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Abstract

The unfolded protein response (UPR) is an intracellular signaling pathway that, in
response to accumulation of misfolded proteins in the lumen of the endoplasmic
reticulum (ER), upregulates transcription of ER resident chaperones. In the yeast
Saccharomyces cerevisiae, a key step in this pathway is the non-conventional, regulated
splicing of the mRNA encoding the positive transcriptional activator Haclp. When the
UPR is off, translation of HACI mRNA is blocked by interactions between the HAC!
5’UTR ‘and a 252 nucleotide intron. When the UPR is turned on, this block is relieved by
splicing out of the intron and translation resumes. The bifunctional transmembrane
kinase/endoribonuclease Irelp cleaves HACI mRNA at the splice sites that flank the
intron and tRNA ligase joins the two exons together. We now know that the salient
features of the Ire1p-dependent UPR signaling pathway first discovered in S. cerevisiae
are conserved from yeast, through worms, and onto mammals. This thesis adds to the
continuing story of the conserved Irelp signaling pathway in yeast. We reconstitute
HACI mRNA splicing in an efficient in vivo reaction and show that, in many ways, the
mechanism of HACI mRNA splicing resembles that of pre-tRNA splicing. Irelp
cleavage produces 2’,3’-cyclic phosphates, the excised exons remain associated by base
pairing, and exon ligation by tRNA ligase follows the same chemical steps as for pre-
tRNA splicing. In contrast to the similarities to tRNA splicing, the structural features of
the splice junctions recognized by Irelp differ from those recognized by tRNA
endonuclease. Small stem-loop structures predicted to form at both HACI mRNA splice
junctions are required and sufficient for Ire1p cleavage. Previous work in our laboratory

led to the unexpected discovery that tRNA ligase is required for HACI mRNA splicing



by identifying an allele, rigl-100, that is defective for HACI mRNA splicing yet is
functional for pre-tRNA splicing. We present data consistent with a model we propose
explaining the basis for the rlgl -100 ligase defect. HACI mRNA splicing takes place in
the cytoplasm. We suggest that unlike wild type tRNA ligase, rigl-100 ligase does not
localize to the site of cytosolic HACI mRNA splicing in sufficient quantities to support
robust HAC1 mRNA splicing. Finally, in order to learn more about in vivo HACI mRNA
splicing, we conducted a genetic screen for suppressors of the rig/-100 tRNA ligase
defect. Unexpected, we found that mutations affecting mRNA turnover can suppress the
inability of rig1-100 strains to grow on UPR-inducing media. This suppressor phenotype
requires cleavage of the HACI mRNA at the 5’ splice site and production of a C-
terminally truncated Haclp from the resultant 5° HACI mRNA exon. Cleavage at the 5’
splice site likely relieves the translational inhibition which results from base pairing

between the HAC! 5° UTR and its intron.
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Chapter 1
Introduction:

The unfolding tale of the unfolded protein response
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The endoplasmic reticulum (ER) plays a starring role in the life of all eukaryotic
cells. None can live without it. Indeed, one of the most primitive eukaryotes known,
Giardia, dispenses with mitochondria and lysosomes, yet it has an ER. As organelles go,
one might even argue that the ER is second only in importance to the nucleus itself. What
is the ER and why is it so important?

The ER is a large, membrane-enclosed network within the cell. Many essential

e

cellular functions take place within its lumen or on its surface. The ER makes most of the L
lipids used by the cell; sequesters Ca*™ for storage and release; folds and covalently
modifies all secretory, intraorganelle, and membrane proteins; and functions as the entry

and quality control point for the secretory pathway. The ER network is composed of

distinct morphological and functional domains. Whereas the ribosome-studded rough ER rt
is the site of cotranslational protein translocation into the ER, the smooth ER is the main e
site of lipid biosynthesis. There are transport vesicle exit sites where vesicles bound for ;;"'
the cis-Golgi network bud off of the ER. In addition, a portion of the ER membrane e
e

forms the nuclear envelope. And finally there is the specialized environment of the ER
lumen, a compartment that maintains an oxidizing redox potential and high Ca**
concentration relative to the cytosol. The ER lumen is the site where proteins are core
glycosylated, their disulfide bonds are formed, and finally, where they are folded.

With such a central cellular role, it is not surprising that disruption of ER
functions can lead to devastating disease (Aridor and Balch, 1999; Kuznetsov and Nigam,
1998; Rutishauser and Spiess, 2002) and that cells have evolved means to maintain ER

homeostasis. In the face of changing environmental demands, multicellular and single-



celled eukaryotes have evolved signaling pathways that assess ER function and respond
in ways that, for the most part, reestablish ER function. The unfolded protein response
(UPR) is one such pathway that monitors and adjusts the protein folding capacity of the
ER.

The protein folding capacity of the ER depends upon the activities of specialized
ER-resident chaperone proteins. These chaperones function by promoting the proper
folding of newly synthesized proteins and in the process, also prevent their aggregation
(Fewell et al., 2001; Stevens and Argon, 1999). The folding capacity of the ER can be
decreased by overwhelming the chaperones with a large bolus of improperly folded
proteins or by reducing the catalytic function of the chaperones themselves (Table I-1).
The; UPR increases the folding capacity of the ER by up-regulating production of ER
chaperones. The UPR also decreases the folding load on the ER by slowing down the
production of new proteins and increasing degradation of misfolded proteins. Yeast and
metazoans accomplish this task in a variety of ways.

Three proteins form the core of the UPR signaling pathway in the yeast
Saccharomyces cerevisiae: Irelp, a transmembrane serine/threonine kinase and
endoribonuclease; tRNA ligase, a protein required for pre-tRNA splicing; and Haclp, a

bZIP transcription factor (Figure I-1). Haclp stimulates transcription of ER chaperone

proteins such as Hsp178 (Bip/Kar2) and protein disulfide isomerase (PDI) by binding to a

common regulatory sequence in their promoters, the UPR element (UPRE) (Cox and
Walter, 1996). When the UPR is off, translation of the HACI mRNA is blocked by
interactions between the HAC1 5’UTR and a 252 nucleotide intron located at the 3’ end

of the Haclp coding region (Ruegsegger et al., 2001). When the UPR is turned on, this



block is relieved by the splicing out of the inhibitory intron and translation resumes
(Chapman and Walter, 1997). Irelp is the sensor and transducer of the unfolded protein
signal across the ER membrane. When the UPR is off, the ER chaperone Bip binds to the
Tumen domain of Irelp, preventing it from self-associating (Okamura et al., 2000).
During the UPR, Bip is thought to be titrated away from Ire1p by binding to the
misfolded proteins accumulating in the ER lumen. As a consequence, Irelp oligomerizes,

causing activation of its cytoplasmic kinase and endoribonuclease domains (Shamu and

Walter, 1996; Sidrauski and Walter, 1997). Activated Irelp initiates splicing by cleaving *f | :
HACI" (u for uninduCt?d) mRNA to liberate the two exons and inhibitory intron. The two |

exons are joined by tRNA ligase (Sidrauski and Walter, 1997) to produce HAC! ‘ @ for
induced) mRNA, which is efficiently translated to produce Haclip. Splicing replaces the ;: N
last 10 amino acids of Hac1"p with a new 18 amino acid tail in Haclip, creating a more :: T ;
potent transcriptional activator in the process (Mori et al., 2000). Amazingly, splicing § : ;
takes place on polysome associated HACI mRNA in the cytoplasm (Ruegsegger et al., :w o

2001). Thus unlike any other mRNA in yeast, HACI mRNA is spliced by a non-
spliceosomal mechanism that takes place in the cytoplasm.

In addition to stimulating ER chaperone protein synthesis, the yeast UPR also
induces expression of the ER associated degradation (ERAD) machinery (Casagrande et
al., 2000; Travers et al., 2000). During ERAD, misfolded proteins are retrotranslocated
out of the ER and into the cytoplasm, where they are degraded by the cytoplasmic
proteosome. By increasing the rate at which misfolded ER proteins are degraded, the

protein-folding load on the ER is reduced. The intimate connection between ERAD and



chaperone production during the UPR is demonstrated by the synthetic lethal phenotype
of yeast simultaneously defective for Irelp signaling and ERAD. If a cell cannot degrade
the excess misfolded proteins, nor fold them properly, it dies.

In the evolutionary jump from free-living, single celled organisms such as yeast to
multicellular organisms such as mammals, the UPR became much more complex, both jn
terms of the number of sensors and the output of the response (Figure I-2). In mammals,
four sensors of ER protein folding capacity have been identified: PERK, an eIF2a kinase;
ATF6, a bZIP-transcription factor; and IREla and IRE1p, paralogues homologous to
yeast Irelp. Each of these proteins senses the folding state of the ER lumen via
interactions with Bip. Activation of these sensors results in increased chaperone
production, decreased global translation, and cell cycle arrest. Prolonged activation can
result in cell death by apoptotic pathways. In these multicellular organisms, the UPR
pathway is also required for the differentiation and function of professional secretory
cells (DeGracia et al., 2002; Harding et al., 2002; Kaufman, 2002; Kaufman et al., 2002;
Ryu et al., 2002; Urano et al., 2000a).

PERK is an integral ER membrane protein, with its C-terminal kinase domain in
the cytoplasm and its N-terminal domain in the ER lumen, where it interacts with Bip.
On UPR activation, Bip is sequestered away from PERK by the accumulating misfolded
proteins, and PERK oligomerizes, activating its kinase domain (Bertolotti et al., 2000).
Activated PERK down-regulates global cellular translation by phosphorylating the
translation initiation factor eIF4o. (Harding et al., 2000b). This has the effect of greatly
reducing the protein-folding load on the ER. For some mRNAs, such as that encoding

the transcription factor ATF4, global translational down-regulation actually stimulates



translation of its mRNA (Harding et al., 2000a). ATF4 in turn activates transcription of
the pro-apoptotic transcription factor CHOP, whose mRNA can also be translated under
these cellular conditions (Harding et al., 2000a; Wang et al., 1998b; Zinszner et al.,
1998). Lastly, PERK activation also down regulates translation of cyclin D1, resulting in
cell cycle arrest (Brewer and Diehl, 2000; Brewer et al., 1999). It is thought that the cell’s
decision between life (pro-survival) or death (pro-apoptosis) is made during this cell
cycle arrest (Patil and Walter, 2001).

ATF6 is a bZip transcription factor that also carries a transmembrane domain that
tethers it to the ER membrane. The N-terminal domain of ATF6 resides in the ER lumen,
where it binds to Bip. Accumulation of unfolded proteins leads to Bip dissociation and
ATF6 vesicular transport to the Golgi apparatus (Shen et al., 2002). In the golgi, ATF6
undergoes two sequential proteolytic cleavages, the first by site-1 protease (S1P) and the
second by site-2 protease (S2P), liberating the ATF6 transcriptional domain from the
golgi membrane and freeing it to travel to the nucleus (Haze et al., 1999; Ye et al., 2000).
In the nucleus, ATF6 activates transcription of genes, such as the ER chaperones Bip and
GRP94, which carry ER stress response elements (ERSE) in their promoters (Yoshida et
al., 1998; Yoshida et al., 2000). Thus ATF6 increases production of ER chaperones,
thereby increasing the protein folding capacity of the ER. The S1P and S2P proteases
responsible for regulated intramembrane proteolysis (RIP) of ATF6 were originally
discovered during RIP of the sterol regulatory binding proteins (SREBPs), transcription
factors that upregulate expression of cholesterol synthesis genes in response to membrane
sterol depletion. Interestingly, activation of the UPR does not lead to SREBP proteolysis

and activation nor does sterol depletion lead to ATF6 proteolysis and activation .
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Mammalian IRE1a and IRE1p are orthologues of yeast Ire1p and were originally
identified in mice and humans (Niwa et al., 1999; Tirasophon et al., 1998; Wang et al.,
1998a). Overexpression of either mammalian IRE1 leads to transcriptional upregulation
of a reporter gene carrying an ERSE in its promoter, suggesting that, as is the case in
yeast, mammalian IRE1 is important for induction of chaperone gene expression and
reestablishment of ER folding capacity during the UPR (Tirasophon et al., 2000). The
tissue distribution of the IRElc and B differ, implying that each performs a different role
in the body. This is supported by the phenotypes of IRE1 null mice. IREla is expressed
through out the body and when knocked-out, results in embryonic lethality (Tirasophon
et al., 1998; Urano et al., 2000a; Urano et al., 2000b). IRE1p is expressed predominantly
in the epithelium of the gut, and when it is knocked-out, results in viable mice with
intestinal problems (Bertolotti et al., 2001; Wang et al., 1998a). The linker region (just N-
terminal to the transmembrane domain) and the lumen domain of the IREla and B
diverge the most in sequence (Niwa et al., 1999). It is likely that these differences are
functionally significant within the context of the tissues in which each IRE1 variant is
expressed.

IREla plays a major role in inducing the pro-apoptotic pathway during the UPR
(Figl-2). When activated, IRE1a recruits the cytosolic protein TRAF2 (tumor necrosis
factor receptor-associated factor-2) to the ER membrane. This, in turn, leads to activation
of the ER caspase-12 as well as the protein kinase JNK (cJUN N-terminal kinase, also
known as stress-activated protein kinase (SAPK)). JNK goes on to activate the
mitochondrial caspase cascade (Kaufman, 2002). Thus, activation of IREla can

simultaneously set two caspase cascades in motion, propelling the cell toward self-

wy

U



destruction. IRE1fB may also have a part to play in apoptosis. Translation is significantly
reduced in IRE1P overexpressing cells as a consequence of IRE1B mediated cleavage of
28S rRNA. Apoptosis sets in following 28S rRNA cleavage; however, a direct causal
relationship has not demonstrated between the two events. (Iwawaki et al., 2001).

When mammalian IRE1 was cloned and its characterization began, the search was
renewed with great intensity for a metazoan mRNA that is spliced in an UPR-dependent
manner akin to HAC! in yeast. Especially provocative were data showing that yeast
HACI mRNA is accurately spliced when expressed ectopically in human cells as well as
in vitro work demonstrating that both forms of human IRE1 accurately cleave HACI
mRNA substrates (Niwa et al., 1999). The elusive metazoan mRNA was recently

identified as the XBP1 mRNA. Induction of the UPR results in splicing of the XBP1

?
S
193

mRNA in an IRE1-dependent manner (Calfon et al., 2002; Lee et al., 2002; Yoshida et

- s

al., 2001). Furthermore, IREla cleaves XBP1 mRNA in vitro (Calfon et al., 2002; Shen
et al., 2001). The XBP1 splice junction sequences match those identified in HACI mRNA
as essential for splicing (Gonzalez et al., 1999). Unexpectedly, whereas the HAC1 intron
is 252 nucleotides long, the XBP1 intron is only 23 nucleotides long. It now appears,
though, that the S.cerevisiae HAC1 intron may be the exception. Two HAC1 homologues
have recently been identified in the filamentous fungi Trichoderma reesei and
Aspergillus nidulans; both HAC1 mRNAs have 20 nucleotide long introns that are spliced
out upon UPR induction (Saloheimo et al., 2003).

Splicing out of the XBP1 intron accomplishes several things. It shifts the reading
frame so that sequences within the 3’UTR of the unspliced mRNA now code part of the

new protein, XBP1-s (s for spliced). Thus, the C-terminal 97 amino acids of the XBP-u (u



for unspliced) protein are replaced by a different set of 212 amino acids in the XBP1-s
protein. Splicing of the XBP1 mRNA appears to increase both the translation of the
spliced message and the stability of the XBP1-s protein (Calfon et al., 2002). In addition,
XBP1-s is a more potent transcriptional activator than XBP1-u (Lee et al., 2002; Yoshida
et al., 2001). The increased translation of the spliced XBP1 mRNA and the increased
transcriptional activation potential of the XBP-s protein mirror the effects of HAC1
mRNA splicing in yeast.

XBP-1 is a bZip transcription factor that stimulates transcription of reporter genes
carrying the ERSE element in their promoter regions (Lee et al., 2002). Thus, like the
UPR transcription factor ATF6, XBP1 likely stimulates the expression of chaperone
genes during the UPR. Both ATF6 and IRE! function upstream of XBP1 as both are
required to induce production of XBP1 protein (Yoshida et al., 2001). When the UPR is
turned on, ATF6 activates transcription of XBP1 to produce the XBP1 mRNA that IRE1
then splices (Figure I-2) (Lee et al., 2002). Both ATF6 and XBP1-s go on to stimulate
further transcription of XBP1 as well as transcription of ER chaperone proteins.

In the worm C. elegans, both XBP1 and IRE1 are required for the organism to
survive prolonged ER stress induced by unfolded proteins (Shen et al., 2001). However,
in mammalian tissue culture, neither is required. In mammalian cells, downstream
transcriptional targets of the UPR are induced in the absense of IRE1 function, and cells
survive the insult (Lee et al., 2002; Urano et al., 2000a; Urano et al., 2000b). Here, it
appears that ATF6 induction of chaperones is sufficient to promote cell survival. If XBP1

and IRE]1 are not essential for the UPR in mammalian cells, then what are they doing?




An exciting clue came from the fact that XBP1 function is absolutely essential for
terminal differentiation of B-cells into the antibody secreting factories that are plasma
cells (Reimold et al., 2001). During this developmental switch, the ER expands by 5-fold
to accommodate the intense secretory demands of the plasma cell, estimated to release
thousands of antibodies per second into its environment (de StGroth and Scheidegger,
1980; Kaufman, 2002). A massive increase in secretory output, such as that seen in B-cell

differentiation, would increase the folding burden on the ER, likely inducing the UPR.

IRE1 and spliced XBP1 thus might be specifically required for cells to cope with this “ f‘ ::'
developmentally induced type of physiological stress. Recent experiments bear this out. . -
In tissue culture models of B-cell differentiation, XBP1 mRNA splicing is induced by

immunoglobin (Ig) production and cellular differentiation. ER chaperone expression r o ) :
increases as well (Gass et al., 2002; Iwakoshi et al., 2003). Moreover, the inability of e =T
XBP1 deleted splenic B-cells to secrete Ig can be rescued by ectopic expression from a Y. " N
XBP1 gene carrying the sequence for the spliced form of the protein but not by '“ v L
expression from a XBP1 gene unable to splice out the intron (Iwakoshi et al., 2003). tr: ; :

P

Though plasma cell differentiation has not been investigated using IRE1 deleted cell
lines, given the importance of spliced XBP1 in this process, it is highly probable that
IRE1 will likewise be required for plasma cell differentiation.

The unfolding tale of the unfolded protein response began back in 1988, with the
discovery by Mary-Jane Gething and colleagues that the presence of misfolded proteins
in the ER induces the expression of ER chaperones Bip (GRP78) and GRP94 (Kozutsumi
et al., 1988). The identification of the yeast Bip homologue, Kar2p (Normington et al.,

1989),"along with the promoter elements required to upregulate its expression during the

10



UPR (Mori et al., 1992) soon led to the discovery of the first two components of the UPR
signaling pathway in yeast: the integral ER membrane protein, Irelp (Cox et al., 1993;
Mori et al., 1993); and the UPR specific transcription factor, Haclp (Cox and Walter,
1996). We now know that the salient features of the Irel-dependent UPR signaling
pathway first discovered in S.cerevisiae are conserved from yeast, through worms, and on
to mammals. The signal sensor and transducer, Irelp, oligomerizes upon accumulation of
misfolded proteins in the ER, activating its endoribonuclease domain. Activated Irelp
initiates splicing of an mRNA encoding a UPR-specific, bZip transcription factor. The
spliced mRNA is translated to produce a potent transcriptional activator that upregulates
transcription of ER chaperone genes.
The work presented in this thesis adds to the continuing story of the conserved

Irelp signaling pathway in yeast. In Chaper II, we define in detail the minimal primary
sequence and secondary structure requirements for Ire1p-mediated cleavage of HACI
RNA substrates. This information was vital to the recent identification of XBP1 as the
mRNA splicing substrate in metazoans. We also demonstrate that the process by which
HACI mRNA is spliced by Ire1p and tRNA ligase is mechanistically equivalent to pre-
tRNA splicing (Gonzalez et al., 1999). The unexpected discovery that tRNA ligase is
required for HACI mRNA splicing was made when the rig1-100 ligase allele was
identified in a genetic screen (Sidrauski et al., 1996). Though functional for pre-tRNA
splicing, during the UPR, the rigl-100 ligase is unable to complete HACI mRNA

splicing in vivo. In Chapters III and IV, we further explore the role tRNA ligase plays in
HACI mRNA splicing by investigating the basis for the UPR defect of the rigl-100 allele

utilizing biochemical, molecular, and genetic approaches. tRNA ligase is a compelling,

11



multifunctional protein, yet little is understood about how it coordinates the functions of
its three catalytic domains. In Appendix A, we take a closer look at the primary sequence
of tRNA ligase and compile information from the literature regarding potential functional
and structural sequence homologies between tRNA ligase and other, more highly
characterized proteins. Lastly, in Appendix B, we describe experiments aimed at
determining if the NAD-dependent 2’-phosphotransferase that is required to complete

pre-tRNA splicing is also required to produce spliced HAC1 mRNA competent for
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Table I-1. Inducers of the Unfolded Protein Response

Inducer

Thapsagargin

Tunicamycin

DTT

Reduced cytoplasmic

protein degradation

Reduced ERAD

Suddenly increased
secretory load

Production of misfolded
mutant proteins

Disruption of lipid
synthesis

Glucose starvation

Lead

Mechanism

*Inhibits ER Ca*"-ATPase pumps, causing reduction in ER Ca™

*Reduces function of Ca™ dependent ER chaperones

*Inhibits N-linked glycosylation by inhibiting
glycosaminyl-1-phosphate transferase
*Unglycosylated proteins don’t fold properly

*Reduces disulfide bonds in proteins,
causing already folded proteins to unfold and
newly translated ER proteins to misfold
*Inhibits function of ER chaperones PDI and Erol

*Reduces rate of ER associated protein degradation (ERAD)
by overwhelming the cytoplasmic protein degradation
machinery

*Mutations in ERAD components and other conditions which
decrease ERAD rates lead to increases in misfolded proteins in
the ER

*Sudden increase in secretory output, transiently overwhelms ER

chaprones and thus ER protein folding capacity
*Example: B-cell/plasma cell differentiation & antibody
secretion

*Increased demand on ER chaperones and thus ER protein
folding capacity

*Possible mechanism is reduction of ER lumenal volume due
decreased production of ER membranes

*Example: inositol starvation in S. cerevisiae

*reduction in ATP needed for proper ER chaperone function

*reduction in raw material used to glycosylate ER proteins

*mechanism unknown

*speculation that inhibits ER Ca*™"-ATPase pumps

*speculation that inhibits chaperone Bip/GRP78 function by
binding it

References: Kaufmann 2002; Treiman 2002; Travers et al. 2000; Stevens and Argon 1999;
Iwakoshi et al. 2003; Fewell et al. 2001; Paschen and Frandsen 2001; Qian and Tiffany-
Castiglioni 2003; Michalak et al. 2002; Cox et al. 1997.
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Figure I-1 = The UPR pathway in yeast

1. As the newly transcribed HACI mRNA leaves the nucleus and enters the

cytoplasm, ribosomes load onto it.

. Once in the cytoplasm, the HAC1 5’ UTR and intron basepair, inhibiting
translation.

. Unfolded proteins accumulate in the ER lumen, titrating the ER chaperone Bip
away from the lumen domain of Irelp. As a result, Ire1p oligomerizes, leading to

activation of its kinase and endonuclease domains.

. Activated Irelp initiates splicing by cleaving HACI mRNA at the two splice sites.

tRNA ligase joins the resulting exons together.

. Splicing out of the intron relieves the translational block, and the ribosomes
commense to make Haclp.

. Haclp travels to the nucleus and activates transcription of genes encoding ER

chaperone proteins such as Bip that carry a unfolded protein response element

(UPRE) in their promoter regions.

