immunoprecipitated untagged Ire1 with anti-Ire1 antibody (this antibody only works for

immuno-precipitation and does not work for western blotting). To visualize the

incorporated radiolabel on immunoprecipitated Ire1 using an autoradiograph we had to

over-express Ire1 and treat cells with tunicamycin. Both Wt and D828A strains had

equivalent protein load as well as uptake of radiolabel. We observed that while wild type

Ire1 incorporated radiolabel, the D828A Ire1 showed significantly lower incorporation,

indicating that it was much less phosphorylated that wild type Ire1 in vivo, as expected.

Assessing conformational change via tryptic digests of Ire1-S840DS841DT844D

and Ire1-F842A (figure 3.12).

Recombinant HIS-Ire1-F842A (642-1115) and HIS-Ire1-S840DS841DT844D

(642-1115) were expressed and purified from E.coli using a Ni2+ affinity column. Both

proteins were active as kinases in vitro as seen by the incorporation of radiolabeled P32.

Also, both proteins behaved like wild type HIS-Ire1 (642-1115) when digested with

Trypsin, in that a different digest pattern was obtained in the presence or absence of

nucleotide. Although the digest pattern of each protein was in itself unique, it suggests

that these mutants experience a change in conformation upon binding ATP and getting

phosphorylated, just like the wild type protein. Hence, Ire1-D828A was unique in being

stuck in a conformation inspite of being able to bind nucleotide.

CPY activity assay with wild type and mutant Ire1 strains (figure 3.13).

As in the manuscript, we have tested the levels of functional CPY in cells, before

and after inducing ER stress. As CPY is a secreted protein residing in the vacuole, it has

to traverse the ER where it gets folded and modified to its mature conformation. Thus in
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a situation of ER stress, the proper folding of CPY and hence its enzymatic activity is

compromised. In the case of wild type cells, the functionality of CPY followed the pattern

of HAC1 splicing, where it reduces at 2 hrs and then recovers, unlike Δire1 cells where

once CPY activity was reduced it stayed low all through out. This suggested that in wild

type cells the ER had recovered and was no longer under stress allowing CPY to mature

properly. In the other mutants such as Ire1-D828A, Ire1-F842A and Ire1-

S840DS841DT844D, all of which splice HAC1 as efficiently as wild type in response to

ER stress, but are deficient in the attenuation mechanism, CPY activity was reduced at 2

hrs but it did not recover even after 7 hrs (Table 3.3). This was really surprising because

all of these mutants splice HAC1 efficiently, ruling out the possibility of sustained ER

stress, rather, suggesting in agreement with observations in the manuscript that the

sustained presence of spliced Hac1p is in some way deleterious for overall health of the

secretory pathway.

Table 3.3: CPY activity

Time (hrs) Wild type ΔIre1 Ire1-D828A Ire1-F842A Ire1-SST/D

0 100 100 100 100 100

2 68 61 64 66 63

7 90 58 61 73 67
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A.

B.

Fig 3.9: Deactivation kinetics of HAC1 splicing depend on the time of growth after
dilution of o/n saturated cultures.
A. Wild type yeast were diluted after over night growth and allowed to recover for either
2hrs or 5hrs before inducing with tunicamycin. Splicing of HAC1 was followed on a
northern gel.
B. % HAC1 spliced was calculated as the amount of spliced HAC1 over total HAC1 and
plotted with respect to time.
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Fig 3.10: Protein levels of Ire1p and Hac1p are similar in the Ire1-Wt and Ire1-
D828A strains.
Yeast strains carrying either wild type Ire1 or Ire1-D828A were induced with tunicamycin
and samples were collected for extracting proteins. HA-Ire1p and HA-Hac1p were
detected on a western blot using anti-HA antibody. The protein levels of Ire1-D828A are
very similar to that of Ire1-WT, although Ire1-D828A runs faster on the gel, probably due
to a lack of phosphorylation. HA-Hac1p is not detected in the absence of Tm, but is
present at similar levels in both strains after the addition of Tm.

TM
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Fig 3.11: Ire1-D828A is an inactive kinase in vivo.
A. Wt and D828A cells treated with tunicamycin were lysed and HA-Ire1 was immuno-
precipitated by the anti-HA antibody. The IP fraction was incubated with 200uM cold
ATP or treated with the phosphatase CIP. The products were visualized for a molecular
weight shift on SDS-PAGE using anti-HA antibody.
B. Wt and D828A cells labeled with ortho-phosphate were lysed after induction with Tm
and Ire1 was immuno-precipitated by the anit-Ire1 antibody. The IP fraction was loaded
on SDS-PAGE and autoradiographed. Only when Ire1 was over-expressed (2µ) its P-32
incorporation could be visualized on an autoradiograph.
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A.

B.

C.

Fig 3.12: Conformational change in Ire1-F842A and Ire1- S840DS841DT844D.
A . Both Ire1-F842A and Ire1-S840DS841DT844D are active kinases and
autophosphorylate.
B. A limited tryptic digest of Ire1-F842A in the presence or absence of ATP indicates a
change in conformation. More fragments are protected in the presence of ATP.
C. A limited tryptic digest of Ire1-S840DS841DT844D in the presence or absence of ATP
indicates a change in conformation.
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Down regulation of signaling is an important aspect of all signal transduction pathways.

