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Transcriptional and Translational Regulation of HAC1 mRNA

in the Unfolded Protein Response

by

Jess Herter Leber

Abstract

In eukaryotic cells, an accumulation of misfolded proteins in the endoplasmic

reticulum (ER) triggers a change in gene expression without which cells could not

survive. Information is transmitted from the ER to the nucleus by an intracellular

signaling pathway, termed the unfolded protein response (UPR). The bifunctional

transmembrane endoribonuclease Irelp both senses adverse folding conditions in the ER

lumen and subsequently initiates non-canonical splicing of HAC1 mRNA in the

cytoplasm. Spliced HAC1 is translated to produce the bZip transcription factor Haclp,

which then enters the nucleus and activates the transcription of UPR target genes.

Targets include ER lumenal chaperones, components of the ER-associated degradation

pathway, and phospholipids important for ER and other membranes. Thus, regulation of

Haclp is of paramount importance for cellular survival of misfolded proteins. This thesis

describes my work toward understanding two mechanisms regulating Haclp abundance.

The regulated splicing of HAC1 mRNA by Irelp provides a “switch” governing

Haclp abundance, causing the removal of an intron that otherwise attenuates translation.

In the unspliced message, the HAC1 intron directly base-pairs with the 5’ untranslated

region (5’ UTR), trapping ribosomes and preventing their further elongation. This HAC1

polyribosome complex waits poised in the cytoplasm; upon UPR activation, removal of

the intron by Irelp allows the ribosomes to resume translation, and Haclp is quickly and
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robustly made. This unique “intramolecular anti-sense” regulation both efficiently

represses Haclp production in uninduced cells and allows for extremely rapid translation

of Hac 1p upon UPR activation.

In addition to having an on/off switch, the UPR also possesses “gain control”.

When cells are subjected to a specific combination of stresses, an IRE1-independent ER

surveillance pathway upregulates the HAC1 promoter to allow for greater Haclp

production. With increased levels of Haclp, the induction of specific target genes is

amplified; if cells cannot correctly boost Haclp levels, they die. Gene expression
e

patterns suggest that a second transcription factor collaborates with Haclp to produce the

“Super-UPR”, but the identity of this “UPR Modulatory Factor” remains unknown. By

thus linking a gain control element to the basic UPR circuit, a simple switch is converted

into a complex response.

■ ºu■ tº/ºr
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Chapter 1

Introduction:

The Unfolded Protein Response in S. cerevisiae — `
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Protein folding in the endoplasmic reticulum

The proper folding and maturation of proteins is an essential task required of all cells.

This mission is compounded for secreted proteins, which must be prepared for an

extracellular, oxidizing environment very different from the intracellular space, and for

membrane proteins, whose hydrophobic nature imposes additional thermodynamic

limitations. The earliest eukaryotic efforts addressing this task likely began with a simple

membrane involution, which conferred the benefit of a defined space in which protein

folding factors could be concentrated, yet still maintained the oxidizing environment

most suitable for the folding proteins. These early efforts led to the evolution of the

endoplasmic reticulum (ER), an organelle dedicated to the tasks of protein folding and

trafficking. The ER is the gateway through which all secreted and membrane proteins

much first pass.

Nascent proteins are delivered to the ER either post-translationally, having been

fully synthesized in the cytoplasm and subsequently translocated into the ER, or co

translationally, in a coupled reaction whereby a translating ribosome directly feeds its

cargo through a translocation complex into the ER as it is being made (reviewed in

(Schnell and Hebert, 2003)). In the ER, proteins are subject to a multitude of

modifications that help them assume the proper structure necessary for their designed

function (reviewed in (Patil and Walter, 2001) and references therein). ER-lumenal

chaperones guide proteins into their correct three-dimensional form. Disulfide bond

isomerases promote the correct linking of cysteine residues necessary for the protein

structure. Carbohydrate modifications aid in folding and also likely influence the

function of the protein. Proteins are often then assembled into multi-subunit complexes

>
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before entering the secretory pathway to be trafficked to their appropriate final

destination.

The ER is a dynamic organelle, capable of adjusting its folding capacity in

response to increased demand. For example, as resting B cells differentiate into

antibody-secreting plasma cells, the ER undergoes massive expansion such that it

occupies a significant volume of the cell (Figure 1-1; (Wiest et al., 1990) and references

therein). By gauging the secretory load of the ER, and adjusting the folding capacity of

the ER accordingly, cells maintain homeostatic control of organelle function.

The Unfolded Protein Response

Eukaryotic cells monitor and adjust the folding capacity of the ER with an unusual signal

transduction pathway, termed the unfolded protein response (UPR) (reviewed in

(Kaufman, 2002; Ma and Hendershot, 2001; Patil and Walter, 2001; Ron, 2002)). In

response to an accumulation of unfolded proteins in the ER lumen, the UPR directs the

coordinated transcriptional activation of a number of genes that aid in the correct

processing of membrane and secreted proteins. Having been initially characterized in the

yeast Saccharomyces cerevisiae, the UPR is conserved amongst all eukaryotes studied.

In yeast, three components of the pathway have been described to date: IRE1, encoding a

transmembrane endoribonuclease/kinase (Cox et al., 1993); RLG1, encoding trNA ligase

(Sidrauski et al., 1996); and HAC1, encoding a bzip transcription factor (Cox and Walter,

1996). When unfolded proteins accumulate, the UPR regulates the increased abundance

of Hac 1p, which in turn activates the expression of genes that enable the cell to survive



this otherwise lethal stress (Cox et al., 1997; Kozutsumi et al., 1988; Lee, 1987; Travers

et al., 2000; Urano et al., 2000).

Haclp abundance is controlled primarily by post-transcriptional modification of

the HAC1 mRNA, and it is the unique mechanism of this regulation that distinguishes the

UPR from other signal transduction pathways (Figure 1-2). Irelp, spanning the ER

membrane, contains an N-terminal domain that resides in the ER lumen and senses

unfolded proteins. This domain has been shown to interact with ER lumenal chaperones,

and it is believed that this interaction keeps Irelp in an inactive conformation (Bertolotti

et al., 2000). When unfolded proteins accumulate, these chaperones are titrated off Irelp,

which then dimerizes and trans-autophosphorylates (Shamu and Walter, 1996) (Papa et

al., 2003). This, in turns, activates a site-specific endoribonuclease activity in the

carboxy-terminus of Irelp, residing in the cytoplasm, that directly cleaves the HAC1

mRNA (Sidrauski and Walter, 1997). The HAC1" (“u” for UPR-uninduced) mRNA

contains a 252 base intron at the 3’ end of the message that separates the DNA binding

and dimerization domains from a 3’ exon encoding residues important for full Haclp

activity (Mori et al., 2000). Additionally, the HAC1 intron represses the translation of

unspliced HAC1 mRNA (Chapman and Walter, 1997). Irelp cleaves at precise bases

flanking this intron, and the two HAC1 exons are then joined by trNA ligase. This

spliced HAC1 mRNA (“i” for UPR-induced), freed from the translation-inhibiting intron,

is then translated to produce the Haclp' transcription factor. Haclp enters the nucleus,

where it binds to the promoters of UPR-responsive genes, many of which contain at least

one of a number of defined unfolded protein response elements (UPREs) (Mori et al.,

1992; Patil et al., 2004). From early work in mammalian cells, UPR targets were known



to include ER lumenal protein folding chaperones such as KAR2, a member of the Hsp70

family of chaperones, and PDI1, encoding protein disulfide bond isomerase (Dorner et

al., 1990; Kozutsumi et al., 1988; Lee, 1987). A comprehensive genomic expression

analysis of the UPR in yeast by Travers et al., however, revealed the full breadth of the

transcriptional response (Travers et al., 2000)(Figure 1-3). In addition to upregulating

protein folding chaperones, the UPR activates the transcription of genes affecting

virtually every step of the secretory process. These targets include components of the

ER-associated degradation pathway (ERAD) for the disposal of terminally misfolded

proteins, and COPII vesicle components to help clear the ER of correctly folded proteins

that no longer require chaperone assistance.

This work describes the regulation of Haclp abundance. Commensurate with its

central role in the UPR, the expression of Haclp appears to be regulated by multiple

mechanisms. In Chapters 2 and 3 of this thesis, I describe our efforts toward

understanding the regulation of HAC1 translation and transcription, respectively.

Anecdotal and circumstantial evidence, however, suggests that additional regulation of

Haclp expression is likely; ectopic expression of Haclp yields less-than-expected

amounts of Haclp, suggesting that either or both mRNA or protein stability can be down

regulated (J. Leber, C. Patil, and others, personal observations). Furthermore, the

ramifications of the schizophrenic nature of HAC1 mRNA remain largely unexplored;

HAC1 is presumably exported by Pol■ l transcript-specific pathways and components, yet

the chemistry of the HAC1 splicing reaction is clearly akin to that of tRNAs (Gonzalez et

al., 1999). For instance, Inada and Guthrie (Inada and Guthrie, 2004) find that HAC1

mRNA associates with Lhplp, a chaperone normally associated with trNAs and other
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non-coding transcripts. Finally, in Chapter 4, I present data suggesting that Haclp can be

differentially phosphorylated, and discuss the potential implications for modulation of

Haclp activity.

While this thesis has hopefully furthered our understanding of Haclp regulation

and the Unfolded Protein Response, I have no doubt that future researchers will find

many astounding and satisfying stories still hidden in this beautiful signal transduction

pathway.

HACI translational regulation

In Chapter 2 of this thesis, I describe the mechanisms controlling the fate of the

unspliced, HAC1" mRNA. In the absence of UPR induction, why is Haclp" not made?

While splicing by Irelp and tRNA ligase places a new 3’ exon at the end of the HAC1

message, the unspliced mRNA contains sequence that should allow for the production of

a transcription factor, different only in the 18 amino acids at the carboxy tail (Figure 1-4).

At the time of the initial identification and characterization of HAC1 and the Unfolded

Protein Response, it was hypothesized that Haclp" is produced, but is degraded so

quickly as be undetectable (Cox and Walter, 1996). However, Chapman et al. (Chapman

and Walter, 1997) found that Haclp" and Haclp have similar half-lives, thus making the

protein degradation hypothesis unlikely to be correct. Furthermore, they found that

HAC1"mRNA is just as stable as HAC1' mRNA, and is exported from the nucleus to the

cytoplasm where it stably associates with polyribosomes. Intriguingly, a HA-epitope

inserted into the N-terminal region of Haclp was translated, but the full-length protein

was not, suggesting that translation initiates on the HAC1 message but does not elongate
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fully. This translational attenuation was mediated by the HACI 3’ intron, and was

transferable to heterologous messages, but the mechanism of the repression was not clear.

With this knowledge I set out to investigate the mechanism of translational

attenuation of Haclp". Initial attempts at repeating the experiments described in

Chapman et al. proved frustrating, as I found the HAC1 intron insufficient to attenuate

the translation of a heterologous message. Upon comparing the reporter I was using to

those used in Chapman et al., I found that earlier experiments had used a reporter

containing additional cis elements from the HAC1 message (Figure 1-5). I was able to

further define the HAC1 sequences required for translation attenuation, and discovered

that, in addition to the 3’ intron, the 5’ untranslated region (5’ UTR) was absolutely

required. Examination of this region, with the aid of a predicted structure of the HAC1

mRNA created by Chris Patil using the mfold program (Zuker, 2003), revealed am

unpaired stretch of nucleotides within the 5’ UTR, surrounded by paired sequence (Figure

1-6). Further examination revealed complementary nucleotides within the intron.

Subsequent mutation of these sequences established that these regions directly base-pair,

and that this pairing is essential for translational attenuation of the message (Figure 1-7).

In a fruitful and enjoyable collaboration with Ursula Rüegsegger, at that time a

post-doc in the Walter lab, we combined our biochemical and genetic expertise to further

examine this unique mechanism of translational repression (Rüegsegger et al., 2001). In

our paper, we not only resolved previous inconsistencies regarding the minimal HAC1

cis-elements required for translational attenuation of a heterologous reporter, but also

established long-range base-pairing within an mRNA as a unique, “intramolecular” anti

sense mechanism of translational regulation. Of particular personal interest is whether

|
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this mechanism of regulation is conserved in metazoans, in which the HAC1 ortholog

XBP-1 contains a much shorter intron that does appear capable of base-pairing with the 5’

UTR (Calfon et al., 2002; Yoshida et al., 2001). Finally, an auxiliary consequence of our

studies was to establish that HAC1 mRNA can be spliced while ribosome-bound in the

cytoplasm, thereby establishing the topology of Irelp as spanning the ER membrane

between the ER lumen and the cytoplasm.

HACI transcriptional regulation

The unfolded protein response finds a way to humble us at every turn, so it came as no

surprise that translational attenuation turned out to be only one of several mechanisms

regulating Haclp abundance. While Haclp regulates the transcription of a large number

of target genes, scant attention had been paid to the possibility of transcriptional

regulation of HAC1 itself. In fact, hints that HAC1 transcription might be regulated

existed for some time, before their implications became clear. Vlad Denic, while a

rotation student working with Rowan Chapman on potential trans-acting factors involved

in HAC1 translational attenuation, isolated a number of mutants increasing the

fluorescence of a green fluorescent protein (GFP) reporter replacing the HAC1 ORF,

flanked by HAC1 sequence. One of these mutants, generated by insertional mutagenesis

using the Snyder library (Ross-Macdonald et al., 1997), was a partial loss-of-function

allele of PIK1 (pik1-100), a phosphatidylinositol-4 kinase involved in both cytoskeletal

architecture and secretion (Flanagan et al., 1993; Garcia-Bustos et al., 1994; Hama et al.,

1999). Further examination revealed that this mutant activated the GFP reporter not by

disrupting attenuation, but instead by upregulating the HAC1 promoter with which the
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reporter was expressed; even with HAC1 cis-elements repressing translation of the

reporter, a small amount of “leakiness” was amplified by increased promoter activity

(Figure 1-8A).

At this point my involvement with this project began. Rather than attempting to

fully characterize what appeared to be a very unusual mutant allele of PIK1, I instead

chose to focus on what compromised function of PIK1 led to the upregulation of HAC1.

After establishing that the pik1-100 mutant had a defect in secretion (Figure 1-8B), I

quickly moved to better-characterized sec mutants to study HAC1 transcriptional

regulation.

In Chapter 3, I present the result of those efforts. We find that the HAC1

promoter is upregulated in response to a bipartite signal, comprised of ER protein folding

stress and either inositol starvation or elevated temperature. This upregulation is IRE1

independent, revealing that a novel ER surveillance pathway operates in yeast to regulate

the transcription of HAC1. The resulting increase in Haclp production is necessary for

the cells to survive the conditions that trigger this response. This parallel ER-to-nucleus

signaling pathway serves as “gain control” by modifying the UPR-driven transcriptional

program. Based on these data, we now envision a model of the UPR whereby modular

signal transduction elements are combined to allow for a more complex transcriptional

response function. Furthermore, the results suggest a surprising conservation among all

eukaryotes of the ways by which the elements of the UPR signaling circuit are connected.

Unfinished business, loose ends, and perspectives on HAC1 and the UPR



In Chapter 4, I conclude this thesis with thoughts on the future directions of the work I

began in the Walter lab. Hopefully, I will have raised more questions that I have

answered. In particular, I discuss the on-going hunt for the factor(s) involved in HAC1

mRNA upregulation, utilizing a screen developed as a consequence of the plate

phenotype described in Figure 4C. This work is being carried out by Sebastián Bernales,

a talented new student with whom I have greatly enjoyed working. Additionally, I share

data from unfinished projects that will hopefully be useful and appetizing to future

researchers. Specifically, I describe an extension of observations by Ursula Rüegsegger

regarding a peculiar high magnesium requirement for HAC1 mRNA association with

stalled ribosomes. I outline how this empirical biochemical quirk might be used in a

microarray-based approach to discover other mRNAs whose translation is regulated at

the elongation step. Also, I present data regarding the differential phosphorylation of

Haclp during extended secretory stress, and potential interactions between the UPR and

the cell wall integrity pathway that were suggested by Noah Dephore in a rotation

project.
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Figure 1-1: The ER is a dynamic organelle

º

Shown are a resting B cell (left) and an activated, antibody secreting plasma cell (right). J
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Note that in the plasma cell the endoplasmic reticulum occupies a significant portion of º
the cell volume. º
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Figure 1-2: The Unfolded Protein Response in S. cerevisiae

In the absence of ER stress, HAC1" mRNA is exported to the cytoplasm, where it stably

associates with ribosomes. Translation of Haclp" is attenuated by direct base-pairing

between the 5’ UTR and an intron at the 3’ end of the message, trapping elongating

ribosomes. When unfolded proteins accumulate in the ER, activated Irelp endonuclease

splices ribosome-bound HAC1", excising the inhibitory intron. The two HAC1 exons are

then joined by trNA ligase. Translation resumes on the message, producing the Haclp

transcription factor, which enters the nucleus and activates the transcription of target

genes.
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Figure 1-3: Many aspects of secretory pathway function are regulated by the UPR

A schematic diagram of the secretory pathway, with a classification of the genes

identified as targets of the UPR (adapted from Travers et al. (2000)).
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º
Figure 1-4: HACI encodes two different transcription factors

ºº

> f

Upon UPR activation, the HAC1" mRNA is spliced by Irelp and tRNA ligase, removing

a 252 base intron, to produce the HAC1 mRNA. This message is robustly translated to º
produce the Haclp' transcription factor, which activates the expression of target genes. º º,

º*_ º

In the absence of UPR activation, the hypothetical Haclp" is not produced from HAC1",

even though it differs from Haclp' only in the few amino acids at the carboxy terminus.
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Figure 1-5: A comparison of reporters used to study HACI translation attenuation

The reporters used by Rowan Chapman (above the dashed red line), and those used in my

attenuation studies (below the dashed line). Note that in the Chapman reporters, which

meant to focus only on the action of the HAC1 intron, the HAC1 5’ UTR is also present. ºf
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Figure 1-5
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Figure 1-6: A predicted structure of the HAC1" mRNA reveals potential base

pairing between the 5’ UTR and the intron

A hypothetical structure of the HAC1" mRNA was created, using the mfold program with

help from Chris Patil. In many of the possible structures, unpaired regions were present

at both the 5’ UTR and the intron. Visual examination of these regions revealed extensive

stretches of complementarity.
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Figure 1-6

Predicted HAC1 mRNA structure
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Figure 1-7: Direct base-pairing between the HACI 5’ UTR and intron is required

for translation attenuation

The stretches of complementarity in the HACI 5’ UTR (blue icon) and intron (green icon)

were mutated, and the resulting effect on translation attenuation was assayed by Western

blot. Replacing the 5’ UTR sequence with the complementary sequence form the intron

(structure with two green icons, lanes 3 and 4), or replacing the intron sequence with the

5’ UTR sequence (structure with two blue icons, lanes 5 and 6), resulted in derepression

and subsequent expression of Haclp". Replacing both regions with their counterpart,

such that complementarity was restored, results in re-establishment of full translational

attenuation (lanes 7 and 8).
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Figure 1-7
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Figure 1-8: pik/-100 upregulates HACI abundance and is defective for secretion

(A) Northern analysis of HAC1 mRNA in pik1-100 and WT cells. The pik1-100 mutant

produces roughly 5-fold more HAC1 mRNA than WT cells. (B) Invertase secretion

assay. The pik1-100 mutant secretes less efficiently than WT cells (compare 30%

secretion of secreted invertase for pik1-100, vs. 60% for WT cells).