. We thank Jason Brickner for the kind use of this figure.
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Figure I-2  The diversity of the UPR in mammals

PERK, IRE1, ATF®6: the three sensors/transducers of unfolded proteins in the ER and
their downstream outputs. For clarity, splicing of the XBP1 mRNA by IRE1 is shown in
red. Details of these pathways are discussed in the text. Adapted from (DeGracia et al.,

2002).
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The unfolded protein response is an intracellular sig-
naling pathway that, in response to accumulation of
misfolded proteins in the lumen of the endoplasmic
reticulum (ER), upregulates transcription of ER resid-
ent chaperones. A key step in this pathway is the non-
conventional, regulated splicing of the mRNA encoding
the positive transcriptional regulator Haclp. In the
yeast Saccharomyces cerevisiae, the bifunctional trans-
membrane kinase/endoribonuclease Irelp cleaves
HACI mRNA at both splice junctions and tRNA ligase
Joins the two exons together. We have reconstituted
HACI mRNA splicing in an efficient in vitro reaction
and show that, in many ways, the mechanism of HACI
mRNA splicing resembles that of pre-tRNA splicing.
In particular, Irelp endonucleolytic cleavage leaves
2',3'-cyclic phosphates, the excised exons remain associ-
ated by base pairing, and exon ligation by tRNA ligase
follows the same chemical steps as for pre-tRNA
splicing. To date, this mechanism of RNA processing
is unprecedented for a messenger RNA. In contrast to
the striking similarities to tRNA splicing, the structural
features of the splice junctions recognized by Irelp
differ from those recognized by tRNA endonuclease.
We show that small stem—loop structures predicted to
form at both splice junctions of HACI mRNA are
required and sufficient for Irelp cleavage.

Keywords: endoplasmic reticulum/Ire1p/mRNA splicing/
tRNA ligase/unfolded protein response

Introduction

The lumen of the endoplasmic reticulum (ER) is a highly
specialized compartment in eukaryotic cells. Secretory
and most membrane proteins are folded, covalently modi-
fied and oligomerized in this compartment with the
assistance of specialized ER resident proteins (Gething
and Sambrook, 1992). It is only after proper folding and
oligomeric assembly that proteins are able to continue
their journey through the secretory pathway to the cell
surface or to ER-distal compartments, such as the Golgi
apparatus or lysosomes (Hammond and Helenius, 1995).
Perturbations in the ER lumenal environment can thus be
highly detrimental, as they can block production of many
essential cellular components. Regulatory networks have
evolved to detect and respond to changes in the ER, thus
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enabling cells to maintain an optimal folding environment
in the ER. An example of this is the unfolded protein
response (UPR), an ER to nucleus signaling pathway found
in all eukaryotic cells, which is induced by accumulation of
unfolded proteins in the ER. The UPR enables celis to
increase the folding capacity of the ER lumen by increasing
the transcription of genes encoding ER resident proteins
that mediate protein folding, such as BiP, an hsp70-like
chaperone, or PDI, an enzyme that catalyzes disulfide
bond formation (reviewed in Shamu et al., 1994; Chapman
et al., 1998; Sidrauski er al., 1998).

Four factors involved in UPR signaling have been
identified in the yeast Saccharomyces cerevisiae: Irelp, a
transmembrane serine/threonine kinase that also exhibits
site-specific endoribonuclease activity (Cox et al., 1993;
Mori er al., 1993; Sidrauski and Walter, 1997); Ptc2p, a
serine/threonine phosphatase thought to modulate the
activity of Irelp (Welihinda et al., 1998); tRNA ligase,
an RNA processing enzyme required for splicing of tRNA
precursors (Greer et al., 1983; Phizicky et al., 1992;
Sidrauski et al., 1996; Sidrauski and Walter, 1997); and
Haclp, a member of the leucine zipper family of transcrip-
tion factors (Cox and Walter, 1996; Mori et al., 1996;
Nikawa er al., 1996).

Irelp is localized to the ER and/or inner nuclear
membranes, which are contiguous with one another. The
N-terminal half of Irelp lies in the ER lumen (Mori
et al., 1993), where it senses by an unknown mechanism
increases in the concentration of misfolded proteins. The
kinase and endoribonuclease domains of Irelp map to its
C-terminal half and are located in either the cytoplasm or
nucleus, where they induce downstream events in the
UPR pathway. Like many other transmembrane kinases,
oligomerization of Irelp in the plane of the membrane
induces its kinase activity and leads to Irelp phosphoryla-
tion (Shamu and Walter, 1996; Welihinda and Kaufman,
1996). Concomitantly, the Ire1p endoribonucleolytic activ-
ity is induced (Sidrauski and Walter, 1997). The only
substrate of Irelp endoribonuclease known to date is the
mRNA encoding the UPR-specific transcription factor
Haclp.

Haclp upregulates transcription of genes encoding ER
resident proteins by binding to a common regulatory
sequence in their promoters, the UPR element (UPRE)
(Mori et al., 1992, 1996; Kohno er al., 1993; Cox and
Walter, 1996; Nikawa er al., 1996). Interestingly, Haclp
is regulated by changes in its abundance (Cox and Walter,
1996; Kawahara et al., 1997); the level of Haclp, in turn,
is controlled by the regulated splicing of its mRNA. In
the absence of splicing, HACI mRNA translation is
inhibited due to the presence of a 252 nucleotide intron
(Chapman and Walter, 1997; Kawahara et al., 1997). The
mechanism by which the presence of the intron attenuates
translation of HACI mRNA is cumently unknown.
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Removal of the intron occurs by a non-conventional
reaction mechanism that is catalyzed by Irelp and tRNA
ligase (Sidrauski and Walter, 1997). Upon accumulation
of unfolded proteins in the ER, Irelp initiates splicing by
cleaving HAC1* mRNA (u for uninduced) to liberate the
intron, and the 5’ and 3’ exons. The two exons are
subsequently joined by tRNA ligase to produce HACI’
mRNA (i for induced), which is efficiently translated to
produce Haclp. Thus, the regulated splicing of HACI
mRNA is a key regulatory step in the UPR signaling
pathway.

Although best understood in yeast, the salient features
of this unusual signaling pathway are likely to be conserved
in all eukaryotic cells. Homologues of Irelp have been
identified in Caenorhabditis elegans and in mammalian
cells. The mammalian homologues are likely to function
in a corresponding UPR pathway as is suggested from
the phenotype of dominant negative mutants in these
components (Tirasophon et al., 1998; Wang et al., 1998).
Moreover, we have recently shown that mammalian cells
accurately splice the yeast HACI mRNA intron (M.Niwa
and P.Walter, unpublished results). Thus, both the signal
transduction components and mechanism appear
phylogenetically conserved from yeast to mammals. This
conservation makes it likely that our understanding of the
molecular mechanism of the UPR in yeast will be directly
applicable to our understanding of the corresponding
pathway in human cells, where defects in protein folding
in the ER can lead to devastating diseases (Kuznetsov and
Nigam, 1998).

The splicing of HAC!I mRNA by Irelp and tRNA
ligase is unprecedented, and little is known regarding
its mechanism. Significantly, tRNA ligase, an enzyme
previously thought to function exclusively in the splicing
of pre-tRNAs, has been shown both in vive and in vitro
to participate in this reaction (Sidrauski et al., 1996;
Sidrauski and Walter, 1997). In fact, we have previously
shown that Irelp and tRNA ligase are sufficient to splice
HAC!I* mRNA in vitro, supporting the notion that these
are the only two components absolutely required for the
reaction. This is in striking contrast to splicing of all
other pre-mRNAs which require >100 proteins and small
nuclear RNAs constituting the spliceosome and its associ-
ated components (Moore et al., 1993). Pre-tRNA splicing,
on the other hand, is more akin to HACI mRNA splicing
in that it also requires only two components for cleavage
and ligation, tRNA endonuclease and tRNA ligase (Greer
et al., 1983; Peebles et al., 1983; Belford et al., 1993).
Thus, we previously speculated that pre-tRNA and HAC1
mRNA splicing occur by similar mechanisms.

The mechanism by which pre-tRNAs are spliced is well
understood (reviewed in Westaway and Abelson, 1995;
Abelson et al., 1998). tRNA endonuclease cleaves pre-
cursor tRNA, releasing base-paired S’ and 3’ exons and
a linear intron. Cleavage generates a 2’,3'-cyclic phosphate
terminus at the 3’ end of the 5’ exon, and a 5'-OH
terminus at the 5’ end of the 3’ exon (Knapp et al., 1979;
Peebles et al., 1983). The two exons are subsequently
joined in a series of reactions catalyzed by the multifunc-
tional enzyme tRNA ligase (Greer et al., 1983; Xu et al.,
1990; Belford et al., 1993). The first step involves opening
of the terminal 2',3'cyclic phosphate to leave a
2’-phosphate at the 3’ end of the 5’ exon. The 3’ exon is
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phosphorylated at its 5’ terminus after transfer of
¥-phosphate from either GTP or ATP. Thus, the phosphate
group derived from the Yy-position of a nucleotide tri-
phosphate ultimately links the two exons in the spliced
mRNA. The 5’ terminal phosphate is next activated by
the transfer of AMP from tRNA ligase to form a high
energy 5'-5’ phosphoanhydride bond. Ligation occurs
with the concomitant release of the AMP activating group.
The 2’ phosphate remaining at the splice junction is
later removed from spliced tRNA by a third enzyme,
nicotinamide adenine dinucleotide (NAD)-dependent
2'-phosphotransferase (McCraith and Phizicky, 1990;
Spinelli et al., 1997).

By extension, processing of HACI¥ mRNA may proceed
in a manner similar to that outlined above. Indeed,
both reactions are initiated by highly substrate-specific
endoribonucleases (Peebles et al., 1983; Di Nicola Negri
et al., 1997; Sidrauski and Walter, 1997). In addition, both
endonucleases cleave their substrate 5’ and 3’ splice
junctions independently of one another and in no obligate
order (Miao and Abelson, 1993; Sidrauski and Walter,
1997; Kawahara et al., 1998). Therefore, they share a
splicing chemistry that is strictly incompatible with the
spliceosome-catalyzed mechanism, where cleavage of the
3’ splice junction must always follow the cleavage of
the 5’ splice junction (Moore et al., 1993). However, Irelp
and tRNA endonuclease lack any significant similarity in
amino acid sequence or subunit composition. Whereas
tRNA endonuclease is a tetramer composed of four
different polypeptide chains (Trotta et al., 1997) that
constitutively splices precursor tRNA, Irelp is composed
of one subunit that is thought to homo-oligomerize (Shamu
and Walter, 1996; Welihinda and Kaufman, 1996) and
its endoribonucleolytic activity is tightly regulated by
conditions in the ER lumen. Furthermore, Irelp and tRNA
endonuclease differ significantly with respect to their
substrate recognition. tRNA endonuclease recognizes the
folded tertiary structure of pre-tRNA, as well as local
structures at the intron—exon boundaries, and pays little
attention to the sequence at or near the splice sites
(Mattoccia et al., 1988; Reyes and Abelson, 1988; Fabbri
et al., 1998). In contrast, point mutations generated near
the splice junctions of HACI mRNA have been shown to
block its splicing both in vivo and in vitro (Sidrauski and
Walter, 1997; Kawahara et al., 1998). To address questions
regarding both the similarities and differences in the
mechanism of HACI mRNA and pre-tRNA splicing
experimentally, we have developed efficient in vitro reac-
tions which have allowed us to characterize the mechanism
and the substrate requirements for HACI mRNA splicing.

Results

The predicted HAC1 mRNA splice junction
stem—loops act as Ire1p minisubstrates

As previously shown, Irelp is a site-specific endoribonu-
clease that cleaves HAC1* mRNA at both splice junctions
(Sidrauski and Walter, 1997). Cleavage at either junction
can occur independently of cleavage at the other junction;
cleavage specificity, therefore, must result from either
sequence and/or structural motifs that are common to both
splice junctions. Indeed, the predicted secondary structure
of the HAC1* intron (Figure 1) reveals similar stem—loop
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Fig. 1. Secondary structure prediction of the HAC/* mRNA intron and
splice site stem-loop structures. The secondary structure prediction of
the HACI* mRNA intron and flanking 5' and 3’ exon regions is
shown (A) together with a close-up view of predicted stem-loop
structures at the 5’ and 3’ splice sites (B). IreIp(k +1) cleavage sites
arc indicated by arrows and were confirmed in Figure 6. (C) Sequence
and predicted structures of the minisubstrate stem-loop RNAs used in
this study.
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structures at the 5’ and 3’ splice site junctions (Sidrauski
and Walter, 1997; Kawahara er al., 1998). At either site,
the RNA is predicted to fold into short stems with
7-nucleotide loops, each containing a G residue in the
third position. Previous work suggested that nucleolytic
cleavage by Irelp occurs at this invariant G, but conflicting
models have been proposed as to whether Irelp cleaves
at its 5’ or 3’ side (Kawahara et al., 1997; Sidrauski and
Walter, 1997).

To analyze the substrate specificity and the chemistry
of the Irelp-mediated cleavage reaction, we first asked
whether the stem—loop structure that is proposed in Figure
1B would be sufficient to direct Irelp cleavage. To
this end, we designed ‘minisubstrates’, two short RNA
molecules shown in Figure 1C that are predicted to fold
into structures similar to those predicted at either splice
site for authentic HACI* mRNA. In these minisubstrate
stem-loop RNAs, we extended the lengths of the stems
by five or six base pairs with unrelated sequences to
stabilize the stems. A 3-nucleotide 3’ extension was also
added so that the anticipated cleavage products could be
more easily distinguished by their size. Stem-loop RNAs
were made by in vitro transcription with T7 polymerase
using synthetic DNA oligonucleotide templates. Tran-
scripts were uniformly labeled during transcription by
incorporation of [*?PJUTP and gel purified.

When incubated with a fragment of Irelp termed
Irelp(k+t) (Sidrauski and Walter, 1997), which contains
the Irelp kinase domain and C-terminal tail domain and
which has been proposed to contain the nuclease active
site, the stem—loop RNAs corresponding to either splice
site were efficiently cleaved to produce two discrete
fragments (Figure 2A). The size of the cleavage products
suggested that cleavage occurred at or in close proximity
to the predicted site. Cleavage of RNA that was either
internally labeled with [a->?PJUTP during transcription
(Figure 2B, lane 4), or that was transcribed in the absence
of labeled nucleotide and then labeled at the 5’ terminus
with [y-32P]JATP and polynucleotide kinase (Figure 2B,
lane 3), confirmed that the faster migrating band cor-
responded to the 5’ end of the RNA.

To ascertain that the stem—loop RNAs behaved similarly
to authentic HACI* RNA, we tested the ability of
Irelp(k+t) to cleave our minisubstrates carrying single
nucleotide substitutions in loop residues. Previous studies
had identified mutations in the predicted loops that prevent
Irelp from cleaving HACI* mRNA in vitro or in vivo.
Indeed, as shown in Figure 2B (lane 6), a G—C mutation
in the loop corresponding to position 1107 in the full-
length HACI* mRNA completely abolished cleavage of
the 3’ stem-loop RNA as previously shown for authentic
HAC1* mRNA (Sidrauski and Walter, 1997). Likewise,
mutations at two other loop positions (C1105G and
G1110C), each representing additional invariant bases
found at both splice sites, also prevented cleavage by
Irelp(k+t) (Figure 2B, lanes 5 and 7), consistent with
previous in vivo splicing data (Kawahara et al., 1998).
Thus all three residues in the loop whose positions are
invariant between both splice junctions are critical for
Irelp(k+t) cleavage.

To obtain a complete picture of the constraints that loop
residues put on the Irelp(k+t) cleavage reaction, we tested
a series of mutant 3’ stem-loop minisubstrates in which
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Fig. 2. Cleavage of stem-loop RNAs by Irelp(k+1). (A) Radiolabeled in vitro transcribed 5” stem-loop RNA (2000 c.p.m.) (lanes 1 and 2) and 3’
stem-loop RNA (2000 c.p.m.) (lanes 3 and 4) as shown in Figure 1C, were incubated in cleavage buffer (see Materials and methods) in the presence
or absence of 1 pg Irelp(k+1t) at 30°C for 2 h. The reaction volume was 20 pl. The reaction products were separated on denaturing polyacrylamide
gel and visualized by autoradiography. (B) The results of incubation of various mutant loop RNAs with Irelp(k+t) are shown in lanes 5-8, with the
specific loop mutation given above each lane. Refer to Figure 1 to place these in the context of the wild-type 3’ stem-loop. Lanes 1 and 2 carry
markers produced by nuclease U2 digestion (lane 1) or alkaline hydrolysis (lane 2) of 5" end-labeled wild-type 3’ stem—-loop RNA. Lanes 3 and 4
contain 5’ end-labeled (lane 3) and internally labeled (lane 4) wild-type 3’ stem-loop RNAs that were cleaved with Irelp(k +t), respectively. (C) The
following RNAs were incubated in the presence or absence of Irelp(k+1) as indicated: wild-type 3’ stem-loop RNA (lanes 3 and 4), a 3’ stem-loop
RNA in which the wild-type stem sequence was replaced by a stem of GC base pairs (see Materials and methods) (lanes 5 and 6), and a 3’ stem—
loop where every C of the GC stem was replaced by an A (lanes 7 and 8) to abolish base pairing. Note that the substrates in lanes 5-8 are

10 nucleotides shorter than the wild-type 3’ stem-loop RNA in lanes 3 and 4. Lanes 1 and 2 are as in (B).

each loop nucleotide was individually changed to every wild-type length of 7 nucleotides to fold into a defined
other ribonucleotide. These data, summarized in Figure 3, tertiary structure. Additional support for folding of the

show that there is a hierarchy of importance. Most notably, bases into a structured loop was obtained by S1 nuclease
no base substitution was tolerated at the three invariant probing experiments. S1 nuclease cleaves single-stranded
bases (C1105, G1107 and G1110) that are common to RNA without regard to primary sequence. Only the bonds
both splice sites. As indicated in Figure 3, these residues following the nucleotides at the —1 and +1 positions
are located at positions -3, —1 and +3 with respect to the were sensitive to S1 nuclease cleavage (data not shown),
splice site. Loop position +1 could only be an A or a C, suggesting that the remaining 5-loop residues are inaccess-
which corresponds to the bases found at the 3’ and §’ ible to the S1 nuclease.

splice junction. Both A and C provide an H-bond donor With the exception of positions +1 and —4, our results
(a primary amine) as well as an H-bond acceptor (a tertiary are consistent with data from a previous study investigating
amine) at the same position on the 6-membered ring of HACI mRNA splicing in vivo. In this study, changing
each nucleotide. This may indicate a role for these position +1 from A to U or changing position —4 from

functional groups for structuring the loop and/or for U to A reduced splicing by 25% or less (Kawahara et al.,
forming contacts with Irelp(k+t). In position -2 all four 1998). This discrepancy most likely reflects the fact that
bases worked equally well, whereas the other two positions Irelp interactions with HACI* mRNA are stronger than

(+2 and +4) showed some, albeit weak preference for those with the stem-loop minisubstrates.
the bases found at the wild-type 3’ splice site. Interestingly, We next confirmed the importance of the stem for
mutating these residues to those found at the S’ splice Irelp(k+t) cleavage. Switching the bases that form the
junction reduced cleavage, suggesting that these positions proposed U-G pair closing the loop did not diminish
may be sensitive to the sequence context present in either cleavage (Figure 2B, lane 8), suggesting that the nucleotide
loop. Overall, the effects of these mutations on Irelp(k+t) sequence is not important as long as the regions flanking
cleavage could reflect sequence-specific and/or structural the 7-membered loop can form a stable stem. To test this
constraints required for Irelp(k+t) recognition of these notion further, we made a stem-loop in which all base
minisubstrates. pairs in the stem, with the exception of the UG pair that
Mutations predicted to allow pairing of the bases at closes off the loop, were changed to GC or CG pairs. Due
positions -3, +4 (C-3 to G, or C+4 to G), and hence to the high melting temperature of GC and CG base pairs,
predicted to create a smaller 5-base loop, abolished cleav- we were also able to shorten the stem down to 11 bp from
age. Likewise, a mutation changing U at position -4 to the 16 bp used in our original 3’ stem-loop minisubstrate

an A and hence predicted to open the ultimate base pair (Figure 1C). Ten base pairs is the predicted length of the
of the stem impaired cleavage. Taken together, these 3’ stem-loop within the intact HACI* mRNA (Figure 1A
results suggest that the loop must be constrained to its and B). As shown in Figure 2C, lanes 5 and 6, cleavage
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Fig. 3. Mutational analysis of 3 splice site loop. A series of twenty-
two 3’ stem-loop mutants, each carrying a single loop point mutation,
was transcribed and radiolabeled as in Figure 2. The wild-type 3 loop
sequence is shown with the 4 nucleotides whose positions are
invariant between 5' and 3’ splice junction stem-loops boxed in bold
and their nucleotide position indicated above (refer to Figure 1A and
B). In addition, each loop residue has been assigned a (+) or ()
number relative to the Irelp(k +1) cleavage site indicated by an arrow.
The sequence of the various point mutants is indicated next to each
loop residue. Of these. those which are boxed indicate the equivalent
residue at that position in the 5’ loop (refer to Figure 1). Indicated
below these sequences is the extent to which each was cleaved by
Irelp(k +1). Values are reported as the fraction (mutant cleavage/wild-
type cleavage) where: () no cleavage: (+/-) 0-10%; (+) 10-60%;
(++) 60-120%; (+++) >120%. Irelp(k +1) reactions were
performed as described in Figure 2.

occurred at about the same level as found for stem-loops
with the authentic HAC7* mRNA sequence (lanes 3 and
4). We next changed all Cs of the stem to As. This drastic
change, predicted to disrupt the stem completely, abolished
cleavage (Figure 2C, lanes 7 and 8). Thus we conclude
that an intact stem is important, but that, in contrast to
the loop, the nucleotide sequence of the residues that form
the stem is irrelevant for cleavage by Irelp(k+t). Taken
together, these results show that the stem-loop minisub-
strates represent the minimal RNA element that is required
and sufficient for Irelp(k+t) cleavage.

kre1p(k+ t) cleavage generates 2,3 -cyclic
termini

Having confirmed that Ire1p(k+t) processes our minisub-
strates with specificity indistinguishable from HACI*
mRNA, we used these simplified substrates to explore the
chemistry of the Irelp(k+t) cleavage reaction. To this
end, we employed nearest neighbor analysis to determine
the nature of the RNA termini produced upon Irelp(k+t)
cleavage. Stem-loop RNAs corresponding to either the 5’
(Figure 4A) or 3’ splice junction (Figure 4B) were
labeled by incorporation of [a-*2P)JCTP, [a->2P]GTP or
[a-32P]ATP as indicated above the lanes. Digestion of the
transcription products with P1 nuclease (which cleaves
RNA to leave 5'-phosphate and 3'-OH groups) generated
the expected 5’-monophosphorylated nucleotides as shown
by thin layer chromatography (TLC) (Figure 4A and B,
lanes 1-3), confirming that the labeled stem-loop RNAs
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contained labeled phosphate groups only in the appropriate
positions.

In contrast, a new labeled nucleotide species was
observed on thin layer plates when the transcription
products were first cleaved with Irelp(k+t) and the
isolated 5’ fragment was then digested with P1 nuclease
('pG>p’, Figure 4A and B, lanes 4-6). This spot comig-
rated with synthetic 5’-phosphate-guanosine-2’,3’cyclic
phosphate (here abbreviated pG>p), indicating that
Ire1p(k+t) cleaves RNA to leave a 2’,3’-phosphate (note
that nuclease P1 does not cleave at 2',3’-cyclic phosphate
groups). Consistent with this notion, labeled pG>p was
only observed when the 5’ stem-loop RNA was labeled
with [0-32PJGTP (producing [*2P]G>p) or [o-32P]CTP
(producing pG>[32P]) (Figure 4A, lanes 4 and 5), or when
the 3’ stem-loop RNA was labeled with [0-32P]GTP or
[a-*2P]ATP (Figure 4B, lanes 5 and 6). Thus we conclude
that Irelp(k+t) cleaves the stem-loop RNAs at the 3’
side of the invariant G found in the third position of
the loop. Furthermore, unlike any other mRNA splicing
intermediate, Ire1p(k+t) produces a 2',3’-cyclic phosphate
group at its cleavage site. The reaction is more reminiscent
of that of tRNA endonuclease which cleaves pre-tRNAs
to produce 2',3’-cyclic phosphate termini (Peebles et al.,
1983).