Its importance is evidenced by the myriad ways that cells have evolved, for down

regulating any given signaling pathway [1]. For instance, the TGF-beta receptors which

regulate tissue homeostasis and embryogenesis are negatively regulated by various

means, such as by the transcriptional induction of inhibitory SMADS that cause receptor

degradation, by SMAD and receptor dephosphorylation as well as by sequestration of

SMADS away from their sites of action [2-5]. Any kind of deregulation of the ability to

down regulate signaling can lead to all sorts of problems for the cell such as cancerous

growth [6].

Till date the mechanisms of down regulating the unfolded protein response

signaling are not well understood. However, down regulation is definitely important as

constitutive expression of the intron-less HACi transcript inhibits cell proliferation in yeast

[7]. One of the ways that UPR might be down regulated in mammals is through the

proposed transcriptional repressor function of the unspliced form of XBP1 protein [8] that

binds to and inhibits the transcription activating function of the spliced XBP1 protein. The

complex formed between the unspliced and spliced XBP1 proteins is sequestered away

from the nucleus and is degraded by the proteasome, allowing for UPR recovery. Since,

in yeast the unspliced Hac1 protein is not expressed at detectable levels, this might not

be a way of down regulating signaling. Instead, it is likely that in yeast another

mechanism involving the action of phosphatases such as Ptc2 [9] and Dcr2 [10] might

take precedence. This is not surprising as most signaling pathways that involve kinases

often also involve a phosphatase for down regulation [4, 11].



105

The phosphatases, Ptc2 and Dcr2

In an attempt to find interacting partners with the cytoplasmic domain of Ire1p,

Welihinda et al., used a yeast two-hybrid assay and discovered PTC2, a member of the

PP2C family of serine-threonine protein phosphatases, as a potential interacting partner.

They showed that Ptc2p was able to dephosphorylate Ire1p in vitro, but did not

demonstrate any evidence of its acting directly on Ire1p in vivo, although null mutants of

ptc2 had an elevated UPR response suggesting its involvement in the pathway. In a

more recent study Guo and Polymenis, found a genetic interaction between the

phosphatase DCR2 (dose-dependent cell-cycle regulator 2) and IRE1.They were also

able to show that null mutants of dcr2 had an elevated UPR response, that Dcr2p

interacted with Ire1p in vivo and that Dcr2p dephosphorylated Ire1p in vitro, again

suggesting but not proving its direct action on Ire1p. Hence, either or both of these

phosphatases are potentially involved in dephosphorylating Ire1 and down regulating

signaling during the unfolded protein response.

Given the role of the above phosphatases we would predict that their absence,

as in a null mutant, would not only lead to an elevated UPR response but in addition

would cause a sustained UPR response once activated, similar to the response of Ire1-

S840DS841DT844D mutant, which has a phospho-mimetic activation loop. But contrary

to our expectations, this was not the case in either the ptc2 or the dcr2 null mutants (Fig

4.1). In both cases, HAC1 RNA splicing was activated and turned off in a manner similar

to wild type yeast cells. This could be due to the redundancy between the two

phosphatases, which seems unlikely as the deletion of each separately did not cause

even a mild phenotype. Another possibility is that some other phosphatase
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dephosphorylates Ire1's activation loop. Hence, inspite of the physical interaction

between these phosphatases and Ire1, they are probably not involved in

dephosphorylating Ire1’s activation loop.

Screen for phosphatases

In the absence of the phosphatase(s) that is involved in UPR, we expected to

see one of several phenotypes. Firstly, it was possible to see constitutive splicing of

HAC1 in the event that dephosphorylation of Ire1 was required to keep it off in the

absence of stress. Or secondly, we could observe that splicing needed to be activated

but once activated it did not turn off as in the Ire1-S840DS841DT844D mutant, indicating

that the phosphatase might be involved in dephosphorylating Ire1's activation loop. With

these phenotypes in mind, I performed a screen to identify the phosphatase, as

explained below.

Phosphatases fall into 4 different classes and are classified on the bases of well-

defined sequence motifs as well as their biochemical activities. Most phosphatase

subunits that have catalytic activity are physically associated with other non-catalytic

subunits. In most cases these are regulatory subunits that are found in different

complexes with the phosphatase, as it dephosphorylates different substrates, possibly

imparting substrate specificity to the phosphatase. While the catalytic subunits

themselves are conserved, the regulatory subunits vary and are not easy to predict.

The yeast genome database (www.yeastgenome.org) lists 45 genes with a

putative ‘phospho protein phosphatase’ function, i.e. proteins that are either regulatory or
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catalytic subunits involved in dephosphorylating other proteins. Of these, 4 are essential

genes. I obtained 40 of the non-essential deletion strains from the Research Genetics

deletion collection and examined their response to UPR stress. In the primary screen I

induced UPR with tunicamycin and observed the levels of spliced HAC1 in the

uninduced (0hr) state as well as at the later part (8hrs) of the timecourse, to check for

the predicted phenotypes, on a northern gel. Figure 4.2 shows the northern for 14 of the

deletion strains tested. The remaining 23 that were tested gave a similar phenotype. A

complete listing of deletion strains that I tested, can be found in the materials and

methods section below. I did not get any deletion strain with constitutively spliced HAC1,

indicating that neither of these phosphatases was regulating a dephosphorylation event

required to keep Ire1 off in the absence of stress. But the primary screen yielded 2

genes (sit4 and sap155) that had higher levels of spliced HAC1 at 8hrs, mimicking that

of Ire1-S840DS841DT844D. Upon doing a more detailed UPR time course in my yeast

strain background with tunicamycin as the UPR inducer, I confirmed one of them

(sap155) as having a sustained HAC1 splicing phenotype (Fig 4.3), in that it did not

recover from ER stress and turn off splicing like wild type cells.