30



■■■

__

__-----■■ --
ºº■■ iº■ a■■ i\).■

Figure 1-8

pik1-100WT

■ “|-■<~

º■
,,■*■<…\e^-

ACT1

!
[…]º,º■ i■ ,■4,FlºT

*

pik1-100

T
l

WT

-

—

I—IIIICCD<>C)CQ>CQ
>

t`~\C)Lt)<+ce)eNe=■ (%)uo■■ auD3SasequêAuI
pik1-100

T
L

WT

|-—i|IIŒCC<>C
LO

<+re»ºNe
30uepunqeæA■ e■ æJ‘VNYHuiLoVH

31



Chapter 2

Block of HAC1 mRNA translation by long-range base pairing is released by

cytoplasmic splicing upon induction of the unfolded protein response
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SUMMARY

Expression of the yeast transcription factor Haclp, which controls the unfolded protein

response, is regulated posttranscriptionally. Hac 1p is only produced when an intron at the

3’ end of its mRNA is removed by a non-conventional, regulated splicing reaction. We

show that a previously unrecognized base-pairing interaction between the intron and the

5’ untranslated region is required and sufficient to block mRNA translation. Unspliced

HAC1 mRNA is stable, located in the cytosol, and is associated with polyribosomes, yet

does not produce protein, indicating that the ribosomes engaged on the mRNA are

stalled. We show that the polysomal, cytoplasmic pool of HAC1 mRNA is a substrate for

splicing, suggesting that the stalled ribosomes may resume translation after the intron is

removed.
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INTRODUCTION

In eukaryotic cells, secreted and membrane-bound proteins are folded and assembled in

the endoplasmic reticulum (ER). The protein-folding capacity of the ER is adaptable:

when the capacity of the ER is exceeded and, as a result, unfolded proteins accumulate in

the ER, an intracellular signaling pathway, the unfolded protein response (UPR), is

induced. The UPR leads to the increased synthesis of ER-resident proteins required for

protein folding as well as many other components of the secretory pathway (Travers et

al., 2000), thus enabling the cell to cope with the increased load of unfolded proteins in

the ER (reviewed in Kaufman, 1999; Mori, 2000; Urano et al., 2000; Patil and Walter,

2001).

In yeast, the expression of UPR-target genes is controlled by the UPR-specific

transcription factor Haclp (Cox and Walter, 1996; Kawahara et al., 1997). Hacl protein

is only detectable in cells when the UPR is induced, although its mRNA is present in

uninduced and induced cells at comparable levels (Cox and Walter, 1996; Kawahara et

al., 1997). The expression of Haclp is therefore regulated posttranscriptionally. The key

regulatory step to allow Haclp synthesis upon UPR induction is the removal of an intron

from HAC1 mRNA by a non-conventional splicing mechanism. In this reaction, HAC1

mRNA is cleaved at two splice sites by the transmembrane kinase/endonuclease Irelp,

and the thus liberated exons are then joined by trNA ligase (Sidrauski and Walter, 1997).

This splicing event is induced by the activation of Irelp, which responds to the

accumulation of unfolded proteins in the ER lumen (Cox et al., 1993; Mori et al., 1993;

Welihinda and Kaufman, 1996; Shamu and Walter, 1996; Bertolotti et al., 2000).
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Both the spliced (HAC1'; “i" for induced) and the unspliced (HAC1"; “u” for

uninduced) form of HAC1 mRNA encode proteins, called Haclp and Haclp",

respectively, which are identical except for their C-terminal tails. Splicing replaces a tail

of 10 amino acids encoded in the intron of HAC1" mRNA with a tail of 18 amino acids

encoded in the second exon of HAC1 mRNA. Only Haclp, however, accumulates at

detectable levels, while Haclp" is apparently not expressed.

Several lines of evidence from previous studies suggest that the expression of

Hac 1p" is blocked at the translation level. In situ hybridization experiments localized

HAC1" mRNA primarily in the cytoplasm (Chapman and Walter, 1997), thus ruling out

that HAC1" mRNA is retained in the nucleus and can therefore not be translated. Also, a

large portion of HAC1" mRNA co-migrates with polyribosomes in sucrose gradients and

can be immunoprecipitated with an antibody directed against an N-terminal epitope,

demonstrating that the N-terminus of the protein is made and exposed outside the

ribosome (Cox and Walter, 1996; Chapman and Walter, 1997). These results suggest that

translation of Haclp" is initiated but that ribosomes then stall on the mRNA before

translation is completed. The alternative explanation that Haclp" is synthesized but

immediately degraded seems unlikely given that Haclp" can be produced in yeast cells

from intron-less constructs and has a half-life similar to that of Haclp (t,x=2 min;

Kawahara et al., 1997; Chapman and Walter, 1997).

Here we show that the HAC1 mRNA intron represses translation of HAC1"

mRNA in vivo and in vitro by base pairing with the HACI 5’ UTR. We find that the

cytoplasmic pool of HAC1" mRNA is not a dead-end product but a substrate for the

splicing reaction, indicating that splicing occurs in the cytoplasm on polyribosomes. The
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finding that HAC1" mRNA is polyribosome-associated, yet no protein is synthesized,

parallels findings for the developmentally regulated lin-14 and nanos mRNAs from

Caenorhabditis elegans and Drosophila melanogaster, respectively (Olsen and Ambros,

1999; Clark et al., 2000). Understanding the mechanism by which the translation of

HAC1 mRNA is controlled may therefore have implications for regulatory events beyond

the unfolded protein response.
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RESULTS

Both the 5’ UTR and intron of unspliced HAC1" mRNA are required for translation

attenuation

Previous studies showed that the HAC1" mRNA intron represses expression of the green

fluorescent protein (GFP) when placed in the 3' untranslated region (UTR) of a GFP

encoding mRNA (Chapman and Walter, 1997). The constructs used in those studies

contained not only the HAC1 intron but also the HACI promoter and the HACI 5’ UTR

followed by a small portion of the Haclp N-terminus fused to GFP. To determine

whether any elements in addition to the intron are necessary for translation attenuation,

we expressed GFP (carrying no extra sequences) from a heterologous promoter with

5’ UTR sequences derived either from HAC1 or from Xenopus fl-globin mRNA. For each

5’ UTR, we made constructs that contained or lacked the HAC1 intron. Our convention

for naming constructs is as follows: the first three letters stand for the origin of the

5’ UTR [i.e., “hac” for the HACI 5’ UTR and “glo” for the globin 5’ UTR), the next

three letters stand for the open reading frame (ORF) [i.e., “GFP” and “HAC” for Haclp"],

and the last three letters for the sequences 3' of the ORF [i.e., “hac” for the HACI"

3’ UTR, “int” for the HAC1 intron followed by the ACTI 3’ UTR, and “act” for the ACT1

3’ UTR).

In agreement with previous results, cells showed only little fluorescence above

background if they expressed GFP flanked by the HACI 5’ UTR and intron (Fig. 1,

compare hac-GFP-int with the empty-vector control). Surprisingly, replacement of the

HACI 5’ UTR by the globin 5’ UTR (glo-GFP-int) relieved translation attenuation of

38



GFP to a similar degree as removal of the intron (hac-GFP-act), suggesting that both the

HACI 5’ UTR and intron are required for translation attenuation. In both cases, cells

were similarly fluorescent as cells expressing GFP flanked by the globin 5’ UTR and the

ACTI 3’ UTR (glo-GFP-act).

To quantitate the effects of the HACI 5’ UTR and intron on GFP expression, we

determined the mean fluorescence of the strains shown in Figure 1 by flow cytometry and

measured the GFP mRNA levels by Northern blot (Table 1). From these data we

calculated the fluorescence of each strain relative to the amount of GFP mRNA and

found that the intron repressed GFP expression eight-fold if the 5’ UTR was from HAC1

(compare the normalized fluorescence of hac-GFP-int with that of hac-GFP-act) but had

only a minor effect if the 5’ UTR was from the heterologous globin mRNA (compare the

normalized fluorescence of glo-GFP-int with that of glo-GFP-act). We therefore conclude

that both the HACI 5’ UTR and intron are required for translation attenuation and that

they act synergistically.

We next asked whether translation attenuation can be reconstituted in vitro in

yeast translation extracts. We made four constructs similar to the GFP constructs

described above but encoding HA-tagged Haclp" (HA-Haclp"). After in vitro

transcription, we incubated equal amounts of capped mRNAs in nuclease-treated yeast in

vitro translation extracts in the presence of [*S]methionine and analyzed the products by

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed by autoradiography

(Fig. 2A). As equal amounts of mRNA were added to each reaction, the amount of HA

Haclp" synthesized is a measure of the translation efficiency of each construct.
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HA-Haclp" has a predicted molecular mass of 27 kDa but migrates abnormally

slowly on SDS-polyacrylamide gels (Kawahara et al., 1997). In addition to the primary

translation product (Fig. 2A, asterisk), multiple forms with higher molecular masses are

expressed in vivo (Chapman and Walter, 1997) and in vitro (Fig. 2A, lanes 2 to 5). The

multiple bands are different forms of HA-Haclp", since they are recognized by an

antibody directed against the HA epitope (data not shown) and likely correspond to

differently phosphorylated species of the primary translation product (Chapman and

Walter, 1997).

We observed that hac.HAC.hac was translated only inefficiently in yeast in vitro

translation extracts (Fig. 2A, lane 2). Replacing the HAC1" 3’ UTR by the ACTI 3’ UTR

stimulated Hac 1p" synthesis five-fold (Fig. 2A, compare hac. HAC.hac with

He ac-HAC-act). This effect was robust: a five- to six-fold stimulation was observed over a

vvide range of mRNA concentrations and over the whole linear period of a time-course

experiment, and it was unaffected by heat denaturation followed by snap cooling of the

rrn RNAs prior to addition to the extracts (data not shown). In vitro, translation from the

globin 5’ UTR was two-fold less efficient than translation from the HACI 5’ UTR

(Fig. 2A, compare glo-HAC act with hac-HAC act), but translation from this heterologous

5’ UTR was unaffected by the HACI" 3’ UTR (Fig. 2A, compare glo-HAC-act with

glo - HAC.hac). While in vitro small amounts of Haclp" are still expressed from the

has - HAC.hac constructs, no Haclp" is detected in vivo in the absence of UPR induction.

The reason for this apparently reduced efficiency of translation attenuation in vitro is

* nown, but perhaps could be due to limiting amounts of a factor necessary to promote

inhibition.
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Taken together, these results show that HAC1" mRNA is translationally attenuated

in vitro and that attenuation requires sequences both 5’ and 3’ of the Haclp" ORF. The

cis-acting elements at the 3’ end are likely to be located in the HAC1 intron, since the

intron repressed GFP expression in the context of a heterologous 3' UTR (Fig. 1,

Table 1).

A direct interaction of the HACI 5’ UTR and intron attenuates HACI" mRNA

translation in vitro

The observation that the HACI 5’ UTR and intron act synergistically to attenuate

translation suggested that they interact, either directly or indirectly. Such an interaction of

regions at distant sites of the mRNA may be mediated by base pairing, by RNA-binding

Proteins, or both. Indeed, inspection of the intron for sequences complementary to the

A ZACI 5’ UTR revealed a G-rich stretch of 19 nucleotides (nt), 16 of which could

potentially base pair with the 5’ UTR (Fig. 2B).

We therefore asked next whether translation attenuation by the HACI 5’ UTR and

intron is mediated by the base pairing proposed in Figure 2B. If this base pairing is

rech uired for translation attenuation, disrupting the 5’ UTR-intron interaction by annealing

an Oligonucleotide to the sequences predicted to be involved should relieve translation

attenuation of HAC1" mRNA. To test this prediction, 10- and 100-fold molar excesses of

2- -*C-methyl oligoribonucleotides were preannealed to hac.HAC.hac or hac.HAC-act

mRNAs, which were then added to translation extracts (Fig. 2C). Since it was shown

Prº-Viously that oligonucleotide-mRNA hybrids located within the 5’ UTR, but not the

3” UTR, inhibit translation in vitro (Johansson et al., 1994), we first looked at the effect

<
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of an oligonucleotide complementary to the intron sequences shown in Figure 2B (anti

intron). This oligonucleotide stimulated translation of hac-HAC.hac such that it was now

as efficiently translated as hac.HAC-act (Fig. 2C, compare lane 6 with lane 9 or 13) but

had no effect on the translation of hac. HAC act (Fig. 2C, compare lanes 12 and 13 with

lane 9). As expected, a non-specific oligonucleotide, which carried sequences from the

HAC1 ORF (sense-ORF), had no effect on translation of hac. HAC.hac (Fig. 2C, compare

lanes 3 and 4 with lane 2) or hac-HAC-act (Fig. 2C, compare lanes 10 and 11 with

Iane 9). These results show that the intron sequences targeted by the anti-intron

Oligonucleotide are necessary for the attenuation of HAC1" mRNA translation.

As predicted from previous experiments (Johansson et al., 1994), an

CIigonucleotide complementary to the HACI 5’ UTR and targeted to the same site as the

iratron (anti-5’ UTR) inhibited translation of both constructs (Fig. 2C, lanes 7, 8, 14, 15).

The inhibition caused by the anti-5’ UTR oligonucleotide was virtually complete,

whereas the HAC1 intron when present in cis in the mRNA attenuated translation only

five- to six-fold (Fig. 2C, compare lane 2 with lane 9). The stronger inhibitory effect of

the oligonucleotide is perhaps due to the fact that an oligonucleotide is more flexible than

the corresponding stretch of nucleotides as part of a long RNA, in which structural and

toPClogical constraints may hinder complete base pairing over an extended region. For

HA C I mRNA incomplete base pairing may be essential to allow the dissociation of the

intrº» in and 5' UTR after excision of the intron from the RNA upon splicing.

Misruption of the interaction between the HACI 5’ UTR and intron leads to the

accumulation of Hac1p" in vivo
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If the intron sequences targeted by the anti-intron oligonucleotide are required for

translation attenuation of HAC1" mRNA in vivo, then mutating those nucleotides should

relieve translation attenuation and lead to the accumulation of Haclp". Furthermore, if the

intron sequences inhibit translation by interacting with the 5’ UTR, then introducing

mutations in the 5’ UTR compensatory to the mutations in the intron should restore

repression. To test these predictions, we generated three mutant forms of HA-HAC1

mRNA (Fig. 3A). To mutate the intron, we replaced the intron sequences with sequences

from the 5’ UTR (p.JL179). To restore base pairing in the intron mutant, we introduced

compensatory mutations in the 5’ UTR by replacing the 5’ UTR sequences with

sequences from the intron (p) L177). We also constructed a mutant in which only the

5' UTR was mutated (p■ l178). This mutant is predicted to behave as the intron mutant

except that the two mutants differ in the sequences of their 5’ UTRs and may therefore

Cliffer in the efficiency with which they are translated.

We introduced the three mutants or, as a control, wild-type HA-HAC1 [p]C316

(Cox and Walter, 1996)] on plasmids into a Ahac 1 strain and asked first whether the

nº utant and wild-type mRNAs were expressed at comparable levels and whether the

m La tations affected splicing upon UPR induction. Northern blot analysis revealed that the

arra Ounts of HA-HAC1 mRNA in uninduced cells were two- to four-fold lower in the

Strains with disrupted base pairing than in the strains with intact base pairing (Fig. 3B,

°Crºn pare lanes 1 and 7 with lanes 3 and 5). Upon UPR induction, HA-HAC1 mRNA

*Yels increased in all strains between 1.4- and 3.5-fold (for example, compare lanes 3

** 4). Whether these effects were due to transcriptional regulation, to differences in

mRNA stability, or to a combination of the two remains to be investigated.
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Splicing efficiency of the forms of HA-HAC1 mRNA with intact 5’ UTR-intron

base pairing was above 80% (Fig. 3B, lanes 2 and 8). In contrast, splicing efficiency in

the mutants with disrupted base pairing was reduced to ~40% and ~60%, respectively

(Fig. 3B, lanes 4 and 6). Thus, the 5’ UTR-intron interaction is necessary for efficient

HAC1 mRNA splicing.

We next monitored the expression of HA-Haclp in uninduced and UPR-induced

cells by Western blot with an antibody directed against the HA tag (Fig. 3C). As

expected, no protein was synthesized at detectable levels from the wild-type plasmid in

uninduced cells (p.jC316; Fig. 3C, top and middle panel, lane 1; the band indicated with

an open arrowhead is unrelated to HA-Haclp). Removal of the intron by splicing after

induction of the UPR with dithiothreitol (DTT) led to the synthesis of HA-Haclp

CFig. 3C, lane 6, marked with a diamond in the bottom panel).

Intriguingly, when the base pairing was disrupted by mutations in either the intron

GPJL179) or the 5’ UTR (p.JL178), HA-Haclp" accumulated in uninduced cells (Fig. 3C,

Irniddle panel, lanes 2 and 3). The multiple forms of HA-Haclp" (indicated by brackets

a raci shown enlarged in the bottom panel of Fig. 3C) co-migrated by SDS-PAGE with

HA-Haclp" expressed constitutively from an intron-less construct described previously

IP-I C834 (Chapman and Walter, 1997); Fig. 3C, bottom panel, lane 5]. Less protein was

SYIn thesized from the 5’ UTR mutant, indicating that translation from this 5’ UTR is less

efficient than from the wild-type 5’ UTR. Importantly, no Haclp was synthesized in

*included cells if the base pairing was restored by compensatory mutations in both the

intron and the 5’ UTR (pjL177: Fig. 3C, top and middle panel, lane 4). For this construct,

induction of the UPR resulted in synthesis of HA-Hacl p (Fig. 3C, lane 9), thus

7 *
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Af –

7.
recapitulating the wild-type situation. Both mutants in which the base pairing between the –

5’ UTR and intron was disrupted expressed a mixture of HA-Haclp" and HA-Haclp 2.
upon UPR induction (Fig. 3C, lanes 7 and 8; compare lane 7 with lanes 5 and 6 in the –

enlargement), which is not surprising given that these cells contained comparable Ó
amounts of HA-HAC1" and HA-HAC1 mRNA and that the mutant forms of HA-HAC1" Tº "/

mRNA were efficiently translated in uninduced cells.