Since there is no precedent for an mRNA splicing
intermediate with 2',3’-cyclic phosphate termini, we
decided to confirm our observations by using a series
of sequential enzymatic modifications to simultaneously
analyze the termini of the 3’ and 5’ cleavage fragments.
We took advantage of the fact that the fragments produced
upon Irelp(k+t) cleavage of the stem-loop RNAs were
small enough so that charge differences due to the presence
or absence of terminal phosphate groups altered their
electrophoretic mobilities in polyacrylamide gels. As
shown in the diagram in Figure 5A, we first used calf
intestinal phosphatase (CIP) to remove non-cyclic terminal
phosphates. This resulted in a decreased mobility of the
5’ fragment, consistent with the predicted loss of its
5'-triphosphate group, and no mobility change in the 3’
fragment (Figure 5B, lane 2). Next, we treated the frag-
ments produced thus with T4 polynucleotide kinase (T4
PNK) which hydrolyzes 2',3'cyclic terminal phosphates.
Loss of the additional phosphate group led to a further
reduction of the mobility of the 5’ fragment (Figure 5B,
lane 3). This provided independent confirmation of the
results presented in Figure 4, by demonstrating that a
cyclic phosphate was produced at the 3’ end of the 5’
fragment, since a non-cyclic phosphate would have already
been removed by CIP in the preceding step. Finally, we
used treatment with T4 PNK in the presence of ATP to
phosphorylate free 5'-OH groups. This led to an increased
mobility of both the 5’ and 3’ fragment (Figure 5B,
lane 4), indicating that the Irelp(k+t)-produced 3’ frag-
ment terminates in a 5'-OH group that can be phos-
phorylated.

The assignment of the Irelp(k+t) cleavage site on the
3’ side of the invariant G in the loop was in conflict with
an earlier study from our laboratory. In particular, primer
extension mapped the Irelp cleavage sites of HACI*
mRNA to the 5' side of the invariant G (Sidrauski and
Walter, 1997). This raised the possibility that cleavage of
the minisubstrates and that of authentic HACI“ mRNA
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Fig. 4. Formation of 3’ terminal guanosine 2',3’-cyclic phosphate after Irelp(k+t) cleavage of stem—loop RNA. 5’ stem—loop RNA (A) or 3’ stem—
loop RNA (B) was labeled with [a-*2P]CTP (lanes 1 and 4), [a->2P}JGTP (lanes 2 and 5) or [a->?P]ATP (lanes 3 and 6). The labeled RNAs were
then digested with P1 nuclease (lanes 1-3). Alternatively, they were first digested (40 000 to 60 000 c.p.m. of each stem-loop RNA) with

Irelp(k +1). The 5’ cleavage product was then isolated by preparative gel electrophoresis and digested with P1 nuclease (lanes 4-6). The final
digestion products were separated by TLC on PEI cellulose plates and visualized by autoradiography. The position of marker nucleotides on the thin
layer plates are indicated, where pG>p refers to a G bearing a 5’ phosphate and a 2’,3"-cyclic phosphate. Digestion of the relevant portions of the
stem-loop structures is indicated schematically below each panel. The ratios of labeled pG>p relative to labeled pN were determined and are in
good agreement with the expected values. (A) Lanes 4 and 5: pC/pG>p expected = 0.25, actual = 0.26; pG/pG>p expected =0.13, actual = 0.18.
(B) Lanes 5 and 6: pG/pG>p expected = 0.17, actual = 0.21; pA/pG>p expected = 0.25, acal = 0.26. Note also that a variant of the wild-type
5’ stem-loop was used in this analysis (hactng-39). In this stem-loop, a GC dinucleotide pair in the stem was changed, leaving the only GC
dinucleotide in the loop. The only GA dinucleotide in the wiid-type 3’ stem—ioop (hactng-10) was in the loop.

might, in fact, be different. The previous studies, however, efficiencies of the different substrates, we analyzed time
used oligonucleotide primers distant from the cleavage courses of HACI* RNA and stem-loop RNA Irelp(k-+t)
site, making it possible that the cleavage sites were digestions performed under identical conditions. Figure

misassigned. To address this discrepancy and to verify 7A shows a time course of HACI* RNA digestion. We
that the cleavage sites in the minisubstrates and intact note that the substrate RNA disappears rapidly with a half
HACI1" mRNA were, in fact, identical, we repeated primer time of ~2 min (Figure 7A, filled diamonds). Digestion

extension analysis on Irelp(k+t)-cleaved HACI* 508 intermediates appear transiently in a manner reminiscent
RNA (the same construct used previously) but using of classical pulse—chase kinetics (Figure 7A, open circles
primers located closer to the cleavage sites (Figure 6). and open squares), and the liberation of 5’ and 3’ exons
The analysis shows unambiguously that Ire1p(k+t) cleaves (crossed circles and crossed squares) occurs rapidly and
the 5’ and 3’ splice junctions of HACI* RNA at the 3’ at comparable rates. In contrast, liberation of the intron
side of the invariant Gs. These are the same positions at (open triangles) follows a short lag time, concordant with
which Irelp(k+t) cleaves the 5’ and 3’ stem-loop RNAs, the fact that two sequential cleavage events are required
thereby affirming the use of the minisubstrates to character- for its production. Taken together, these kinetics are
ize the mechanism of the Irelp(k-t)-catalyzed cleavage consistent with a reaction in which both splice sites are
reaction. cleaved independently and in random order (Sidrauski and
Walter, 1997; Kawahara et al., 1998).
Additional elements in HAC1Y mRNA contribute to In contrast, the smaller stem-loop RNAs were cleaved
Ire1p(k+t) cleavage efficiency at significantly reduced rates. After 8 h of incubation
Although Irelp(k+t) accurately cleaves the stem-loop under identical reaction conditions, <25% of either stem—

substrates, additional structural and/or sequence elements loop RNA was cleaved (Figure 7B and C), whereas
present in HAC I RNA are likely to contribute significantly cleavage of HACI* RNA was virtually complete within
to the efficiency of the reaction. To compare the cleavage 16 min. Incubation of both the 5’ and 3’ stem-loops
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Fig. 5. Characterization of termini produced after Irelp(k +t) cleavage
of stem-loop RNA by sequential enzymatic modification. (A) A
schematic of the cleavage products generated upon Irelp(k +t)
cleavage and subsequent enzymatic modification of stem-loop RNA is
shown. Different gel mobilities of the short fragments result from
charge differences due to terminal phosphate groups as indicated. *>P’
represents a 2',3’-cyclic phosphate. Lanes 14 correspond to lanes 1-4
in (B). (B) Irelp(k+1) cleavage of internally labeled 3’ stem-loop
RNA was performed as described in Figure 2. Lanes 1 and 5 show the
products of an Irelp(k +t) cleavage reactions of 3’ stem-loop RNA.
The products were then treated sequentially with CIP (lane 2), with T4
PNK in the absence of ATP (lane 3), and with T4 PNK in the
presence of ATP (lane 4). Markers were produced by alkaline
hydrolysis (lane 6) or nuclease U2 digestion (lane 7) of 5’ end-labeled
wild-type 3’ stem-loop RNA.

together in the same reaction did not stimulate the cleavage
of either stem-loop, nor did heating and quick cooling of
the stem-loop substrates prior to their addition to the
reaction (data not shown). We therefore conclude that
structural elements of HACI* RNA, in addition to the
stem-loop structures characterized here, must contribute
significantly to the efficiency of cleavage by Irelp(k+t),
possibly by enhancing substrate recognition by Ire1p(k+t).

Ireip(k+ t) liberates base paired exons
The predicted secondary structure of the HACI* RNA
intron (Figure 1A) suggested that the exon sequences
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Fig. 6. Irelp(k+1) cleaves HACI" RNA at the same positions as it
cleaves the 5 and 3’ stem-loops. Primer exiension analysis was
performed on both undigested and Ire1p(k+t)-digested HACI* 508
RNA using 5’ end-labeled DNA primers. HACI* 508 RNA consists of
a truncated 5’ exon (181 nucleotides), an intact HACI* intron (252
nucleotides), and a truncated 3’ exon (75 nucleotides), as previously
described (Sidrauski and Walter, 1997). Extensions on uncleaved RNA
served as controls for natural pausing during the extension reaction.
The Irelp(k+1) cleavage site is indicated by an arrow along side the
RNA sequence corresponding to the DNA ladder; the residues in the
7-membered loop are marked with a bracket.

flanking the intron are also base paired and hence may
contribute to folding the intron—exon junctions into a more
complex RNA domain. A prediction of the proposed
structure is that the two exons remain associated after
removal of the intron by Irelp-mediated cleavage. To
test this possibility directly, we fractionated Irelp(k+t)-
generated HACI* RNA cleavage products on a non-
denaturing gel (Figure 8A). Individual bands were excised
from the non-denaturing gel and re-electrophoresed under
denaturing conditions to determine their composition
(Figure 8B). Only two major bands were obtained when
Ire1p(k+t)-digested HACI* RNA was fractionated under
native conditions (Figure 8A, lane 1; labeled a and b). If
the cleavage reaction products were first denatured by
boiling, band a disappeared and two new, faster migrating
bands appeared in its place (Figure 8A, lane 2; labeled d
and ¢). As apparent from the analysis shown in Figure
8B, band a contains both exons which upon boiling
become separated into band d containing the 5’ exon and
band e containing the 3’ exon. Thus, upon Irelp(k+t)
digestion, the 5’ and 3’ exons remain non-covalently
associated and comigrate in a native gel, whereas the
intron is released. In the context of the HACI* RNA
splicing reaction, this association may be advantageous in
that it holds the two exons in position for efficient and
specific ligation by tRNA ligase.

The phosphate linking the two exons of spliced
HAC1 mRNA is derived from nucleotide
triphosphate

The data presented so far show that, in many respects,
the mechanism of HACI* mRNA splicing follows the
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Fig. 7. Irelp(k +1) cleaves HACI“ RNA more efficiently than stem-loop RNAs. (A) A time course of HACI* 600 RNA cleavage is shown. HACI*
600 RNA consists of a truncated 5’ exon (181 nucleotides), an intact HACI" intron (252 nucleotides). and a truncated 3’ exon (167 nucleotides). A
cocktail of 140 000 c.p.m. HACI“ 600 RNA (0.07 pM), cleavage buffer, and 1.75 pg Irelp(k+t) in a volume of 140 pl was incubated at 30°C.
Samples (20 pl) were removed at the times indicated and the reactions were stopped by addition of 20 volumes phenol/chloroform and 20 volumes
of stop buffer. Reactions were ethanol-precipitated, electrophoresed through a 5% denaturing polyacrylamide gel, visualized by autoradiography and
quantitated. Percent conversion is the mole ratio (amount of fragment produced)/(amount of fragment expected if 100% cleavage occurred) adjusted
for the number of labeled phosphate groups carried by each fragment. Symbols next to the autoradiogram correspond to the symbols used for each
fragment in the graph below. The icons to the right represent the fragments produced in the Irelp(k+t) cleavage reaction. A time course of 5’
stem-loop (B) and 3’ stem-loop RNA (C) cleavage is shown. Cocktails of 44 000 c.p.m. of stem-loop RNAs (0.22 pM), cleavage buffer and 5.5 ug
Irelp(k+t) in a volume of 440 ul were incubated at 30°C. Samples (40 pl) were removed at the times indicated, rapidly stopped and precipitated as
described above, and electrophoresed through a 15% denaturing polyacrylamide gel. The mole ratio of Irelp(k+t) to RNA substrate is identical in all
panels. Visualization and quantitation as well as symbols and icons are as in (A). Note the significantly longer time scales of these experiments. Also
note that the amount of Irelp(k+t) used in the experiments shown in this figure was less than the amount used in the experiments shown in Figures
2 and 5 and thus accounts for the reduced cleavage of the stem-loop substrates at comparable time points.

paradigms established for pre-tRNA splicing (Westaway
and Abelson, 1995; Abelson er al., 1998). During pre-
tRNA splicing, tRNA ligase phosphorylates the 5’ end of
the 3’ exon in a step prior to exon ligation. As a
consequence, the phosphate group in the phosphodiester
bond linking the 5’ and 3’ exons in spliced tRNAs
originates from the y-phosphate of the GTP or ATP used
by tRNA ligase and not from the tRNA itself (Belford
et al., 1993). To determine if this is also true for HACI"
RNA splicing, we added purified tRNA ligase to
Irelp(k+t)-cleaved HACI* RNA, thus reconstituting a
complete splicing in vitro reaction as previously described
(Sidrauski and Walter, 1997). As shown in Figure 9A,
ligation occurred very efficiently in our assay system;
tRNA ligase addition to Irelp(k+t)-cleaved HACI* RNA
resulted in a virtually quantitative conversion of the exons
(compare lanes 3 and 4) to the ligated product which
comigrated with a marker transcript lacking the intron
(Figure 8A, lane 1). This reaction was then repeated using
unlabeled input RNA and [¥-*?P]GTP (Figure 9A, lane 5).
Under these conditions, any incorporated radioactivity
was exclusively derived from the y-position of the added
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nucleotide triphosphate. Three prominent, labeled bands
were obtained under these conditions (Figure 9A, lane 5),
corresponding to the ligated exons, the intron and residual
3’ exon. Thus, as expected, tRNA ligase phosphorylated
the two RNA fragments containing free 5'-OH groups
(intron and 3’ exon), but not the 5’ exon as it already
contains a 5'-triphosphate group. Importantly, these data
also suggest that phosphorylated 3’ exon was incorporated
into ligated RNA, as previously described for pre-tRNA
splicing (Belford et al., 1993).

During pre-tRNA splicing, in the last step prior to exon
ligation, tRNA ligase adenylates itself using ATP. Ligase
then covalently transfers the AMP to the 5’ phosphate of
the 3’ exon which results in the formation of a high energy
5’'-5' phosphoanhydride bond. Upon exon ligation, the
AMP is released from the RNA (Greer et al., 1983; Xu
et al., 1990). To determine if this is also true for HAC1*
RNA splicing, we incubated unlabeled input RNA with
Irelp(k+t), tRNA ligase and [a-32P)ATP (Figure 9A,
lanes 6 and 7). Under these conditions the 3’ exon
and the intron were labeled. In addition, no label was
incorporated into the fully spliced RNA. Both these
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Fig. 8. HACI" RNA exons remain base paired following Irelp(k+1t)
cleavage. (A) An aliquot of HACT" 600 RNA (40 000 c.p.m.) was
incubated with 1 pg Irelp(k+1) in cleavage buffer in 40 pl for 45 min
at 30°C. As indicated, reactions were either boiled or not and
electrophoresed under non-denaturing conditions through a 5%
polyacrylamide gel in TBE and visualized by autoradiography. The
bands labeled a, b, ¢, d and ¢ were excised from the gel. The RNA
was eluted from the gel slices overnight. (B) Eluted a, b, ¢, d and ¢
RNAs were resuspended in denaturing loading buffer, boiled and
electrophoresed through a 5% denaturing polyacrylamide gel. The
marker lanes 1 and 2 carry uncleaved HACI* 600 RNA and
Irelp(k +1) cleaved HACI* RNA, respectively. Icons to the right of the
figure indicate the fragments produced in the Irelp(k+t) cleavage
reaction.

observations suggest that HACI exons are ligated by
tRNA ligase utilizing the same mechanism with which
tRNA exons are joined.

To show that the label in the spliced RNA was indeed
incorporated at the splice junction, we took advantage of
the fact that during pre-tRNA splicing, tRNA ligase opens
up the 2',3'-cyclic phosphate at the 3’ terminus of the 5’
exon and leaves this phosphate attached at the 2' position
of the splice junction. For our purposes, the presence of
the 2’ phosphate would provide a convenient marker
for the splice junction as it would render this single
phosphodiester bond in the spliced RNA resistant to
cleavage by P1 nuclease. To determine whether the labeled
¥-phosphate group donated by GTP during the splicing
reaction was indeed incorporated at the splice junction,
we purified the spliced product from a reaction as shown
in Figure 9A, lane 5, and subjected it to digestion with
P1 nuclease. TLC of the digestion products revealed that
the labeled phosphate was quantitatively recovered in a
slow migrating spot (Figure 9B, lane 4) with a mobility
identical to that of the marker nucleotide 5'pG(2'p)3'pS’'A
that was produced in a control reaction by digestion of
an in vitro spliced pre-tRNA substrate (Figure 9B, lane
3). Consistent with the assigned structure, treatment of
either sample with snake venom phosphodiesterase (SVP)
(which cleaves phosphodiester bonds even in the presence
of a 2’-phosphate) quantitatively converted the labeled
dinucleotides to pA. Furthermore, in a related approach,
digestion with P1 nuclease liberated labeled pA if the
spliced RNA was first treated with CIP to remove the 2'-
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phosphate at the splice junction (McCraith and Phizicky,
1990; data not shown). Thus by the criteria addressed
here, the mechanism by which HAC1" RNA exons become
ligated by tRNA ligase is indistinguishable from that used
during tRNA splicing.

Discussion

We have characterized the enzymatic mechanism by which
Irelp carries out the unique, spliceosome-independent
splicing of HACI* mRNA and have defined a minimal
substrate which is accurately cleaved by Irelp(k+t).
Though the mechanism of HACI* mRNA splicing
resembles that of pre-tRNA splicing, our data also revealed
differences between the two pathways. In particular, we
have shown that Irelp and tRNA endonuclease recognize
fundamentally different structural features in their respect-
ive substrate RNAs. In some ways, this is not surprising
given that these two nucleases lack any recognizable
structural similarity. Indeed, the most similar protein to
Irelp is RNase L, a ribonuclease which non-specifically
cleaves RNA in cells infected with double-stranded RNA
viruses and for which no role in pre-mRNA processing is
suspected (Bork and Sander, 1993; Hassel er al., 1993;
Dong et al., 1994; Dong and Silverman, 1997; Zhou et al.,
1997). Thus, though splicing of HACI* mRNA is unlike
spliceosome-mediated pre-mRNA splicing, neither is it
completely like pre-tRNA splicing. HACI“ mRNA splicing
thus defines a unique RNA processing event.

Our experiments have demonstrated that, mechan-
istically, splicing of HAC1“ mRNA resembles that of pre-
tRNA splicing. In particular, as summarized in Figure 10,
the chemistry of endonucleolytic cleavage by Irelp leaves
2',3'-cyclic phosphates, the two exons remain associated
by base pairing after cleavage has occurred, and exon
ligation by tRNA ligase follows the same chemical steps
previously characterized for pre-tRNA splicing. This
mechanism of processing is unprecedented for a messen-
ger RNA.

By defining a minimal RNA element that is sufficient
and required for cleavage by Irelp(k+t), we have shown
that the structural features which Irelp recognizes in
its substrate differ significantly from those which are
recognized by tRNA endonuclease. Eukaryotic tRNA
endonuclease, for example, primarily recognizes the folded
tertiary structure of the pre-tRNA as well as local structures
at the intron—exon boundaries and pays little heed to the
nucleotide sequences at or near the splice sites (Mattoccia
et al., 1988; Reyes and Abelson, 1988; Fabbri et al.,
1998). Indeed, changing the length of the stem that
separates the cleavage sites from the knee in the tRNA
tertiary fold shifts the cleavage sites correspondingly
(Reyes and Abelson, 1988). This indicates that eukaryotic
tRNA endonuclease can use distance measurements from
a substrate binding site to its active site to specify the
cleavage sites on its substrate RNA. Recently, a small,
doubly bulged stem containing both cleavage sites of pre-
tRNA was shown to be a suitable substrate for tRNA
endonuclease (Fabbri et al., 1998), indicating that, as for
HACI1* mRNA cleavage by Irelp, local structural features
in pre-tRNA can be sufficient to confer cleavage specificity.
Archaeal tRNA endonuclease recognizes a symmetric,
bulged stem structure, also with little regard for the
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Fig. 9. The phosphate group at the splice junction derives from nucleotide triphosphate. (A) Unlabeled HACI* 600 RNA (1 pM), cleavage buffer
and 0.5 pg Irelp(k+1) were incubated at 30°C for 45 min. Then 0.3 pg purified tRNA ligase was added along with either 1 mM ATP, 65 pCi
[¥32PJGTP (lane 5) or 200 pCi [a-*2P]ATP, 1 mM GTP (lanes 6 and 7), and the reaction incubated for another 30 min. Lanes 6 and 7 only differ in
the length of time they were exposed to film. The remaining lanes carry markers derived from internally labeled HACI* RNA. HACI" 600 RNA was
incubated in cleavage buffer with Irelp(k+t) (lane 3), or Irelp(k +1), IRNA ligase, ATP and GTP (lane 4). These two lanes provided markers for the
Irelp(k +1) cleavage reaction, and the products of the complete Ire1p(k+t)ARNA ligase splicing reaction, respectively. Markers for uncleaved HACI*
600 RNA (lane 2) as well as HACI' 348 RNA corresponding to spliced HACI* 600 RNA (lane 1) are shown. Note that the labeled intron in lane 5
splits into a doublet; it is likely that these two forms correspond to a 5’-phosphorylated and a 5’-phosphorylated and also adenylated RNA, both
known tRNA ligase reaction products. The nature of the band in lane 5 indicated by a triangle is unknown; one possibility is that it represents a
circularized or concatenated intron. (B) HACI* 600 RNA spliced in the presence of [y-*?P]GTP as in (A) was gel-purified from a 5% denaturing
polyacrylamide gel, and subjected to nuclease Pl digestion (lane 4), followed by digestion with SVP (lane 6). Digestion products were
chromatographed on PEI cellulose thin layer plates and visualized by autoradiography. Nuclease P1 digestion of in vitro spliced pre-tRNAP™ (lane 3)
provided a marker for the 5'pG(2'p)3’.5'pA splice junction dinucleotide (see Materials and methods) and SVP digestion provided a positive control
for SVP digestion of spliced HACI“ RNA. The position of other nucleotide markers on the thin layer plate is shown.

sequence surrounding the cleavage sites (Thompson and than the minisubstrate stem—-loop RNAs (Figure 7). Irelp
Daniels, 1990; Lykke-Andersen and Garrett, 1994, 1997; may have a higher affinity for these substrates relative to
Kleman-Leyer et al., 1997). In contrast, we show that the minisubstrates, possibly because it interacts directly
cleavage by Irelp(k+t) requires a well defined 7-nucleo- with additional regions of HACI* mRNA that fall outside

tide loop that must be closed by a stem. Furthermore, the stem-loop structures. An alternative albeit not mutually
unlike tRNA endonucleases, cleavage by Irelp(k+t) is exclusive explanation is that, as previously suggested,
exquisitely sensitive to the particular nucleotide sequence active Irelp is a dimer or higher order oligomer that binds

flanking the cleavage site (Figures 2 and 3) (Sidrauski HACI* mRNA so that one monomer interacts with the 5’
and Walter, 1997; Kawahara et al., 1998). With the splice site and the other interacts with the 3’ splice site
exception of loop residue -2, changes at the other six (Sidrauski and Walter, 1997). Indeed Irelp oligomerizes

loop positions can drastically reduce cleavage by upon activation in vivo (Shamu and Walter, 1996), and
Irelp(k+t). The nucleotides at these sensitive positions addition of ADP to in vitro reactions stimulates Ire1p(k+t)
may provide critical contacts for Irelp and/or maintain dimerization/oligomerization (Niwa and Walter, unpub-
specific structural arrangements within the loop necessary lished results) and its endoribonuclease activity (Sidrauski
for Irelp recognition. Thus, our data define a unique and Walter, 1997). For this reason, all reactions described
‘signature motif’ for Irelp substrates. This structural in this paper were performed under optimal ADP-stimulat-
information will be invaluable for future studies whose ing conditions. A gain in affinity could result from
aim is identification of other substrates for this unique cooperative binding of Irelp to the two splice sites and
RNA processing pathway in yeast and other organisms. thus lead to increased cleavage. Folding of the intron and/

Though the primary sequence of the minisubstrate loops or base pairing interactions between the two exons may

is important for Ire1p(k+t) recognition and cleavage, our significantly contribute to cooperativity by positioning the
data suggest that other sequences within HACI* mRNA two splice sites in an optimal orientation with respect to

significantly enhance recognition by Irelp. In particular, each other.