Sap155 and Sit4

Sap155 (SAP-Sit4 Associated Protein) is a regulatory subunit and/or substrate of

the Sit4 phosphatase and does not have any catalytic activity of its own [12]. The Sit4

protein phosphatase has been most well studied for its role in the cell cycle in late G1 for

progression into S phase [13], and is associated with various regulatory subunits

including Sap155, Sap185, Sap190 and Sap4 amongst others [10]. The Sap155 subunit

has been shown to be involved in a myriad roles in the cell in conjunction with Sit4. For
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instance, Sap155 as a subunit of Sit4 is involved in the TOR pathway [14] and gets

activated in response to nitrogen starvation. Also, in conjunction with Sit4, it plays a role

in regulating K+ efflux by acting on Nha1p, a cation/H+ antiporter [15]. In the light of the

above known roles of Sap155, it was possible that the reason for the sustained HAC1

splicing phenotype in the Δsap155 strain might be an indirect affect on UPR instead of a

more direct affect on Ire1. It has been shown that the Δsap155 cells have a lower cellular

concentration of potassium ions, and growing these cells in the presence of 100mM KCl

relieves their hygromycin sensitivity. Hence, in order to test if the sustained HAC1

splicing in Δsap155 cells was an indirect effect caused by reduced potassium levels, we

induced UPR in the presence of 100mM KCl in the growth media. In the presence of

100mM KCl, Δsap155 cells continued to show sustained HAC1 splicing (Fig 4.6), in fact

even the wild type cells were delayed in recovery. Thus, the decreased K+ ion levels did

not explain the phenotype of Δsap155 cells.

To our surprise we found that the sit4 null mutant in the W303-1a strain

background did not show sustained splicing when treated with tunicamycin as in the

sap155 null mutant (Fig 4.3). It was hard to conclusively determine the involvement of

Sit4p in the unfolded protein response, as the Δsit4 strain in the W303-1a background

had a severe growth defect, and doubled in about 3 hours as opposed to the wild type

doubling time of about 90 minutes. With such a defect in growth, the overall translation

and hence the overall ER protein folding load is most likely lower in the Δsit4 strain,

making it difficult to compare HAC1 splicing kinetics between a Δsit4 and wild type

strain. In order to investigate this further I made the sit4 null mutant in the BY4741

(Research Genetics) yeast strain background, wherein the sit4 knockout did not exhibit
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such a growth defect. But inspite of that, the sit4 null mutant did not exhibit sustained

HAC1 splicing (Fig 4.4), unlike the sap155 null mutant, raising the possibility of Sap155p

associating with another catalytic phosphatase subunit. We also tested to see if the lack

of a phenotype in the Δsit4 strain could be because of the redundancy between Ptc2 and

Sit4 phosphatases, i.e. in the absence of Sit4, Ptc2 could function as the catalytic

subunit of Sap155. For this we obtained the double knock out of ptc2 and sit4 as a gift

from S. Harashima, Osaka university, Osaka [16], but the double mutant also recovered

with wild type splicing kinetics upon induction of ER stress (Fig 4.5).

Normal recovery from ER stress in the Δsap155 strain upon washing away

tunicamycin

In the previous chapter we have seen that removing the UPR inducing drug from

the media and allowing wild type cells to recover in fresh media, leads to a faster rate of

recovery than when the drug is continuously present. This was expected as upon

washing away the drug, the load of unfolded proteins sensed by Ire1's lumenal domain

goes down and the recovery process is initiated sooner. Unlike wild type cells, cells

bearing phosphomimetic Ire1-S840DS841DT844D, did not recover from ER stress even

after washing away the drug, suggesting an inherent defect in this Ire1 mutant to

respond to ER stress recovery. The sap155 null mutant displayed a sustained HAC1

RNA splicing phenotype akin to Ire1-S840DS841DT844D in the continuous presence of

Tm. But in contrast to the Ire1-S840DS841DT844D mutant, when Tm was washed away

from the media, the sap155 null mutant cells also recovered from ER stress albeit a little

slower than wild type (Fig 4.7). In addition, we also observed that in the continuous

presence of DTT, another UPR inducer, the sap155 null mutant cells behaved like wild
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type cells and recovered from ER stress (Fig 4.8). These observations indicated that the

sap155 null mutant was phenotypically distinct from the Ire1-S840DS841DT844D

mutant, suggesting that Sap155p was most likely not involved in dephosphorylating the

Ire1 activation loop. Because of these observations we have not pursued the study of

the Δsap155 phenotype further.

Summary

Most cellular signal transduction pathways that involve kinases also involve

phosphatases, with the role of the phosphatase being in down regulation of signaling.