For all strains, the differences in protein levels correlated with the differences in

mRNA levels as confirmed by quantitation of Western blots (data not shown), if mRNAs
-

º
with identical 5’ UTR sequences were compared. Most importantly, our data show that if s
the base-pairing interaction was disrupted by mutating the intron, the mutant HAC1" .
ImRNA was translated in uninduced cells with an efficiency comparable to that of wild- 7 .
type HAC1' mRNA produced by splicing: the level of Haclp" in mutant uninduced cells –

was five-fold lower than that of Haclp in wild-type UPR-induced cells as determined by º
CH uantitative Western blot analysis with a radio-iodinated secondary antibody (data not

-

shown), and the mRNA level in mutant cells was six-fold lower than that in wild-type
-

(
cells (Fig. 3B, compare lane 3 with lane 2). Qualitatively, these conclusions are º

cC'Infirmed by the Western blot analysis shown in Figure 3D: to give an approximately º
eq Lual ECL signal intensity, we needed to load 4- to 8-fold more total protein per gel lane -

º

from the mutant than from the wild-type strain (compare lane 1 with lanes 2 and 3). e

Thus taken together, the data presented so far argue that the HACI 5’ UTR º
interacts with the HACI intron by base pairing and that this interaction is the primary, if º
**t only, determinant of HAC1" mRNA translation attenuation.

º
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7 º

Base pairing of the HACI 5’ UTR and intron diminishes the loading of ribosomes

onto HACI" mRNA

To a first approximation, the efficiency of translation of an mRNA correlates with the

number of ribosomes that are engaged with it. To determine the degree to which

ribosome association of HAC1" mRNA changes when the HACI 5’ UTR-intron

interaction is disrupted, we fractionated polyribosomes from the wild-type and mutant

strains described in Figure 3 by sedimentation in sucrose gradients. We isolated total

RNA from all fractions across the gradients and analyzed it by Northern blot (Fig. 4A).

VWild-type HAC1" mRNA fractionated into two pools: about half (42%) of HAC1" mRNA

~~as recovered from the top of the gradient and therefore was not ribosome-associated

GpIC316; fractions 1 to 4 in Fig. 4A; quantitation in Fig. 4B). The remainder (58%) was

recovered from heavier fractions indicating occupancies ranging from one to ten or more

ribosomes per mRNA (pjC316; fractions 5 to 14 in Fig. 4A; Fig. 4B). In contrast, if the

intron was mutated so that it could no longer base pair with the 5’ UTR, only a small

armount (9%) of HAC1" mRNA was recovered from the top of the gradient, whereas the

rrnajority of the mRNA (91%) was ribosome-associated (p.jL179; fractions 5 to 14 in

Fig. 4A; Fig. 4B). A similar distribution over the gradient was found for the 5’ UTR

no lº tant (pjL178; Fig. 4B). Restoring the base pairing by mutating both the HACI 5’ UTR

*nºi intron reestablished the degree of ribosome association found for the wild-type

°C ºn struct (compare pjL177 with p■ C316 in Fig. 4B). These data suggest that the base

Pairing of the HACI 5’ UTR and intron diminishes ribosome loading onto HACI"

mRNA.

* -

*/-

º--
º

º~
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Moreover, the data also underscore a previously raised paradox: if 58% of wild

type HAC1" mRNA was indeed translated as the polyribosome profile in Figure 4A

suggests and if translation occurred at the same rate as translation of the mutants with

disrupted base pairing, then Haclp" should accumulate in wild-type cells at detectable

levels, which is not what we observe. We estimate that, if HAC1" mRNA was translated

at even 10% of the rate of the base-pair-disrupted mutant mRNA, Haclp" would have

been readily detectable by Western blot analysis.

To provide independent evidence that the portion of HAC1" mRNA sedimenting

as high-molecular-mass complexes is indeed ribosome-associated, we determined

whether HAC1" mRNA co-profiles with the UV absorbance reflective of the position of

ImRNAs associated with one ribosome, two ribosomes, etc. To this end, we collected

Imany small fractions from the middle of a gradient and determined the presence of

AZAC1" mRNA by Northern blot analysis. As shown in Figure 4C, the distribution of

AZAC1" mRNA is discontinuous, with peaks and valleys precisely following the position

Of ribosomes.

Taken together, the data show that HAC1" mRNA is associated with ribosomes

that are not actively translating.

The cytoplasmic pool of HACI" mRNA is a substrate for splicing

The peculiar disposition of the unspliced HAC1" mRNA on stalled, cytoplasmic

Pºlyribosomes raises the question of whether these polyribosomes have a physiological

role in the cell. On one hand, HACI" polyribosomes could be dead-end products that are

Permanently arrested and eventually decay; all spliced HACI'mRNA would thus result

º4.*:*—*-º
. --*

-

-

c
º º

º
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from newly transcribed HAC1" mRNA. On the other hand, we can envision positive

functions for the cytoplasmic polysomal pool of HAC1" mRNA. For example, HACI"

mRNA might be translated to produce Haclp" in response to some unknown

physiological stimulus that leads to disruption of the base pairing of the 5’ UTR and

intron, thus allowing translation. An alternative and not mutually exclusive possible

function for the cytoplasmic pool of HAC1" mRNA is that it is the precursor of spliced

HAC1' mRNA.

To address this latter scenario experimentally, we determined whether HAC1"

ImRNA could be spliced after transcription was inhibited. To this end, we took advantage

Cºf a temperature-sensitive allele of the largest subunit of RNA polymerase II (rpb1-1),

~~hich allowed us to shut off transcription by shifting the cells to the non-permissive

temperature of 37°C (Nonet et al., 1987). In the experiment shown in Figure 5A, we

induced the UPR by the addition of DTT 10, 20, and 40 min after a shift to 37°C and

followed the effect of the DTT treatment on HAC1 mRNA by Northern blot in a time

course experiment. HAC1" mRNA decayed with a to of ~25 min while, as expected, the

levels of the RNA polymerase III transcript SCR1 RNA remained unchanged (data not

sh Gwn). Upon addition of DTT, HAC1" mRNA was efficiently spliced (50-65% splicing

Within 5 min). Most importantly, splicing efficiency did not diminish appreciably when

the UPR was induced as much as 40 min after the transcriptional block. Thus, splicing

Was still efficient even after almost two half-lives of the mRNA had passed and any

"a rhsient nuclear pool of freshly transcribed mRNA should have been depleted by export

° the cytoplasm. Given that in situ hybridization experiments showed that HAC1" mRNA

is Primarily localized in the cytoplasm (Chapman and Walter, 1997), the efficient splicing

*-

N ■

A º
*-
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of HAC1 mRNA in the absence of de novo transcription suggests that HAC1' mRNA is

produced by splicing of the cytoplasmic pool of HAC1" mRNA.

To test whether polyribosome-assocated HAC1 mRNA can be a substrate for

cleavage and ligation in vivo, we froze translating ribosomes on their respective mRNAs

with the elongation inhibitor cycloheximide, thus preventing the running-off as well as

the loading of ribosomes onto the mRNA, and then added DTT to induce the UPR. After

UPR induction in the presence of cycloheximide, any spliced HAC1 mRNA that is

associated with polyribosomes must have been polyribosome-associated prior to and

during the splicing reaction. We found, however, that after cycloheximide pre-treatment,

cells were completely refractory to UPR induction by DTT (data not shown). We

reasoned that, as a consequence of inhibition of protein synthesis by cycloheximide, the

ER may be depleted of proteins since no proteins are imported into the ER but export into

the secretory pathway continues. Addition of the reducing agent DTT would therefore

fail to induce the UPR after cycloheximide pre-treatment. To alleviate this problem, we

took advantage of a temperature-sensitive allele of SEC12, which is required for vesicle

transport from the ER to the Golgi (Oka et al., 1991; Novick et al., 1980). When the

-Sec 12-1 cells were first shifted to the non-permissive temperature, at which protein export

from the ER into the secretory pathway is blocked, and then treated with cycloheximide

**D freeze ribosomes on mRNAs, subsequent addition of DTT was now able to induce the

C JFR.

We therefore used this extended experimental protocol to assess whether

PsG lyribosome-associated HAC1 mRNA is a substrate for the splicing reaction. To this

Sº reci, we induced the UPR with DTT sec12-1 cells that were first shifted to 37°C for 2

Af /
*

7 º
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minutes and then cycloheximide-treated to freeze polyribosomes (Fig. 5B). We then

fractionated on sucrose gradients cell extracts prepared at different times after DTT

addition and analyzed fractions by Northern blot. As expected, in the absence of DTT,

polyribosome-associated HAC1 is unspliced (“HAC1“”, Fig. 5B top). In contrast, as a

function of time after DTT addition, increasing amounts of spliced HAC1' mRNA were

produced (Fig. 5B, lower panels). Importantly, virtually all spliced HAC1' mRNA

produced in the presence of cycloheximide was polyribosome-associated, thus supporting

the notion that cytoplasmic, polyribosome assciated HAC1" mRNA can be spliced.
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DISCUSSION

We have demonstrated both in vitro and in vivo that a long-range base-pairing interaction

between the HAC1 mRNA intron and 5’ UTR is required for attenuation of translation of

unspliced HAC1" mRNA. In particular, we have shown that upon disruption of the

interaction by mutation, Haclp" is synthesized from the unspliced mRNA with

approximately the same efficiency as Haclp from the spliced mRNA. Thus, base pairing

between the HAC1 mRNA intron and 5’ UTR is key to preventing Haclp from being

synthesized unless the intron is removed by splicing upon accumulation of unfolded

proteins in the ER. In agreement with previous studies, we found a large portion of the

cellular HAC1" mRNA engaged in polyribosomes, which, we propose, must be

translationally arrested as no Haclp" can be detected in these cells. Moreover, we show

that splicing does not require de novo transcription and that polyribosome associated

AHAC1" mRNA is a substrate for splicing in vivo. Taken together with the observation that

the cellular pool of HAC1" mRNA has been localized to the cytoplasm by in situ

hybridization experiments (Chapman and Walter, 1997), these results suggest that HAC1"

mRNA splicing is a cytoplasmic event.

Inhibition of translation by the interaction of the 5’ and 3’ UTRs of an mRNA

may be a generally applicable principle. Several natural and artificial cases have been

described for yeast, plant, and animal cells (Spena et al., 1985; Kozak, 1989; van den

Heuvel et al., 1990; Vega Laso et al., 1993). Moreover, considering the 5’ UTR as an

anti-sense RNA targeted against the intron to repress translation points to a striking

Parallel between translation attenuation of HACI" mRNA and the developmental

regulation of lin-14 expression in Caenorhabditis elegans: the small, non-coding lin-4
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RNA represses the expression of lin-14 posttranscriptionally by base-pairing with its

3’ UTR (Lee et al., 1993; Wightman et al., 1993). As is the case for HAC1" mRNA, the

repressed lin-14 mRNA is polyribosome-associated, and part of lin-4 RNA co-sediments

with polyribosomes (Olsen and Ambros, 1999). Stalling ribosomes by an anti-sense

mechanism involving the 3’ UTR may therefore be a more general way to inhibit

translation.

The accumulation of HAC1" mRNA on polyribosomes is puzzling, however, in

light of the fact that the proposed translational regulation through the long-range base

pairing interaction involves the 5’ UTR: as small ribosomal subunits have to traverse the

5’ UTR to reach the start codon, one would expect a base-pairing interaction involving

the 5’ UTR to inhibit ribosome loading. Strong secondary structure elements or proteins

bound to the 5’ UTR are known to inhibit initiation of other mRNAs (reviewed in Gray

and Wickens, 1998). Indeed, when we compared intron-containing and intron-less

versions of HAC1" mRNA in in vitro translation reactions, translation was impaired at the

initiation step (data not shown). How then could one explain that a large portion of

FIAC1" mRNA becomes engaged in polyribosomes in vivo?

One possible scenario is that those ribosomes are loaded onto HAC1" mRNA

before the base pairing is established (Fig. 6). In higher eukaryotes, mRNAs are exported

from the nucleus 5’ end first, and ribosomes engage with the leading ends of the mRNAs

as SOOn as they reach the cytoplasm (Mehlin et al., 1992). Ribosomes may thus start

immediately translating HACI" mRNA during the export of the mRNA from the nucleus

to the cytoplasm, while the 3’ end of the message is still in the nucleoplasm. Only after

the 3’ UTR of HACI" mRNA is exported to the cytosol can the intron interact with the
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5’ UTR. As the long-range base-pairing interaction is formed, it might not only inhibit

the loading of new ribosomes but also stall and trap those ribosomes that are already

engaged on the mRNA, possibly through inducing the formation of tight secondary and

tertiary structural elements that the ribosomes cannot traverse.

The notion that the high-molecular-mass complexes with which HAC1" mRNA is

associated are indeed polyribosomes is strongly supported by the co-profiling experiment

shown in Figure 4C. Moreover, as has been shown previously, a large portion of HA

AAC1" mRNA can be immunoprecipitated with antibodies directed against the HA

epitope, indicating that each of these mRNAs contains at least one functionally engaged

ribosome displaying the N-terminus of HA-Haclp" (Chapman and Walter, 1997).

However, in addition to the polyribosome-associated pool, we also isolated HAC1"

ImRNA in a ribosome-free form (Fig. 4A). What is the origin of the two HAC1" mRNA

pools?

Since no significant nuclear pool of HAC1" mRNA was detected by in situ

hybridization (Chapman and Walter, 1997), both the ribosome-free and the

polyribosome-associated pool of HAC1" mRNA are likely to reside in the cytoplasm.

With this premise, two scenarios could account for the heterogeneous distribution of

HAC1" mRNA in sucrose gradients. First, upon nuclear export, some HAC1" mRNA

molecules may escape ribosome loading. The distribution between the ribosome-free and

the polyribosome-associated pool would then depend on the ratio of the nuclear export

and the translation initiation rates. Alternatively, upon nuclear export all HAC1" mRNAs

may become polyribosome-associated at first, but the stalled ribosomes eventually fall

off, either in vivo or upon cell fractionation, thus generating the two pools.
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Mutant HAC1" mRNAs from which the translation block was removed by

disrupting the 5’ UTR-intron interaction also showed a splicing defect (Fig. 3B). The

5’ UTR-intron interaction is therefore not only essential to repress Haclp expression in

uninduced cells but also to allow efficient splicing and Haclp synthesis upon UPR

induction. Base pairing may thus provide an additional - and until now unrecognized -

cis-acting element for HAC1 mRNA splicing, which is not essential but stimulatory.

According to this view, the 5’ UTR-intron interaction might be required to correctly

position the splice sites in the stem-loop structures which have been shown to be essential

for splicing in vitro (Gonzalez et al., 1999). Alternatively, the inhibition of splicing by

clisrupting the intron-5’ UTR base pairing may be a consequence of the relief of the

translational stall: since the 5’ splice site is contained within the 3’ end of the HAC1"

CRF, the passage of translating ribosomes might prevent the 5' splice site from assuming

a suitable secondary structure and thus prevent cleavage. Indeed, in the mutants with

clisrupted base pairing, significant amounts of a smaller form of HAC1 mRNA

accumulated upon UPR induction (marked with one asterisk in Fig. 3B). Based on its size

and hybridization with a 5’ exon-specific probe, this band is likely to correspond to the

5’ exon-intron splicing intermediate (Cox and Walter, 1996; Sidrauski et al., 1996),

indicating that cleavage at the 5' splice site is impaired in the base pair-disrupted HAC1"

mRNA mutants. In agreement with this interpretation, splicing was more severely

impaired in the mutant that was more efficiently translated (Fig. 3B and C, compare

PJL179 and p■ l178). Attenuation of translation may therefore be essential to keep HACI"

mRNA in a fully splicing-competent state.
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Intriguingly, splicing can occur on HAC1" mRNA associated with stalled

ribosomes. The notion that polyribosome-associated HAC1" mRNA is a splicing substrate

further underscores the view that splicing is a cytoplasmic event. The disposition of Irelp

as an integral ER-membrane protein with its nuclease domain facing the cytoplasm is

consistent with a cytoplasmic mechanism. trNA ligase has been localized to the nucleus

but, upon overexpression, was also detectable in the cytoplasm (Clark and Abelson,

1987). It is therefore likely that a sufficient amount of tRNA ligase is constitutively

located in the cytoplasm or that tRNA ligase shuttles between the two compartments.

Cytoplasmic splicing of polyribosome-associated HAC1" mRNA thus is a plausible

mechanism, although we cannot rule out that nuclear splicing of newly transcribed

mRNA can also occur. Ribosomes that are pre-initiated and stalled on HAC1" mRNA

could finish translation after the intron is removed, thus leading to a rapid initial burst of

Haclp synthesis, perhaps to provide cells with an exceedingly rapid response to

changing needs in the ER.
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EXPERIMENTAL PROCEDURES

Plasmids

GFP constructs. All parts of the following constructs were generated by PCR

amplification, sequenced and assembled between the Pst■ and Apal sites of pKS315.

Expression is driven by the GPD promoter (nt–676 to -37 of TDH3 flanked by a Pstl site

at the 5’ and a SmaI site at the 3’ end; +1 refers in all constructs to the first nucleotide of

the start codon of the corresponding gene). The 5’ UTR is either from HAC1 (nt –67 to

—1; nt–67 corresponds to the 5’ end of both HAC1" and HACI'mRNA as mapped by

primer extension and S1 analysis) or from the Xenopus fl-globin gene (as present in

pSPUTK) and flanked by SmaI and Xbal sites at the 5’ and 3’ end, respectively. The

CRF of GFP is cloned downstream of the Xbal site and is followed by the ACTI 3’ UTR

Cthe ACT1 stop codon plus 381 nt). In some constructs the HAC1 intron (flanked by 37 nt

of the 5’ and 29 nt of the 3’ exon) is inserted between the stop codon of GFP and the

ACTI 3’ UTR.

HAC1 constructs for in vitro transcription/translation. All inserts were cloned 3’

of the SP6 promoter and 5’ of the Kpnl site of pSPUTK and carry a poly(A)tail at the

3’ end. The poly(A)tail is flanked by a Not■ site at the 5’ end and a Xbal site at the

3’ end, which allows the production of transcripts without or with poly(A)tail. The

HAC Z sequences are based on p■ C316 (Cox and Walter, 1996). The anticipated

Sequences of the inserts were confirmed by sequencing. pUR10 (hac.HAC.hac; used for

the experiment in Fig. 2) contains the first 5 nt of the pSPUTK 5’ leader sequence

followed by nt –75 to +1273 of HA-HAC1. pUR6 (hac.HAC.hac; used for the experiment
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in Fig. 2C) is as pur 10 but contains nt –75 to +1397 of HA-HAC1. pUR11

(glo-HAC.hac) contains the entire 5’ leader sequence of pSPUTK followed by nt +1 to

+1273 of HA-HAC1. pUR9 (hac-HAC act) is as pur 10 up to the Haclp" stop codon,

which is followed by a linker of 32 nt and the ACTI 3’ UTR as described for the GFP

constructs. pUR8 (glo-HAC-act) is as pur 11 up to the Hac 1p" stop codon, which is

followed by a linker of 32 nt and the ACTI 3’ UTR as described for the GFP constructs.