HACI" RNA substrates carrying the entire intron plus One of the unique consequences of the Irelp/tRNA
flanking exon sequences were cleaved significantly faster ligase-mediated splicing pathway is that the splice junction
3128
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Fig. 10. Model of HACI" mRNA splicing. Irelp initiates splicing by cleaving HACI* mRNA 3’ of the conserved G at position -1 in both splice site
loops (Figures 1 and 3), releasing the intron and generating a 2’,3’-cyclic phosphate at the 3’ end of the 5’ exon and a free 5'-OH group at the 5’
end of the 3’ exon, respectively. The liberated exons remain base paired, thus holding the appropriatc mRNA termini in spatial proximity. tRNA
ligase acts upon the paired exons. phosphorylating the 5’ terminus of the 3’ exon with phosphate derived from the Y-position of GTP. This
GTP-derived phosphate group ultimately links the two exons together in the spliced HACI' mRNA. The phosphodiesterase activity of tRNA ligase
opens the 2',3’<cyclic phosphate to the 2’ position. tRNA ligase next adenylates the 5’ terminus of the 3’ exon, forming a high energy AS'ppS°A
phosphoanhydride bond and then, using the energy stored in this bond, joins the two exons. As is the case for pre-tRNA splicing. it is likely that
tRNA ligase first adenylates itself and then transfers its AMP to the 3’ exon. Upon ligation of the exons, the AMP is released. The splice junction of
the newly spliced HACI' mRNA carries a 2’-phosphate derived from the 5’ splice site. As for pre-tRNA splicing, perhaps NAD-dependent
2’-phosphotransferase transfers this phosphate to NAD to produce ADP-ribose 1’'-2"* cyclic phosphate (Appr>p) and HACI' mRNA free of the

splice junction 2'-phosphate.

of the product HACI' mRNA is initially tagged by a 2'-
phosphate group. This tag marks the splice junction of
all newly ligated HACI' mRNA molecules until it is
presumably removed. In yeast, the product of an essential
gene, a NAD-dependent 2’-phosphotransferase transfers
2’-phosphate groups from spliced tRNAs to NAD, produ-
cing ADP-ribose 1'’-2"’cyclic phosphate (McCraith and
Phizicky, 1990; Culver et al., 1993, 1997). The same
phosphotransferase may act upon newly ligated HAC!'
mRNA to remove its splice junction 2’-phosphate (Spinelli
et al., 1997). It is not known whether the unique 2’-
phosphate tag or the unique cyclic phosphate-containing
metabolite that results from its removal have any physio-
logical function in the cell (Culver et al., 1997). It is
conceivable, however, that induction of the UPR, and the
resulting splicing of HACI* mRNA might generate a spike
of the unusual ADP-ribose 1'’-2’’ cyclic phosphate over
the level normally produced as a consequence of pre-
tRNA splicing. Thus it is tempting to speculate that cells
might utilize such a signal, possibly in ways analogous to
signals transmitted via other small molecules containing
cyclic phosphate groups, and integrate it in as yet unknown
ways into the cell’s response to protein misfolding in
the ER.

Materials and methods

Pisemid constructs and recombinant protein expression
The cytoplasmic portion of S.cerevisiae Ire1p containing its kinase and
C-terminal tail domains, Ire1p(k+1), was expressed in and purified from
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Escherichia coli as previously described (Sidrauski and Walter, 1997).
In this study, we used an expression vector which fuses a PreScission
Protease (Pharmacia, Uppsala, Sweden) cleavage site between the
Ire1p(k +1) and glutathione S-transferase (GST) domains of the recombin-
ant polypeptide. In brief, E.coli strain DH5a transformed with plasmid
pCF210 was grown in liquid culture at 37°C to an OD of 0.5. Expression
of recombinant GST-Ire1p(k +1) was induced with isopropyl-B-D-galac-
topyranoside (IPTG) added to a final concentration of 0.1 mM. Cells
were harvested and ruptured with a Microfluidizer (Microfluidics Co..
Newton, MA). GST-Irelp(k+t) was captured by batch binding to
gluathione-Sepharose beads (Pharmacia, Uppsala. Sweden), and
Ire1p(k+1t) was liberated by digestion with PreScission Protcase.

The gene cncoding tRNA ligase was amplitied from the S.cerevisiae
genome by PCR and the sequence of the amplitied gene was vernified.
The gene was cloned into the expression vector pPGEX-6P-2 to create a
GST—RNA ligase fusion with a PreScission Protease cleavage site
between GST and tRNA ligase. Expression of the recombinant protein
from this plasmid (pSD103) was as for Ire1 p(k +1) (see above). Harvested
cells were ruptured by sonication and expressed GST-{RNA ligase was
bound to glutathione-Sepharose beads. The beads were subsequently
washed to remove non-recombinant protein and GST-tRNA ligase was
cluted from the beads with 20 mM gluathione, pH 7.5. The cluted
fusion protein was dialyzed to remove glutathione and cleaved with
PreScission Protease to liberate tRNA ligase. In the final step, PreScission
Protease and free GST were removed by incubating the cleaved material
with glutathione-Sepharose beads, thus yielding pure t(RNA ligase.

in vitro RNA transcription )

In vitro twranscriptions of HACI* 600, HACI* 508. HAC' 348 [sec
Sidrauski and Walter (1997) for details of the plasmids encoding these
RNAs]) and pre-tRNA™ (from plasmid pUC12T7, a gift from C.Greer,
University of California, Irvine) were carried out as follows. Reactions
(20 pl) containing 1 mM each of ATP, CTP. GTP. 0.1 mM of UTP.
25 uCi of [a-32PJUTP (3000 Ci/mM: Amersham, Arlington Heights,
IL). 1 pug lincarized plasmid DNA, 40 U RNasin (Promega, Madison,
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‘W), and 20 U T7 RNA polymerase (Bochringer Mannheim, Indianapolis,
IN) were incubated at 37°C for 1.5 h. To generate unlabeled RNA,
transcriptions were carried out in the presence of 1 mM UTP without
(a-**PJUTP.

Smaller RNAs were transcribed using single-stranded DNA oligonu-
cleotides as templates to which the 18mer 5'TAATACGACTCACTATAG
“T7 promoter oligonucleotide’ was annealed to create the double-stranded
T7 RNA polymerase promoter (Milligan e al.. 1987). The following
oligonucleotides were used: hactng-10 (encoding wild-type 3’ stem-
loop RNA): 5'TGAGGTCAAACCTGACTGCGCTTCGGACAGTAC-
AAGCTTGACCTATAGTGAGTCGTATTA: hactng-32 (encoding 3’
stem-loop RNA with GC stem): S"GAGCGGCGCGGCGCTTCGGAC-
CGCGCCGCTATAGTGAGTCGTATTA; hactng-33 (encoding 3 stem—
loop RNA with GA stem): $'GATCTTCTCTTCGCTTCGGACCTCTC-
CTCTATAGTGAGTCGTATTA: hactng-38 (encoding wild-type 5’
stem-loop RNA): S'TGAGCCGGTCATCGTAATCACGGCTGGATT-
ACGCCAACCGGCTATAGTGAGTCGTATTA. and hactng-39 (encod-
ing 5’ stem-loop used in TLC analysis): S'TGAGGGGGTCATCGTA-

ATCACGGCTGGATTACGACAACCCCCTATAGTGAGTCGTATTA.

Oligonucleotides containing the appropriate point mutations indicated in
Figures 2B and 3 are moditications of hactng-10.

A solution containing 15 pM T7 promoter oligonucleotide and 0.25 pM
template oligonucleotide was heated to 100°C for 3 min and immediately
placed on ice. For the nearest neighbor analysis, RNA transcripts were
internally labeled by incorporation of any one of three (A, C or G)
[a-32PINTPs (3000 C/mM: Amersham Corporation, Arlington Heights,
IL). In this case, all NTPs in the transcription reactions were at 1 mM,
except the labeled NTP of which 300 pCi was added diluted with
unlabeled NTP to bring the final concentration to 0.1 mM. To transcribe
stem-loop RNAs intemnally labeled with [a->2PJUTP (3000 Ci/mM:
Amersham Corporation, Arlington Heights, IL), 1 mM each of ATP,
CTP, GTP, 0.1 mM of UTP and 50 uCi [a->’PJUTP were added 10 the
reactions instead.

Except where noted, all transcribed RNAs were purified on denaturing
polyacrylamide gels, excised from the gels and cluted from gel slices
overnight at 4°C with 0.3 M NaOAc, pH 5.2, 10 mM Mg(OAc),/phenol/
chloroform (10.5/.5) followed by ethanol precipitation.

frelplk+t) cleavage and sphicing

Ire1p(k+t) cleavage of HACI* 600 RNA, HACI* 508 RNA, and stem-
loop RNAs was carried out in cleavage buffer {20 mM HEPES pH 7.6,
50 mM KOAc, 1 mM Mg(OAc),, | mM DTT, 2 mM ADP, 40 U RNasin
(Promega. Madison, WI)] at 30°C. The amount of Irelp(k +1) and RNA
in the reactions varied and is given in the figure legends or specific
methods for each experiment. For splicing reactions with internally
radiolabeled HACI* 600 RNA, the RNA was first incubated with
Ire1p(k +1) for 30 min at which point 1| mM ATP, 1 mM GTP and 0.3 pug
tRNA ligase were added, and the reaction incubated for an additional
30 min at 30°C. Two different sets of splicing reactions were performed
utilizing 1 pM unlabeled RNA ecach. In one, 65 uCi of [y->?PJGTP
(5000 C/mM) (Amersham Corporation, Arlington Heights. IL) was
added instead of GTP. In the other, 200 uCi [a->P]ATP (3000 Ci/mM)
(Amersham Corporation, Arlington Heights, IL) was added instead of
ATP. All reactions were terminated with 20 vol of stop buffer (50 mM
NaOAc. pH 5.2, 1 mM EDTA, 0.1% SDS), extracted with phenol-
chloroform, and ethanol-precipitated. Unless otherwise noted, reactions
containing stem-loop RNAs and those containing the larger RNAs were
analyzed on 15 and 5% denaturing polyacrylamide gels, respectively,
and visualized by autoradiography of the gels.

Enzymatic modificetion of Irelp(k+ t) cleavage products

A 100 pl Irelp(k +1t) cleavage reaction containing cleavage buffer (see
above), 10 000 c.p.m. wild-type 3’ stem-loop RNA., and 5 ug Ire1p(k +1t)
was incubated at 30°C for 2 h. The reaction was stopped with stop
buffer (sce above) and phenol-chloroform extracted. Two fifths of the
reaction was removed and set aside. The remaining sample was ethanol
precipitated and treated with 30 U CIP (New England Biolabs, MA) for
1.5 h at 37°C. The reaction was phenol—chloroform extracted, and one-
third of the sample was set aside. The remaining sample was ethanol
precipitated and treated with 30 U T4 polynucleotide kinase (New
England Biolabs, MA) in the absence of ATP for 1.5 h at 37°C followed
by phenol-chloroform extraction. Half of the sample was set aside, and
the remaining sample was ethanol precipitated and treated with 30 U
T4 polynucleotide kinase plus 2 mM ATP for 1.5 h at 37°C followed
by phenol-chloroform extraction and ethanol precipitation. For analysis,
all samples were cthanol precipitated, fractionated on a 15% denaturing
polyacrylamide gel and visualized by autoradiography.
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Prior to digestion, the 5’ and 3’ stem—loop RNAs or the ligated products
of the HACT* 600 and pre-tIRNAP™ splicing reactions were gel-purified
and eluted overnight in water/phenol/chloroform (1/0.50.5) at 4°C.
Eluted RNA was precipitated by extraction with N-butanol, washed with
cthanol. and dried. P1 nuclease digests of 3’ and $’ stem-loop RNAs
were prepared by incubation of the RNA sample with 0.2 U P1 nuclease
(Bochringer Mannheim, Indianapolis, IN) at 37°C for 30 min in a buffer
that contained 0.5 pg tRNA and 20 mM NaOAc. pH 5.2. P1 digests of
spliced HACI* 600 RNA as well as spliced pre-tRNAP® were the same
but contained only 50 ng tRNA. For further digestion of the P1 nuclease
products with SVP. the reaction mix was adjusted to 12.5 mM Tris
pH 9.3 and 0.1 pg tRNA, and 0.025 U SVP (Worthington Biochemical
Co., Frechold, NJ) were added. The reaction was incubated at 25°C for
40 min.

Spliced pre-tRNAP® and HACI* share the same splice junction
sequence: G-junction-A (Valenzucla er al., 1978; Reyes and Abelson,
1987: Sidrauski and Walter. 1997 Kawahara e al.. 1998). Because of
this, spliced pre-tRNAP™ was used to generate 5'pG(2'p)3'p5’ A marker
dinucleotide for the TLC analysis of the HAC/I* splice junction. To do
50, pre-tRNAP™ cleavage reactions were carried out in tRNA endonucle-
ase buffer (Greer ef al., 1987) for 30 min at 30°C. Unlabeled pre-
tRNAP> (1 pM) was first incubated with tRNA endonuclease for 30 min
as described (Greer ef al., 1987). at which point | mM ATP, 0.3 pg
{RNA ligase and 65 pCi of (- 2PJGTP (5000 Ci/mM) were added and
the reaction incubated for an additional 20 min at 30°C. The resulting
spliced tRNAP™ was gel purified. To generate labeled 5'pG(2°p)3'pS‘A.
puritied tRNAP® was digested with P1 nuclease as above. Further
digestion with SVP as described above generated labeled pA as expected.

PEI cellulose thin layer plates (EM Science, Gibbstown, NJ) were
developed with 1 M LiCl, and samples visualized by autoradiography.
The radiolabeled markers 5'pN. 5'pN2'p, 5'pN3’p and pN2’3'(cyclic)p
(where N = A, C, G or U) were prepared by phosphorylating N2'p, N3'p,
and N2'3'(cyclic)p nucleotides (Sigma) in the presence of [y-*2P]ATP and
cither wild-type T4 polynucleotide kinase (New England Biolabs, MA)
or mutant T4 polynucleotide kinase (Bochringer Mannheim, Indianapolis,
IN) lacking the 3’ phosphatase activity of the wild-type enzyme (Cameron
and Uhlenbeck, 1977. Cameron ef al., 1978).

Primer extension

The sequencing primers P1 (TGSP-3; 5’GAAGAAATCATTCAATTCA-
AATGAATTC) and P2 (TGSP-1; 5'GCTAGTGTTCTTGTTCACTG)
were used to map the 5’ and 3’ Irelp(k +1) cleavage sites in HACI* 508
RNA, respectively. Reactions contained 1 pM 5’ end-labeled primer,
10 ng Ire 1p(k +t)~cleaved or unclcaved HAC!* 508 RNA, 20 mM NaCl,
1S mM HEPES pH 7.6. Reactions were heated to 100°C for 3 min and
slowly cooled to 40°C. Next, 0.1 mM dNTPs and 3 U AMV reverse
transcriptase (Boehringer Mannheim, Indianapolis, IN) were added, and
the reactions incubated at 40°C for 30 min. Sequencing ladders were
gencrated in the same manner, except that reactions also contained
0.1 mM of either ddATP. ddCTP. ddGTP or ddTTP. Samples were
analyzed on 10% denaturing polyacrylamide gels and visualized by
autoradiography.

gel electrophoresis

Ire1p(k +1) cleavage reactions were electrophoresed at 4°C through a
5% polyacrylamide gel in 1X TBE buffer. Bands were visualized by
autoradiography, excised from the gel, and eluted overnight in 0.3 M
NaOAc pH 5.2, 10 mM Mg(OAc),/phenol/chloroform (1/0.5/0.5) at 4°C.
Eluted RNA was cthanol precipitated, resuspended in denaturing loading
buffer (99% formamide. 1 mM Tris pH 7.8, 0.1 mM EDTA), boiled and
loaded onto a 5% denaturing polyacrylamide gel. RNA was visualized
by autoradiography.
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Chapter 3

Preliminary characterization of the rigl-100 tRNA ligase
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INTRODUCTION

Introns are a fact of life: organisms in the three domains of life harbor them in their
genes. Perhaps the most familiar and well-known introns are those interrupting the
coding sequences of eukaryotic nRNAs. However, tRNA introns are more widely
distributed across the tree of life; they occur in subsets of tRNA genes found in
archaebacteria, eubacteria, and eukaroytes (Abelson et al., 1998; Phizicky and Greer,
1993). [For an excellent review on many aspects of tRNA processing and function, see
Hopper and Phizicky (Hopper and Phizicky, 2003).]

The manner in which tRNA introns are excised varies. Found in tRNA
genes of chloroplasts, mitochondria, and bacteria, the self-splicing group I and II introns
catalyze their own removal by two sequential transesterification reactions; the 5’ splice
site is cleaved followed by cleavage and exon joining at the 3’ splice site. The origin of
the nucleophilic attacking group at the 5’ splice site differs for Group I and II introns. In
Group I it is a 2’0OH from a nucleotide within the intron; in Group II, it is a 3’OH from a
guanosine cofactor. In both cases, the second cleavage at the 3’ splice site uses the 3’OH
produced as a consequence of the first cleavage at the 5’splice site. The Group I splicing
mechanism is analogous to that utilized in the spliceosomal splicing of mRNAs. As a
consequence, it has been proposed that spliceosomal splicing evolved from self-splicing
RNAs like the Group I introns of tRNA genes (Eckstein and Lilley, 1997; Phizicky and
Greer, 1993).

The splicing of eukaroytic nuclear pre-tRNAs proceeds by a third, very
different catalytic mechanism catalyzed by two proteins, tRNA endonuclease and tRNA

ligase, and is best understood in yeast (Abelson et al., 1998; Westaway and Abelson,
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1995). tRNA endonuclease initiates splicing by cleaving the 5’ and 3’ splice sites,
producing 5’OH and 2’,3’ cyclic phosphate RNA termini (Knapp et al., 1979; Peebles et
al., 1983). Unlike Group I and II intron splicing, the initial cleavage event can occur at
either the 5’ or 3’ splice site (Greer et al., 1987; Miao and Abelson, 1993). Orthologues
of the yeast tRNA endonuclease (Trotta et al., 1997) have been identified in archaea,
vertebrates, and plants (Akama et al., 2000; Fabbri et al., 1998; Kleman-Leyer et al.,
1997; Lykke-Andersen and Garrett, 1997). Chemically, cleavage by tRNA endonuclease
resembles the self-cleavage reaction catalyzed by viroids and virusoids, leading to
speculation that tRNA endonuclease cleaved introns evolved from self-cleaving tRNA
introns (Eckstein and Lilley, 1997; Phizicky and Greer, 1993). In the support of this are
reports of self-cleaving introns found in a human and plant pre-tRNATYyr (van Tol et al.,
1989; Weber et al., 1996). Here, the splice sites are cleaved to produce 5’OH and 2°,3’-
cyclic phosphates. But unlike the RNA catalyzed Group I and Group II intron splicing,
self-ligation does not occur.

Ligation of the exons liberated by tRNA endonuclease is catalyzed by the
multifunctional enzyme tRNA ligase (Belford et al., 1993; Greer et al., 1983). Ligation
begins with opening of the terminal 2°,3’-cyclic phosphate at the end of the 5’ exon.
Next, the 3’ exon is phosphorylated at its 5’ end by transfer of a gamma phosphate from
GTP or ATP. This phosphate will ultimately link the two exons together at the splice
junction. The 5’-phosphate is activated by the transfer of AMP from ligase to form a high
energy 5°-5’ phosphoanhydride bond. Ligation occurs with the concomitant release of the
AMP activating group, and leaves behind a 2’ phosphate at the splice junction. The 2’-

phosphate is subsequently removed by the NAD-dependent 2’-phosphotransferase, Tpt1lp
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(McCraith and Phizicky, 1990; McCraith and Phizicky, 1991). Tptlp transfers the splice

junction 2’-phosphophate to NAD to produce the small molecule ADP- ribose 17-2”
cyclic phosphate (Culver et al., 1993). The 2’-phosphate must be removed from spliced

tRNAs in order for subsequent base modifications to take place to produce fully
functional tRNAs for use in translation by the cell (Culver et al., 1997; Spinelli et al.,
1997).

Though the ligation reaction is best understood for the yeast enzyme encoded by

the RLG1 gene in Saccharomyces cerevisiae, equivalent biochemical activities have been ‘ :
discovered in mammals and plants (Gegenheimer et al., 1983; Schwartz et al., 1983; E
Zillmann et al., 1991). Curiously, a second distinctive ligation activity has also been

described in cellular extracts from mammals, frogs, and archea (Filipowicz and Shatkin, r ;‘,
1983; Laski et al., 1983; Zofallova et al., 2000). Here, the phosphate which links the two S .
exons together comes from the pre-tRNA itself instead of from GTP or ATP and the final 1Lt s
spliced product lacks the 2’-phosphate that marks the splice junction in the yeast-like ': | "
reaction. The specific proteins responsible for these various ligation activities remain to Lc: e i*

be identified and their genes cloned.

Adding to this complicated mix is the fact that the NAD-dependent 2-
phosphotransferase has been identified by activity or genomic sequence in plants,
vertebrates, and archaea, suggesting that the yeast-like splicing mechanism is actively
utilized in these organisms (Spinelli et al., 1998; Yukawa et al., 2001; Zillman et al.,
1992). It remains to be seen which, if either, tRNA ligation pathway predominants in

these organisms.
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The yeast tRNA ligase protein is a multidomain protein with three distinct
enzymatic activities (Apostol et al., 1991; Xu et al., 1990). The adenylylate synthetase
resides in the N-terminal half, with the kinase in the middle quarter, and the cyclic
phosphodiesterase in the final C-terminal quarter. Binding to tRNA appears to require
multiple non-contiguous sites on the protein and thus has not been pinned down to any
single location (Apostol et al., 1991). The massive genomic sequencing projects of the
past decade have enabled the identification of regions of homology between tRNA ligase
and other functionally related proteins (see appendix A). The adenylylate synthetase L ;
domain of tRNA ligase is a member of the covalent nucleotidyl transferase (CNT) Jf
superfamily (Aravind and Koonin, 1999; Shuman, 1996). Characterized by the presence

of five to six conserved active-site motifs and a common protein fold, this protein

superfamily includes ATP- and NAD-dependent DNA ligases, mRNA capping enzymes, mae vt

and RNA ligases. The tRNA ligase kinase domain shares limited regions of homology T e
with the ATP binding motifs found in T4 polynucleotide kinase and adenylate kinase ‘u:; L
(Apostol et al., 1991; Koonin and Gorbalenya, 1990). Finally, the 2°,3’-cyclic i: - i,:

phosphodiesterase domain of tRNA ligase has been identified as a member of the large
2H phosphodiesterase superfamily (Mazumder et al., 2002). This protein family is named
for two conserved active site histidine residues each found in the motif Hh(S/T)h (where
h is a hydrophobic residue). The histidine and serine/threonine residues of this motif are
essential for phosphodiesterase function (Hofmann et al., 2000; Nasr and Filipowicz,
2000). These proteins are predicted to adopt a common fold typified by the structure of
the Arabidopsis ADP-ribose 1”,2” cyclic phosphodiesterase (Hofmann et al., 2002;

Hofmann et al., 2000).
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tRNA ligase is an essential gene in yeast (Phizicky et al., 1992). Since all
genes for tRNAphe, tRNAser, tRNAtrp, and tRNAtyr carry introns, yeast must be able to
splice pre-tRNAs in order to live (Westaway and Abelson, 1995). Unexpectedly, ligase
was also shown to be required for cell survival when unfolded proteins accumulate in the
endoplasmic reticulum (ER) (Sidrauski et al., 1996).

Accumulation of unfolded proteins in the lumen of the ER leads to

activation of a cell survival signal transduction pathway, the unfolded protein response

(UPR). Activation of the UPR results in the transcriptional up-regulation of genes - ;:
encoding ER resident proteins that aid protein folding as well as those which mediate ER E
protein degradation, and aspects of the secretory pathway (Travers et al., 2000) (Ng et al.,
2000) (Cox et al., 1997). This response is mediated to a large degree by the bZip }Q, . g
transcription factor Haclp (Cox et al., 1993; Travers et al., 2000). Despite the fact that s
HACI mRNA levels do not fluctuate more than 2-fold during the UPR (Travers et al., " LT =
2000), Hac1p is only produced when the UPR is activated (Chapman and Walter, 1997; i ; w i
Cox and Walter, 1996). Interactions between a 252 nucleotide intron and the HAC1 .’: , :ﬁ_}
v

mRNA 5’ UTR inhibit translation of the message (Ruegsegger et al., 2001). This
translational block is relieved and translation resumes upon splicing out of the intron by
the combined actions of the endoribonuclease Irelp and tRNA ligase (Sidrauski et al.,
1996; Sidrauski and Walter, 1997).