We observed that the Ire1 mutant with a phosphomimetic activation loop, activated

HAC1 splicing upon induction with Tm, but could not turn off splicing with wild type

kinetics. The sustained HAC1 splicing of the Ire1-S840DS841DT844D mutant cells was

presumably because of an inability to dephosphorylate the activation loop, suggesting

that in the absence of the phosphatase that acts on the activation loop, splicing should

also be sustained. Two phosphatases, Ptc2 and Dcr2, have been shown as involved in

the UPR, although their direct action on Ire1 has not been confirmed. Neither ptc2 nor

dcr2 deletion strains showed sustained HAC1 splicing, indicating that neither of these

phosphatases act on Ire1's activation loop. Hence, we decided to screen the

phosphatase deletion collection for a sustained HAC1 splicing phenotype upon UPR

induction. Our screen yielded one potentially interesting candidate Sap155, which is the

regulatory subunit of the Sit4 phosphatase. A strain deleted of Sap155, showed

sustained HAC1 splicing like Ire1-S840DS841DT844D in the continuous presence of the

UPR inducer tunicamycin. But surprisingly, when the drug was washed out splicing

recovered just like wild type cells, indicating that the Δsap155 cells were phenotypically
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distinct from the Ire1-S840DS841DT844D mutant cells. This suggests that the sustained

splicing seen in the Δsap155 cells, in the continuous presence of Tm, was most likely not

due to an inability to dephosphorylate Ire1's activation loop but presumably due to the

Δsap155 cells experiencing prolonged ER stress, so that, when the drug was removed,

splicing also recovered. In summary, none of the 40 non-essential phosphatase deletion

strains we screened, gave us the expected phenotype. This might be because of the

redundancy between phosphatases, but it is rather surprising that the single deletions

did not even have a mild phenotype. It is also possible that one of the four essential

yeast phosphatases might be involved in dephosphorylating Ire1's activation loop. Again,

that would be surprising as all of the known genes involved in UPR signaling are non-

essential for growth in the absence of stress. Thus, the identity of the phosphatase that

acts directly on Ire1's activation loop needs to be further investigated.
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Materials and Methods

Cell culture and growth conditions

The cell culture and growth conditions were as described in chapter 3 materials

and methods section.

Isolation of RNA and northern blot analyses

Isolation of RNA and northern blot analyses was done as described in chapter 3

materials and methods section.

List of primers used:

1. Northern probe for KAR2 gene

A005F: CCCCATCTTACGTGGCATTCACC

A006R: CCAAACCGTAGGCAATGGCGGC

2. Sap155 knockout cassette with pRH728 (KanMx)

A096F:

TTTTACAAAAGAAAAGAAAAAAAAGACGAAAACAACAAGCCAGAGTAAAGCA

GCTGAAGCTTCGTACGC

A097R:

TATAAATTAATATATATATATACAAATTAAAGAAAAGTACAAAACAATGTGCAT

AGGCCACTAGTGGATCTG

3. Primer to check correct knockout of Sap155

A098F: CCGAAATGACAACAAAATGAG

A099R: GGATGATACCAATGGACTAGG

4. Siw14 knockout cassette with pRH728 (KanMx)
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A100F:

CTACTCTCTTCTGGATCAATTTTTCTTTTTCATCTAAAGTTTAAAAGGAGCAG

CTGAAGCTTCGTACGC

A101R:

AACATCATTTTCGAAGAGACTAGTTACGTAAAGGTAATCACTGTCTACATGC

ATAGGCCACTAGTGGATCTG

5. Primer to check correct knockout of Siw14

A102F: GCTCGCCAACTTGGAAGC

A103R: CGCTCAAGATTTCAAGACCG

6. Sit4 knockout cassette with pRH728 (KanMx)

A104F:

TGAAATACTATTGAAGCTCAAAAACATCCATAATAAAAGGAACAATAACACAG

CTGAAGCTTCGTACGC

A105R:

TATTGTGAAAATTATTTTTATTCGTCGAGTTAGGGAGGGCATGCCGTCGTGC

ATAGGCCACTAGTGGATCTG

7. Primer to check correct knockout of Sit4

A106F: GCGATACTTCCGTGTTAAGTG

A107R: GCTTTTCTGCCTTGGCG

8. Primer to check knockout of Dcr2

A108F: GGAGGAAAAGTTGGGCGAG

A109R: CTGTCTCTGATGTCGCAGG

9. KanMx (kanamycin deletion cassette) internal primers

A031F: TTAGAAAAACTCATCGAGCATC (3'end of KanMx)
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A032R: ATGGGTAAGGAAAAGACTCAC (5'end of KanMx)

10. Clonnat (Nat1 deletion cassette) internal primers

A118F: GGGTACCACTCTTGACGACACGG

A119R: GCAGGGCATGCTCATGTAGAGCG

List of phosphatase deletion strains from the Research Genetics deletion

collection that were tested in the screen:

PPZ2 PPH2 PTP1 PPH3 PTC7 SDP1

PTC5 PTP2 PPQ1 RTS1 RTS3 MIH1

SIW14 CMP2 SAP185 CNB1 SAP190 YVH1

OCA1 LTP1 PPG1 MSG5 PTC1 PPH21

YLR079W SIT4 PPS1 PTC4 PTC3 CNA1

PPZ1 PSR1 PSR2 PTC2 SAP155 PPT1

SAP4 YGR203W PTP3
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Table 4.1: List of Yeast Strains