HACI 5’ UTR-intron interaction mutants. Mutations were introduced into pjQ316

with the QuikChange site-directed mutagenesis kit (Stratagene) and confirmed by

sequencing. The following three plasmids are identical with p■ C316 except for the

regions indicated: p.jL178: nt –38 to —22 of HA-HAC1 were replaced with

5’ TTGGCCGAGGAGGGGGT3'; pill 79: nt +796 to +815 of HA-HACI were replaced

with 5’ ACCCCCTCCTCCTCCAAAA 3’; p■ l177 carries the mutations of both pl178

and p■ l179.

2'-O-Methyl oligoribonucleotides

2'-O-methyl oligoribonucleotides with the following sequences were used in in vitro

translation experiments: 5’ UCUCUUGACGAGUACAGGGAU 3’ (sense-ORF),

5’ GGUGGGGGAGGAGGAGGUU 3’ (anti-5’ UTR),

5’ AACCGGCUCCUCCCCCAUC 3’ (anti-intron).

Isolation of total RNA and Northern blot analysis
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Total RNA for Northern blot analysis was isolated from yeast cells with a scaled-down

and simplified version of the hot-phenol extraction procedure described by Köhrer and

Domdey (1991). Northern blot analysis was carried out as described (Cox and Walter,

1996) but blots were washed in 2x SSC with 0.1% w/v SDS and quantitated on a

Storm 840 imaging system with the ImageOuant software v1.2 (Molecular Dynamics).

The amount of splicing was defined as the ratio of HAC1' and the sum of HAC1" and

HAC1' multiplied by 100 (% splicing).

All probes were generated by PCR amplification and were labeled with [o-

*PldCTP and Ready-To-Go DNA labelling beads (Pharmacia Biotech). The GFP probe

was directed against the coding region of GFP, the SCR1 probe against the full-length

SCR1 RNA, the HAC1-5’ exon/intron probe against nt—45 to +986 of HAC1, the HAC1

5’ exon probe against nt —45 to +626 or nt +375 to +653 of HAC1.

Isolation of proteins from yeast cells

Cells were collected from cultures by filtration, frozen in liquid nitrogen and disrupted in

~500 pil 8 M urea by vortexing for 5 min at 4°C in the presence of 500 pil 0.5 mm

Zir/Silica beads. After adding 75 pil 20% w/v SDS, the samples were boiled for 5 min and

the lysates cleared by centrifugation at 20800 x g for 5 min at room temperature. The

protein concentrations of the lysates were determined with the BCA protein assay from

Pierce.

Analysis of GFP-expressing strains
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Analysis on plates. The yeast strain W303 (MATA, ade2-1, trp 1-1, can 1-100, leu2-3, -

112, his3-11, -15, ura■ ) was transformed with pKS315 carrying no insert or one of the

four GFP constructs, plated on selective minimal medium without leucine and the plate

scanned with the fluorescent scanner Fluorimager SI (emission filter 530 DF30;

Molecular Dynamics).

Analysis in liquid. The same strains as analyzed on a plate were grown in

selective minimal medium without leucine to optical densities at 600 nm (ODoo) of 0.3 to

0.7. The cultures were sonicated immediately prior to analysis and the fluorescence of the

cells measured with a Becton Dickinson FACScan flow cytometer. The mean

fluorescence of uniform cell populations was determined with the software Cell(\uest

v3.3. The amount of mRNA encoding GFP relative to the amount of SCR1 RNA was

determined from aliquots of the same cultures by Northern blot analysis.

In vitro transcription

Plasmids puré, pur&, purg, pur 10 and pur 11 were linearized with Not■ and used as

templates in in vitro transcription reactions. Capped RNA transcripts were prepared with

SP6 RNA polymerase in the presence of m'G(5')ppp(5')G according to standard

procedures. Note that transcription from Notl-linearized puré terminates prematurely

leading to a uniform population of transcripts of ~1400 nt. The transcripts were purified

by extracting with phenol/chloroform and subsequent ethanol precipitation and

resuspended in water. The RNA concentrations were calculated based on the absorbance

at 260 nm and the relative amounts and the integrity of the transcripts were verified by

Northern blot analysis.
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In vitro translation

Yeast extracts for in vitro translation experiments were prepared from strain yAS1874

(MATa, ade2, his3, leu2, trp 1, ura■ , mak10::URA3, pep4::HIS3, Aprb1, Apre 1; a kind

gift from Dr. Alan Sachs) according to Tarun Jr. and Sachs (1995) with the following

modifications: cells from 1 l of an ODoo-1.5 yeast culture in YPD were harvested by

centrifugation at 4°C and washed four times. Buffer A contained 30 mM HEPES-KOH

(pH 74), 100 mM KOAc, 2 mM Mg(OAc)3, 0.5 mM DTT, 0.5 mM

phenylmethylsulfonyl fluoride (PMSF), 0.4 pug/ml leupeptin hemisulfate and no mannitol

throughout the whole procedure.

15 pil in vitro translation reactions were set up as described by Tarun Jr. and Sachs

(1995) with nuclease-treated extract, 200 frnol capped RNA and 3.6 to 5 puCi L

[*S]methionine instead of unlabeled methionine. The samples were incubated at room

temperature (26°C) and the reactions stopped at the time indicated by mixing with equal

volumes of 2x SDS-protein gel sample buffer. 5 to 15 pil aliquots of the stopped reactions

were separated by electrophoresis through 10-15% SDS-polyacrylamide gels. Gels were

stained with Coomassie blue, destained, dried, and the amount of full-length HA-Haclp"

(all forms) determined by quantitation on a Storm 840 imaging system with the

ImageOuant software v1.2 (Molecular Dynamics).

Where indicated, 2 or 20 pmol 2'-O-methyl oligoribonucleotide were annealed to

200 frnol hac. HAC.hac or hac.HAC-act in 20 mM HEPES-KOH (pH 7.4)/100 mM KOAc

by heating to 95°C for 90 s and then cooling down to room temperature over 40 min.
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Analysis of HACI polyribosomes

p]C316, p.JL177, p.JL178 and p■ l179 were transformed into y JL118 (W303 except

hacl::URA3) and the resulting strains grown in 400 ml synthetic medium without

histidine but supplemented with 100 pg/ml myo-inositol. At ODoo-0.7, 600 pil 1 M DTT

were added to 75 ml aliquots of the cultures to induce HAC1 splicing. After 50 min at

30°C aliquots from the treated and untreated cultures were taken for RNA and protein

analysis.

To isolate polyribosomes, 1 ml 15 mg/ml cycloheximide was added to 250 ml of

the same cultures as used for the RNA and protein preparations, but at ODoos 1.3. After

10 min at 30°C, cells were harvested by centrifugation at room temperature. All

subsequent steps were carried out at 0-4°C with ice-cold buffer. Cells were washed twice

with 50 ml LBC (30 mM HEPES-KOH (pH 74), 100 mM KOAc, 30 mM Mg(OAc)3,

0.5 mM DTT, 0.5 mM PMSF, 0.4 pg/ml leupeptin hemisulfate), resuspended in LBC

(1 ml final volume) and sodium heparin was added to 0.2 mg/ml. Cells were disrupted by

vortexing in the presence of 500 pil 0.5 mm Zir/Silica beads. The lysates were cleared by

centrifugation at 5200 x g, then at 10600 x g and finally at 20800 x g for 5 min each.

Aliquots (10 OD,00) of each extract were layered on top of 13 ml 10-50% w/v sucrose

gradients in GBL (30 mM HEPES-KOH (pH 74), 50 mM KOAc, 12 mM Mg(OAc)3,

0.1 mg/ml sodium heparin and spun in a SW 40 Ti rotor (Beckman) at 40000 rpm

(285,000 x gº.) for 100 min at 4°C. Fractions of the gradients (750 pil for Figs. 4A and

4B, 180 pil for Fig. 4C, or 500 ul for Fig. 5B) were collected with a density gradient

fractionator from ISCO (model 185) while recording the absorbance profile at 254 nm.

RNA was isolated by phenol/chloroform extraction followed by precipitation with
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isopropanol or ethanol. 5% of the loads and 50% of each fraction were analyzed by

Northern blot.

Preparation of extracts and fractionation of from KRY80 cells (sec12-1, MATO,

trp 1-289, leu2, his 4, uraj-52) was identical but sucrose gradients contained 100 mM

KOAc and 30 mM Mg(OAc)3.

Transcription shut-off

The yeast strain JC218 (Sidrauski et al., 1996; rpb1-1) was grown in 260 ml YPD at

room temperature to ODoo-0.5 and the cells were pelleted by centrifugation. The cells

were resuspended in 260 ml YPD (pH 5.4), which was prewarmed to 37°C, and the

culture split into three 60 ml aliquots. The UPR was induced by adding 480 pil 1 M DTT

to each 60 ml aliquot after 10, 20, and 40 min, respectively at 37°C. 10 ml aliquots were

taken of each culture immediately before and 5, 10, 20, and 40 min after the addition of

DTT. Cells were harvested by centrifugation and frozen in liquid nitrogen.
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Figure 2-1: Translation attenuation requires both the HACI 5’ UTR and intron

The yeast strain W303 transformed with the low-copy plasmid pRS315 carrying no insert

(control), hac-GFP-int, hac-GFP-act, glo-GFP-int or glo-GFP-act was plated on selective

mThe dium and the fluorescence of each strain determined by scanning the plate with a

flu Crescent scanner. Brightly fluorescent colonies appear white, non-fluorescent colonies

black.
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Table 2–1 Rüegsegger et al.

TaPIe 1. Analysis of the strains shown in Figure I by flow cytometry

CIFIP construct mean fluorescence GFP mRNA/SCR1 normalized fluorescence

[x] [F./F. Gr...] [RNA, RNA, or...] [(F./F-orr.)/(RNA, RNA.com.)]

h a c-CF Pºint 0.11 + 0.01 0.91 + 0.32 0.12 + 0.04

\\ ac-CF Pact 1.00 + 0.06 1.00 + 0.22 1.00 + 0.23

glo-CFPºint 0.94 + 0.08 0.68 + 0.15 1.38 it 0.33

glo-GF Pact 1.52 + 0.08 0.88 i 0.31 1.74 + 0.62

The strains from Figure 1 were grown in selective liquid medium and their mean fluorescence F. (x stands for hacGFPºint,

hac G F Pract, glo-GFPºint or glo-GFP act) was determined by flow cytometry. The amounts of mRNA encoding GFP relative

to the armounts of SCR1 RNA [RNA,) were determined for the same cultures by Northern blot analysis and used to

norma Iize the fluorescence of each strain. The results shown are the averages of at least three independent experiments.
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Figure 2-2: In vitro reconstitution of translation attenuation by the HACI 5’ UTR

and intron

(AD The transcripts indicated at the top were incubated in yeast extract in the presence of

[**SI methionine for 50 min and the products analyzed by SDS-PAGE followed by

auto radiography. The molecular masses of the size standards are indicated in kDa on the

left- The asterisk on the right marks the primary translation product while the bracket

indicates all forms of HA-Haclp". The amount of HA-Haclp" synthesized from each

template relative to the amount synthesized from hac.HAC-act is shown below each lane.

(B) THe HACI 5’ UTR and intron contain complementary sequences. Exonic sequences

are shºn own as solid lines, intronic sequences as dashed lines. The secondary structure

show. In is based on predictions but the splice sites have been shown experimentally to be

located in the loops of stem-loop structures (Gonzalez et al., 1999). The model is not

drawn to scale. ss: splice site. (C) An oligonucleotide directed against the intron

stimulates translation of HACI" in vitro. The transcripts hac-HAC.hac (lanes 2-8) and

hac HAC act (lanes 9-15) annealed to the oligonucleotides indicated at the top were

incubated in yeast extract in the presence of [*S]methionine for 50 min and the products

analyzed by SDS-PAGE followed by autoradiography. The molecular masses of the size

standards are indicated in kDa on the left. The asterisk on the right marks the primary

translation product while the bracket indicates all forms of HA-Haclp". The amount of

HA-Has 1p" synthesized under each condition relative to the amount synthesized from

hacº AC act in the absence of any oligonucleotide is shown at the bottom. Lane 1: no

mRNA; lanes 2 and 9: no oligonucleotide; lanes 3, 5, 7, 10, 12 and 14: 2 pmol of the
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Oligonucleotide indicated at the top; lanes 4, 6, 8, 11, 13 and 15:20 pmol of the

Oligonucleotide indicated at the top.
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Figure 2-3: Disruption of the interaction between the HACI 5’ UTR and intron

Ieads to the accumulation of Haclp" and inhibits splicing

A AhacI yeast strain was transformed with plasmids p■ C316, p.JL179, p.JL178, p.JL177 or

p.JC834 [a previously described plasmid from which HA-Haclp" is expressed

constitutively (Chapman and Walter, 1997)] and grown in selective liquid medium. The

UPR was induced by adding 8 mM DTT for 50 min. (A) Overview of the relevant

sequences in plasmids p■ C316, p.JL179, p.JL178 and p■ l177. Wild-type sequences are

shovv n in bold. (B) Northern blot analysis. 15 pig total RNA were separated on a

1.5% w/v agarose gel and transferred to a membrane, which was incubated with probes

directed against the HACI 5’ exon and SCR1. The amount of HAC1 splicing after UPR

induction is indicated at the bottom for each plasmid. The positions of HA-HAC1", HA

HAC Z" and SCR1 are indicated on the right. The asterisks on the right indicate potential

splicing intermediates (one asterisk: 5’ exon-intron; two asterisks: 5’ exon). wt. wild

type: Int: mutant; bp rest.: base pairing restored. (C) Western blot analysis. 25 pig protein

Were separated on a 12.5% w/v SDS-polyacrylamide gel and transferred to a

nitrocellulose membrane. HA-Haclp was detected with an antibody directed against the

HA tag and the ECL system. The middle panel is a longer exposure of the blot shown in

the top panel. The brackets on the right of the top two panels indicate the different forms

of HA-Haclp. The open arrowhead on the left indicates a band unrelated to HA-Haclp

visible upon longer exposure, which is also detectable in extracts of the Ahacl strain

transformed with an empty plasmid (data not shown). Lanes 2 (long exposure), 5, 6 and 7

(short exposure) are shown twofold enlarged at the bottom and the positions of the

multiple forms of HA-Haclp" and HA-Haclp are indicated for each lane by brackets and
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diamonds, respectively. (D) Titration of selected samples from panel C. 25 pig (lane 1),

3 pug (lane 2) and 6 pig (lane 3) protein were separated in parallel on 12.5% w/v SDS

polyacrylamide gels and transferred to nitrocellulose membranes. HA-Haclp was

detected with an antibody directed against the HA tag and the ECL Plus system. The

arriount of total protein loaded relative to the amount loaded in lane 2 is indicated above

each lane.
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Figure 2-3
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plasmid description and sequences of relevant parts of 5uTR and intron
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Figure 2-4: The interaction of the HACI 5’ UTR and intron diminishes the loading

of ribosomes onto HACI" mRNA

(A) Extracts from Ahac 1 strains carrying either p■ C316 or p■ l179 were fractionated over

1O-50% w/v sucrose gradients and 750 pil fractions were collected across the gradients.

THe direction of sedimentation is from left to right. UV absorbance profile at 254 nm

(tOP), Northern blot analysis (middle) and quantitation of the Northern blots (bottom).

Noz-z/vern blots: 50% of the fractions indicated at the bottom and 5% of the loads (L) were

separated on 1.5% w/v agarose gels and the RNA transferred to membranes, which were

incu EPated with a probe directed against the HACI 5’ exon and intron. Note that the HA

HAC I mRNA levels are substantially lower in the strain carrying p■ D 179 than in the one

carrying plc316 but the images of the two Northern blots were processed to give similar

signal intensities. The strain analyzed is indicated at the left and the number of ribosomes

(rb) EPer mRNA between the profile and the Northern blots. wt. wild type; mt: mutant.

Quazz ritation: the amount of HA-HAC1 mRNA in each fraction is expressed as

percentage of the total amount of HA-HAC1 mRNA recovered over the gradient

(% total). (B) Extracts from Ahac1 strains carrying either p■ C316, pIL179, pIL178 or

PJL177 were fractionated over 10-50% w/v sucrose gradients, fractions collected and

analyzed by Northern blot as described in A and the number of ribosomes per mRNA

Was determined for each fraction based on the UV absorbance profile. The amounts of

HA-HA C1 mRNA associated with 0, 1-2 and more than 2 ribosomes are shown as

Percentage of the total amount of HA-HAC1 mRNA recovered over the gradient

(% total). The analysis across the gradient is shown in detail in A for p]C316 and p■ L179.

(C) Extract from the Ahaci strain carrying p■ C316 was fractionated over a 10-50% w/v
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sucrose gradient and twenty 180 pil fractions were collected from the middle of the

gradient. The direction of sedimentation is from left to right. The UV absorbance profile

at 254 nm is shown with a stippled line and the quantitation of HA-HAC1" mRNA by

Northern blot with a solid line. Northern blot analysis was carried out as described in A.

arb. u.: arbitrary unit of quantitation by phosphor screen autoradiography.
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Figure 2-4
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Figure 2–5: The cytoplasmic pool of HACI" mRNA is a substrate for splicing

(A) Yeast cells expressing a temperature-sensitive allele of the largest subunit of RNA

polymerase II were shifted to the non-permissive temperature for 10, 20, and 40 min. At

these time points DTT was added to a final concentration of 8 mM. Total RNA was

isolated from aliquots taken immediately before and 5, 10, 20, and 40 min after the

addition of DTT. The amount of HAC1 mRNA splicing was determined for each time

point by Northern blot analysis with a probe directed against the 5’ exon. (B) Yeast cells

expressing a temperature-sensitive allele of SEC12, required for vesicle transport from

the EIR to Golgi, were shifted to the non-permissive temperature for 2 min, and then

cycloheximide was added to a final concentration of 60 pg/ml. DTT was added after 1

min to a final concentration of 8 mM, and extracts were prepared from aliquots taken

immediately before and 2, 5, and 10 min after the addition of DTT, Extracts were

fractionated over a 10-50% sucrose gradient and analyzed by Northern blots, as in Figure

4C.
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Figure 2-6 Riiegsegger et al.

\ =nucleus

cytoplasm

3.
stalled

polyribosomes
5’

|- splicing

5' 3.

g

Figure 2-6: A model for translation attenuation and its relief by cytoplasmic splicing



Chapter 3

IREI-independent Gain Control of the Unfolded Protein Response

84



IRE1-independent Gain Control of the Unfolded Protein Response

Jess H. Leber, Sebastián Bernales, and Peter Walter*

Howard Hughes Medical Institute, and
Department of Biochemistry and Biophysics

University of California at San Francisco
San Francisco, CA 94143-2200

USA

* Sorresponding author phone: (415) 476-5017
fax: (415) 476-5233
email: walter@cgl.ucsf.edu

85



SUMMARY

Non-conventional splicing of the gene encoding the Haclp transcription activator

regulates the unfolded protein response (UPR) in S. cerevisiae. This simple on/off switch

c Cºntrasts with a more complex circuitry in higher eukaryotes. Here we show that a

He eretofore unrecognized ER surveillance pathway operates in yeast to regulate the

tra Inscription of HAC1. The resulting increase in Haclp production, together with the

Wºrcºc■ uction or activation of a putative UPR Modulatory Factor, is necessary for the cells

to survive the conditions that trigger this response. This parallel ER-to-nucleus signaling

pathway serves as “gain control” by modifying the UPR-driven transcriptional program.