HACI mRNA splicing and pre-tRNA splicing are mechanistically
equivalent. Cleavage of both RNA substrates by their respective endoribonucleases
generates 5°-hydroxyls and 2’,3-cyclic phosphates; ligation proceeds via the same

multistep process catalyzed by tRNA ligase (Gonzalez et al., 1999). Yet despite this
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mechanistic similarity there exist significant differences between the two splicing
pathways. First, RNA cleavage in the two splicing reactions is catalyzed by two
endoribonucleases that lack any discernable homology to one another. Nevertheless, the
same enzyme is used to ligate the exons that they liberate. Second, while HACI mRNA
splicing is regulated and only occurs when the UPR is activated, pre-tRNA splicing is
probably constitutive. Third, in yeast, pre-tRNA splicing likely takes place in the nucleus
(Clark and Abelson, 1987; Peebles et al., 1983) whereas HACI mRNA splicing occurs in
the cytoplasm (Ruegsegger et al., 2001). How tRNA ligase divides its time between
constituitive pre-tRNA splicing in the nucleus and regulated HACI mRNA splicing in the
cytosol remains an open question.

The role of tRNA ligase in the splicing of HAC! mRNA was uncovered when an
UPR-defective allele of tRNA ligase, rigl-100, was discovered in a genetic screen
designed to identify essential components of the UPR signaling pathway. Cells are viable
and splicing of pre-tRNAs is unaffected in strains carrying r/gl-100 as their sole source
of tRNA ligase, yet these strains do not survive on UPR-inducing media (Sidrauski et al.,
1996). When the UPR is turned on in rigl-100 yeast, Ire1p initiates splicing by cleaving
HACI mRNA, but the resulting exon fragments are not ligated together as they are in
wild type yeast. Instead, they are rapidly degraded and no Haclp is made (Sidrauski et
al., 1996). The most straightforward interpretation of this result was that the rigl-100
ligase, though functional for pre-tRNA splicing, was somehow specifically defective for
HACI1 mRNA splicing. The rlgl-100 mutation is a histidine to tyrosine change at amino
acid 148 in the adenylylate synthetase domain of ligase. Residue 148 is just N-terminal to

the active site motif III found in covalent nucleotidy! transferase (CNT) proteins, of
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which tRNA ligase is a member (Appendix A, Figures A-1 and A-2). Though the
mutation is adjacent to the CNT motif, the fact that pre-tRNA splicing is unaffected in
rlg1-100 yeast, strongly suggests that this mutation does not adversely affect the catalytic
function of the adenylylate synthetase domain. Thus it is unlikely that rigl-100 ligase is
defective for HACI mRNA splicing due to significant defects in adenylylate synthetase

activity. This is supported by our in vitro studies demonstrating that tRNA ligase uses the

ety

same catalytic functions for splicing pre-tRNAs and as it does for splicing HACI mRNA

e -
(Gonzalez et al., 1999). T ,«.-»"-

Why is the rigll-100 allele of tRNA ligase defective for HACI mRNA splicing B £
and not for pre-tRNA splicing? An understanding of this should help address the question
of how tRNA ligase divides it time between these two different splicing pathways in vivo. p
To begin to address these questions, this chapter describes our initial in vitro and in vivo o et
characterization of the rig/-100 tRNA ligase. We end by proposing a new and easily LT : -
testable model that may explain how tRNA ligase divides its duties between the pre- ;’ﬂ ol
tRNA splicing and HAC1 mRNA splicing pathways. o ;}

o

MATERIALS AND METHODS
Plasmids and yeast strains
The plasmids used in this study and information about their construction are given in
Table III-1. The yeast strains used are listed in Table III-2.
Pop-in/pop-out allele replacement was employed to replace wild type RLG1 with

mutant rig]-100 at the wild type gene locus (Guthrie and Fink, 1991). To make strains
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TGy-1 and TGy-3, plasmid pTG-1 was linearized within rigI-100 coding region and
transformed into strains CSY228 and CSY227 respectively. The rigl-100 mutation
destroys a Nlalll site. Digestion of a short PCR fragment (generated using genomic DNA
as template) with Nlalll along with lack of strain growth on UPR-inducing media was
used to verify replacement of the RLG1 gene with rigl1-100.

To tag ligase with the 13Myc epitope, we used a PCR-based transformation n

method. We amplified a DNA cassette encoding the S.pombe HIS5 marker along with the

A\

13Myc epitope using oligo-nucleotide primers, each of which bore sequences Tt

homologous to the target ligase gene (Longtine et al., 1998). PCR products were

transformed into diploid yeast, and the yeast plated onto minimal media lacking histidine.
Accurate tagging of each gene was verified by PCR using genomic DNA as the template
for amplification. Viable haploid ligase tagged strains were obtained upon sporulation of e E S .

the diploid strains, indicating that the myc tagged version of ligase was functional in 1T e -
yeast. tRNA ligase is essential for cell viability (Phizicky et al., 1992). e -

e
Yeast growth media

Standard recipes for YPD, and synthetic minimal media were used (Guthrie and Fink,

1991). Tunicamycin was added to plates within hours of plating cells by top spreading a

solution of tunicamycin dissolved in DMSO. The final concentration of tunicamycin in

the media was 0.25 pg/ml.
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In vitro splicing assays

Ire1p(k+t) was purified and splicing assays performed as previously described (see
Chapter 2 of this thesis) (Gonzalez et al., 1999; Gonzalez and Walter, 2001). GST-ligase
fusions were expressed and purified using the same method employed for Ire1p(k+t),

except that the GST domain was not proteolytically removed, and remained.

Western blot analysis
Yeast whole cell protein extracts were performed as previously described (Ruegsegger et
al., 2001). Western blot analysis of myc-tagged ligase was performed using the

monoclonal antibody HA.11 (Santa Cruz Biotechnology, Inc).

Isolation of Total RNA and Northern Blot Analysis

Total yeast RNA was isolated and analyzed by Northern blot as previously described
(Ruegsegger et al., 2001). The HAC1 probe used in all the experiments was generated
against the HACI mRNA 5’ exon. The SCRI probe was generated against the full-length

SCRI RNA.

Immunofluorence, subcellular fractionation

Immunofluorescence was performed essentially according to Redding et al (Redding et
al., 1991). For subcellular fractionation, 50 OD600 of yeast were harvested by
centrifugation and the cell pellet frozen in liquid nitrogen. The cell pellet was thawed and
resuspended in 0.6 ml 50mM Hepes-KOH pH6.8, 150mM KOAc, 2mM MgOAc +

Complete Protease Inhibitors Cocktail (Roche). Next, 0.6ml of 0.5 pm glass beads was
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added and the sample vortexed at 4°C for 45 seconds, followed by 45 seconds on ice.
This vortexing and icing was repeated for a total of 6 rounds. The lysate was recovered
from the glass beads and centrifuged at 1000 X g. The supernatant was collected (= total
cell extract) and centrifuged for 10 min at 21,000 X g. The supernatant from this
centrifugation carries small membranes and cytosol (soluble fraction) and the pellet
contains microsomes and vacuoles (verified by western blot for proteins specific to each

subcellular location).

Calculations for the in vivo concentration of HACI1 'mRNA and tRNA ligase

When total RNA is extracted from yeast grown to mid-log phase, HACI mRNA is
present at 1 fM per 2 ug of total RNA (U. Ruesegger, personal communication). Using
this value, one can calculate the amount of HACI mRNA in an individual cell. In a

typical experiment, we extract 100 ug of total RNA from 10 ml of cells grown to a

density of 1.5 X 10 cells/ml. Therefore, in 1 ml of cells we should have 10 ug of total

RNA and 5 fM of total HACI1 mRNA. Using Avagadro’s number, the calculated number

of HAC1 mRNA molecules per cell is 200 (or 2.9 X 10'22 moles). As a comparison, it is

estimated that there are 40 to 60 actin mRNA molecules per yeast cell (Kang et al., 2000;
Velculescu et al., 1997).

Haploid yeast occupy a volume of 70 um (Guthrie and Fink, 2002) which is

equivalent to 70 femtoliters or 7 X 10" liters. Dividing the total number of moles of

HACI mRNA percell (29 X 10'22) by the volume of a single cell (7 X 10 liters)

produces a value of 4.1 nM/L for the concentration of HACI mRNA in a single cell. It is
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estimated that there are 500 tRNA ligase molecules per yeast cell (Clark and Abelson,
1987). Thus, the abundance of ligase per cell is 2.5 times that of HACI mRNA and is 10

nM/L.

RESULTS
The rigl-100 allele of tRNA ligase is a partial UPR-null
The startling discovery that ligase plays a central role in the UPR was made when a UPR-
defect allele of tRNA ligase was pulled out of a genetic screen designed to identify
components of the pathway (Sidrauski et al., 1996). It quickly became evident that tRNA
ligase was required not only for pre-tRNA splicing in yeast, but also for the splicing of
the mRNA encoding the UPR transcription factor, Haclp (Sidrauski and Walter, 1997).
When the UPR is induced in a wild type strain, within 30 minutes, up to 80% of HAC1
mRNA is spliced. In a rlg1-100 strain, the majority of the full length HACI mRNA
disappears; presumably the cleaved but unspliced HAC1 mRNA fragments are degraded
by the cellular mRNA degradation machinery that recognizes mRNAs lacking 5’-caps
and 3’ polyA tails as aberrant and destroys them. However, not all of the HACI mRNA is
degraded in rigl-100 cells, and a little bit of spliced HACI mRNA can been seen on a
Northern blot (Figure III-1, lane 4) (Sidrauski et al., 1996). Thus it appears that rigl-100
strains carry a tRNA ligase that is severely but not totally defective for HACI mRNA
splicing.

To investigate this further, we asked whether over-expression of the mutant ligase
could compensate for the inability of rigl-100 yeast to grow on UPR-inducing media.

Clark and Abelson had previously shown that when they transformed yeast with a high
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copy 2 vector carrying the RLG1 gene under the transcriptional control of its native
promoter, steady state levels of wild type tRNA ligase increased by 35-fold (Clark and
Abelson, 1987). We took a similar approach, and transformed rig/-100 yeast with a high
copy 2 plasmid or a low copy CEN/ARS plasmid carrying the rigl-100 gene with its
native promoter. When these strains were plated onto UPR-inducing media, the 2u and
CEN/ARS rig1-100 plasmids both rescued growth of the rigl-100 yeast (Figure III-2,
rows 2, 4, 5). In parallel, we also tested rlg/-100 yeast transformed with 2 and
CEN/ARS plasmids carrying the HAC1 gene or the IRE] gene, both with their native
promoters. These plasmids also enabled rigl-100 yeast to grow under UPR-inducing
conditions, but the effect was not as great as that seen with the rigI-100 plasmids (Figure
II1-2, rows 6, 7, 8).

These results supported the idea that rigl-100 ligase is partially active in vivo. We
speculated that overexpression of the partially active ligase might lead to an increase in
levels of spliced HACI mRNA. Northern blot analysis of total RNA purified from the
plasmid-bearing rig1-100 strains demonstrated that this was so (Figure III-3, lanes 4, 6,
10). Overexpression of HACI mRNA or Ire1p might be expected to likewise increase
levels of spliced HACI mRNA in UPR-induced cells. However, we did not verify this.
Nonetheless, these results suggest that the inability to grow on UPR-inducing media is
due to the inability to produce enough spliced HAC1 mRNA to in turn produce enough

Haclp to enable the cells to mount a successful UPR response so that they may live.
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Steady state levels of wild type and rigl-100 ligase are comparable in vivo
Over-expression of the rigl-100 ligase rescued growth on UPR-inducing media. This
suggested that in the absense of rlg/-100 overexpression, the steady state level of rigl-
100 ligase was reduced relative to that found in wild type yeast. To determine is if this
was so, we used Western blot analysis to gauge the relative abundance of the wild type
and mutant ligase. We tagged each protein with thirteen tandem myc epitopes and

verified that that both proteins were functional in yeast (see materials and methods).

Epitope-tagged versions of each gene were integrated at the RLG1 genomic locus so that : :-
each strain carried a single copy of a tagged ligase. When visualized by Western blot, the s
steady state levels of mutant and wild type ligase were comparable (Figure III-4A) and
did not change even after 30 minutes of UPR induction (Figure III-4B). Thus differing .1
steady state levels of wild type or mutant tRNA ligase could not explain the differences sy WY =
seen in HACI mRNA splicing and growth during the UPR. P -
rig1-100 ligase splices HACI mRNA in vitro e
w3 1S

Over-expression of the mutant ligase could increase HACI mRNA splicing by
compensating for reduced splicing activity of the mutant relative to the wild type ligase.
If this were true, then when compared in side-by-side in vitro assays, the mutant ligase
should display reduced splicing activity relative to the wild type. To perform the
comparison, we GST-tagged, expressed, and purified recombinant ligase. When
compared over an 80-fold concentration range, the wild type and rigl-100 proteins

spliced HACI mRNA equivalently (Figure III-5). Thus, it initially appeared that the two
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ligases were equivalent when it comes to splicing HACI mRNA in vitro. However, closer

inspection of the experimental set-up revealed this conclusion to be suspect.

Ligase is estimated to bind pre-tRNAs and cleaved tRNAs with a Kd of 1 nM and
0.1 nM respectively (Apostol and Greer, 1991). In our in vitro splicing reactions, the
concentration of ligase ranged from 17 uM to 0.2 pM while the concentration of HAC1
mRNA remained constant at 0.87 nM. Let us assume that wild type ligase binds HAC!
mRNA as strongly as it binds tRNA (~0.5 nM) and that rig/-100 ligase binds HAC!
mRNA less well. In order to discern a difference between the two ligases in our in vitro
splicing assay, the binding of rigl-100 would have had to be more than 10-fold weaker
than that of wild type ligase. We calculate that at a Kd of 0.5 nM, a ligase concentration
of 200 nM (the lowest we tested; see Figure III-5, lanes 7 and 12), and a HACI mRNA
concentration of 0.87 nM, 98% of the HACI mRNA would bound by ligase. If the Kd
were 5 nM (10-fold weaker) or 50 nM (100-fold weaker) under these same conditions,
then we calculate that 98% and 60% respectively of HACI would be bound by ligase.

We estimate the in vivo concentrations of HACI mRNA and tRNA ligase to be 4
nM and 10 nM respectively (see Materials and Methods for calculations). Again, if we
assume that the Kd for binding HACI mRNA is similar to that for binding tRNA (~0.5
nM), then even a 10-fold increase in Kd could be enough to significantly reduce binding
of HAC1 mRNA by ligase in vivo. At a Kd of 0.5 nM, we calculate that 92% of HACI
mRNA would be bound by ligase; at a Kd of 5 nM, we calculate 60% of HACI mRNA
would be bound; and at a Kd of 50 nM, we calculate 16% of HACI mRNA would be
bound. Therefore, a 10-fold @ucﬁon in binding might be enough to reduce in vivo

HACI mRNA splicing as seen in rlgl-100 strains. However, a 10-fold reduction in
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binding would likely go unnoticed in our in vitro splicing assays when performed under
the conditions we used in this study (Figure III-5).

It would be best to repeat our in vitro splicing assay in a manner where the
concentration of ligase is reduced significantly and maintained while the concentration of
HACI mRNA is manipulated instead. In addition, it would be very useful to determine
directly the binding affinity of wild type and rig/-100 ligase for HACI mRNA.

At the very least, this in vitro splicing assay demonstrates that the catalytic
functions of the rlgl-100 ligase are not severely compromised. This result supports in
vivo data demonstrating that rigl-100 yeast are not defective for pre-tRNA splicing, a
process requiring all the same catalytic functions as HACI mRNA splicing (Gonzalez et

al., 1999; Sidrauski et al., 1996).

Subcellular localization of tRNA ligase

Splicing of pre-tRNAs in yeast is thought to be nuclear. When purified from yeast, tRNA
endonuclease behaves as an integral membrane protein (Peebles et al., 1983; Rauhut et
al., 1990); Sen2p, one of four protein subunits comprising tRNA endonuclease, carries a
putative transmembrane sequence likely responsible for tethering the tRNA endonuclease
complex to membranes (Trotta et al., 1997). However, it is unclear if the membrane that
tRNA endonuclease associates with is nuclear or not. Yeast tRNA ligase fractionates as a
soluable protein (Greer et al., 1983; Phizicky et al., 1986) and localizes to the
nucleoplasm and nuclear pores (Clark and Abelson, 1987). When overexpressed on a 2p

plasmid, ligase can also be visualized in the cytoplasm (Clark and Abelson, 1987).

57

LY
.



In contrast, HACI mRNA splicing takes place in the cytoplasm (Ruegsegger et
al., 2001), most likely at the ER membrane where Irelp is expected to be located.
Therefore, some tRNA ligase must be present in the cytoplasm for HACI1 mRNA splicing
to take place. One explanation for the rigl-100 HAC1 mRNA splicing defect is that the
pool of ligase required for HACI mRNA splicing does not get properly localized to the
cytoplasm.

To determine if the subcellular localization of the mutant ligase differed from that
of wild type, we used three different approaches. First, we C-terminally tagged tRNA
ligase with three tandem green fluorescent proteins (GFP), an approach successfully used
by O’Shea and colleagues to visualize the Pho4 transcription factor in yeast (Kaffman et
al., 1998). We verified that both wild type and mutant GFP tagged proteins were
functional in yeast by testing first for the ability to complement a ligase deletion (ligase is
an essential gene), and second, for the ability of wild type GFP-tagged ligase to grow on
UPR inducing plates (data not shown). We then used confocal microscopy to inspect
yeast carrying these GFP-tagged constructs. Unfortunately, the GFP fluorescence was
weak and we could not detect a signal over background (data not shown). It is estimated
that there are about 400-500 ligase proteins per yeast cell, making it a low-abundance
protein (Clark and Abelson, 1987; Phizicky et al., 1986). If ligase does not cluster
significantly at discrete locations in the cell, it is not surprising we could not discern a
discrete GFP signal.

In our second approach, we again C-terminally tagged wild type and mutant
ligase, but this time we used thirteen tandem myc-epitopes. Again, we verified that both

wild type and mutant myc-tagged ligases were functional in yeast using the same criteria
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as for the GFP-tagged proteins above. These strains were then fixed, probed with anti-
myc antibodies, and stained with a secondary antibody conjugated to a fluorescent dye.
Again, we were unable to detect a signal over the background in the microscope (data not
shown).

In our third attempt at ligase localization, we used a biochemical approach. HAC!
mRNA splicing likely takes place at the ER membrane where the endonuclease that

initiates splicing, Irelp, is located. In support of this, HACI mRNA is enriched in ER

membrane associated polysomes (Diehn et al., 2000). We hypothesized therefore, that : :
rig1-100 ligase might not locate properly to the cytoplasm because it might associate less i
well with membranes compared to wild type ligase. We made cell extracts from yeast
carrying the myc-tagged wild type or mutant ligase, separated the extracts into membrane .
associated (pellet fraction), and soluble fractions, and then analyzed these by Western ot
blot. Both the wild type and the mutant ligases fractionated into the membrane (Figure T e
III-6, lanes 2 and S) and soluble compartments (Figure III-3, lanes 3 and 6) of the cell to ::J T ‘
the same degree. Thus it is unlikely that rigl-100 is defective for HACI mRNA splicing : | ‘,
a7

due to a weakened ability to associate with membranes.

Interestingly, though we separated these proteins under basically the same
conditions used in Figure III-4, here we saw a difference in the mobilities of the two
ligases (Figure III-6). This could reflect the exciting possibility that one of the proteins
undergoes a post-translational modification that may influence its function. Alternatively,
and less exciting, is the possibility that one or more of the thirteen tandem myc-epitopes
used to tag these proteins recombined out of the genome. We have noted the loss by

genomic recombination of myc-epitopes from 13-myc tagged proteins before. It needs to
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be determined if the rlgl-100 ligase strain used in this experiment has undergone such a

recombination event.

DISCUSSION

We have investigated mechanisms which might explain the in vivo UPR defect seen in

rlg1-100 strains. Based on our data, we now know that the in vivo steady state level of

rig1-100 ligase does not differ significantly from that of wild type ligase. In addition, ; ::-

over-expression of the r/gl-100 ligase can rescue the ability of cells to splice HAC1 i

mRNA and grow under UPR inducing conditions. This suggests that over-expression of

the mutant ligase increased HACI mRNA splicing by compensating for reduced splicing

activity of the mutant relative to the wild type ligase. Alternatively, rigl-100 could be o :

just as active as wild type ligase for splicing, but in the in vivo situation, insufficient LT

amounts of the mutant ligase localize to the cytoplasm where HACI mRNA splicing ; -

takes place. We have not been able to determine if either of these hypotheses is correct. : ‘ 3
oy

In the course of reviewing our data and the published literature, we have
developed a model for the in vivo splicing of HACI mRNA by Irelp and tRNA ligase
consistent with what is currently known about the process. Our model provides an
explanation for how tRNA ligase localizes to the site of HACI mRNA splicing in the
cytoplasm and results in a number of easily tested predictions for future investigations of
HAC1 mRNA splicing in both wild type and rgll-100 yeast.

In our model (Figure III-7), tRNA ligase binds to newly transcribed HACI mRNA

in the nucleus and travels with the mRNA out into the cytoplasm, where ribosomes load



onto the mRNA as well. The ligase-mRNA-ribosome complex then makes its way to the
ER membrane where UPR activated Irelp initiates splicing by cleaving HACI mRNA.
The mRNA bound tRNA ligase joins the resulting RNA fragments together. Once
splicing is achieved, ligase is released from the mRNA and is free to recycle back to the
nucleus. Back in the nucleus, it can bind to another HACI mRNA in preparation for the
next round of HACI mRNA splicing.

This model is pleasing on a number of levels. It incorporates a mechanism by

which ligase is localized to the site of HACI mRNA splicing in the cytoplasm. It also : :
makes the easily tested prediction that ligase should be found bound to polyribosome- -
associated, unspliced HACI mRNA in sucrose gradients.

In the nucleus, there appear to be two pools of tRNA ligase. One pool localizes to
the nuclear pore, where pre-tRNA splicing is hypothesized to happen. The second pool is & ot

not associated with any visible membranes and is located in the nucleoplasm within 200

nm of the nuclear envelop (Clark and Abelson, 1987). It is tempting to speculate that the o
w -
nucleoplasmic pool contains the tRNA ligase involved in HACI mRNA splicing. It is o
a7 T

estimated that in any given cell, there are 400-500 tRNA ligase proteins and 100-150
tRNA endonuclease proteins (Clark and Abelson, 1987; Phizicky et al., 1986; Rauhut et
al., 1990). This ratio of ligase to tRNA endonuclease also suggests that there could be a
pool of tRNA ligase that is not engaged with pre-tRNA splicing and that is readily
available for HAC1 splicing. Interestingly, when ligase is overexpressed in yeast, it can
be visualized in the cytosol as well (Clark and Abelson, 1987).

How mightAour model be used to explain the UPR defect of rigl-100? Two

scenarios come to mind. In the first, we envision rlgl-100 ligase binding HACI mRNA
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more weakly than wild type ligase does. If so, this would reduce the amount of HACI
mRNA leaving the nucleus bound by tRNA ligase. Upon induction of the UPR, Irelp
would cleave these mRNAs, but because they lack bound ligase, splicing would not be
completed. The unjoined HACI mRNA fragments would then be destroyed by the cell’s
mRNA degradation machinery. This is what we witness happening in vivo (Sidrauski et
al., 1996).