Strain Genotype Source/Reference

MNY1000 MATa; ura3-1; leu2-3-112; his3-11-15; trp1-1; ade2-

1; can1-100

R. Rothstein

MNY1013 Same as MNY1000, except ire1::URA3 Cox et al. 1993

ACY056 Same as MNY1013 except sap155::KanMx This study

ACY057 Same as MNY1000, except siw14::KanMx This study

ACY063 Same as MNY1000, except sap155::KanMx This study

ACY064 Same as MNY1013 except siw14::KanMx This study

ACY065 Same as MNY1000, except siw14::KanMx and

sap155::NatR

This study

BY9067 MATa; ura3-1; leu2-3,112; trp1-1; his3::CgHIS3;

ade2-1; can1-100; rad5-535

Sakumoto et al.,

2002

BY9004 Same as BY9067, except that sit4::CgHIS3; his3-

11,15

Sakumoto et al.,

2002

BY9009 Same as BY9067, except that ptc2::CgHIS3; his3-

11,15

Sakumoto et al.,

2002

BY9910 Same as BY9067, except that sit4::CgHIS3;

ptc2::CgTRP1; his3-11,15

Sakumoto et al.,

2002
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Fig 4.1: PTC2 and DCR2 deletions do not affect the kinetics of deactivation of
HAC1 splicing.
Δptc2 and Δdcr2 yeast strains were induced with tunicamycin for 8hrs and splicing of
HAC1 was followed on a northern gel.



117

Fig 4.2: Screen for a phosphatase involved in UPR signaling.
The above 14 deletion strains were induced with tunicamycin for 8hrs and splicing of
HAC1 was followed on a northern gel. None of the above tested positive for either
constitutive HAC1 splicing or sustained HAC1 splicing upon UPR induction. 23 other
deletion strains that were tested also gave a similar phenotype.
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A.

B.

Fig 4.3: Sustained HAC1 splicing in the Δsap155  strain upon UPR induction.
A. Wild type, Δsap155 and Δsit4 cells in the W303 yeast strain background were induced
with tunicamycin for 8hrs and splicing of HAC1 was followed on a northern gel. SCR1 is
used as a loading control for total RNA.
B. % Spliced HAC1 was calculated as the amount of spliced HAC1 over total HAC1 and
plotted with respect to time.
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Fig 4.4: Sustained HAC1 splicing in Δsap155  strain upon UPR induction.
Wild type, Δsap155 and Δsit4 in the Research Genetics (BY4741) yeast strain
background were induced with tunicamycin and splicing of HAC1 was followed on a
northern gel. SCR1 is used as a loading control for total RNA. The northern was also
probed for KAR2 mRNA.
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Fig 4.5: The combined mutant of Δptc2 and Δsit4 behaves exactly like the single
deletions.
Wild type, Δptc2 and the double mutant Δptc2+Δsit4 strains were induced with
tunicamycin for 8 hrs and splicing of HAC1 was followed on a northern gel. SCR1 is
used as a loading control for total RNA.
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Fig 4.6: Presence of 100mM KCl in the medium did not alter the sustained HAC1
splicing in the Δsap155 strain.
Wild type and Δsap155 strains were induced with tunicamycin for 8 hrs in the presence
or absence of 100mM KCl and HAC1 splicing was followed on a northern gel.
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                           Wild Type                                         ΔSAP155

Fig 4.7: HAC1 splicing recovery is hastened in ΔSAP155 cells after washing away
tunicamycin, just as in wild type cells.
A. Wild type and Δsap155 cells were induced with Tm for 2 hrs, and then drug was
removed by replacing with fresh media. Splicing of HAC1 was followed for the next 5 hrs
on a northern gel.
B. % Spliced HAC1 was calculated as the amount of spliced HAC1 over total HAC1 and
plotted with respect to time.

A.

B.
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Fig 4.8: UPR induction with 2mM DTT activates and deactivates HAC1 splicing
with similar kinetics in both wild type and ΔSAP155 cells.
Wild type and Δsap155 cells were induced with 2mM DTT for 5 hrs and splicing of HAC1
was followed for on a northern gel.
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Ire1 is the only transducer of the unfolded protein response in yeast. It is a highly

conserved protein, with homologues in all eukaryotes, from yeast to mammals. Ire1 is

unprecedented in nature as it has two functional domains, a kinase and an

endoribonuclease, both within the same protein molecule. Biochemical characterization

of Ire1 has revealed earlier that it is an active kinase for autophosphorylation, as well as

an active nuclease, cleaving an intron from in vitro transcribed HAC1. Surprisingly the

presence of any adenine-based nucleotide could activate the Ire1 nuclease in vitro,

suggesting that the nucleotide was not necessarily involved in phosphor-transfer but

rather that it played an alternate role important for activating Ire1. This observation

correlated with our finding that nucleotide binding caused an essential conformational

change. In the absence of the ability to bind nucleotide, as in Ire1-K702A, the nuclease

could not be activated, and in the case of Ire1-D828A, where nucleotide could bind but

without the associated conformational change, the nuclease lost the deactivation trigger,

leading to a sustained phenotype,  reiterating the importance of the conformation

change. The ability of Ire1 to become equally well activated, in the presence of either

ATP or ADP, might prove useful in vivo as it would allow an alternate nucleotide like

ADP to activate Ire1 when energy (ATP) becomes limiting.