The results suggest a surprising conservation among all eukaryotes of the ways by which

the elements of the UPR signaling circuit are connected. By adding an additional

sign=aling element to the basic UPR circuit, a simple switch is converted into a complex

resp. Cnse.

Running title: Transcriptional control of Haclp expression
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INTRODUCTION

In eukaryotes, the endoplasmic reticulum (ER) serves as the first station of the secretory

Pathway, through which all secreted and membrane proteins must pass. Within the ER,

Proteins are folded into their native structure and multi-subunit protein complexes are

assembled. The ER is a dynamic organelle, capable of sensing and adjusting its folding

capacity in response to increased demand: when misfolded proteins accumulate in the

\BR - a signaling pathway, termed the unfolded protein response (UPR), is activated

(reviewed in (Patil and Walter, 2001)(Kaufman, 2002; Ma and Hendershot, 2001; Ron,

2OO2)). The UPR activates the expression of genes that enable the cells to adapt to and

Survive the stress, including those encoding ER-resident chaperones (Lee,

1987)(Kozutsumi et al., 1988), key enzymes in lipid biosynthesis (Cox et al., 1997),

mern abers of the ER-associated degradation (ERAD) machinery, and other components of

the secretory system (Travers et al., 2000)(Ng et al., 2000; Urano et al., 2000).

In yeast, the UPR is controlled by a binary switch imposed by a non-conventional

splising reaction that governs the production of the Haclp transcription factor

(NP_116622) responsible for the activation of UPR target genes (Mori et al.,

199 2)(Kohno et al., 1993)(Cox and Walter, 1996)(Mori et al., 1996). In uninduced cells,

direct base pairing between the 5’ untranslated region (UTR) and an intron at the 3’ end

of the mRNA prevents HAC1 mRNA translation (Chapman and Walter,

1997)(Rüegsegger et al., 2001). Accumulation of unfolded proteins activates the ER

resident transmembrane kinase/endoribonuclease Irelp (NP_01 1946), which then cleaves

the HAC1 mRNA at two precise splice junctions, excising the intron (Cox et al., 1993)
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(Mori et al., 1993)(Sidrauski and Walter, 1997). The two HAC1 exons are then joined by

tRNA ligase (NP_012448), allowing translation of Haclp (Sidrauski et al., 1996).

To date, Irel-dependent HAC1 mRNA splicing is the only identified way by

vºv hich signals from the ER affect transcription in yeast. By contrast, in metazoan cells

thºree mechanistically distinct pathways are known that operate in parallel, although their

r-e Tative importance in different tissues remains to be determined (reviewed in (Ma and

Herndershot, 2001)). Hints that further complexity also exists in yeast comes from data

presented in the accompanying paper, which demonstrates that Haclp activity is

mo Ciulated by interaction with Gcn4p, a transcription factor central to regulation of amino

acid biosynthesis (Patil et al., 2004). The UPR, therefore, may integrate signals from

more than one source to compute a transcriptional output appropriate for the

physiological conditions of the cell.

In this paper, we describe a novel “gain control” regulating the UPR in yeast. We

show that HACI mRNA transcription is regulated, resulting in control of Haclp

abundance. Thus the on/off switch provided by IREI-dependent splicing is not the only

*šulatory step of the UPR. This regulation responds to a bipartite signal that emanates

fronn the ER and is communicated by an Irelp-independent pathway. As a consequence,

* alternate transcriptional program is triggered, with specific alterations to the normal

UPR allowing the cell to survive. By imposing gain control on a binary switch in the

UPR circuitry, the cell transforms a discrete transcriptional response into a more complex

Signaling function.

>s
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RESULTS

Secretory stress boosts HACI mRNA abundance

To define the basic circuitry of signal transduction in the UPR, we reevaluated the HAC1

rTalkNA processing step in a quantitative manner. To this end, we induced the UPR with

either DTT or tunicamycin (both agents that cause protein misfolding selectively in the

EIR), and monitored HAC1 mRNA by Northern blot analysis (Figure 1A). In agreement

with previous results, we observed rapid and efficient splicing of HAC1 mRNA, as

apparent from the conversion of unspliced HAC14 mRNA (“u” for UPR-uninduced) to

Spliced HAC1i mRNA (“i” for UPR-induced). Quantitation of the results shows that the

relative abundance of HAC1 mRNA (the sum of HAC14 and HAC1i mRNAs) remained

unc Fhanged over the time course of at least 12 hours (Fig. 1A and data not shown). These

data demonstrate that acute induction of unfolded proteins triggers a simple on/off switch

that controls HAC1 mRNA splicing.

In light of these observations, we were surprised to find that blocking the

Sºcretory pathway distal to the ER resulted in a pronounced increase in HAC1 mRNA

abundance. As shown in Figure 1B, HAC1 mRNA levels increased 3- to 4-fold in mutant

Strains compromised at various steps in the secretory pathway when shifted to the non

Permissive temperature (sec12-1; ER → Golgi, lanes 5-8; sec14-1: intra-Golgi, lanes 9

12; and sec1-1: Golgi → plasma membrane, lanes 13-16) (Novicket al., 1980). Splicing

Was also induced, albeit to a lesser degree than was observed with DTT or tunicamycin

treatment. The observed splicing suggests that blockages in ER-distal compartments of

the secretory pathway lead to activation of Irelp in the ER. Temperature shift alone only
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transiently induced HAC1 mRNA splicing and had no effect on HAC1 mRNA abundance

(lanes 1-4). To determine if any disruption of the secretory pathway had similar

c Cnsequences, we blocked earlier stages of protein traffic. Mutations that block protein

eratry into the ER had no effect (Figure 1C: secó2-101, lanes 13-16; seco.3-201, lanes 17

2 O) or only a mild effect (secó1-101, lanes 9-12) on HAC1 mRNA abundance.

Thus, a surveillance pathway operates to adjust HAC1 mRNA levels in response

to altered conditions in the secretory pathway. In the experiments described above, we

observed HAC1 mRNA induction only in sec mutants that block transport distal to the

ER - but not in those that block protein entry into the ER. One common consequence of

blocking the secretory pathway at later stages is that proteins in transit will eventually

back-up into the ER (Rose et al., 1989)(Chang et al., 2002). This condition results in

protein folding defects, thereby activating Irelp, as indicated by the observed HAC1

mRNA splicing. From the data discussed above (Fig. 1A), however, we know that an

accumulation of unfolded proteins alone is insufficient to trigger an upregulation of

Hº C1 mRNA, suggesting that an additional inducing signal is required.

HA C1 mRNA induction requires a bipartite signal

To determine the nature of this second signal, we sought conditions that induce HAC1

mRNA when combined with ER protein misfolding drugs. Canvassing different

Conditions, we found two scenarios under which wildtype cells can be induced to

upregulate HAC1 mRNA in wildtype cells: i) ER protein misfolding combined with a

temperature shift from 23°C to 37°C (Figure 2A) and ii) ER protein misfolding combined

with inositol starvation (Figure 2B). Intriguingly, while ER protein misfolding and
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inositol starvation each activated the UPR individually (as shown by the activation of

HAC1 mRNA splicing, Fig. 2A lanes 5-8, and Fig. 2B lanes 1-4, 5-8), neither stress alone

was sufficient to cause HAC1 mRNA upregulation. Similarly, the temperature shift

reproducibly caused a transient UPR induction (Fig. 1B, lanes 1-4; Fig. 2A, lanes 1-4),

but by itself did not affect HAC1 mRNA levels. Only the combination of ER stress with

either temperature shift (Fig. 2A, lanes 9-12) or inositol starvation (Fig. 2B, lanes 9-12)

led to an increase in HAC1 mRNA abundance. Subjecting cells to both temperature shift

and inositol deprivation had no additive effect, nor did treating cells with both DTT and

tunicamycin (data not shown). Thus, HAC1 mRNA induction requires a bipartite signal,

consisting of one input provided by unfolded proteins in the ER (the “UP” signal), and

the Gºther input provided by inositol starvation or temperature shift (the “I/T" signal).

The heat shock response is transiently induced by shifting cells from 23°C to

37°C. To determine if the heat shock response is an important component of the I/T

sign = 1, we tested whether continued growth at 37°C or expression of a constitutively

*tive allele of the heat shock factor Hsf 1p (Sorger, 1991)(Bulman et al., 2001) would

substitute for the temperature shift described above. Constitutive expression of active

Hsf I D (Figure 2C, lanes 5-8) led to upregulation of SSA1, a known target of the heat

Shock response (Slater and Craig, 1989), but did not substitute for the I/T signal for

HAC I upregulation. In contrast, continued growth at 37°C (Fig. 2C, lanes 9-12) allowed

for Thodest induction of HAC1 mRNA. Thus, elevated temperature elicits effects other

than heat shock, which are important for HAC1 mRNA upregulation.

*†-A C1 induction is IREI-independent
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The UP branch is experimentally induced by DTT or tunicamycin treatment of the cells.

As Irelp is a sensor of folding conditions within the ER lumen, we tested next whether

Irelp was required to transmit this signal. Surprisingly, it was not. HAC1 mRNA

abundance was induced 2.6-fold in Aire I cells (Figure 2D, lanes 9-12), similar to the 3

fold induction observed with wildtype cells (Fig. 2A, lanes 9-12). These results show

that a previously unrecognized Irelp-independent surveillance mechanism must exist that

monitors protein folding in the ER.

HA C1 mRNA abundance is regulated transcriptionally

Increase of HAC1 mRNA abundance could result from increased transcription, reduced

degradation, or both. To distinguish between these possibilities, we constructed a

rePG-rter gene consisting of the HAC1 promoter driving transcription of the open reading

frarrie encoding the green fluorescent protein flanked by ACT1 untranslated regions

(HA C1pro-GFP). The resulting heterologous GFP mRNA therefore contains no HAC1

mRNA sequences. Under conditions providing both the UP and I/T signals, the change in

abu Theiance of the GFP mRNA (Figure 3A, lanes 5-8) mirrored that of the endogenous

HA r > 1 mRNA (lanes 1-4), both in the kinetics and magnitude of the response. These data

****onstrate that the observed increase in HAC1 mRNA abundance was caused by

**s reased transcriptional activity of the HAC1 promoter.

To further test this notion, we compared the rate of decay of HAC1 mRNA under

*Sth HAC1 mRNA inducing and non-inducing conditions. To this end, we employed a

*train bearing a temperature-sensitive allele of RNA polymerase II, which was subjected
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to either elevated temperature alone, or to both elevated temperature and DTT treatment.

In both cases, polymerase II transcription ceased upon temperature shift and mRNA

decay was measured. As shown in Figure 3B, the rate of decay of HAC1 mRNA was

indistinguishable under both conditions. Therefore, the increase in HAC1 mRNA

abundance in response to the combination of UP and I/T signals is due solely to

activation of the HAC1 promoter.

HACI promoter regulation is required to survive certain stress conditions

The results presented so far define a novel regulatory mechanism whereby cells adjust the

an Cºunt of HAC1 mRNA. This mRNA is the substrate for the Irelp-mediated splicing

reaction, which in turn produces HAC1 mRNA that is translated to produce Haclp

transcription factor. We therefore asked whether elevated levels of HAC1 mRNA led to a

ProE'ortional increase in the level of Haclp. Quantitative Western blot analysis shows that

this is indeed the case: when cells were treated with DTT and concomitantly shifted to

37 e *C, the levels of Haclp increased 3-fold (Figure 4A, lanes 5-8), relative to the Haclp

levels observed in cells subjected to DTT treatment alone (lanes 1-4). Therefore, the

trar a Scriptional induction of HAC1 mRNA combined with Irel-mediated splicing results

* =levated Haclp levels, characterizing a new physiological state. Henceforth, we refer

“P this state as the “Super-UPR" (S-UPR).

To assess the physiological role of the S-UPR, we sought conditions that would

*\low us to directly monitor the consequences of changes in HAC1 mRNA levels under

S*therwise identical growth conditions. To this end, we engineered a yeast strain unable to

*ranscriptionally upregulate HACI. In these cells, HACI mRNA expression was removed
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from the control of the HAC1 promoter and was instead driven by the heterologous

ADH1 promoter (ADH1pro-HACI), at levels closely approximating the uninduced HACI

state (Figure 4B; compare ADH1pro-HAC1, lanes 5-8 to HAC1pro-HAC1, lanes 1-4).

Expression from the ADH1 promoter was constitutive, and the levels of HAC1 mRNA

did not change significantly under the various inducing conditions described above. As

expected, induction of the UPR in these strains led to efficient HAC1 mRNA splicing and

Haclp production. This strain therefore allowed us to fix the cellular Haclp

cCIncentration closely approximating the basal HAC1 expression state observed during the

UPR.

We next assessed whether we could identify physiological conditions under which

elevated HAC1 mRNA levels were required for cell growth. Therefore, we subjected

wil citype cells and the engineered strain described above to the combinations of stresses

described in Figure 2. Cells expressing HAC1 from the endogenous or from the ADH1

Prorrhoter grew equally well on plates lacking inositol (Figure 4C, left, first and third

*Y*s). This condition induces the UPR and requires the expression of at least a minimal

****unt of HAC1 mRNA, as AhacI cells fail to grow (left, second row). In contrast, only

Wilsitype cells, which are able to upregulate HAC1 mRNA production, grew on plates

lack ing inositol and also containing tunicamycin. Cells expressing HAC1 mRNA only at

the USasal levels from the ADH1 promoter were non-viable on these plates (right, third

*S*Nºv). As shown previously in Figure 2B, this combination of stresses induces the S

U PR. The data therefore reveal that regulation provided by the HAC1 promoter is

*scessary to survive certain stress conditions that otherwise is lethal.

s
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Differential UPR target gene induction by elevated Haclp levels

To begin to characterize the cause for increased viability, we next sought to determine

differences in UPR target gene expression resulting from either UPR or S-UPR induction.

To this end, we used DNA microarray chip analysis to determine the complete mRNA

profile of cells grown under UPR and S-UPR conditions. The results of this analysis are

shown in Figure 5A. Each spot represents the fold induction of a UPR target under UPR

cornditions (X-axis) or S-UPR conditions (Y-axis) (see Experimental Procedures for

definition of the UPR target set used in this analysis). UPR target genes for which the S

UPR has no additional effect should undergo equal induction under both conditions, and

are expected to scatter around the diagonal, indicated by the dashed line. This was the

case for many UPR targets. However, induction of a substantial number of genes was

Ske Nºved to the top of the graph, indicating stronger induction under S-UPR conditions

than under UPR conditions. These same data are displayed in Figure 5B to highlight and

°*tegorize these differences. In the histogram, the X-axis represents the ratio of the

incis action of a target gene during S-UPR and UPR conditions, and the Y-axis shows that

the number of genes with a given ratio. We have operationally divided UPR target genes

into three classes, based on their fold-induction during the S-UPR compared to their fold

** action during the UPR.

* Class 1 targets (red bars, 123 out of 174, or 71%) exhibit little if any difference in

induction during the UPR and S-UPR (S-UPR induction / UPR induction < 2).

Thus the cellular Haclp during the S-UPR does not lead to enhanced

transcription, indicating that for these genes the response is already saturated at

UPR Haclp levels. Class 1 targets include many of the known ER lumenal
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chaperones (including KAR2, SCJ1, LHS1, and JEM1) and redox proteins

(including PDI1, EUG1, and ERO1).

• Class 2 targets (blue bars, 44 out of 174, or 25%) are induced to a 2- to 4-fold

greater extent during S-UPR than during the UPR. Transcription of these genes is

therefore roughly proportional to the Haclp levels in the cell. Class 2 targets

include YIP3, involved in ER to Golgi transport, OP13, a phospholipid

methyltransferase, and the hexose transporters HXT12, HXT15, HXT16, and

HXT17.

* Class 3 targets (green bars, 7 out of 174, or 6%) are induced by the S-UPR

greater than 4-fold more than by the UPR. Class 3 contains the UPR targets

DER1, involved in ER-associated* (ERAD) (Knop et al., 1996)

(Travers et al., 2000)(Ng et al., 2000), and INO1, critical for membrane

biogenesis (Hirsch and Henry, 1986).

Role for a putative UPR Modulatory Factor

The increased transcriptional output under S-UPR conditions could occur for two

*sons. It could be due to increased Hac 1p concentrations in the cell, or it could result

bec sause an additional S-UPR specific transcription factor is produced or activated

‘Perhaps the same that regulates HAC1 transcription), or it could be due to a combination

Sº these two scenarios. To distinguish between these possibilities, we determined the

**arget gene induction profile in cells in which the HAC1 mRNA concentration was

*rtificially elevated to a similar level as found after S-UPR induction. We took

*Givantage of a specific 15 base-pair deletion in the HAC1 promoter (HAC1pro"), which

s
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increases basal expression by about 3-fold, as compared to the endogenous promoter

(Figure 5C). In cells bearing a HACIpro"-HAC1 gene (“HACIpro" cells”), splicing of

HAC1 mRNA was somewhat reduced upon UPR induction (47%, compared to 67% for

wildtype); though, even with this reduction, HAC1pro" cells produced approximately

2.5-fold more spliced HAC1' mRNA than wildtype cells (compare Fig. 5C lanes 3-4 to

lanes 1-2). The increased levels of HAC1 mRNA led to a corresponding increase in

Haclp (Figure 5D, compare lanes 3-4 to lanes 1-2). The amount of Haclp produced by

DTT induction of HAC1pro" cells is approximately the same as the amount of Haclp

produced during the S-UPR (compare Fig. 5D, lanes 2 and 4 with Fig. 4A, lanes 4 and 8).