The second scenario involves recycling of ligase back to the nucleus following
HACI mRNA splicing. Ligase has a molecular weight of 97kD, well above the 65kD cut
off for passive diffusion of molecules through the nuclear pore. Thus, to travel from the
cytoplasm to the nucleus following splicing (or even its translation on ribosomes), ligase
must be actively transported. Perhaps the mutation in r/g1-100 prevents interaction with
an importin or another protein with which ligase might piggy-back its way into the
nucleus. As an outcome of this, we would predict that the nuclear pools of ligase would
eventually be depleted, and that tRNA splicing would be adversely affected. As rigl-100
strains splice their pre-tRNAs just as well as wild type strains, this scenario appears less
plausible to us than the first (Sidrauski et al., 1996). However, this model could still hold
up if there exist two separate pools of tRNA ligase, one for HACI mRNA splicing and
the other for pre-tRNA splicing, and if insignificant exchange takes place between the
two pools.

What are the experimental predictions of these two scenarios? First, if wild type
ligase were found to be associated with unspliced HACI mRNA in polysomes, we would
expect to see much less of the mutant to be. Second, if we were able to visualize ligase in

yeast (perhaps using the method successfully used by Abelson and colleagues), we would
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expect to see a change in the nuclear pool of ligase in rlgl1-100 strains. If the first
scenario were true, we would expect the nuclear pools of ligase to be greater in mutant
yeast than those seen in wild type yeast. If the second scenario were true, we would
expect to see just the opposite. Lastly, the first scenario predicts that rlgl-100 ligase
binds HACI1 mRNA more weakly than the wild type ligase does. In the second scenario, a
change in affinity for HACI mRNA is not necessary to explain the UPR defect. Thus we

would expect that wild type and mutant ligase would bind HACI mRNA to the same

e

degree. L et
As mentioned in the introduction to this chapter, there appear to be two distinct )

tRNA ligase activites in mammalian cells. It is unclear which is utilized for pre-tRNA

splicing. It is also unclear which is utilized for splicing of the recently identified HACI

mammalian homologue, XBP1. Like HACI mRNA splicing in yeast, XBP1 mRNA moet :

splicing is initiated by IRE1 cleavage. Perhaps we might be able to identify the -
mammalian ligase utilized for XBP1 mRNA splicing by identifying those proteins that N o

are bound to the unspliced XBP1 mRNA. -
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Table 11I-1  Chapter 3 plasmid list
Plasmids
Plasmid Yeast CEN, 2t or Cloned Comments
marker integrating gene
pTG-1 URA3 integrating rigl1-100 subcloned rigl-100 from
pCF158 (C. Sidrauski, Walter lab)
into pRS306
pTG-4 TRP CEN RLGI subcloned RLG1 from
pCF157 (C. Sidrauski, Walter lab)
into pRS314
pTG-5 URA CEN rig1-100 subcloned rigl-100 from
pCF158 (C. Sidrauski, Walter lab)
into pRS316
pTG-11 URA 2p rig1-100 subcloned rigl-100 from
pCF158 (C. Sidrauski, Walter lab)
into pRS426
pCS110 TRP CEN IRE1 C. Shamu, Walter lab
pCS122 TRP 2u IRE1 C. Shamu, Walter lab
pIC327 LEU CEN HA-HAC1 J. Cox, Walter lab
pFA6a-13Myc HISS ---- 13Myc tag PCR template for 13Myc epitope
-His3MX6
pCF210 - - GST-Irelp(k+t)  C. Sidrauski, Walter lab;
E.coli protein expression plasmid;
pharmacia precision protease site
between GST and Irelp
pSD102 GST-rlgl-100 S.Nock, Walter lab
E.coli protein expression plasmid;
pharmacia precision protease site
between GST and rgl1-100p
pSD103 GST-RLG1 S.Nock, Walter lab
E.coli protein expression plasmid;
pharmacia precision protease site
between GST and Riglp

oWy

[ =

~3

-



Table III-2  Chapter 3 yeast strains
STRAIN GENOTYPE
W303-1A MATa; leu2-3,-112; ura3-1,-112; his3-11,-15; trpl-1; ade2-1; canl-100
CSY227 same as W303-1A, except his3-11,-15::HIS3-UPRE-lacZ. CSY227 also known as PWY374
CSY228 same as CSY228, except MATe. CSY228 also known as PWY373
TGy-1 same as CSY228, except RLG1 replaced by rigl-100 using pTG-1 (see methods)
TGy-3 same as CSY227, except RLG1 replaced by rigl-100 using pTG-1 (see methods)
TGy-57 same as W303-1A except RLG1::13Myc where RLG1 C-terminally tagged with
thirteen Myc epitopes linked to S.pombe HISS5 gene. See methods. P Ricans
o8
TGy-58 same as TGy-57 except MAT . R
TGy-130 same as TGy-1 except his3-11,-15, mating type unknown, rig!-100::13Myc.
See notes regarding Myc for TGy-57.
?
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Figure I1I-1 Northern blot analysis of HACI mRNA splicing in RLGI and rigl-100
strains

Strains were grown at 30°C to mid-log phase and the UPR was induced by addition of
DTT to a final concentration of 8 mM for 30 minutes. Total RNA was extracted and
analyzed as described in the materials and methods. The blot was probed for SCRI and
HACI RNAs. SCRI RNA was used as a loading control. Unspliced, spliced,

5’exon+intron, and 5’exon HACI mRNA species are indentified along the left hand side

of the blot.
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Figure III-2  Growth of rigl-100 strains overexpressing rigl-100, RLG1, IRE1, or
HACI

Serial dilutions (from left to right, least to most dilute) of each strain were plated onto the
indicated media and grown at 30°C for 1 to 2 days. SDC-ino+Tm indicates synthetic
dextrose complete media lacking inositol and supplemented with the UPR inducing drug
tunicamycin to a final concentration of 0.25 pg/ml. The genotype of each strain is

indicated on the left and the plasmid that each strain carried is indicated on the right.
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Figure II1-3 Northern blot analysis of rigl-100 strains overexpressing rigl-100
Strains were grown at 30°C to mid-log phase and the UPR was induced by addition of
DTT to a final concentration of 8 mM for 30 minutes. Total RNA was extracted and
analyzed as described in the materials and methods. The blot was probed for SCR/ and
HACI RNAs. SCR1 RNA was used as a loading control. Unspliced and spliced HAC!

mRNA species are indentified along the right hand side of the blot.
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Figure III-4 Western blot analysis of tRNA ligase protein in rig1-100 and RLG1
strains

Total protein was extracted and analyzed by western blot to visualize myc-tagged tRNA
ligase as described in the materials and methods section. The UPR was induced by
addition of DTT to a final concentration of 8 mM for 30 minutes. Cultures were grown at
30°C in YPD. The strains used for each experiment are indicated (TGy) along with the

identity of the myc-tagged ligase carried by each strain. Panel A: RLG! ligase and rigl-

s -

400 ligase levels are equivalent. Panel B: RLG1 ligase and rigl-100 ligase levels do not : et

change upon UPR induction. ’
e
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Figure III-5 In vitro splicing assay comparing RLGI and rigl-100 ligase activities
The final concentration of ligase protein used in each reaction is given above each lane.
The icons on the left represent the HACI mRNA species produced upon Irelp cleavage
and tRNA ligase ligation. From top to bottom these are: full length HAC1, 5’exon +
intron HAC1, intron + 3’exon HACI, spliced HACI, intron HAC1, 5’exon HAC1, and 3’

exon HACI. The assay was performed as described in the Materials and Methods section.
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Figure III-6 Western blot analysis of ligase in the membrane and soluble cellular
fractions of RLG1 and rigl-100 strains

Subcellular fraction and Western blot analysis was carried out as described in the
Materials and Methods. Two isogenic strains, one carrying a myc-tagged wild type ligase
(RLG1), the other carrying a myc-tagged rlgl-100 ligase were analyzed. T, P, and S refer
respectively to total cell extract, pelleted fraction, and soluble fraction. We thank Jason

Brickner for collaborating with us and for providing us with this figure.
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Figure III-7 A model for HACI mRNA splicing in yeast

tRNA ligase (green oval) binds to newly transcribed HAC! mRNA in the nucleus and
travels with the mRNA out into the cytoplasm, where ribosomes load onto the mRNA.
The ligase-mRNA-ribosome complex then makes its way to the ER membrane where
UPR activated Irelp initiates splicing by cleaving HACI mRNA. The mRNA bound
tRNA ligase joins the resulting RNA fragments together. Once splicing is achieved,
ligase is released from the mRNA and is free to recycle back to the nucleus. Back in the
nucleus, it can bind to another HACI mRNA in preparation for the next round of HAC!
mRNA splicing. We speculate that rig-100 tRNA ligase might be defective for binding
to HACI mRNA in the nucleus or for recycling back to the nucleus following HAC1

splicing in the cytoplasm.
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Chapter 4

In search of rlg1-100 suppressors:

A genetic screen
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INTRODUCTION

The unfolded protein response (UPR) is an intracellular signal transduction pathway that
regulates the protein folding capacity of the endoplasmic reticulum (ER) (Kaufman,
2002; Patil and Walter, 2001; Sidrauski et al., 1998). The accumulation of unfolded and
misfolded proteins in the ER leads to the transcriptional upregulation of genes encoding
ER chaperones such as Bip and protein disulfide isomerase (PDI). In yeast, ER
chaperone gene expression is activated by the bZip transcription factor Hac1p.
Regulation of Haclp activity determines when the UPR is on or off.
Haclp expression is regulated at the translational level. Though steady-state
HACI mRNA levels are generally equivalent whether or not the UPR is turned on
(Travers et al., 2000), Haclp is only expressed during UPR induction. HACI mRNA
translation is blocked by interactions between the HAC!I 5’UTR and a small intron
located at the 3’ end of the Haclp coding region (Ruegsegger et al., 2001). The block is
relieved and translation resumes upon removal of the intron by the combined actions of
the endoribonuclease Irelp and tRNA ligase (Sidrauski and Walter, 1997).
Mechanistically, HACI mRNA splicing most resembles the splicing of pre-
tRIN As. Cleavage of both RNA substrates by their respective endoribonucleases generates
5"hydroxyls and 2’,3’ cyclic phosphates and ligation proceeds via the same multi-step,
RINA ligase catalyzed process (see chapter 2) (Gonzalez et al., 1999). However, this is
Where the similarities end. Irelp and tRNA endoribonuclease lack any discernable
homology and not surprisingly, recognize unrelated structural aspects of their individual

RNA substrates. Moreover, whereas pre-tRNA splicing likely occurs at the nuclear pore



(Clark and Abelson, 1987), HACI mRNA splicing is cytoplasmic, and likely takes place

at the ER membrane (Diehn et al., 2000; Ruegsegger et al., 2001).
That tRNA ligase plays a role during the UPR was first recognized when a UPR

 defective allele, rigl-100, was isolated in a genetic screen designed to identify
components in the yeast UPR pathway (Sidrauski et al., 1996). A histidine to tyrosine
change at amino acid 148 in tRNA ligase was identified and verified as the source of the
UPR defect. In vivo, this mutation severely reduces the ability of tRNA ligase to splice
HACI mRNA while it has no detectable effect on pre-tRNA splicing. How this mutation

reduces the ability of rigl-100 to ligate HACI mRNA remains unresolved.

In Chapter 3 of this thesis, we describe biochemical and molecular approaches we
took to uncover the basis for the rlg1-100 ligase UPR defect. In this chapter, we describe
genetic approaches taken to attack this same problem. We undertook a genetic screen
designed to identify suppressor mutations that restore the ability of rigI-100 strains to
grow under UPR inducing conditions. As happens with genetic screens, we were led
down unanticipated avenues of inquiry. In our case, whereas we were unable to resolve
why the rigl-100 tRNA ligase is deficient for in vivo HACI mRNA splicing, we now
know that mutations in mRNA turnover pathways can lead to HACI splicing-independent

Hac 1 p production and the ability of rigI-100 strains to grow under UPR inducing

condlitions.
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MATERIALS AND METHODS

EMS mutagenesis

Strain TGy-1 was mutagenized with ethyl methanesulfonate (EMS) to 20% survival.
Cells were plated on YPD to a density of ~300 colonies per plate and allowed to grow at
30°C for 2-3 days before replica plating to synthetic minimal dextrose (SD) plates
lacking inositol and supplemented with tunicamycin (SD-ino+Tm) to a final

concentration of 0.25 ug/ml. Individual colonies that grew on the tunicamycin plates were

R ]
struck out onto fresh SD-ino+Tm plates to retest their phenotypes. Only those mutants e
that grew upon retesting were picked for further analysis.
Plasmids and yeast strains
The plasmids used in this study and information about their construction are given in
Table IV-1. The yeast strains used are listed in Table IV-2. v

Pop-in/pop-out allele replacement was employed to replace wild type genes with
recombinant versions at the wild type gene locus (Guthrie and Fink, 1991). To make
strains TGy-1 and TGy-3, pTG-1 was linearized within rlgI-100 and transformed into
strains CSY228 and CSY227 respectively. The rigl-100 mutation destroys a Nlall site.

Along with lack of strain growth on UPR-inducing media, digestion of a short PCR
fragment (generated using genomic DNA as template) with Nlalll was used to verify
replacement of the RLGI gene with rigl-100. To make strain TGy-113, pTG-28 was
line axj zed within HA-HACI and transformed into CSY228. To make TGy-118, pTG-29
Was linearized within HA-HACI [G885C] and transformed into CSY228. To make TGy-

121, PTG-30 was linearized within HA-HACI1[G1137C] and transformed into CSY228.
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Strains TGy-113, TGy-118, and TGy-121 were utilized to introduce wild type or mutant
HA-HACI1 genes into other strains by mating. The presence of the HA epitope, the 5’
[G885C] splice site mutation, or the 3’ [G1137C] splice site mutation was verified by
restriction digestion of PCR fragments covering the sequence of interest and generated
using the strain-in-question’s genomic DNA as a template. This analysis was especially
useful when we could not verify the presence of these sequences using a UPR growth
phenotype or by western blot analysis. Addition of the HA-epitope to Haclp creates an
Ndel site, the 5’ [G885C] splice site mutation destroys a Cvill site, and the 3’ [G1137C]
splice site mutation destroys a Hpy188I site.
To easily follow rig1-100 during crosses and strain construction, we made a strain
in which rigl-100 was very tightly linked to the marker URA3. This strain, TGy-10.1,
was made by linearizing pTG-10 within the N-terminally truncated Rlg1p coding region
and integrating it at the rigl-100 locus in a his3-11,-15 version of strain TGy-3. Plasmid
PT'G-10 does not carry RLG1 sequences that overlapped with the rigl-100 allele locus.
To delete each SKI gene, we used a PCR-based transformation method. We
amplified a DNA cassette encoding the TPR1 marker using oligonucleotide primers, each
of which bore sequences homologous to the target SKI gene (Longtine et al., 1998). PCR
products were transformed into diploid yeast, and the yeast plated onto minimal media
lackin g tryptophan. Accurate deletion of each gene was verified by PCR using genomic
DNA a5a template. Haploid deletion strains were obtained upon sporulation of the
diploid strains.
Standard recipes for YPD, and synthetic minimal (SDC) media were used

(Guthrie and Fink, 1991). Tunicamycin was added to plates within hours of plating cells
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by top spreading 100 pl of 75 pug/ml solution of tunicamycin dissolved in DMSO to give

a final concentration of 0.25 pg/ml tunicamycin in the media on the plates.

Northern and Western Blot Analysis
Total yeast RNA was isolated and analyzed by Northern blot using the method of

Ruegsseger et al (Ruegsegger et al., 2001). The HACI probe used in all the experiments

was generated against the HACI 5’ exon sequences. The SCR1 probe was genereated

.=

against the full-length SCRI RNA.
Yeast whole cell protein extracts were performed as previously described

(Ruegsegger et al., 2001). Western blot analysis of HA-tagged Haclp was performed

using monoclonal antibody HA.11 (Santa Cruz Biotechnology, Inc).

RESULTS

Three classes of mutants identified as suppressors of rig1-100 (SOR) Y

Yeast strain TGy-1 was treated for 60 minutes with EMS, resulting in 80% cell death. To
screen for growth under UPR inducing conditions, cells were plated onto YPD, grown for
2 days at 30°C and then replica plated to SDC lacking inositol and supplemented with
tunicamycin to a final concentration of 0.25ug/ml tunicamycin (this media is referred to
as SIDC-ino+Tm). Though it has been reported that rigl-100 strains do not grow on plates
lacki n g inositol (Sidrauski et al., 1996), we found it necessary to add tunicamycin to the
Plates ¢ completely prevent rlgl-100 strain growth. Tunicamycin inhibits the N-linked
Protein glycosylation that normally takes place in the ER, thus contributing to protein

mis £ Olding in the ER. A total of 112 of the colonies that grew robustly were picked and
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struck out onto SDC-ino+Tm to verify their phenotype. Of these, 70 retested for growth

on SDC-ino+Tm (Figures IV-1, -2, and -3) and were further characterized by Northern

blot analysis (Figures IV-5, -6, and -7) to visualize HACI mRNA splicing. Mutants were
organized into three groups based on their HACI splicing phenotype: C1-Sor*, C2-Sor*,
and C3-Sor* where C stands for class and Sor stands for suppressor of rlgl-100. C1-Sor*
strains reestablished HACI mRNA splicing to near wild type levels (Figures IV-4 and
-5); C2-Sor" strains accumulated significant amounts of cleaved HACI mRNA fragments
(Figures IV-4 and —6); and C3-Sor" strains did not demonstrate significant changes in
HAC] splicing nor in the accumulation of cleaved HACI mRNA fragments (Figures IV-4
and -7).

By far, the vast majority (50/70) of Sor* mutants fell into the C3-Sor* class. These

strains might represent a class of suppressor mutants which increase products normally

produced downstream of HACI mRNA splicing and which aid the cell in coping with the
increases in misfolded proteins in the ER (Ng et al., 2000; Travers et al., 2000). This

might include increases in the ER associated degradation machinery (ERAD), or ER

chaperones such as Kar2p/Bip. Alternatively, any mutation leading to a decrease in the
rate at which proteins are cotranslationally translocated into the ER might be expected to

have a similar effect by reducing the folding load on the ER. Since HACI mRNA splicing

Was not greatly altered in these C3-Sor* strains compared to the rlg-100 parental strain,

We did not pursue them. Instead, we focused our attention on the C1-Sor* and C2-Sor*

Straing.
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C1-Sor” strains
C1-Sor" strains grew well on SDC-ino+Tm (Figure IV-1) and spliced HACI mRNA

more robustly than the parental r/gl-100 strain (Figures IV-4, -5, and -8). Whereas

treatment of the rgll-100 strain TGy-1 with DTT led to < 10% HACI mRNA splicing,

treatment of C1-Sor* strains with DTT lead to between 26% and 55% HACI mRNA

splicing and likely accounted for their ability to grow under conditions requiring a

functional UPR. As a comparison, a wild type ligase (RLG) strain splices 70% of HACI U

-

mRNA (Figures IV-4, -8). Thus our C1-Sor" strains were excellent candidates for the
identification of suppressors of the HACI mRNA splicing defect in rigl-100 yeast.
To assess whether the C1-Sor" mutants were dominant or recessive and if they
were due to a single mutation, each C1-Sor” strain was mated to a parental rigl-100
strain. The phenotype of the diploid was determined, and the segregation of the
suppressor phenotype analyzed by tetrad dissection of the spores generated from the
diploid (Table IV-3). By this analysis, all ten C1-Sor” strains were dominant. Of the

seven that underwent tetrad analysis, all showed a 2:2 segregation of the suppressor

Phenotype (as accessed by the ability to grow on SDC-ino+Tm), demonstrating that the

Suppressor mutation was encoded in a single gene.

To determine whether the mutations responsible for the C1-Sor* phenotype were
l'nu’agenic (that is, mutations within the rigl-100 gene itself) or extragenic, we performed
ﬁnkage analysis. C1-Sor" strains were mated to an rigl-100 strain carrying URA3

Inte grated just 3’ of the rig1-100 gene. These diploids were then sporulated and tetrad

inaly sjg performed. If the suppressor phenotype was due to a mutation in rigl-100, then
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we expected that the suppressor phenotype would fail to co-segregate (i.e. exhibit
linkage) with the URA3 gene. Conversely, if the suppressor mutation was not caused by
an rlgl-100 mutation, then we expected to see random segregation of the Sor* and Ura*
phenotypes. For the seven C1-Sor" strains tested in this manner, the suppressor
phenotype never co-segregated with the URA3 marker, indicating that these strains
carried suppressing mutations within the rigl-100 gene itself (Table IV-3). We obtained
partial DNA sequences for the rigl-100 genes in these strains and found that none of
these suppressors had reverted rigl-100 back to RLGI (Table IV-3). Only in the case of
strain Sor-72.1 was a mutation identified in the rig/-100 gene. In Sor-72.1, glutamate 289

was mutated to a lysine. It is unclear whether this mutation is responsible for the Sor-72.1

UPR phenotype or if it is the only rlg1-100 mutation in this strain. Currently, the entire

rig1-100 gene in all ten C1-Sor" suppressors is being sequenced.

C2-Sor" strains
Though C2-Sor* strains grew well on SDC-ino+Tm (Figure IV-2), in general, they did
not splice HACI mRNA to a greater extent than the parental rigl-100 strain (Figures IV-
4, -6, and -8). Instead, upon induction of the UPR, the most striking feature was a marked
increase in HACI mRNA fragments corresponding to the 5’exon + intron (5’E+I) and the
5" exon (5’E).
Each C2-Sor” strain was mated to a parental rig/-100 strain carrying URA3 just 3’

of the ;Ig]-100 gene. The phenotype of the diploid was determined, and the 2:2

‘€& e gation of the suppressor phenotype analyzed by tetrad dissection of the spores
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generated from the diploid (Table IV-4). By this analysis, seven C2-Sor" strains were
dominant and 2 were recessive. Of the five that underwent tetrad analysis, each showed a

2:2 segregation of the Sor*:Sor phenotype (as tested by the ability to grow on SDC-

ino+Tm), demonstrating that these suppressor mutations were each located in a single
gene. To determine whether the mutations responsible for the C2-Sor* phenotypes were

intragenic or extragenic, we performed linkage analysis with rigl-100. Diploids were

sporulated and tetrad analysis performed as outlined above for the C1-Sor” strains. For s

the five C2-Sor" strains tested in this manner, the suppressor phenotype randomly
segregated with the URA3 marker, indicating that these C2-Sor" strains carried extragenic
suppressors of the rigl-100 phenotype (Table IV-4). Since the recessive nature of the C2-
Sor" mutations in the strains Sor-43.1 and Sor-65.1 would make them amenable to gene

cloning by library transformation and phenotypic complementation, they were picked for
further analysis. Because results obtained in this study with the Sor-43.1 and Sor-65.1

strains were essentially the same, in the sections to follow, for the most part, only data for

Sor-43.1 will be shown and discussed.

Modlel for C2-Sor* suppression of the rigl-100 UPR growth defect

The accumulation of HACI mRNA (5’E+I) and 5’E fragments in our C2-Sor" strains was
strikcing, If the ability of C2-Sor* yeast to grow on UPR-inducing media was a direct
‘onsequence of the accumulation of these two mRNA fragments, then we postulated that

Perhya pys translation of one or both of these fragments was taking place to produce some '

orrna o fHactp.
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mRNAs lacking polyA tails are rapidly degraded. However, mutations which
block mRNA degradation pathways stabilize such mRNAs (Wilusz et al., 2001). In
addition, polyA tails are not absolutely required for mRNA translation (Searfoss and
Wickner, 2000). Thus we hypothesized that the suppressor mutations carried in our C2-

Sor* mutants caused the stabilization of mRNAs lacking polyA tails and that the HACI

5’exon (5’E) fragment that accumulated in our C2-Sor* mutants was being translated to

produce Haclp.
Translation of the unspliced form of HACI mRNA is inhibited by basepairing

B

interactions between the 5’UTR and the intron of the mRNA (Ruegsegger et al., 2001).
These basepairing interactions are disrupted and the translational block relieved upon
splicing out to of the intron when the UPR is turned on (Figure IV-9). We suspected then,
that in our C2-Sor*mutants, cleavage at the 5’ splice site was likewise relieving the block

to translation; moreover, since mRNA degradation seemed reduced in our strains, the

5”exon accumulated to the extent that it was translated to produce Hac1p. Concomitantly,

translation of the S’E+I fragment would not be expected to take place because

interactions between the 5’UTR and intron remain intact, inhibiting translation (Figure

Iv-10).
If this were so, then relative to the Haclp produced from spliced HACI mRNA,

Hac lip (where i stands for induced), the protein produced from translation of the 5’exon

alone would be C-terminally truncated by 18 amino acids (Figure IV-11). This could
Obviously have deleterious affects on Haclp function. However, there was evidence from

he Diterature that such a C-terminally truncated Haclp (Hac1pAtail) is functional.
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Hac1pAtail induces expression of a UPR reporter gene just as well as Haclip (Cox and

Walter, 1996).