In addition, we found that Ire1 could bind non-specifically to several RNAs,

implying that the specificity of the nuclease for HAC1 was coming from the structural

requirements imposed by Ire1's catalytic site and a regulated accessibility of RNA to

Ire1. In the event that this observation was not an artifact caused by the assay, it would

seem that in vivo another specificity factor might present HAC1 RNA to Ire1. In vitro, the

question of accessibility usually does not arise, unless there is an excess of competitor
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RNA such as ACT1 or pre-tRNAphe, which as we saw inhibits the cleavage of HAC1. The

specificity factor in vivo would allow HAC1 to easily access Ire1 and get cleaved by it.

Although, our prime candidate, tRNA Ligase which is an essential component of the

splicing reaction, turned out to not be the specificity factor, it suggested that a novel

factor was presenting HAC1 to Ire1 in vivo. Even though a screen looking for UPR

components has been done in the past [1, 2], it is possible that the screen was not

saturated and more screening might yield such a novel component.

Interestingly, HAC1U RNA has a pseudo-branch point (UACUAAG) in its intron

[3], but its function in vivo is not known. In classical spliceosome mediated splicing, the

branch point has a very important role to play and serves as one of the sequences that

is recognized and bound by the splicing machinery. It is possible that some of the

proteins that recognize and bind to the pseudo-branch point in HAC1U could be involved

in presenting HAC1U RNA to Ire1. Of course, this would imply that Ire1 cleaves HAC1 in

the nucleus, where the splicing machinery resides. Even though both forms of HAC1

transcript, HAC1U (unspliced) and HAC1I (spliced/ induced) were found associated to

cytosolic polyribosomes [4-6], recent evidence in literature points to the nuclear cleavage

of HAC1 by Ire1. Firstly, Ire1 was shown to have a nuclear localization sequence (NLS)

[7] and secondly, Ire1 was found to localize to the inner nuclear membrane upon

fractionation of cellular contents [8]. Also, tRNA Ligase, which ligates the spliced HAC1

exons is known to function only in the nucleus.

In addition, a change in chromosomal location from the nucleoplasm to the

nuclear periphery has been shown recently to be important for transcriptionally
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upregulating a UPR target gene [9]. The authors describe that INO1, a UPR target,

doesn’t get upregulated in the absence of Hac1p, but this effect is bypassed by targeting

the INO1 gene to the nuclear periphery, suggesting a critical role for the localization.

Since HAC1 mRNA itself gets upregulated by Hac1p during UPR, it is possible that its

localization also changes to the nuclear periphery upon UPR induction, allowing for easy

access of the newly transcribed HAC1 RNA to Ire1 at the inner nuclear membrane. This

would provide an alternate mechanism for achieving cleavage specificity by Ire1. All of

the above suggest a possibility for nuclear membrane localized splicing for providing

specificity of cleavage by Ire1, but further study will be needed to provide a conclusive

answer.

The bi-functional nature of Ire1, allowed us, as described in chapter 3, to unravel

a novel role of the kinase DFG motif in down regulating the nuclease activity of Ire1. The

role of the highly conserved DFG motif in nucleotide binding is well established, but

here, using Ire1’s nuclease activity as an assay, we were able to define its important role

in functioning as a conduit for transmitting conformational changes from Ire1’s luminal

domain to the nuclease domain, for triggering deactivation. Interestingly, while the DFG

motif mutant Ire1 was able to activate the nuclease like wild type, once activated, the

nuclease activity was sustained, even after restoration of ER protein folding

homeostasis, implying that the DFG mutant Ire1 was rendered insensitive to changes in

the ER lumen. It is known that single pass transmembrane alpha helixes, such as in

Ire1, cannot trasmit conformational changes from one side to the other, but once

activated, Ire1 oligomerizes and the tandem helixes should now be poised to allow the

transmission of conformational changes from the ER luminal domain to the nuclease
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domain via the kinase domain. This would serve as a mechanism for keeping Ire1’s

activity sensitive to information from the ER lumen, even upon restoration of ER folding

homeostasis. In addition, the highly conserved nature of the DFG motif implies that its

novel role might be applicable in down regulation of other transmembrane receptor

kinases as well.

From this study we have identified two steps that are required to happen for the

Ire1 nuclease to be turned off. Firstly, after the recovery of ER stress, a signal in the

form of a conformational change traverses from the ER lumen to the cytosolic RNase via

the kinase domain, and secondly, the activation loop needs to be dephosphorylated, as

indicated by the sustained splicing of the phosphomimetic mutant. The recent crystal

structure of Ire1, in addition to placing the DFG motif at the base of the activation loop in

the kinase pocket, as in other kinases, also predicts that the unphosphorylated activation

loop of Ire1 blocks access of nucleotide to the kinase pocket, as seen by a lack of the

ability of the kinase inactive Ire1-D797A mutant to bind nucleotide. The ability of Ire1-

D828A to bind nucleotide thus came as a surprise, and that along with its ability to

convert the non-phosphorylatable activation loop mutant into an active RNase,

supported our hypothesis that the activation loop in Ire1-D828A was partially mimicking

the phosphorylated state. In addition, it is possible that in vivo the dephosphorylation of

the activation loop serves as a trigger to kick off the nucleotide from the wild type kinase

pocket, but in Ire1-D828A, where the loop is not phosphorylated in the first place, the

nucleotide kick-off event is delayed. Even though Ire1-D828A has similar in vitro

equilibrium nucleotide dissociation constants as wild type Ire1, it is possible that in vivo,
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the net nucleotide pocket occupancy of Ire1-D828A is lengthened. This delay in release

of nucleotide might be a cause for the delay in turning off the Ire1-D828A nuclease.