The ability to set HAC1 mRNA levels to S-UPR levels allowed us to directly

corr a pare UPR target gene induction with the cellular Haclp concentration being the only

Variable. We induced the UPR in both wildtype and HACIpro" cells with DTT and

determined the mRNA expression profiles. For each class of UPR target defined above,

the expression analysis of UPR-induced wildtype and HAC1pro" cells is shown in Figure

5E. In the histograms, the X-axis shows the ratio of target gene induction during the

UPR driven by a high level of Haclp from HAC1pro" cells compared to induction during

the UPR in wildtype cells. The Y-axis shows the number of genes at any given ratio. As

*Pected, Class 1 targets (top panel of Fig. 5E) do not further respond to the higher levels

Of *Haclp produced in HACIpro" cells. The majority of Class 2 and Class 3 targets

Gºiddle and bottom panels of Fig. 5E) also did not respond to higher levels of Haclp

Gratio & 2), indicating that only raising the Haclp concentration in cells in not sufficient

to account for their full increased induction during the S-UPR. By contrast, ten of the 32

Slass 2 and Class 3 targets were significantly induced (ratio » 2) in cells expression high
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levels of Haclp. For the Class 3 target DER1, high levels of Hac 1p was sufficient to

elevate expression to S-UPR levels: DER1 was induced 8-fold in DTT-treated HAC1pro"

cells, compared to roughly 9-fold in wildtype cells during the S-UPR. Otherwise,

however, high levels of Haclp did not fully reconstitute the induction seen during the S

UPR. For example, while the Class 3 gene INOI was induced 7.5-fold more in the S

UPR than in the UPR (77-fold induced by the S-UPR versus 11-fold induced by the

UPR), it is only 3-fold more induced by high levels of Haclp than normal levels (33-fold

versus 11-fold, respectively). We conclude that elevated Haclp levels are sufficient to

Selectively increase the induction of a few UPR targets, but that the full transcriptional

program of the S-UPR predicts the production or activation of an additional

transcriptional activator, which we term “UPR Modulatory Factor”, or “UMF".

To further dissect the UMF contribution during the S-UPR, we sought conditions

unciler which UMF activity was the only variable. To this end, we induced the S-UPR in

A^*H 1pro-HACI cells, which are prevented from achieving high level Haclp expression,

*ci compared the mRNA expression profile against the UPR in wildtype cells. In this

*** lysis, Haclp levels were approximately equivalent in the two conditions, so variations

tre+ in the normal UPR transcriptional program reflect the activity of UMF. The results

** shown in Figure 5F, with the data displayed similarly to Figure 5E: the X-axis shows

the ratio of target gene induction during the S-UPR in ADH1 pro-HAC1 cells, compared

“P induction during the UPR in wildtype cells, and the Y-axis shows the number of genes

** any given ratio. Not surprisingly, the induction of Class 1 targets (top panel, Figure

S F) was unaffected: these are targets that are fully induced by even low levels of Haclp

**Ind are no more induced during the S-UPR. Two Class 3 targets, YOR289W and
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YHR087W (both of unknown function) reach near wildtype S-UPR induction levels,

without elevated levels of Haclp (YOR289W. 30-fold and 40-fold, YHR087W. 13-fold

and 12-fold, in ADH1 pro-HAC1 and wildtype strains, respectively); for these targets,

UMF likely plays a leading role in their induction, with Haclp having less influence.

Most Class 2 and Class 3 targets (middle and bottom panels of Figure 5F), however, do

not reach full S-UPR induction levels in the absence of elevated Haclp levels. For

example, the Class 3 target INO1 is induced roughly 25-fold in ADH1pro-HAC1 cells

during S-UPR conditions; while this is roughly twice the induction observed during the

UPR, this falls far short of the 75-fold S-UPR induction in wildtype cells.

These results reinforce the in vivo requirement for high levels of Haclp to survive

S-U PR stress, demonstrated in Figure 4C. Taken together with the data shown in Figure

5E. we conclude that the full S-UPR transcriptional program results from a collaboration

between elevated Haclp levels and UMF, with the relative contribution from each

Varying among different target genes.
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DISCUSSION

The circuitry of the UPR

In this paper, we describe a novel ER surveillance pathway in yeast that modulates the

L1 nfolded protein response, resulting in a new physiological state that we term the S-UPR.

Ira response to a bipartite signal transmitted from the ER by an IRE1-independent

pathway, the HAC1 promoter is activated, resulting in increased HAC1 mRNA levels

that, upon splicing, yield more Haclp. The increased Haclp concentration, in

cCºnjunction with an additional postulated factor(s) produced or activated by the S-UPR

C UNMF'), allows the cell to mount a modified transcriptional response to cope with the

including stress conditions.

Figure 6 shows the UPR as a circuit diagram utilizing multiple logical operations to

integrate various signals. In the “classical UPR” (in red), basal transcription of HACI

Proc■ uces HAC1" mRNA, which is translationally inactive due to the presence of the

in Hai bitory intron. In response to unfolded proteins (‘UP’), Irelp performs an ON/OFF

9Peration, excising the intron from HAC11 mRNA to generate spliced HACIi mRNA,

Which is translated to produce the Haclp transcription activator. The S-UPR provides

*Pt.Her layer of regulation superimposed on the UPR (in blue). If ER folding stress

(‘UE- ) is combined with either a shift to elevated temperature or with inositol starvation

(“I/TI-> D, an AND gate integrates this bipartite signal and boosts HAC1 mRNA levels. In

ºurn - this regulation causes increased Haclp production. Together with UMF, Haclp

incluxe es UPR target genes, with particular genes responding differentially to differences

in Hael p and UMF concentration. Thus the S-UPR can be seen as an adaptation of the
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classical (or basal) UPR, fine-tuning the activation of select targets to produce a response

suited to the challenge faced by the cell.

In the accompanying paper, Patil et al. describe a third signaling element, which

additionally modifies the transcriptional program of the yeast UPR (Patil et al., 2004).

They show that the transcriptional activator Gcn4p collaborates with Haclp at the

Promoters of UPR targets, providing an additional opportunity for integration of

iriformation about the physiological state of the cell. Gcn4p is a highly regulated

transcription regulator that responds to metabolic conditions, such as amino acid

availability. Gcn4p is not UMF, as S-UPR induction of HAC1 proceeds normally in

A3 can4 cells (data not shown).

Biº-artite signal requirement for S-UPR activation

Presently, the molecular details of the pathway by which the S-UPR signal exerts

trar ascriptional control are not known. In particular, it will be of interest to determine

Where in the cell the two branches of the S-UPR signal are integrated, i.e. how the AND

8*te is constructed and where it resides. One possibility is that this signal integration

*Y*** t occurs close to the source at the ER membrane. Both temperature shift and inositol

*arvation can equally induce the I/T branch of the pathway, and it is conceivable that

both conditions effect ER membrane properties similarly. Inositol is an essential

Pºs ursor for phosphatidylinositol, a major structural phospholipid in yeast that is

*A*-aired for proper functioning of the secretory system (White et al., 1991)(Zinser and

Dau Trn, 1995)(Greenberg and Lopes, 1996). Previous work has demonstrated an intimate

>
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link between inositol regulation and the UPR, presumably to coordinate the concentration

of ER lumenal and membrane components (Cox et al., 1997). A similar sensing

mechanism operates in cholesterol homeostasis, with sterol composition in ER

Imembranes affecting the activity of SCAP, a membrane-bound regulator of SREBP intra

rrnembrane proteolysis (Espenshade et al., 2002). It is likely that elevated temperatures

also affect ER membrane properties, such as fluidity (Laroche et al., 2001). If such a

property were sensed, it would explain how the temperature effect contributing to the I/T

signal is separate from the heat shock response. ER membranes distressed by either

in Ositol deprivation or elevated temperature (the I/T signal) might then control the

activity of a membrane-bound component of a signal transduction machine that also

Senses protein folding conditions (the UP signal) in the ER lumen.

Alternatively, the AND gate might be well removed from the ER membrane, with

I/T and UP signals traveling separately through the cell and meeting possibly as late as at

the promoters of the affected target genes. Components that map onto either signaling

Pat Hvay need to be identified and placed into the circuit to distinguish between these

POS sibilities.

The transcriptional output of the S-UPR

The transcriptional response elicited by the S-UPR reveals different classes of UPR

tarsets. During the S-UPR, the further activation of UPR targets is not simply

Pºlº ortional to the increase in Haclp concentration; rather, we observe a multitude of

Corn-h Plex responses. Some targets are already maximally transcribed during UPR

*****litions and are not induced further during the S-UPR, while other targets become
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significantly more induced. For some targets (a minority), elevated Haclp concentrations

are sufficient to increase transcriptional induction, while for others S-UPR-derived UMF

is also required. We find evidence for both kinds of regulation. The promoters of target

genes, therefore, display differential responsiveness to Haclp concentration and UMF

activity.

The production of different levels of Haclp allowed us to isolate and directly

assess the responsiveness of target genes to Haclp concentration under otherwise

icientical conditions. Those target genes that undergo equivalent activation under both

cC'nclitions likely have promoters that are saturated by the lower amount of Haclp, and

thus reach full activation more readily. For UPR targets at the other end of the spectrum,

induction continues to increase as Haclp levels increase; lower concentrations of Haclp

are inadequate for full stimulation of these genes, which may have lower affinity for

Haclp. Because genes respond differentially to Haclp levels, regulation of HACI

nRNA abundance can be used as a gene-specific gain control for target activation. This

°Cra trol is similar to that observed in regulation of phosphate metabolism, whereby the

differential affinity of certain Pho.4p phosphoforms for target promoters allows for the

*lective activation of a subset of phosphate-responsive genes (Springer et al., 2003).

For most target genes, however, the S-UPR further enhances the transcriptional

a Cti Yity even in the presence of high concentrations of Haclp. For example, INO1 is

indu seed over 75-fold by the S-UPR in wildtype cells, compared to 33-fold during the

UFF in HACIpro" cells, while the amount of Haclp produced in both cases is

*PProximately the same. This added induction during the S-UPR is dependent on Hac 1p,

aS ^ EHIpro-HACI cells treated with DTT and shifted to elevated temperature show
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significantly reduced induction of INO1. The simplest interpretation of these findings is

that S-UPR induced UMF, which may or may not be identical to the transcription factor

regulating HAC1 mRNA, collaborates with Haclp to further boost transcription of these

genes.

|Links with the metazoan UPR

Higher eukaryotes possess three separate pathways to sense ER stress and direct

Cºverlapping but distinct transcriptional outputs (reviewed in (Ma and Hendershot, 2001)).

In the first branch, Irelp senses unfolded proteins in the ER lumen and directs the

cleavage of an intron from the mRNA encoding the XBP-1 transcription factor,

analogous to the splicing of HAC1 in yeast (Calfon et al., 2002)(Yoshida et al., 2001). In

a second branch, the transmembrane kinase PERK phosphorylates and inactivates the

eIF2-0 translation initiation factor (Harding et al., 1999). This attenuates global protein

SY rathesis, but selectively increases the translation of a small number of proteins including

the ATF-4 transcriptional activator. Interestingly, ATF-4 is the metazoan ortholog of

Gc In-■ p, the yeast transcription factor demonstrated by Patil et al. (Patil et al., 2004) to

** 1=aborate with Haclp. Finally, in a third branch, activation of the UPR in metazoans

allº» News for the ER-to-Golgi transit of the membrane-tethered ATF-6 protein. In the Golgi

*PP=ratus, ATF-6 undergoes proteolytic cleavage within its membrane-spanning domain,

*i the soluble fragment subsequently travels to the nucleus as an active transcription

faster (Haze et al., 1999)(Ye et al., 2000). XBP-1, ATF-4, and ATF-6 all activate

*P=\rate but overlapping transcriptional programs that enable the cell to respond to

chan ging conditions in the ER. Notably, the XBP-1 promoter is a target of ATF-6
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activation (Yoshida et al., 2001), reminiscent of the circuitry described here for yeast.

Conceptually, therefore, HAC1 mRNA upregulation by the S-UPR pathway takes the

place of XBP-1 upregulation by the ATF-6 fragment. Moreover, ATF-6 and XBP-1 can

Heterodimerize (Lee et al., 2002), reminiscent of the proposed collaboration of UMF and

Hac 1p. Thus, intriguing parallels in the wiring that connects the elements of the UPR

signaling circuit between yeast and metazoans are beginning to come to light.

These findings suggest a surprisingly common strategy of all eukaryotic cells to

respond to challenges to the secretory system. Maintaining separate ER-surveillance

pathways creates the potential for cells to integrate multiple signals that, in principle,

could convey precise information regarding the nature of the imbalance to afford finely

tail Cºred corrective measures. In this view, the UPR operates as a homeostatic control

circuit, in which such regulation ascertains that components of the secretory apparatus are

Prociuced according to need. The challenge now at hand is to decipher the logic between

the UPR inducing conditions and the transcriptional output to add physiological

*Planations to complex regulation of the response that we observe experimentally.
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EXPERIMENTAL PROCEDURES

Yeast Strains

The wildtype strain W303-1A, the Aire I strain CS165, and the Ahac1 strain JC408 are as

ciescribed previously (Cox et al., 1993) (Cox and Walter, 1996). All sec strains used in

this study were provided by Robert Fuller (University of Michigan, Ann Arbor), and are

Otherwise genotypically identical to W303. The HSF1 strain was a kind gift of Hillary

Nelson (University of Pennsylvania, Philadelphia) and contains the R222A allele of

H.S.A’1 (Bulman et al., 2001) replacing the chromosomal locus in a W303 background.

Strains used in the experiments described in Figure 3A were Ahac 1 transformed with

pH VV598 (“HACIpro-HAC1", HA-tagged HACI
-

(Cox and Walter, 1996) under its own

Pro-rmoter and with native HAC1 flanking sequences, in a pKS304 background) or with

pH NM599 (“HACIpro-GFP", the GFP ORF, driven by the HACI promoter (defined as the

region starting at the mapped start site of HACI transcription (Rüegsegger et al., 2001)

anci extending 500 bp upstream) and flanked by 5’ UTR and 3'UTR sequences from

4C2 1). Strains used in experiments described in Figure 4 were HAC1pro-HAC1 and

A/*-x c1 (described above) and AhacI transformed with pPW600 (“ADH1pro-HAC1”, HA

*ssed HACI with 5' and 3'UTR HACI sequence subcloned into the p414 ADH

*Pression vector (Mumberg et al., 1995) and transferred to a pKS304 backbone). In

Fisk are 5, HAC1pro" (pp.W601) was made by subjecting HAC1pro-HAC1 to QuikChange

muta senesis (Stratagene) following the manufacturer’s protocol, using oligonucleotides

* *s nove the 15 base-pairs at coordinates –338 to —323 (+1 representing the start site of

trar n Scription).

106



Cell culture and plates º

Cell culture

Yeast cultures were grown in YPD media (unless otherwise specified) at the indicated

temperatures to mid-log phase (ODoo = 0.5). For temperature shift experiments, cultures

were transferred to a preheated 37°C water bath shaking incubator. DTT (Roche) was

added to a final concentration of 6 mM, and tunicamycin (Boehringer Mannheim) was

added to a final concentration of 1 pag/ml. For experiments involving inositol deprivation

in liquid media, yeast cells were grown in liquid complete synthetic media described by

(Sherman, 1991), supplemented with myo-inositol (Sigma) to a final concentration of 100

pg/ml. Cells were then harvested by filtration, washed three times in pre-warmed

complete synthetic media lacking inositol, and then filter transferred to a flask containing

pre-warmed complete synthetic media lacking inositol.

Plates

For the experiment described in Figure 4C, yeast strains were grown in YPD to mid-log

Phase (ODoo as 0.5), transferred to a 96-well microtiter plate, and serially 5-fold diluted in

fresh YPD. Using a liquid transfer prong (“frogging”) tool (Aladin Enterprises), º

*PProximately 3 pil of all serial dilutions of all strains were simultaneously transferred to
*-

°Srmplete synthetic plates lacking inositol (described above), either in the absence or * / /
*

Wresence of 0.2 pg/ml tunicamycin. After approximately 2 days of incubation at 30°C, A/]
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plates were photographed using the Epi Chemi II Darkroom GelDoc system (UVP

Laboratory Products).

RNA Analysis

Isolation of Total RNA and Northern Blot Analysis

Isolation of total RNA from yeast cells was carried out with the modified hot-phenol

extraction method described in Rüegsegger et al. (2001). For Northern blot analysis, 10

pig of total RNA was separated on a 1.5% w/v agarose gel and transferred to a Duralon

UV nylon membrane (Stratagene), which was incubated with a probe directed against the

5’ exon of HAC1. The mRNA abundance was quantitated using a Phosporimager

(Molecular Dynamics). The membranes were then stripped with two serial washes using

0.1% SDS at 65°C for 60 min each, incubated with a probe directed against the 3’ exon

of ACT1, and mRNA abundance again quantitated. To control for the variable strength of

Northern blot probes across multiple experiments, the relative HAC1/ACT1 mRNA

abundance ratio is always normalized to the untreated (t=0) sample. For the detection of

Other mRNAs, membranes were incubated with the additional relevant probes (GFP,

*SA 1) concurrent with the HACI probe. All data shown are an average of at least two

**iependent experiments.

Mºr icroarray Experiments and Analysis

WºolyA+ mRNA was isolated from total RNA using the PolyATract system (Promega)

according to the manufacturer's instructions. Microarray analysis, using yeast ORF
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arrays printed at the UCSF Core Center for Genomics and Proteomics

(http://derisilab.ucsf.edu/core/), was performed as in Carroll et al. (2001) (Carroll et al.,

2001) using protocols and reagents described at http://microarrays.org/. All array data

are the average of two independent experiments. For this study, we were obliged to

evaluate UPR targets differently than in Travers et al. (2000) (Travers et al., 2000), as we

consider HAC1-independent responses, and the former study specifically isolated genes

induced by unfolded proteins for which Haclp was solely responsible (Z test score = 3.6

o). Here, UPR targets were defined as those genes that met the following three criteria in

a parallel set of microarray experiments using wildtype (W303) and AhacI (JC408)

strains. First, induction (log, of the fold change in gene expression) in wildtype cells

treated with DTT must be at least 1 standard deviation greater than the mean

wror ºwtºry[((induction o "*") = 1]. Second, induction in wildtype cells treated|l

with tunicamycin must be at least 1 standard deviation greater than the mean

[((induction" - u")/o"") > 1]. Third, induction in Ahac1 cells treated with DTT

be at least 1 standard deviation less than the induction in wildtype cells treated with DTT

WT.DTT WT,DTT■ or, more awkwardly, (((((induction wºrry Ahaci.DTT|l O ) - ((induction

A/iac
Lt. 1a. 107)/o wor)—ºwtor■

-

valory WT,DTT - valor) P: 1 |O

Issolation and Detection of Protein from Yeast Cells

Cells were collected by filtration, frozen in liquid nitrogen, and disrupted in 150 pil 8 M

*rea/1% SDS by vortexing for 5 min at 4°C in the presence of 150 pil silica beads. The

Samples were then boiled for 5 min and the lysates cleared by centrifugation at 16,200 x g

for 5 min at room temperature. SDS-PAGE was performed on 20 pig of protein separated
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on NuPAGE 10% w/v SDS-polyacrylamide gels (Invitrogen), and Western blots were

visualized using SuperSignal West Dura Extended Duration ECL Substrate (Pierce)

according to the instructions of the manufacturer. Haclp was detected using a polyclonal

antibody raised against the carboxy terminus (Figure 4) or a monoclonal antibody raised

against the HA epitope and directly coupled to horseradish peroxidase (Figure 5)

(Molecular Probes), and Pgklp was detected using a commercially available polyclonal

antibody (Molecular Probes). Protein abundance was quantified using the Epi Chemi II

Darkroom Gel■ )oc system (UVP Laboratory Products). Parallel experiments using serial

protein dilutions were performed to confirm that the detected protein levels were within

the linear range of the system.