Sor-43.1 suppressor phenotype requires cleavage at the HACI mRNA 5’ splice site
Based on our model, we made some testable predictions. First, upon induction of the
UPR, the Sor-43.1 strain should produce a truncated version of Haclp, HaclpAtail.
Second, preventing cleavage at the HACI 5’ splice site but not the 3’ splice site in the
Sor-43.1 strain should prevent both production of Hac1pAtail as well as growth on media

requiring a functional UPR for yeast growth and survival.

To carry this out, we constructed Sor-43.1 strains in which the endogenous HACI
£ ene was replaced with HA-epitope tagged HAC! versions carrying otherwise wild type
Sequences, or mutations preventing Ire1p-mediated cleavage at either the 5’ or 3’ splice
site (Gonzalez et a:l., 1999; Sidrauski and Walter, 1997). As controls, these same HA-
ZZACI genes were also introduced into isogenic RLGI and rlg1-100 strains. We used

restriction digest analysis (see Materials and Methods) and Northern blot analysis of
47ACI mRNA splicing to verify that each strain carried the appropriate HA-HACI gene.
W pon UPR induction, Sor-43.1 yeast carrying the wild type HA-HACI produced both the
S E+land 5’E fragments (Figure IV-12, strain 116). However, when cleavage was
Prevented by a mutation at the 5° or 3’ splice site, only the 5’E+I fragment and S’E
fragment were respectively detected (Figure IV-12, strains 120 and 123). In the RLG]
A2 7ig]-100 strains, when HACI mRNA splicing was inhibited by mutations in the

SIPP1i ce junctions, the unligated fragments did not accumulate appreciably (Figure IV-12,

St j g 118, 121, 119, and 122).
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Total cell extracts from UPR induced and uninduced strains were prepared and
examined by Western blot analysis for the presence of Haclp. As predicted, upon UPR
induction, Sor-43.1 yeast produced Hac1pAtail-S (S for Sor*) that migrated faster than
Hacl'p and close to the position of a Hac1pAtail marker protein (Figure IV-13, strains

116, 113, and 96). The Sor-43.1 HaclpAtail-S consistently ran faster than the Hac1pAtail
marker protein, and we did not resolve the cause for this discrepancy. Consistent with our
model, the Sor-43.1 HaclpAtail-S protein was not produced in the Sor-43.1 strain

carrying the 5’ splice site mutant HA-HACI gene (Figure IV-13, strain 120) but was
pProduced in the strain carrying the 3’ splice site mutant HA-HAC1 gene (Figure IV-13,
Strain 123). Interestingly, a small amount of the Hac1pAtail-S protein was made in the
IR1.GI strain carrying the HA-HAC1 3’ splice site mutant (Figure IV-13, strain 121),
amndicating that the 5’E HACI mRNA fragment is competent for translation even in a non-
€C2-Sor" strain. Also, a small amount of Hacl'p was produced in the rigI-100 strain
(Figure IV-13, strain 115). This is consistent with the ability of 7igl-100 strains to grow
‘Wweakly on media lacking inositol but not on the same media supplemented with
Tunicamycin. Apparently, rlgl-100 ligase can splice just enough HACI mRNA to
Produce the small amount of Hac1'p needed to support weak growth on media lacking
Anositol but not enough for growth under the more demanding UPR conditions presented
B the addition of tunicamycin to the media.
To assess strain growth under UPR inducing conditions, we plated serial dilutions
OF theSor43.1, rlgl-100, and RLG]1 strains carrying wild type or splice site mutant HA-
7 <] genes on SDC-ino+Tm media (Figure IV-14). Each strain’s growth phenotype

COxxrelated well with its ability to make some form of Haclp. While the sor2-43.1 strains
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carrying either wild type or 3’ splice site mutated HA-HAC1 grew (Figure IV-14, strains
116 and 123), the strain with the 5’ splice site mutant did not (Figure I'V-14, strain 120).
Interestingly, the 3’ splice site mutant’s growth was not quite as robust as that for the
wild type. This might reflect residual interactions between the 5’E fragment and the
Intron+3’Exon fragment facilitated not only by the intron and 5’UTR basepairing
interactions (FigIV-10), but also by basepairing between the two exons (see Chapter 2,
Figures 1 and 8). Following 5’ splice site cleavage, this combination might help the
intron maintain interactions with the 5°UTR to the extent that some translational

imnhibition takes place, reducing the amount of Hac1pAtail-S made, and limiting the

ability of the yeast to grow under UPR inducing conditions.

Sor-43.1 and Sor-65.1 are defective for non-stop mRNA degradation
X our model for Sor-43.1 mediated suppression of the rig1-100 UPR defect, we asserted
that the Sor-43.1 mutation was likely affecting cellular mRNA degradation. If this were
true, we suspected that introduction of the Sor-43.1 mutation into a wild type ligase
(RLG]) strain might result in accumulation of HACI mRNA cleavage fragments similar
to those seen in the original Sor-43.1 strain (which carries rig1-100). We mated a Sor-
<431, rigl-100 strain to a RLGI strain, sporulated the resultant diploid, and by tetrad
Aanalysis, picked five spores that we predicted should carry both the Sor-43.1 mutation
Aarnd RLGI. When induced for the UPR, four of the five haploid strains accumulated
474 C] 5’E and S’E+] mRNA fragments (Figure IV-15), providing more support for our
MIRNA degradation theory. Interestingly, this also highlighted the fact that the joining by

WwWila type tRNA ligase of the two exons generated by Irelp cleavage of HACI mRNA is
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not 100% efficient. Quite a bit of the Ire1p-generated HACI mRNA fragments must
mnormally be degraded when the UPR is turned on.

As we performed our C2-Sor* experiments, a novel mechanism for the targeted

destruction of anomalous yeast mMRNAs was described in the literature. During nonstop
mediated mRNA decay, 5’capped, 3’ polyadenylated mRNAs lacking stop codons are
specifically targeted for degradation (Frischmeyer et al., 2002; van Hoof et al., 2002;
'V asudevan et al., 2002). The protcins required for nonstop decay overlapped with those
required for antiviral protection in budding yeast. The yeast RNA LA virus produces -~
IRNA transcripts for translation that lack both a 3’ polyA tail and a 5’ cap. Yeast prevent
wiral proliferation by recognizing these mRNAs as abnormal (they lack a 5’cap and a
PolyA tail) and destroying them (Benard et al., 1999; Wickner, 1993; Widner and
“Wickner, 1993). Nonstop mediated decay and the link to proteins involved in the
destruction of mRNAs lacking a polyA tail made us think of the accumulation in our C2-
S or” strains of the HACI mRNA 5’E fragment which lacks both an in-frame stop codon

and a 3’ polyA tail. We therefore set out to determine if the Sor-43.1 and Sor-65.1 yeast
Wwere defective for nonstop mRNA decay.
Roy Parker, Ambro van Hoff and colleagues have developed a plasmid-based
Assay useful in the identification of yeast strains deficient for nonstop mRNA decay (van
Hoof et al., 2002). They designed a HIS3 gene in which all in-frame stop codons all the
W ay to the end of the polyA tail are removed. When this plasmid is introduced into his3
de1letion strains, only those strains that are also defective for nonstop mRNA decay can
C<xmaplement the his3 deletion. When this nonstop his3 plasmid was introduced into our

Sox —<13.1 and Sor-65.1 strains, both grew on media lacking histidine; the parental rigl-
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Z OO0 strain did not (Figure IV-16). With this piece of information, it appeared that a defect
inn the nonstop mediated mRNA degradation pathway was responsible for the C2-Sor*
suprpressor phenotype. The next step was to identify which component in the nonstop

m IR NA decay pathway was defective in our mutants.

Grenetic interactions between Sor-43.1, rigl-100, and SKI2, SKI3, and SKIS

The exosome is a multiprotein complex whose 3’-5’ riboexonuclease activity is enlisted
in the 3’ end formation of numerous non-messenger RNAs, the processing of ribosomal
RIN A, the destruction of left over RNA processing intermediates, and the degradation of
MIRINAs (Butler, 2002). The exosome exists in two forms, one cytoplasmic, the other
nuc1ear. Each form consists of a common core packed full of 3’-5’ exonucleases: six
Putative and three confirmed out of ten total core proteins. The nuclear and cytoplasmic
eX O somes differ as a consequence of the constellation of associated protein factors
Sprecific to each. Whereas the nuclear exosome associates with Rrp6p and the putative
he1icase Mtrdp, the cytoplasmic exosome associates with Ski7p and the SKT helicase
CoOxmplex. Deletion of SKI7, or any component of the SKI helicase complex (SK12, SKI3,
SKIS8) cripples the nonstop mRNA decay pathway in yeast (Frischmeyer et al., 2002; van
Hoof et al., 2002). Roy Parker’s group has proposed a model describing how the
EXOsome, Ski7p, and the SKI complex coordinate their attack on mRNAs (Figure IV-17)
(Maq uat, 2002). Given their central roles in nonstop mRNA decay, we directed our

ffores to determine if a mutant form of Ski2p, Ski3p, Ski7p, or Ski8p was responsible for

the Sorus phenotype.
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Like a haploid rig1-100, Sor-43.1 strain, a diploid homozygous for both these
alleles grew on —-ino+Tm media. However, an otherwise isogenic wild type/Sor-43.1
diploid did not. Consequently, we asked what was the phenotype of diploids made by
mating an rigl-100, Sor-43.1 strain to isogenic rigl-100 strains deleted for SKI12, SKI3,
or SKI8. If Sor-43.1 yeast harbor a mutant form of one of these genes, then the diploid
should grow on -ino+Tm media. In this case, deleting SKI2, SK13, or SKI8 allowed for
diploid growth on the —ion+Tm media (Figure IV-18). Evidently, deletion of these SK7
£Zemnes resulted in non-allelic non-complementation (also known as unlinked non-

cormnplementation). This genetic phenomenon occurs in diploids in which recessive

muatations in two different genes unmask the phenotype of one of the parental haploid

stxrains despite the presence of two wild type copies of the two recessive genes.

C o nsequently, we could not conclude that the Sor-43.1 mutation was in any one of the

thaxree SKI genes tested. Nevertheless, since deletion of the SKI genes did uncover the Sor- . ,
<33 . 1 phenotype in the doubly heterozygous diploid, it suggests that the Sor-43.1 gene -
Product and the SKI2, SKI3, and SKI8 gene products function in vivo to bring about - !’.,
nonstop mRNA decay. Non-allelic non-complementation genetic interactions often o

identify proteins that interact in vivo (Phizicky and Fields, 1995).

Given the nonstop decay connection, we also tested the growth phenotype of
haploid rigl-100 strains deleted for SKI2, SKI3, or SKI8. We surmised that loss of any
one of these components of the SKI complex would lead to accumulation of the HAC

S’exon upon UPR induction and that this would be reflected in the ability, unlike that of
the parenyl rig1-100 strain, of these strains to grow on —ino+Tm plates. Deletion of

SK7
<~ SKI3, or SKI8 in an rig1-100 strain did not recapitulate the Sor-43.1 growth
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plhenotype. Whereas Sor-43.1 grew on —-ino+Tm plates after 2 days, the strains deleted for

S K12, SKI3, or SKI8 did not (Figure IV-19). However, weak growth of these strains was

e vident after 6-7 days (data not shown).
The haploid and diploid data demonstrate that though SK12, SKI3, and SKI8 likely

functionally overlap with the Sor-43.1 gene product, whatever the recessive mutation in
S or-43.1 strains is, it leds to a much stronger UPR* phenotype than deleting any of the
three SKI genes in a rigl-100 strain. Though we did not pursue Northern analysis of the
thiree deletion SKI strains, given their haploid phenotypes, it is probable that they do not
accumulate the HACI 5’E mRNA fragment to the degree that Sor-43.1 yeast do and that
this accounts for their weak growth on UPR-inducing media. This also suggests that were
we to examine other nonstop decay substrates, we would expect to see the most

accumulation of mRNA in Sor-43.1 compared to the SKI mutants.

Oz Pz er approaches taken to identify the Sor-43.1 mutation gene
‘W e tried a number of other approaches to identify the gene responsible for the C2-Sor*

Phenotype of Sor-43.1 yeast. These included the cloning of genes identified in the
literature as having cytoplasmic exosome phenotypes when mutated and various library
SCreening attempts. Unfortunately, none of them yielded the elusive Sor-43.1 gene.

N €vertheless, we deem it useful to briefly summarize these approaches and make note of

Ways in which they might be tried successfully in the future.

In addition to Ski7p and the genes encoding the three subunits of the SKI
complex, Ski2p, Ski3p, and Ski8p, alleles of three genes encoding core exosome proteins,

PO, Ski6p, and Skidp, are known which cripple the cytoplasmic exosome but lack
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discemable affects on the nuclear exosome (Butler, 2002). Whereas Rrp4p and Ski6p are
known 3’-5’ riboexonucleases, Ski4p’s exosomal function is unclear. We used PCR to
amnplify the coding regions for the seven genes, SK12, SKI3, SKI4, SK16, SKI7, SKI8, and
ARRP4, from yeast genomic DNA and then subcloned each PCR product into a CEN/ARS
yeast plasmid vector. All genes were under the control of their native promoters. We then
transformed these plasmids into a Sor-43.1, rigI-100 strain and observed how they
affected growth on —ino+Tm media. Since the Sor-43.1 allele was recessive, we expected
that aplasmid carrying the wild type Sor-43.1 gene would inhibit the ability of the Sor2-
<43 _ 1 strain to grow on —ino+Tm media. None of the plasmids we tested clearly reduced
Erowith to that of a non-suppressed, parental rlgl-100 strain (data not shown). However,
simce we did not verify that each cloned gene was functional in our hands following PCR
axrxn pylification, the inability of the cloned genes to complement the Sor-43.1 mutation
< ouwald have simply been due to inactivating mutations accumulated during PCR
axrmplification of the genes. Thus, these experiments were inconclusive. Should this
ap>»prroach be taken again, the activity of each subcloned gene should be verified.
In addition to gene candidate approaches, we also screened two yeast CEN/ARS
librraries in search of the Sor-43.1 gene. Again, we expected that a plasmid bearing the
wild type Sor-43.1 gene would inhibit the ability of the Sor-43.1 strain to grow on

—iXRO—+Tm media. This approach yielded plasmids that did not positively retest for Sor-

43_1 <omplementation.

When screening these yeast CEN/ARS libraries, because we were looking for lack
of col ©my growth in a sea of growing colonies, we were at a disadvantage. It would be

nuc < asier to identify positively complementing library plasmids if, instead of inhibiting
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y east growth, they promoted it. To this end, we attempted to design a nonstop allele of
the yeast URA3 gene. URA3 has the advantage that its presence in yeast can be selected
for or against by plating yeast onto media lacking uracil or supplemented with the
chemical 5-fluoro-orotic acid (5-FOA). Plating cells with wild type URA3 onto 5-FOA
media kills them because 5-FOA is metabolized into 5-fluoro-uracil, a nucleotide
analogue toxic to yeast. Wild type yeast harboring a nonstop ura3 gene should grow on F‘",
S -FOA containing media but not on media lacking uracil. Conversely, yeast with defects

ao¥

in nonstop mRNA decay bearing this nonstop ura3 gene should not grow on 5-FOA

mmedia but instead grow on media lacking uracil. Our strategy then, was to make and
imtroduce a nonstop ura3 gene into our Sor-43.1 strain and then screen yeast libraries for
Pla smids that promoted colony growth on 5’FOA media.
To make the nonstop ura3 gene, we took advantage of the nonstop his3 gene

£=iwven to us by Ambro van Hoof in the Parker lab (van Hoof et al., 2002). This nonstop o .
72i.s 3 gene lacked in-frame stop codons all the way through the 3°UTR and poly(A) tail of | . ;\
1ts mRNA. When we examined the URA3 gene sequence, removing all in frame stop ' 1,
<oOdons through the 3°UTR and poly(A) tail would have required extensive site directed
TXawatagenesis. Instead, we opted to make an inframe fusion between the URA3 coding
T gion and the nonstop his3 3’UTR. The fusion occurred where the wild type URA3 and
171S3 stop codons would have been. We then integrated the plasmid with this nonstop

L7 <z 3 gene into the genome of Sor-43.1 strains and isogenic rigl-100 strains. Our hope

Was that when plated onto 5-FOA media, the Sor-43.1 strain would die and that the rigi-

100 SS trrain would grow. If so, we would be set to screen yeast libraries in search of

Plas X2 i ds that promoted growth of the Sor-43.1 strain on 5-FOA media. Indeed, the Sor-
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43 .1 strain carrying the nonstop ura3 grew robustly on media lacking uracil and failed to
grow on 5-FOA media. Unfortunately, the isogenic rigl-100 strain grew weakly on uracil
1acking media. This growth was enough to kill the rlg1-100 strain when plated on 5-FOA
media. Apparently, even in a strain wild type for nonstop mRNA decay, enough of the
nomnstop ura3 mRNA could be translated to make the cells unable to grow on 5-FOA.
The nonstop ura3 approach could still be a fruitful avenue to pursue. By
mamnipulating the 5-FOA and uracil concentrations in the 5-FOA media (since yeast that
camn grow on 5-FOA are uracil auxotrophs, 5-FOA media must be supplemented with e

uracil), conditions might be found which meet our screening needs. In addition, we

inte grated the nonstop ura3 carrying plasmid at the TRP1 genomic locus by linearizing
the plasmid within the TRPI gene it bore. It is thus possible that the plasmid also
inte grated at the ura3 site, complicating the possible phenotypic outcomes. Indeed, when
i £ ferent clones derived from one integration experiment were tested on media lacking coa
axraAacil or supplemented with 5-FOA, we observed a noticeable difference in the growth of
the supposedly isogenic clones. In the future, this might be resolved by integrating the

O mnstop ura3 carrying plasmid at the TRPI locus in strains in which the entire URA3 )

E<€ne has been deleted.

S &7 —53.1 and Sor-65.1 mutations are encoded by different genes
To determine if the recessive mutations in the Sor-43.1 and Sor-65.1 strains were in the
Same &ene, we mated the strains to each other and observed the phenotypes of the
fesug Tang diploid strain and the tetrads produced by sporulating the diploid. The diploid

frev- X Obustly on —ino+Tm media, suggesting that the alleles were in the same gene (data
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not shown). However, tetrad analysis revealed that different genes encoded Sor-43 and
S or-65. If the two alleles mapped to the same gene, then all the resulting spores should
have grown on —ino+Tm. However, in more than half the tetrads analyzed, one spore did
not grow, indicating that it carried neither the Sor-43.1 nor the Sor-65.1 mutation.

T hough encoded by different genes, growth of the diploid on —ino+Tm media indicated
that the two gene products likely interact in vivo to promote nonstop mRNA decay —
another case of non-allelic non-complementation. Non-allelic non-complementation

£Zenetic interactions often identify proteins that interact in vivo (Phizicky and Fields, oot

1995)

L2 X SCUSSION

WV e have isolated mutants that suppress the UPR growth defect of rigl-100 strains,

T axming them Sor for suppressor of rlgl-100. These mutants fall into three categories: C1-
S o ™ mutants re-establish HACI mRNA splicing to near wild type levels; C2-Sor*
Trauatants accumulate HACI mRNA 5’exon and 5°E+I fragments; and C3-Sor* mutants M ;

i splay little change in HAC1 mRNA splicing relative to the parental rigl-100 strain.

C 1 -Sor* strains

Se v en of the ten C1-Sor* mutants mapped to the rgll-100 locus by linkage analysis.

In Terestingly, of those that were sequenced across the rigl-100 allelic region (6/10), none
haa T e verted to wild type ligase at the site of the rlg/-100 mutation. It remains to be

detel"rmned what the intragenic C1-Sor* mutations are and how they change a tRNA

li
EA=< thatdoes not splice HACI mRNA in vivo into one that does. Given the results and

110




mnodel we propose in Chapter 3 of this thesis, some possibilities come to mind. First, any
mnutation that increases the steady state levels of the rlgl-100 ligase would increase
FIACI mRNA splicing. Such mutations could affect the transcription or stability of the
1i gase mRNA, the translation of the ligase mRNA, or the stability of the ligase protein
itself. Second, if tRNA ligase is defective for HACI mRNA binding, an intragenic
suppressor mutation could restore the ability of ligase to bind HACI mRNA. Third, if

tIRIN A ligase is defective in its ability to recycle back to the nucleus following HACI
—

v

IR NA splicing in the cytoplasm, perhaps the intragenic suppressor mutation ameliorates

thi s . For instance, if the rlg1-100 ligase is defective for binding to a nuclear import factor,
such as an importin, the intragenic suppressor mutation might restore this interaction. If
thve polysome experiments suggested in Chapter 3 indeed support diminished HAC!
2 IR NA binding or diminished nuclear recycling by the rgll-100 ligase, it would be

imteresting to see how tRNA ligase from these intragenic C1-Sor* suppressors behave in

th e se assays as well.

AR e cessive C2-Sor” strains

OF the eight C2-Sor* strains we isolated, we chose to more fully characterize the two
recCessive mutants, Sor-43.1 and Sor-65.1. We demonstrate that translation of the HAC1
S exon fragment that accumulates in these strains is responsible for their ability to grow
Under UPR inducing conditions. Because cleavage at the 5 splice site effectively
TeXXa o ves the translation inhibition imposed by the HAC! intron, the 5’exon fragment is
rarass 1 ated to produce a C-terminally truncated Haclp (Hac1pAtail-S). We also

d
SXXD <> rastrate that in these C2-Sor* strains, cleavage at the 5’ splice site is required for
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both the production of HaclpAtail-S protein and growth on UPR inducing media.
Furthermore, our experiments demonstrate that our suppressor strains carry mutations
that reduce mRNA degradation and not mutations that solely affect the UPR.