During attenuation, dephosphorylation of Ire1 predicts the involvement of a

phosphatase(s), a phenomenon common to most signaling pathways that involve

kinases. To date, two phosphatases, Ptc2 and Dcr2, have been reported to be involved

in the UPR [10, 11]. Curiously, neither ptc2 nor dcr2 knockout cells displayed significant

changes in their UPR deactivation kinetics as compared to WT cells, unlike the

phosphomimetic Ire1 mutant. Currently, the reasons for these phenotypes remain

unclear. It is possible that these phosphatases dephosphorylate UPR component(s)

other than Ire1, although both have been reported to physically interact with Ire1. We

also screened several other phosphatase deletion strains for a sustained UPR response,

but the screen did not yield any candidate that dephosphorylates Ire1’s activation loop.

Future study will be required to uncover the identities of Ire1 phosphatase(s) and to

define the biochemical roles of Ptc2 and Dcr2 during the UPR.

Thus we have discovered an internal switch in Ire1 that couples the DFG motif’s

conformational change and activation loop’s phosphorylation status, to allow Ire1 to be

turned off in a timely manner, in response to the information received from the ER

luminal sensor domain. Our finding that Ire1 can be trapped in an activated state, for an

extended length of time, by modulating the DFG motif in the kinase pocket, may provide

the bases for the development of novel strategies for augmenting insufficient UPR

activity in certain human diseases, such as juvenile diabetes, that correlate with

insufficient UPR activation [12]. In addition, we also saw that sustained UPR activation
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was toxic to cellular growth, and rendered Ire1-D828A cells more sensitive to UPR

inducing drugs. Thus, through the above work we have described the mechanism of Ire1

down regulation with the important role played by the kinase domain in that process, and

have established that timely attenuation of UPR is as crucial an event as is regulation of

UPR activation.
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APPENDIX A.1

A possibility of Ire1 phosphorylation by the Inositol

Pyrophosphate IP7

134



135

Introduction

Activation of phosphoinositide-specific phospholipase C (PLC) generates an

ensemble of intracellular inositol phosphates (IP) [1, 2] that serve diverse biologic

functions. The best characterized amongst them is inositol 1,4,5-trisphosphate (IP3),

which mediates the release of intracellular calcium stores [3], and serves as a precursor

to more highly phosphorylated IP molecules. In mammals, inositol pyrophosphates, such

as diphosphoinositol pentakisphosphate (5PP-IP5 or IP7) and bis-diphosphoinositol

tetrakisphosphate ([PP]2-IP4 or IP8) [1, 4, 5] are formed by a family of three evolutionarily

conserved inositol hexakisphosphate (IP6) kinases (IP6Ks) [6, 7]. Budding yeast have

two IP6 kinases, Kcs1 and Vip1 [8], which convert IP6 to different enantiomeric forms of

IP7. The pyrophosphate moieties contain energetic bonds that turn over rapidly with a

similar free energy of hydrolysis as that of ATP [9]. It was shown recently that IP7

physiologically transfers the beta-phosphate of the pyrophosphate moiety to several

target proteins, in an ATP and enzyme independent manner [10], implying a major role

in intracellular signaling. Functions of inositol pyrophosphates include regulation of

endocytosis [11], chemotaxis [12], and apoptosis [13, 14]. It has also been shown

recently that IP7 is required for the full exocytotic capacity of insulin secreting pancreatic

beta cells [15] as well as the regulation of phosphate metabolism through the cyclin-

CDK-CDK inhibitor complex in budding yeast [16].

Role of Ire1 and UPR in Inositol metabolism

The gene for Ire1 was cloned through the genetic complementation of a myo-

inositol auxotrophic mutant [17]. In addition, ire1Δ, hac1Δ and rlg1-100 (tRNA ligase)

mutants are inositol auxotrophs [18-20], a phenotype associated with defects in the
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expression of genes related to phospholipid metabolism, especially of INO1, the

structural gene encoding myo-inositol-3-phosphate synthase. Both of the above suggest

an important role for UPR in inositol metabolism but the exact mechanism of how Ire1

responds to inositol levels is debatable in the field.

Phosphorylation of Ire1 by IP7 based on sequence similarity

Saiardi et al., showed recently using radiolabeled IP7 that several eukaryotic

proteins were phosphorylated by transfer of the beta-phosphate of IP7. This transfer

happened in an ATP and enzyme independent manner but required Mg2+ as a cofactor.

They identified three of the most prominent IP7 dependent phospho-proteins in yeast

extract as NSR1 and SRP40, both nucleolar proteins involved in ribosome biogenesis

and YGR130c, a protein of unknown function. Upon probing further into the region of

these proteins that gets phosphorylated by IP7, the authors were able to establish that

each of these proteins contained stretches of serine residues surrounded by acidic

amino acids on one side and lysine residues on the other, both of which were critical for

incorporation of the beta-phosphate of IP7 onto the protein. For e.g. the stretch of amino

acids 71-100 in Nopp140, the mammalian homologue of SRP40 is as follows:

NRPVTKKVKKETSSSDSSEDSSEEEDKAQG

Surprisingly, we found that the linker region of yeast Ire1 has a similar stretch of

serine residues surrounded by lysines or arginines and acidic residues:

SEKDNDDADEDDEKSLDLTTEKKKRKRGSRGGKKGRKSR (aa 621-659). Since, not

much is known about how Ire1 responds to changes in inositol levels in the cell and

regulates inositol metabolism, we hypothesized that changes in the levels of IP7 in the
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cell would lead to a modification of Ire1, in turn affecting its RNase activity. At the

moment we have only one way of assessing Ire1's activity in vivo, and that is through

changes in levels of HAC1 splicing. Thus, any change in Ire1 that does not manifest as a

change in HAC1 splicing will be missed by this assay, giving us a very narrow view of

changes in Ire1.