Transcription Shut-off

The yeast strain JC218 ((Sidrauski et al., 1996); rbp1-1) was grown in YPD at 23°C to

ODoo = 0.5 and then shifted to a 37°C water bath, shaking at 250 RPM. To induce the

UPR, DTT was added to a final concentration of 6 mM. Cells were harvested and total

RNA isolated, at 20 min intervals, as described above.
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SUPPORTING INFORMATION

Accession Numbers

The GenBank accession numbers of the sequences discussed in this paper are NP_116622

(Haclp), NP_01.1946 (Irelp), and NP_012448 (tRNA ligase).

Microarray data can be accessed at the Gene Expression Omnibus (GEO) at the

National Center for Biotechnology Information (NCBI) database as platform number

GPL999 and sample numbers GSM16978-984.
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Figure 3-1: ER-distal secretory stress boosts HACI mRNA abundance

(A) Determination of HAC1 mRNA abundance during the UPR. The UPR was induced

in wildtype (WT) cells by addition of either 6 mM DTT (lanes 1-4) or 1 pg/ml

tunicamycin (lanes 5-8) for the times indicated. Total RNA was harvested at the

indicated intervals, and the relative abundance of HAC1 and ACT1 mRNAs was analyzed

by Northern blot analysis (see Experimental Procedures). Splicing is calculated at the

ratio of spliced (HAC1') to total (HAC1' + HAC1") mRNA. (B) Determination of HACI

mRNA abundance during ER-distal secretory stress. WT, sec12-1, sec14-3, and sec1-1

strains were grown at 23°C and shifted to 37°C. (C) Determination of HAC1 mRNA

a bundance during ER-proximal secretory stress. WT, sec14-3, seco I-101, seco2-101,

a no secó3-201 strains were grown at 23°C and shifted to 37°C.
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Figure 3-1
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Figure 3-2: HAC1 mRNA induction requires a bipartite signal, and is IREI

independent

(A) Determination of HAC1 mRNA abundance during ER stress and temperature shift.

WT cells were grown at 23°C and shifted to 37°C (lanes 1-4, 9-12) or kept constant at

30°C (lanes 5-8). DTT was added as indicated (lanes 5-8, 9-12). (B) Determination of

HAC1 mRNA abundance during ER stress and inositol deprivation. WT cells were

grown at 30°C in synthetic media supplemented with inositol and shifted to synthetic

media lacking inositol (lanes 1-4, 9–12), or continuously grown in media supplemented

with inositol (lanes 5-8). Tunicamycin was added to a final concentration of 1 pig■ ml as

indicated (lanes 5-8, 9-12). (C) Distinction between heat shock response and HAC1

In RNA-inducing conditions. WT (lanes 1-4, 9-12) and HSF1" (lanes 5-8) strains were

s.r.own at 23°C and shifted to 37°C (lanes 1-4, 5-8) or continuously grown at 37°C (lanes

‘P– 12), and DTT added as indicated. (D) Analysis of IREI pathway for a role in HACI

In a RNA induction. Aire I cells were grown at 23°C shifted to 37°C (lanes 1-4, 9-12) or

<<>ntinuously grown at 30°C (lanes 5-8), and DTT was added as indicated (lanes 5-8, 9

1 2). Note that in Aire■ cells, HACI mRNA is modestly induced in response to DTT

*** One (Fig. 2D, lanes 5-8). This observation is indicative of feedback regulation,

Y^ Haereby a block in the UPR induces the I/T signal.
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Figure 3-2

A
lane 1 2 3 4 5 6 7 8 9 10 11 12

HAC1"
i■ ...} : - - - - - - = = - ===
ACT1 – -- * * * * * * * * * *

Splicing: 14 24 27 21 6 63 63 67 11 66 73 77
(%)

& 3 º

#
f

■ : 2 i

#3 r~
-

$2 # 1
- -

Ins# "T"
E || || ||

l - - -- - 1–1 –i l
DTT. - - - - - -H + + - + + +

Temp; 23 37 37 37 30 30 30 30 23 37 37 37::::A;
Time: 0 20 40 60 0 20 40 60 0 20 40 60
Cirrhin)

C

1= r^e 1 2 3 4 5 6 7 8 9 10 11 12

*H-A C1" - - - - º * * *
-A , N.; " - - - * : * ~ * * * *

-** = TI - - - - - - - - - - - - -
|

SS-11 – ~ * * ~ * * * * ~ * ~ *-

*|ºn■àf
-

- + + + - + + + - + + +

">;--> Ps 23 37 37 37 23 23 23 23 37 37 37 37

0 20 40 60 () 20 40 60 () 20 40 60
| | | | | —

WT HSF1° WT

Leber et al. (2004)

B
lane 1 2 3 4 5 6 7 8 9 10 11 12

li* - - - - - - - - - - - -
HAC1'- * * * * * * * *

|

ACT1 — sº * * * * * * * * * * *

Splicing 7 9 55 57 3 59 62 67 7 60 67 75
(%)

3

:
TM:

Ino: + - - - -H + + +

Time: 0 1 2 3 () 1 2 3 0 1 2 3
(hrs)

D

lane 1 2 3 4 5 6 7 8 9 10 11 12

Hac■ " - - - - * * * * * * * *

3 +

iintrºll
Temp. 23 37 37 37 30 30 30 30 23 37 37 37

(°C)
Time: () 20 40 60 () 20 40 60 0 20 40 60
(min) t |

Aire 1

122



Figure 3-3: Activation of the HACI promoter controls increase in HACI mRNA

abundance

(A) Analysis of HAC1 promoter activity during bipartite stress conditions. Ahacl cells

containing either a construct restoring HAC1 expression (lanes 1-4) or a construct

expressing GFP driven from the HAC1 promoter (lanes 5-8), were grown at 23°C and

shifted to 37°C concurrent with addition of DTT as indicated. (B) Determination of

mRNA half-life during HAC1 mRNA inducing conditions. poll■ ” cells were grown at

23°C and were shifted to 37°C either in the absence (open symbols) or presence (filled

symbols) of DTT, HAC1 (circles) and ACTI (squares) mRNA abundance is normalized

to the abundance of the Poll|I transcript SCR1.
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Figure 3-3
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Figure 3-4: HACI promoter regulation is required to survive stress

(A) Determination of Haclp levels during either ER stress alone or during both ER stress

and temperature shift. WT cells were either grown at 30°C and treated with DTT (lanes

1-4) or grown at 23°C and simultaneously shifted to 37°C and treated with DTT (lanes 5

8). Protein lysates were prepared, and protein levels were analyzed by Western blot

analysis. The relative Haclp/Pgklp ratio is normalized to the DTT treated sample (lane

4). (B) Characterization of HAC1 expression in strain used to approximate basal HAC1

expression. Cells expressing HAC1 from the endogenous promoter (lanes 1-4), or the

ADH1 promoter (lanes 5-8) were grown at 30°C in synthetic media supplemented with

inositol and shifted to synthetic media lacking inositol simultaneous with addition of

tunicamycin. (C) Reduced viability of strains unable to express HAC1 at elevated levels.

The strains described in Figure 4B were plated in serial dilutions (left to right) on

synthetic media lacking inositol (“-ino”) and synthetic media lacking inositol and

containing tunicamycin (“-ino +TM”).
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Figure 3-5: Differential UPR target gene induction by elevated Hac1p levels

(A) Comparison of UPR target gene induction during either UPR or S-UPR conditions.

Whole-genome mRNA expression analysis was carried out on WT cells harvested after

60 min of treatment, either grown at 30°C and treated with 6 mM DTT (X-axis), or

grown at 23°C and simultaneously shifted to 37°C and treated with 6 mM DTT (Y-axis).

Fold changes in gene expression are in reference to the untreated (t=0) samples. Only

shown are those genes designated as targets of the UPR (see Experimental Procedures).

The dashed diagonal line represents equal induction under both conditions. (B)

Comparison of UPR target gene induction during either UPR or S-UPR conditions

(alternate display). The data from Figure 5A were analyzed to generate a ratio (X-axis)

for each gene, dividing the induction during S-UPR inducing conditions by the induction

during UPR inducing conditions, with target genes of similar ratio grouped together (Y-

axis). (C) Characterization of HACI expression in strain constitutively expressing HAC1

at high levels. Cells expressing HAC1 from the endogenous promoter (WT, lanes 1-2), or

a modified promoter constitutively expressing HAC1 at high levels (HACIpro", lanes 3

4) were treated with 6 mM DTT for 60 min. Although the basal transcription of

*ZAC1pro" is elevated, the promoter is still capable of further induction during the S

UPR (data not shown). (D) Determination of Hac■ p level in strain constitutively

*P& pressing HAC1 at high levels. Protein lysates were prepared from the strains described

irº Figure 5C, and protein levels were analyzed by Western blot analysis. The relative

Hac 1p/Pgklp ratio is normalized to the WT DTT treated (t=60) sample from Figure 4A.

For Figures 5E and 5F: a = DER1, b = INOI, c = YOR289W, d = YHR087W. (E)

*Transcriptional response of different classes of UPR targets to high levels of Haclp.
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Whole-genome mRNA expression analysis was carried on HAC1pro" and WT cells

treated with 6 mM DTT and harvested after 60 min. For the genes in each of the three

classes of UPR targets defined in Figure 5B, a ratio (X-axis) is calculated by dividing the

fold induction in DTT-treated HAC1pro" cells by the fold induction in DTT-treated WT

cells. This ratio is plotted against the number of genes with a similar ratio (Y-axis). The

Class 2 target YFR026C (*) that is DTT-induced approximately 10-fold more in

HAC1pro" than in WT cells is of unknown function. (F) Transcriptional response of

different classes of UPR targets to UMF, Whole-genome mRNA expression analysis was

carried on ADH1pro-HAC1 cells grown at 23°C and simultaneously shifted to 37°C and

treated with 6 mM DTT, and WT cells treated with 6 mM DTT, both harvested after 60

min. For the genes in each of the three classes of UPR targets defined in Figure 5B, a

ratio (X-axis) is calculated by dividing the fold induction in ADH1pro-HAC1 cells during

S-UPR-inducing conditions by the fold induction in WT cells during UPR-inducing

conditions. This ratio is plotted against the number of genes with a similar ratio (Y-axis).
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Figure 3-5
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Figure 3-6: A schematic of the circuitry of the Unfolded Protein Response

The model depicts the circuitry of the UPR (in red) and the S-UPR (in blue).

Transcriptional control of HAC1 is indicated by an icon representing a rheostat affording

gain control of the UPR; Irelp-dependent HAC1" mRNA splicing by an icon representing

an ON/OFF switch. The I/T and UP signals in the S-UPR are integrated by an AND gate

(half-circle, top right), i.e. both conditions must be met to propagate the S-UPR signal.

The putative UPR Modulatory Factor UMF may both collaborate with Hac 1p to control

transcription of UPR target genes (shown) and also be involved in regulating HAC1

transcription (not shown); alternatively, different factors may be involved. The

collaboration of Haclp and UMF is indicated by the diamond-shaped icon, which

integrates the information coming from both Haclp and UMF concentration and activity.
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Figure 3-6 Leber et al. (2004)

HAC1

-

—?–I/T
gain H2control UP

HAC11!
mRNA

ON/OFF
switch \—3–E– UP

!
HAC1i
mRNA

! W

Hac1p UMF

*
Class 1 Class 2 Class 3

131



Chapter 4

Unfinished business, loose ends, and perspectives on HACI and the UPR
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INTRODUCTION

In this final chapter, I hope to provide the seeds for future fruitful projects in the Walter

Lab. The two published papers I have presented as earlier chapters of this thesis

represent only those projects that have come to tidy conclusions, which represent only a

fraction of my efforts. Here I will present both potentially interesting offshoots of those

projects, and also experiments that address aspects of the UPR other than transcriptional

or translational regulation of Haclp, including equal parts initial results and pure

speculation. Overall, I hope that whoever reads this will keep in mind three things: 1)

The more you examine a seemingly-simple aspect of the UPR, the more it will surprise

you; 2) I would wager that every possible step leading to active Haclp is regulated; and

3) If Peter mentions an idea of his to you three times or more, put aside any preconceived

notions as to why it won’t, and give it a try.

TRANSLATIONAL REGULATION OF HACI

Mechanism of translational attenuation of metazoan Haclp orthologs

The mechanism of translational attenuation of unspliced HAC1" mRNA, presented in

Chapter 2, represents an “intramolecular anti-sense” regulation that, to our knowledge, is

unique (Figure 4-1A). While reminiscent of the anti-sense regulation observed in flies in

worms (e.g. the small non-coding lin-4 RNA repressed the translation of lin-14 in C.

elegans by binding to its 3'UTR (Lee et al., 1993; Wightman et al., 1993)) (Figure 4-1B),

it is difficult to imagine that intramolecular anti-sense is an often used mechanism. In

order for translational attenuation to be a “switch”, the inhibitory pairing between
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complementary bases must be disrupted; for an intramolecular inhibition to occur, the

two contiguous elements must be physically separated by splicing. However, the splicing

of most all mRNA occurs in the nucleus, whereas polyribosome loading occurs in the

cytoplasm. Hence, only for those mRNAs that undergo non-canonical, cytoplasmic

splicing is intramolecular anti-sense translational regulation a possibility.

At present, the only mRNAs known to be spliced in the cytoplasm are the

substrates of Irelp. Furthermore, in an elegant microarray-based approach, Maho Niwa

found that HAC1 mRNA is the only substrate for Irelp-mediated splicing in yeast (M.

Niwa and P. Walter, unpublished results). Therefore, the possible set of mRNAs subject

to intramolecular anti-sense regulation is likely to be confined to the metazoan orthologs

of HAC1. At present, this includes only XBP-1, identified in worms and mammalian

cells as both subject to splicing by Irelp and encoding a transcription factor that activates

UPR targets (Calfon et al., 2002; Yoshida et al., 2001). However, it appears that even

XBP-1 is not likely to be regulated in a manner strictly analogous to that of HAC1; while

the unspliced XBP-1 mRNA appears to be translated less efficiently than the spliced

form, the attenuation is not complete, and protein in made in un-induced cells (Calfon et

al., 2002). Furthermore, the XBP-1 intron that is removed by Irelp splicing is only 22

bases, and examination of this sequence reveals no complementarity to the 5’ UTR.

Hence, any translational attenuation potentially mediated by an interaction between the

XBP-1 5’ UTR and intron would likely involve a protein intermediary, rather than direct

base-pairing (Figure 4-1C).

This raises the question: Is the translation inhibition of HAC1 in yeast

accomplished strictly by the 5’ UTR/intron base-pairing, or are accessory proteins
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involved here, as well? While the in vitro experiments described in Rüegsegger et al.

(Rüegsegger et al., 2001) suggest that direct base-pairing is primarily responsible for the

translation attenuation of HAC1, the residual translation of the unspliced mRNA in these

experiments allows for the possibility of participation of additional factors in vivo (see

Figure 2-2C, lanes 2-4). Even after Irelp splicing of HAC1 upon UPR activation, the

5’ UTR and intron remain paired (Gonzalez et al., 1999), suggesting that a helicase may

be necessary to relieve the translation inhibition by separating the base-paired but no

longer physically linked elements. Therefore, I consider it possible, if not probable, that:

1) intramolecular anti-sense translational regulation occurs only in HAC1 and its

orthologs; 2) inhibition of XBP-1 is primarily protein-mediated rather than mediated

strictly by base-paired mRNA; and 3) further studies will uncover proteins participating

in the translational attenuation of unspliced HAC1 in yeast.

A microarray- and polysome gradient-based screen for mRNAs subject to translation

elongation control

While optimizing the polysome gradients used to demonstrate the HAC1"-polyribosome

interaction shown in Chapter 2 and Rüegsegger et al. (Rüegsegger et al., 2001), Ursula

Rüegsegger noticed that this interaction is particularly magnesium requiring. In fact, it

was because of the different magnesium chloride concentration she was using in her

assays that she had a difficult time at first recreating the earlier results of Jeff Cox (Cox

and Walter, 1996). I have followed up on her initial observations, and indeed find that

the HAC1"-polyribosome interaction appears biochemically distinct from that of other

mRNAs: when the concentration of MgCl, used in the preparation of extracts for

polysome gradients is lowered below approximately 25 mM, HAC1" begins to
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disassociate from polyribosomes, whereas ACT1 does not (Figure 4–2, above dashed

line). The exact protocol used in these preparations can be found on the Walter Lab web

site (www.walterlab.ucsf.edu). Quantitation of these results (Figure 4-3) shows that at 50

mM MgCl, both HAC1 (upper panel) and ACT1 (lower panel) mRNAs are comparably

and extensively ribosome-loaded, whereas at 5 mM MgCl, the bulk of ribosomes have

fallen off the HAC1 message but remain bound to ACTI mRNA.

There are at least two possible explanations for these results: 1) The interaction

between mRNA and non-translating ribosomes requires higher concentrations of MgCl,

in vitro than does the interaction between mRNA and translating; or 2) The interaction

between highly structured mRNA and ribosomes requires higher concentrations of MgCl,

in vitro than does the interaction between less structured mRNA and ribosomes. In the

first hypothesis, one could imagine that the ribosomes bound to unspliced HAC1 mRNA

differ from those bound to ACT1, perhaps in the composition of accessory proteins, and

therefore have altered in vitro behavior. This is similar to the scenario seen in

ceruplasmin (Cp) expression in mammalian cells: in gamma interferon-induced cells, the

L13a ribosomal accessory protein is phosphorylated and released; an element within the

Cp mRNA 3’ UTR binds L13a and silences translation of the upstream ORF (Mazumder

et al., 2003). Alternately, in support of the second hypothesis, precedent exists for in

vitro ion conditions affecting RNA structure (see (Villa et al., 2002) and references

therein); perhaps the base-paired, unspliced HAC1 mRNA changes conformations upon

decrease in MgCl, concentration, and the interaction with ribosomes is disrupted. Both

hypotheses predict that the magnesium requirement of the HAC1-ribosome interaction

should be mitigated in extracts produced from UPR-induced cells: the ribosomes are
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released from their stalled state and are actively translating, and the HAC1 intron is

excised and thus can no longer contribute to mRNA secondary structure. This is exactly

what we observe, as shown in the bottom of Figure 4-2 (below dashed line). In a sucrose

gradient using an extract prepared with 5 mM MgCl, from cells treated with DTT, HAC1

remains bound to many more ribosomes than does HAC1 in untreated cells.

While the reason for the special magnesium requirement of the unspliced HAC1

polyribosome complex is still unknown, we envision using this biochemical distinction as

the basis for a screen for other mRNAs with HAC1-like characteristics. As schematized

in Figure 4–4, extracts are prepared for polysome profiles with varying concentrations of

MgCl2. These different extracts are run over sucrose gradients, and fractions representing

mRNAs unbound by ribosomes (top of gradient), bound to 1-3 ribosomes (middle of

gradient), or bound to 4+ ribosomes (bottom of gradient) are harvested and pooled.