Impact on UPR of cellular levels of IP7

First we wanted to see if the modification of Ire1 by IP7 has any impact on Ire1's

ability to respond to ER stress. In order to test this our first approach was to mutate two

of the serines (S635 and S649) in the linker stretch to alanine, and test the ability of this

mutant Ire1 to respond to ER stress. Both the single and double mutant Ire1's behaved

exactly like wild type in terms of splicing HAC1. This was not that surprising as Siardi et

al., [10] have shown that with Nopp140, they could see a substantial decrease in

phosphorylation by IP7 only when multiple serines were mutated to alanines at once. Our

second approach was to test the UPR response of the mutant yeast strains kcs1Δ, vip1Δ

and ddp1Δ . Kcs1 and Vip1 are IP6 kinases that synthesize IP7, and Ddp1 is the

phosphatase that converts IP7 and IP8 to IP6. These mutants presumably created

situations of either excess IP7 or lack of IP7 in the cell, but again the UPR response in

terms of splicing HAC1, of these mutant strains was similar to that of wild type cells (Fig

A.1.1). Thus, it seems unlikely that the modification of Ire1 by IP7, if any, has any impact

on Ire1's ability to splice HAC1 in response to ER stress. In the absence of any other

means of testing Ire1 activity, we feel that this question of the affect of IP7 on Ire1 will

have to wait to be conclusively answered. In the meantime, we postulate that since wild

type cells when grown in media lacking inositol induce a UPR response through Ire1,
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including transcription of KAR2 and INO1 [21], there must be a way that the lack of

inositol is communicated to Ire1, and whether IP7 has a role in that remains to be seen.

Materials and Methods

Cell culture and growth conditions

The cell culture and growth conditions were as described in chapter 3 materials

and methods section.

Isolation of RNA and northern blot analyses

Isolation of RNA and northern blot analyses was done as described in chapter 3

materials and methods section.

List of Primers:

1. VIP1 knockout cassette with pRH1838 (Clonnat)

A140F:

GAGTGGGATAAAGAAGGAACCGATTGAATCTGATGAGGTTCCTCAACAAGA

GAC CAGCTGAAGCTTCGTACGC

A141R:

GTCTTGTTAACGGAGGTAGATGATGAAGATCCGGACGAGGCAGGACGTTTC

AAC CATAGGCCACTAGTGGATCTG

2. KCS1 knockout cassette with pRH1838 (Clonnat)

A138F:

GGATACCTCTCACGAAATTCATGATAAAATACCCGATACATTAAGAGAGCAG

CAGCAGCA CAGCTGAAGCTTCGTACGC
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A139R:

CAATCACTAACTTGAGCATCGTCATTGTATCTTGGTTCAGCGTCGAAAATAA

GCTCG CATAGGCCACTAGTGGATCTG

3. KCS1 knockout using the Research Genetics KanMx cassette

A120F: GCACGAAACATTGACACCC

A121R: CCATTCAGACCATTCAAGATTG

4. VIP1 knockout using the Research Genetics KanMx cassette

A122F: GGTAGATCCCAATGTACCAG

A123R: CTAGAAGTTCTCCTCGAGG

5. DDP1 knockout using the Research Genetics KanMx cassette

A126F: CGCGGATTTAACTCCGTTCAC

A127R: GATATCGAAGATAGCACGGTGG

Table A.1.1: List of Plasmids

Plasmid Description Backbone Source/Reference

pCS110 Wild type IRE1 gene (trp) pRS314 Cox et al., 1993

pAC10 S635A mutation in IRE1 pCS110 This study

pAC11 S649A mutation in IRE1 pCS110 This study

pAC13 S635A and S649A mutation in

IRE1

pCS110 This study



140

Table A.1.2: List of Yeast Strains

Strain Genotype Source/Reference

MNY1000 MATa; ura3-1; leu2-3-112; his3-11-15; trp1-1; ade2-1;

can1-100

R. Rothstein

MNY1013 Same as MNY1000, except ire1::URA3 Cox et al. 1993

ACY068 Same as MNY1000 except ddp1::KanMx This study

ACY067 Same as MNY1000 except vip1::KanMx This study

ACY066 Same as MNY1000 except kcs1::KanMx This study

ACY035 Same as MNY1013 with [pAC13] This study

ACY034 Same as MNY1013 with [pAC10] This study

ACY033 Same as MNY1013 with [pAC11] This study
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Fig A.1.1: HAC1 splicing kinetics are very similar to wild type in ΔKCS1, ΔVIP1 and
ΔDDP1 cells.
UPR was induced with 2mM DTT in wild type, ΔKCS1, ΔVIP1 and ΔDDP1 cells. Cells
were collected at the indicated time points to check for HAC1 splicing on a northern gel.
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