PolyA+ is extracted from the sucrose gradient pools, reverse transcribed, labeled with

fluorescent Cy-dyes, and hybridized to microarrays. Those mRNAs that are concentrated

in the top fractions of the sucrose gradient in extracts prepared from low concentrations

of MgCl, but not in extracts with high concentrations of MgCl2, would be analyzed

further. These mRNAs should be reciprocally depleted from the heavier, polyribosome

containing fractions in extracts prepared from low concentrations of MgCl2, but not in

extracts with high concentrations of MgCl2. Candidate mRNAs thus isolated may have

no role in the UPR, as their isolation in this screen requires only that they are either

bound by stalled ribosomes, have an unusually structured mRNA, or share whatever

feature results in an mRNA-ribosome complex that requires higher levels of MgCl2.
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Only after candidate mRNAs are identified will we really understand the

biochemical characteristics that allowed for their isolation. For instance, Western

analysis will determine if the expression of the candidate mRNA is repressed in wildtype

cells in untreated conditions. If this is what we observe, then the magnesium requirement

is more likely to have resulted from a feature of stalled ribosomes, and our screen will

therefore have succeeded in isolating other mRNAs whose translation is regulated at the

elongation step, which would be quite exciting as this mechanism is quite rare.

Alternately, if expression of the candidate mRNAs is not repressed, then the magnesium

requirement and subsequent isolation is more likely to have resulted from a feature of

highly structured mRNAs. This would be confirmed both using structure prediction

programs, such as mfold (Zuker, 2003), and also biochemical assays such as modification

interference. In either case, subsequent experiments would be required to identify the

mechanism of regulation for each individual candidate mRNA, such as the appropriate

inducing condition that switches stalled ribosomes to the elongating state.

TRANSCRIPTIONAL REGULATION OF HACI

In Chapter 3 I describe our recent work describing an IRE1-indepdendent ER surveillance

pathway that upregulates HACI mRNA, which we call the “Super-UPR” (“S-UPR”).

When ER folding stress in combined with either temperature shift or inositol starvation,

the HAC1 promoter is activated, leading to the production of elevated levels of Haclp.

The transcriptional output of the UPR is modified, with the selective upregulation of

certain targets, which allows the cells to survive the bipartite stress. However, this

altered UPR program does not result simply from elevated levels of Haclp; rather, our
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microarray data suggest that an additional “UPR Modulatory Factor” (“UMF’’) must

collaborate with Haclp to activate UPR target genes. While we have learned a great deal

about the S-UPR, the identity of UMF is still unknown. Here I present two approaches

that I have devised to find UMF.

A genetic screen for UMF

In the course of studying the S-UPR, I found that certain plate conditions discriminate

between cells that are able to upregulate HAC1 and those that cannot. As shown in

Figure 4-5A, both wildtype cells and cells in which HAC1 has been placed under the

control of the ADH1 promoter (ADH1pro-HAC1) can grow on plates lacking inositol.

The ADH1 promoter is approximately the same strength as the uninduced HAC1

promoter, and therefore fixes Haclp levels during the S-UPR to UPR levels (please see

Chapter 3, and Figure 3-3 specifically, for more discussion of this construct). Only

Nwildtype cells, and not ADH1pro-HAC1 cells, can grow on plates both lacking inositol

and containing tunicamycin. Therefore, UPR-levels of Haclp are necessary (AhacI cells

cio not grow) and sufficient for growth on the first condition, while S-UPR levels of

Haclp are required for growth on the second. These discriminating conditions therefore

allow for the isolation of both UMF and the sequence within the HAC1 promoter to

Vvhich UMF binds (Figure 4-5B). Mutated cells in which either UMF activity has been

**Ciuced (EMS mutagenesis) or the binding site for UMF within the HAC1 promoter

Cie stroyed (PCR mutagenesis) should be unable to upregulate HAC1, and will therefore

***t grow on plates lacking inositol and containing tunicamycin. As discussed in Chapter

*> UMF may actually be comprised of two, separate transcriptional activities, each

Provided by the individual stimuli necessary to trigger the S-UPR. Also, the

S1.-
**
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transcriptional activator responsible for HAC1 mRNA upregulation may be different from

the activity that contributes to the induction of S-UPR target genes. In either of these

scenarios, the described genetic screen should still uncover the relevant molecules. As

shown in Chapter 3 and Figure 4-5A, elevated levels of Haclp are required to survive S

UPR conditions; even if UMF is only responsible for HAC1 activation, and not the

activation of S-UPR targets, Aumf cells will die on —ino +TM plates. If there is a separate

transcription factor(s) that participates in the activation of S-UPR target genes, it would

also be found by this screen; elevated levels of Haclp are insufficient for the full

induction of S-UPR targets (Figure 3-5), some of which are likely to be required for

Survival of S-UPR-triggering conditions.

This screen has already begun, in the capable hands of Sebastián Bernales.

Sebastián has used the plate conditions that I have devised, and has succeeded in isolating

Imutants that fail to upregulate HAC1 mRNA during the S-UPR, and has also identified

elements within the HAC1 promoter that are necessary and sufficient for HAC1

upregulation during the S-UPR. You'll have to wait for his thesis to learn the identity of

UMF.

4 bioinformatic approach to identifying UMF

In the course of characterizing the altered transcriptional output of the S-UPR, we have

*CCumulated much microarray data that can now be enlisted in the cause of identifying

UNMF. It should be possible to mine this data to find genes that are likely activated by

UNAF, find elements within their promoters that are necessary and sufficient to confer

*Sponsiveness to UMF, and then use these defined elements in either genetic or

***ehemical screens for UMF. An excellent example and description of the utility of this
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approach is presented in Patil et al. (Patil et al., 2004), wherein the transcriptional

activator Gcn4p is identified as a participant in the UPR by binding to and activating the

promoters of some target genes. A back-of-the-envelope analysis of the S-UPR array

data yields a short list of genes that may be targets of UMF (Figure 4-5C). These are

genes upregulated at least 3-fold in the S-UPR, and show greater induction in S-UPR

induced ADH1pro-HAC1 cells (which cannot attain high levels of Haclp) than in UPR

induced HACIproHI-HAC1 cells ((S-UPR induction in ADH1pro-HAC1)/(UPR

induction in HAC1proHI-HAC1) > 2; to stress UMF-induced activation as opposed to

Haclp-induced activation). This is by no means bioinformatically rigorous, and is

included simply to illustrate the possibilities of such an approach. What are the

bioinformatically-relevant characteristics that one could reasonably expect of a UMF

target? Certainly, it should be induced during the S-UPR. Further, it should be induced

during the S-UPR in a Ahacl strain; while this will eliminate targets whose induction

requires both UMF and Haclp, it will not exclude targets induced by either UMF or

Haclp (as is the case for some targets of ATF-6 and XBP-1 in the metazoan UPR;

reviewed in (Ma and Hendershot, 2001)) and is likely to make the subsequent analysis

easier. I consider it likely that for some targets of the S-UPR, UMF will be

predominantly if not solely responsible. For example, activation of the HAC1 promoter

during the S-UPR requires neither IRE1 (Figure 3-2D) nor HAC1 (data not shown),

demonstrating that Haclp does not participate in the activation of its own mRNA. This

view is further supported by the results shown in Figures 3-5E and F, which identify

YHR087W and YOR289W as targets of the S-UPR for which UMF, and not Haclp, is

likely the primary inducing factor.
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HAC1P PHOSPHORYLATION AND INTERACTIONS BETWEEN THE UPR

AND THE PRCI CELL INTEGRITY PATHWAY

Haclp is phosphorylated (Chapman and Walter, 1997; Mori et al., 2000), but it is not

clear what effect, if any, this has on Haclp activity, or if this is a regulated process.

Phosphorylation of transcription factors has been shown to control their nuclear

localization (Komeili and O'Shea, 1999) and their target specificity (Springer et al.,

2003), and be responsive to cellular and environmental conditions (Schneider et al.,

1994). It was therefore of considerable interest when I first observed a species of Haclp

with altered gel mobility, in the course of investigating the link between the UPR and

secretory stress (Figure 4-6A, compare 90 min to 120 min). At the time, I was focusing

on the induction of the HAC1 promoter in sec mutants. It had been reported that blocks

in the secretory pathway downregulate ribosome biogenesis and decrease global

translation (Nanduri and Tartakoff, 2001), and I was curious to what extent an increase in

HAC1 mRNA abundance translated to an increase in Haclp levels. Upon seeing the

altered gel mobility, I first suspected that the use of an initiating ATG further upstream in

the HAC1 mRNA than the normal start of translation might be responsible; at that time,

there was still some confusion as to the transcription start site in the HAC1 mRNA, and

we were not sure if the mRNA contained an alternative, upstream ATG. As I found by

Northern analysis (Figure 4-6B), the HAC1 mRNA that gave rise to the two forms of

Haclp was indistinguishable, therefore the suspected cause of altered protein mobility

shifted to post-transcriptional modification. This was indeed the case: when the protein

samples shown in Figure 4-6A were treated with calf intestinal phosphatase (this enzyme
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is so robust that it works even when added to 8M urea/SDS protein samples), all of the

samples collapsed to an identical, faster migrating species (data not shown). Thus, we

determined that Haclp can exist in at least two distinct phosphorylation states, and that

this phosphorylation is a regulated event.

We still did not know, however, what effect this phosphorylation had on Haclp,

nor what kinase(s) was responsible. Noah Dephoure, then a rotation student in the Walter

Lab, sought to determine the answer to the later. We hypothesized that phosphorylation

of Haclp is likely to serve some necessary role for Haclp function, and deleting the

responsible kinase should therefore decrease the cell’s ability to respond to ER stress.

The strategy was to canvass the entire collection of viable kinase-deleted yeast strains for

those that had decreased fitness on plates containing tunicamycin. Using this strategy,

Noah identified BCK1, a kinase in the PKC1 cell integrity pathway (reviewed in

(Heinisch et al., 1999)) (Figure 4-7A). These cells had somewhat reduced viability even

on plates with no added drug (“-TM”), but completely failed to grow at all on plates

containing tunicamycin (“4TM”). This was especially exciting, as we had previously

heard that Mary Jane Gething, another researcher working on the UPR, believed that the

PKC1 pathway somehow synergized with the UPR. The PKCI pathway is known to

bifurcate at various points, and while Abck1 cells exhibited a defect on tunicamycin

containing plates, cells lacking the kinase directly upstream of BCK1 (Apkc.1) did not

display as severe a phenotype, nor did cells deleted for the transcription factor Rlm 1p

whose activity is regulated by the PKC1 pathway. Therefore, we expected that Bcklp

was the kinase that phosphorylates Haclp, and that the observed plate phenotype in

Abck1 cells resulted from decreased activity of non-phosphorylated Haclp.
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Western analysis (Figure 4-7B) quickly disproved this notion. Not only was

Haclp produced in Abck1 cells the same mobility as in wildtype cells, the abundance of

Haclp in DTT-treated Abck1 cells was surprisingly massively increased; if anything, a

decrease in Haclp levels would have been more consistent with the failure of Abck1 cell

to grow on tunicamycin. Cells deleted for SLT2, the kinase directly downstream of

Bcklp, also shown an increase in Haclp abundance upon UPR activation. From parallel

studies investigating whether the PKC1 pathway is involved in the transcriptional

induction of HAC1 mRNA during the S-UPR, I knew that Abck1 cells produced HAC1

mRNA at the same level as wildtype (Figure 4-7C). Hence, the observed increase in

Haclp levels likely resulted from either increased translation of HAC1 mRNA, or

decreased degradation of the protein.

While we do not know what is defective in Abck1 cells that triggers this response

(but is not impaired in Apkc.1 or Arlm.1 cells), we have nonetheless discovered that the

UPR integrate signals from compartments other than the ER lumen, and that a pathway

exists to post-transcriptionally increase the abundance of Haclp. This pathway is distinct

from the Super-UPR; the S-UPR controls the transcriptional abundance of HAC1 mRNA,

and Abck1 cells are not impaired in the S-UPR.

Why do Abck1 cells fail to grow on plates containing tunicamycin? They have no

defect in producing Haclp of the wildtype form – in fact, they produce much more. The

PKC1 pathway has no reported involvement in the folding state of the ER lumen. One

possibility is that these cells are defective for some process that feeds into the ER (e.g.

secretion, or membrane biogenesis), and that some feedback mechanism increases the

abundance of Haclp in a futile effort at overcoming the stress.
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An alternative, and more interesting, hypothesis is that Abck1 cells are defective

in a pathway that down-regulates Haclp abundance, and they die because they produce

too much Haclp. Production of Haclp is thought to remodel the secretory pathway

(Travers et al., 2000), and perhaps excessive Haclp leads to an aberrant secretory system.

Cells that are required to constitutively express Haclp, even in the absence of ER stress,

grow much less well than wildtype cells (personal observation), implying that Haclp

expression can be deleterious if not controlled properly.

This is an intriguing possibility, as it would be consistent with the notion that the

UPR tightly regulates Haclp expression to produce a transcriptional response perfectly

commensurate with cellular conditions. Cells die when faced with ER folding stress if

they cannot produce sufficient Haclp, but producing too much can be equally lethal.

Different pathways could serve to sample various cellular processes, and feed this

information into the many steps that regulate Haclp abundance or activity. This idea is

supported by the regulatory mechanisms presented earlier in this thesis, describing the

translational and transcriptional regulation of Haclp expression, and by the story

presented in Patil et al. (Patil et al., 2004) that demonstrates the modulation of Haclp

activity by heterodimerization with Gcn4p. That cells regulate Haclp expression and

activity at a multitude of different control points, rather than at a single step, only adds to

the mystery and excitement of the Unfolded Protein Response.
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Figure 4-1: Anti-sense regulation in eukaryotes

The 5’ UTR/intron interaction regulating HAC1 translation (A) is strikingly similar to the

anti-sense regulation observed with lin-4 and lin-14 in C. elegans (B). In both cases, it

appears that translation is regulated at the elongation step, allowing for the rapid

resumption of translation once the base-pairing interaction is relieved. (C) XBP-1, the

metazoan ortholog of HAC1, possesses no obvious complementarity between its 5’ UTR

and intron; any translation-inhibiting interaction between these two elements might

therefore proceed through a protein intermediary.
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Figure 4-2: The HACI"-polyribosome interaction requires elevated magnesium

concentrations in vitro

Extracts from wildtype cells were prepared identically, with the exception of the

concentration of MgCl2, which varied as indicated. Extracts were run on sucrose

gradients with matching MgCl, concentrations, RNA was harvested from the fractions,

and HAC1 and ACTI mRNAs associated with each fraction were visualized by Northern

analysis. An extract containing 5 mM MgCl2, prepared from a parallel culture that had

been treated with 6 mM DTT for 60 min prior to harvesting (below dashed line), shows

reduced magnesium sensitivity of the HAC1"-polyribosome complex.
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Figure 4-3: Quantitation of HAC1 and ACTI ribosome association as a function of

magnesium concentration

The Northern blots shown in Figure 4–2 were quantified, and the fraction of total HAC1

(upper panel) and ACT1 (lower panel) mRNA are plotted as a function of position within

the sucrose gradient, with higher fractions numbers representing heavier fractions

containing more ribosomes.
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Figure 4-4: A microarray- and polysome profile-based screen for mRNAs whose

interaction with ribosomes is distinctly magnesium-requiring

From a single initial culture, separate extracts are prepared for polysome profiles with

varying concentrations of MgCl2. These different extracts are run over sucrose gradients,

and fractions representing mRNAs unbound by ribosomes (top of gradient), bound to 1-3

ribosomes (middle of gradient), or bound to 4+ ribosomes (bottom of gradient) are

harvested and pooled. PolyA+ is extracted from the sucrose gradient pools, reverse

transcribed, labeled with fluorescent Cy-dyes, and hybridized to microarrays. Those

mRNAs that are concentrated in the top fractions of the sucrose gradient in extracts

prepared from low concentrations of MgCl2, but not in extracts with high concentrations

of MgCl2, would be analyzed further. These mRNAs should be reciprocally depleted

from the heavier, polyribosome-containing fractions in extracts prepared from low

concentrations of MgCl2, but not in extracts with high concentrations of MgCl2.
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Figure 4-5: Strategies for isolating UPR Modulatory Factor

(A) Reduced viability of strains unable to express HAC1 at elevated levels. Wildtype

(WT), AhacI, and ADH1 pro-HAC1 cells were plated in serial dilutions (left to right) on

synthetic media lacking inositol (“-ino”) and synthetic media lacking inositol and

containing tunicamycin (“-ino +TM”). (B) A schematic for parallel genetic screens to

isolate UMF. Mutated cells in which either UMF activity has been reduced (EMS

mutagenesis) or the binding site for UMF within the HAC1 promoter disrupted (PCR

mutagenesis) should be unable to upregulate HAC1, and will therefore not grow on plates

lacking inositol and containing tunicamycin, as described above. (C) UPR targets whose

induction under S-UPR conditions is most likely due to UMF activity.

–

157



Figure 4-5

A

WT

Aliac1

-ino

*-* --- -** * * * *

Q tº º f * * : C & 4 tº *

ADH1pro-HAC1 • • * * *

Super-UPR

EMS mutagenesis

*CO
HAC1 promoter

PCR mutagenesis

C
S-UPR targets most likely influenced by UMF,

YHR087W
YMR173W-A
PBI2
GLK1
YOR289W
ALD2

-ino
+TM

... º. º.

basal

| expressionHAC1

GIF1
RMD12
YDL023C
GPD1
YSC84
YOL107W

158



Figure 4-6: Hac1p is modified during prolonged secretory stress O/º

(A) Haclp mobility is decreased in sec14-3 cells. Western blot of sec14-3 cells shifted to

non-permissive temperature for the time indicated. Samples were run on denaturing

SDS-polyacrylamide gels, so the decreased mobility of Haclp starting at 120 min likely

reflects a more massive species. (B) HAC1 mRNA is not modified in sec14 cells. The

samples shown in A were analyzed by Northern blot. No change in HAC1 mRNA

mobility is observed that correlates with the altered protein mobility starting at 120 min.
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Figure 4-7: An interaction between components of the PKCI cell integrity pathway

and the Unfolded Protein Response

(A) Reduced viability of Abck1 cells, but not strains defective elsewhere in the PKC1

pathway, under UPR-inducing conditions. Wildtype (WT), Awsc1, Apkc.1, Abck1, and

Arlm 1 cells were plated in serial dilutions (left to right) on complete media lacking (“-

TM”) and complete media containing tunicamycin (“4TM”). (B) Haclp abundance is

increased in Abck1 and Aslt2 cells. Western analysis of WT, Abck1, and Aslt2 cells

treated with DTT for 60 min. (C) HAC1 mRNA abundance is unaffected in strains

lacking PKC1 pathway components. Northern analysis of WT, Aire 1, Awsc 1, Apkc.1,

Abck 1, and Arlm 1 strains shifted from 23°C to 37°C concurrent with DTT treatment.

Shown are the 0 (untreated) and 60 min timepoints.
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