This study is not the first demonstrating the ability of a Hac1p N-terminally
truncated at the 5’ splice site to function during the UPR. Cox and Walter (Cox and
‘W alter, 1996) made a HAC1 gene construct in which they engineered a stop codon after

the last codon located immediately before the 5’ splice site; actin transcriptional

terminator and 3’UTR sequences were added immediately following the new stop codon. :
Using this construct, they showed that Hac1pAtail could induce expression of a reporter -
UPRE-lacZ gene as well as wild type Haclip produced from spliced HACI mRNA. Our

results add to this by demonstrating that Hac1pAtail-S (S for Sor) production can also

rescue growth of strains normally unable to grow on UPR-inducing media. When we

compared the migration by SDS-PAGE of the Hac1pAtail-S produced by our Sor-43.1

and Sor-65.1 strains with HaclpAtail, the Hac1pAtail-S protein consistently migrated

»

aima

slightly faster than the HaclpAtail version. This could reflect different modes by which
translational termination and ribosome release proceed when these two proteins are
Produced. Whereas the Hac1pAtail protein translationally terminates at a stop codon, the
C2-Sor* Hacl pAtail-S protein does not. The HAC! 5’ exon fragment from which the
Hac) P Atail-S is translated lacks a stop codon. This could be interesting to follow up on.
RiboSOme release and recycling following translation termination is a much better
understood phenomenon in bacteria than it is in eukaryotes. Additional characterization

of
these two HaclpAtail proteins might further our understanding of this process in

e
ukalvotes.
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Mori and colleagues propose that splicing of HACI mRNA does more than just

relieve the translational block imposed by the intron (Mori et al., 2000). If the unspliced

FAC1 mRNA were translated, it would produce a protein, Hac1"p (u for uninduced or
unspliced) that differs from the protein produced from the spliced HACI mRNA, Haclip
(i for induced). Specifically, splicing replaces the last 10 amino acids of the Hacl“p with
a new set of C-terminal 18 amino acids in Haclip (Figure IV-11). When these two

proteins were tested for their ability to activate transcription, Hac1'p was a much more -

potent transcriptional activator than Hac1"p. Thus it was concluded that HACI mRNA

splicing is also critical for producing an especially potent UPR transcription factor.
However, Mori and colleagues did not examine the transcriptional potency of a Haclp
version lacking either C-terminal tail. Thus our data is not inconsistent with their data. In B
fact, our data suggests that swapping of the 18 amino acid tail via HACI mRNA splicing L
does not so much enhance the transcriptional transactivation abilities of Haclp as it gets K
rid of a stretch of 10 amino acids that inhibits transactivation. Side-by-side comparisons .
of the transcriptional activities of each of these Haclp variants should verify if this is -
indeed the case.
Unlike normally translated cellular mRNAs, the 5’exon fragment of HAC1

MRNA that is translated in our C2-Sor* mutants lacks an in-frame stop codon and likely

lacks a 3’poly(A) tail. As we undertook our experiments, the nonstop RNA mediated
d
ccay Prathway was discovered and described in the literature. During nonstop mediated

A decay, 5°capped, 3’ polyadenylated mRNAs lacking stop codons are specifically
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targeted for degradation in a translation dependent manner (Frischmeyer et al., 2002; van
Hoof et al., 2002; Vasudevan et al., 2002). The proteins required for nonstop decay
overlap with those required for antiviral protection in yeast. The yeast RNA L-A virus
produces RNA messages for translation that lack 5’caps and 3’poly(A) tails. Yeast inhibit
viral proliferation by recognizing these mRNAs as abnormal (they lack a 5’cap and a
poly(A) tail) and destroy them (Benard et al., 1999; Wickner, 1993; Widner and Wickner,

1993). Because the translated HACI 5’exon in our C2-Sor” strains lacked a stop codon

and likely lacked a poly(A) tail, we investigated the possibility that these strains were
defective for nonstop mediated mRNA decay. Our experiments using the nonstop his3
reporter strongly suggest that our mutants are in this pathway. The non-allelic non-
complementation phenotype observed in our diploid strains supports this as well.
However, results in rigl-100 strains deleted for SKI2, SKI3, or SKI8 - key components in
the nonstop mRNA degradation pathway — are inconsistent with this. These deletion

Strains did not recapitulate our C2-Sor* suppressor phenotype as they only very weakly

rescued the ability of an rlgl-100 strain to grow on UPR-inducing media. Though we did
NOot test an rigl-100 strain deleted for SKI7 for growth on UPR-inducing media, we
believe thatit is unlikely that our C2-Sor" strains are defective for Ski7p activity; yeast
deleted for SK12, SKI3, SKI7, or SKIS8 stabilize nonstop mRNAs to the same extent (van
Hoof €t. al. 2002). We have not, however, ruled out the possibility that the C2-Sor+
Strains Sor-43.1 and Sor-65.1 are defective for a core component of the cytoplasmic
€XO0some. Perhaps our mutants represent alleles of the core exosomal components SK/4,
SK7s, Or RRP6 that block nonstop mRNA decay more strongly than loss of SKI7 or the

S,
&7 <:olnplex. Known alleles in these three genes block cytoplasmic exosome function
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without affecting nuclear exosome function (Butler, 2002). Alternatively, our mutants

might represent alleles in genes whose role during nonstop mRNA decay has until now

not been revealed.
Are there other known genes involved in mRNA degradation that when mutated

might be expected to produce the C2-Sor* suppressor phenotype? Yes! Like the nonstop
mRNAs studied by Parker and colleagues, the HACI mRNA 5’ exon lacks a stop codon;
however unlike the nonstop mRNAs, the HAC1 5’ exon probably also lacks a 3’poly(A)
tail. Therefore the HACI 5’exon would be primed and ready as a substrate for the 5’ to 3’
RNNA degradation pathway, the dominant nRNA turnover pathway in yeast (Wilusz et
al., 2001). The 5’ to 3* degradation of RNA takes place in three stages: First, the proteins
Pan2/3 and Ccr4/Cafl remove the 3’poly(A) tail. Second, the decapping enzymes Dcplp
and Dcp2p remove the 5’cap. Third, the Xrnlp 5’ to 3’ exonuclease degrades the RNA. In
Yeast, this pathway is estimated to be 2 to 5 times faster than the 3’ to 5’ exonucleolytic
digestion catalyzed by the exosome (Cao and Parker, 2001; Muhlrad et al., 1995). XRN1
is also known by the name SKII (Toh et al., 1978; Toh and Wickner, 1980), having been
isolated as a gene involved in the response of yeast to the RNA L-A virus. In yeast
defective for Xmlp, decapped and deadenylated mRNAs are polysome associated,
Suggesting that they are translated (Hsu and Stevens, 1993). Thus it is possible that
Mutations affecting degradation at the 5’ end of mRNA could lead to stabilization and

trans]lation of the Sexon fragment of HACI mRNA. Perhaps our C2-Sor* strains carry

Imutations in the exoribonuclease Xrnlp, or the decapping enzymes Dcplp and Dcp2p

(s teiger et al. 2003). In addition, mutations in proteins known to stimulate 5’ decapping

could be involved. The Patlp/Lsm-1 complex (Bonnert et al. 2000; Bouveret et al. 2000;
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Tharun et al. 2000), the putative helicase Dhh1lp (Fischer and Weis, 2002) and the RNA
binding proteins Edc1p and Edc2p (Schwartz et al. 2003; Steiger et al. 2003) all stimulate
mRNA decapping. Alternatively, mutations that increase binding of the translation
initiation factor eIF4E might also be involved. Binding of eIF4E not only stimulates
translation, it also inhibits 5’decapping and thus mRNA degradation (Schwartz and
Parker 1999; Schwartz and Parker 2000; Ramirez et al. 2002).

These possibilities lead to a number of predictions. First, if the C2-Sor” strains are
defective for Xrnlp activity, then we should see an accumulation of mRNAs lacking both
5 caps and 3’ poly(A) tails. Second, if instead, the C2-Sor* strains are defective for 5’
decapping, then we should see an accumulation of 5’capped mRNAs lacking 3’poly(A)

tails.

If our C2-Sor* strains are defective for 5’ to 3’ mRNA decay instead of nonstop
decay, how do we explain the results we obtained with the nonstop his3 constructs? Our
results are not necessarily incompatible with defects in the 5° to 3’degradaﬁon pathway.
The nonstop-mediated degradation pathway recognizes mRNAs lacking stop codons as
aberrant, and then starts degrading them at the 3’ end. Perhaps mRNA s that start being
degraded by the 3’-5’ exosome can be finished off by the 5’ to 3’ mRNA decay pathway,
the major mRNA degradation pathway in yeast. There is, however, a major caveat to
in"Oking the 5°-3° mRNA degradation pathway in explaining our results: yeast deleted
for the 5-3’ exonuclease XRNI and which carry the nonstop his3 plasmid are His’,

Sug gesting that blocking 5°-3° mRNA degradation does not produce defects in nonstop
mMRIN A decay (Ambro van Hoof, personal communication). We need to verify that if this

i . . . .
ScCase inthe yeast strain background used in our experiments.
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Dominant C2-Sor" strains

It is intriguing that the majority (7/9) of our C2-Sor* mutants were dominant. It would be

interesting to determine if like the Sor-43.1 and Sor-65.1 strains, these strains produce

Hac1pAtail-S, require its production in order to grow on UPR-inducing media, and if they

are defective for nonstop mRNA decay using the nonstop his3 reporter plasmid. Nonstop

mediated decay involves at least three large protein complexes: the SKI complex, the

cytoplasmic exosome, and the ribosome. Ski7p interacts with the SK7 and exosome _
complexes and is thought to bind the ribosomal A-site (Araki et. al 2001; van Hoof et. al. ™
2002). Given all these protein-protein interactions, our dominant C2-Sor* strains might
represent dominant-negative mutations in genes encoding components of these
complexes; these would be expected to retain the ability to interact with other proteins
while at the same time altering the function of the complex as a whole.

A dominant-negative allele of the ribosomal protein L3 exits which increases
lewvels of the yeast viral L-A dsRNA (Peltz et. al. 1999). L-A dsRNA abundance is
Proportional to the abundance of L-A mRNA. Thus, the L3 dominant-negative allele
must also increase the levels of the L-A mRNA, an mRNA lacking both a 5°cap and a
3’ poly(A) tail. A portion of the L3 ribosomal protein lies near the peptidyl-transferase
Center and the A-site (Puglisi et. al. 2000). Binding of Ski7p to the A-site would place it
Near L3. Thus, perturbations in L3 structure could lead to perturbations in Ski7p binding
and might reduce nonstop mRNA decay as well as L-A mRNA decay. It is tempting to

SPeculate that some of our C2-Sor* dominant alleles might likewise involve ribosomal

Proteins.
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Table IV-1  Chapter 4 plasmid list
Plasmids
Plasmid Yeast CEN, 2p or Cloned Comments
marker integrating gene
pTG-1 URA3 integrating rigl-100 subcloned rigl-100 from
pCF158 (Sidrauski et al. 1998)
into pRS306
pTG-10 URA3 integrating N-terminally parental plasmd pRS306
truncated RLG!  carries RLG] aa585-827
plus 3’UTR
pTG-25 TRP1 CEN HA-HACI subcloned HA-HAC1 Atail from
Atail pJC 836 (Cox and Walter 1996)
into pRS314
PTG-28 URA3 integrating HA-HAC1 subcloned HA-HAC! from
pJC321 into pRS306
pPTG-29 URA3 integrating HA-HACI subcloned HA-HAC! 5’ss G855C
5’ss G885C from pCF205 into pRS306
PTG-30 URA3 integrating HA-HACI subcloned HA-HACI 3’ss G1137C
3’ss G1137C from pCF203 into pRS306
PAYVI188 URA3 CEN nonstop his3 parental plasmid pRS416
a gift from A. von Hoff
PRS306 URA3 integrating none from Sikorski and Hieter (1989)
PRS314 TRP1 CEN none from Sikorski and Hieter (1989)
PRS31S5 LEU2 CEN none from Sikorski and Hieter (1989)
PRS316 URA3 CEN none from Sikorski and Hieter (1989)
PRS416 URA3 2u none from Sikorski and Hieter (1989)

118




W303-1A
CSY227
CSY228
SKI2
Aski2
TGy-1
TGy-3
TGy-10.1

TGy-16
TGy-41
TGy-43

TGy-61
TGy-62
TGy-88
TGy-9

TGy-113
TGy-115
TGy-116
TGy-117
TGy-118
TGy-119
TGy-120
TGy-121
TGy-122
TGy-123
TGy-127
TGy-128
TGy-129
TGy-

131 10134

MATa; leu2-3,-112; ura3-1,-112; his3-11,-15; trpl-1; ade2-1; canl-100

same as W303-1A, except his3-11,-15::HIS3-UPRE-lacZ. CSY227 also known as PWY374
same as CSY227, except MATec. CSY228 also known as PWY373

MATa, his3-Al, leu2-A0, metl5-AO0, ura3-A0

same as SKI2 except Aski2::NEO*

same as CSY228, except RLG! replaced by rigl-100 using pTG-1 (see methods)

same as CSY227, except RLG ! replaced by rigl-100 using pTG-1 (see methods)

same as TGy-3, except his3-11,-15, rig]1-100::URA3.
Note: URA3 inserted 3’ of rigl-100 for linkage analysis using pTG-10

diploid of cross CSY227 & CSY228
same as TGy-3, except Sor-43. This is a spore from mating TGy-10.1& original Sor-43 strain

same as TGy-10.1, except MAT <, Sor-43, his3-11,-15::HIS3-UPRE-lacZ.
This is a spore from mating TGy-10.1 & original Sor-43 strain

diploid of cross TGy-43 & TGy-41, carries pRS315 also
diploid of cross TGy-3 & TGy-43, carries pRS315 also
diploid W303 except rigl-100/rig1-100, pRS314, & pRS316
same as CSY228 except Ahacl::LEU2, & pTG-25
same as CSY228 except genomic HAC! replaced with HA-HAC! using pTG-28 (see methods)
same as TGy-113 except rigl-100::URA3 (see TGy-10.1)
same as TGy-115 except Sor-43
same as TGy-115 except Sor-65
same as TGy-113, except HA-HAC1[G885C] using pTG-29. G885 is the HAC1 5’ splice site
same as TGy-118, except MATa, rigl-100::URA3 (see TGy-10.1)
same as TGy-119, except MATe<, sor2-43
same as TGy-113, except HA-HAC1[G1137C] using pTG-30. G1137 is the HACI 3’ splice site
same as TGy-121, except rigl-100::URA3 (see TGy-10.1)
same as TGy-122, except Sor-43
same as W303-1A except rigl-100::URA3 (see TGy-10.1), Aski8::TRP1
same as W303-1A except rigl-100::URA3 (see TGy-10.1), Aski3::TRP1
same as W303-1A except rigl-100::URA3 (see TGy-10.1), Aski2::TRP1

same as TGy-113 except Sor-43, & mating type unknown, TGy-131= clone 9C,
TGy-132= clone 10A, TGy-133= clone 12C, TGy-134= clone 12A.
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Table IV-3  Linkage analysis for C1-Sor* strains

Dom URA3 Sor*

Sor or rigl-100 phenotype
strain Rec linkage segregation
51 dom linked 2:2 *
8.1 dom linked 2:2 *
59.2 dom na na
I 61.1 dom linked 222 *
[ 622 dom linked 2:2 *
I 63.1 dom na na
L 72.1 dom linked 2:2 * #
L 96.1 dom linked 22 *
Lsozm.l dom linked 222
L303D3.1 dom na na

na = not available

* = DNA sequencing verified did not revert to rlg1-100 at position 148.
Note RLG] = H148 and rigl-100 = Y148.

# = 72.1 mutation E289K
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Zable1V-4  Linkage analysis for C2-Sor* strains

Dom URA3 Sor*

Sor or rigl-100 phenotype
strain Rec linkage segregation
11.1 dom not linked | 2:2
16.1 dom na na
36.1 dom na na
41.1 dom not linked | 2:2
43.1 rec not linked | 2:2
65.1 rec not linked | 2:2
602D19.2 | dom na na
603D5.1 | dom na na
902D1.1 | dom not linked | 2:2

na = not available
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FigurelV-1 Cl-Sor® strain growth on UPR inducing media

Serial dilutions (from left to right, least to most dilute) of each strain were plated onto the
indicated media and grown at 30°C for 1 to 2 days. SDC, synthetic dextrose complete
media; SDC-ino+Tm, synthetic dextrose complete media lacking inositol and
supplemented with the UPR inducing drug tunicamycin to a final concentration of 0.25

prg/ml. The Sor strain number of each strain is indicated on the left. RLG1I and rigl-100

—

designate strains carrying wild type or UPR-defective tRNA ligase respectively.
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FigureIV-2 C2-Sor® strain growth on UPR inducing media

Serial dilutions (from left to right, least to most dilute) of each strain were plated onto the
indicated media and grown at 30°C for 1 to 2 days. SDC, synthetic dextrose complete
media; SDC-ino+Tm, synthetic dextrose complete media lacking inositol and
supplemented with the UPR inducing drug tunicamycin to a final concentration of 0.25
pg/ml. The Sor strain number of each strain is indicated on the left. RLGI and rigl-100

designate strains carrying wild type or UPR-defective tRNA ligase respectively.
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KFigureIV-3 C3-Sor® strain growth on UPR inducing media

Serial dilutions (from left to right, least to most dilute) of each strain were plated onto the
indicated media and grown at 30°C for 1 to 2 days. SDC, synthetic dextrose complete
media; SDC-ino+Tm, synthetic dextrose complete media lacking inositol and
supplemented with the UPR inducing drug tunicamycin to a final concentration of 0.25
pLg/ml. The Sor strain number of each strain is indicated on the left. RLG! and rigl-100
designate strains carrying wild type or UPR-defective tRNA ligase respectively. Note,

only 11 out of the 50 total C3-Sor" strains are shown.
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Figure IV-4 Northern blot analysis of HAC1 mRNA splicing in RLGI and rig1-100
strains
S trains were grown at 30°C to mid-log phase and the UPR was induced by addition of

IDTT to a final concentration of 8 mM for 30 minutes. Total RNA was extracted and

amnalyzed as described in the materials and methods. The blot was probed for SCR1 and

HACI RNAs. SCRI RNA was used as a loading control. Unspliced, spliced,

5’ exon+intron, and 5’exon HACI mRNA species are indentified along the left hand side

of the blot.
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Figure IV-5 Northern blot analysis of HAC1 mRNA splicing in C1-Sor" strains.
Strains were grown at 30°C to mid-log phase and the UPR was induced by addition of
DTT to a final concentration of 8 mM for 30 minutes. Total RNA was extracted and
analyzed as described in the materials and methods. The blot was probed for SCR1 and
HACI RNAs. SCRI RNA was used as a loading control. Unspliced and spliced HAC1
mRNA species are indentified along the left hand side of the blot. Sor strain numbers are

given above each Northern blot.
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Figure IV-6 Northern blot analysis of HAC1 mRNA splicing in C2-Sor* strains.
Strains were grown at 30°C to mid-log phase and the UPR was induced by addition of
DTT to a final concentration of 8 mM for 30 minutes. Total RNA was extracted and
analyzed as described in the materials and methods. The blot was probed for SCR1 and
HACI RNAs. SCRI RNA was used as a loading control. Unspliced, 5’exon+intron, and
5’exon HAC1 mRNA species are identified along the left hand side of the blot. Sor strain

numbers are given above each Northern blot.
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Figure IV-7 Northern blot analysis of HACI mRNA splicing in C3-Sor* strains.
Strains were grown at 30°C to mid-log phase and the UPR was induced by addition of
DTT to a final concentration of 8 mM for 30 minutes. Total RNA was extracted and
analyzed as described in the materials and methods. The blot was probed for SCRI and
HACI RNAs. SCRI RNA was used as a loading control. Unspliced, spliced,
5’exon+intron, and 5’exon HACI mRNA species are identified along the right hand side

of the blot. Sor strain numbers are given above each Northern blot.
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Figure IV-8 Calculated percent HAC1 mRNA splicing for RLG1, rgl1-100, C1-Sor*,
C2-Sor, and C3-Sor strains

The percent HAC1 mRNA splicing for each strain was calculated from Northern blot data
analyzed by phosphoimager (Molecular Dynamics). Data for wild type ligase (RLG1) and
UPR defective ligase (rigl-100) strains are shown in yellow. Data for C1-Sor strains is in
pink; data for C2-Sor strains is in green; and data for C3-Sor strains is in black. Sor strain

numbers are indicated along the bottom of the graph.
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Figure IV-9 Model for HAC1 mRNA splicing in wild type (RLG1) and UPR defective
(rig1-100) ligase strains

Adapted from (Ruegsegger et al., 2001). The HAC1 5’exon is shown in black, the intron
in red, and the 3’exon in green. Basepairing interactions between the 5’ UTR and intron
are shown. Upon induction of the UPR in wild type tRNA ligase strains, HACI mRNA is
cleaved by Irelp and ligated by tRNA ligase to produce spliced HACI mRNA. Splicing
disrupts basepairing between the HAC! intron and 5’UTR. This relieves the translational
block normally imposed by this basepairing interaction; thus the spliced HACI mRNA is
translated to produce Haclp. In rigl-100 yeast, because tRNA ligase does not ligate the
HACI 5’ and 3’ exons produced by Irelp cleavage, the HAC1 fragments are degraded

and not Haclp is produced.
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Figure IV-10 Model for HAC1 mRNA splicing in C2-Sor" strains

Adapted from (Ruegsegger et al., 2001). The HACI 5’ exon is shown in black, the intron
in red, and the 3’exon in green. Basepairing interactions between the 5° UTR and intron
are shown. Ire1p mediated cleavage at the 5’ splice site produces the 5’exon HACI
mRNA fragment that is free of basepairing interactions with the intron, and therefore is
competent for translation. Ire1p mediated cleavage at the 3’ splice site produces the
(5’exon+intron) HAC1 mRNA fragment that retains basepairing interactions with the

intron and is thus translationally inhibited.
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Figure IV-11 Haclp proteins capable of being produced from HACI mRNA

The top box shows the three fragments that are produced when Irelp cleaves HAC!
mRNA. In order from left to right are shown 5’exon, intron, and 3’ exon. The bottom box
shows the various forms of Hac1p that can be made by translation of the unspliced HACI
mRNA to produce Haclp® (u for uninduced or unspliced), the 5’exon to produce
Hac1pAtail, or the spliced HACI mRNA to produce Haclp' (i doe induced). Note that
final 10 C-terminal amino acids of Haclp" (indicated in red) are replaced by a different
set of 18 amino acids in Hac1p' (indicated in green). Hac1pAtail lacks either C-terminal

tail. Stop codons are highlighted by *.
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Figure IV-12 Northern blot analysis of HACI mRNA splicing in C2-Sor* strain
Strains were grown at 30°C to mid-log phase and the UPR was induced by addition of
DTT to a final concentration of 8 mM for 30 minutes. Total RNA was extracted and
analyzed as described in the materials and methods. The blot was probed for SCR/ and
HACI RNAs. SCR1 RNA was used as a loading control. The genotype of each strain is
indicated above the blot. Unspliced, spliced, 5’exon+intron, and 5’exon HACI mRNA
species are identified along the right hand side of the blot. The strains (TGy) used in this
experiment are indicated at the bottom. Western blot analysis on these same samples is

shown in Figure IV-12.
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Figure IV-13 Western blot analysis of Haclp production in a C2-Sor* strain

Total protein was extracted and analyzed by western blot to visualize HA-tagged Haclp
as described in the Materials and Methods section. The UPR was induc_ed by addition of
DTT to a final concentration of 8 mM for 30 minutes. Cultures were grown at 30°C in
YPD to mid-log phase. The strains used are indicated (TGy strain #) along the bottom.
The particular HA-tagged Haclp version carried by each strain as well as its genotype is
indicated above each blot. Northern blot analysis on these same samples is shown in

Figure IV-12.
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Figure IV-14 Growth of a C2-Sor* strain carrying wild type, or splice site mutant
versions of HAC1

Serial dilutions (from left to right, least to most dilute) of each strain were plated onto the
indicated media and grown at 30°C for 1 to 2 days. SDC-ino+Tm is synthetic dextrose
complete media lacking inositol and supplemented with the UPR inducing drug
tunicamycin to a final concentration of 0.25 pg/ml. The Sor strain number of each strain
is indicated on the right. The genotype of each strain is indicated on the left as well as the

particular HAC1 version carried by each strain.
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Figure IV-15 Northern blot analysis of HAC1 mRNA splicing in RLG1, C2-Sor*
strains

Strains were grown at 30°C to mid-log phase and the UPR was induced by addition of
DTT to a final concentration of 8 mM for 30 minutes. Total RNA was extracted and
analyzed as described in the Materials and Methods. The blot was probed for SCRI and
HACI RNAs. SCR1 RNA was used as a loading control. The particular spore from which
each strain germinated is indicated above the blot. Unspliced, spliced, 5’exon+intron, and

5’exon HACI mRNA species are identified along the right hand side of the blot. The

strains (TGy) used in this experiment are indicated at the bottom.
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Figure IV-16 C2-Sor* strains are defective for nonstop mediated mRNA decay

SKI2, Aski2, rigl-100, and two C2-Sor® strains, Sor-43.1 and Sor-65.1 were transformed
with a URA3 CEN/ARS plasmid carrying a nonstop allele of the HIS3 gene (ns-HIS) or a
vector control. Transformed and untransformed strains were struck out onto YPD media,
SD-uracil, or SD-histidine-uracil. The genotypes of each strain are indicated along the
left. Only strains defective for nonstop mediated mRNA decay (such as Aski2) should

grow in the absence of histidine in the media.
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Figure IV-17 Model for nonstop mediated mRNA decay in yeast

Model proposed by van Hoof et al. (2002). Stalling of the ribosome at the 3’end of an
mRNA lacking a stop codon leads to recognition of the ribosome A-site by Ski7p bound
to the cytoplasmic core exosome. Ski7p also recruits the SK7 helicase complex composed
of Ski2p, Ski3p, and Ski8p to the ribosome. This leads to 3’ to 5’ degradation of the
nonstop mMRNA by the exosome. In this model, it is unclear how the ribosome releases

the stalled polypeptide chain.
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Figure IV-18 Growth of diploid strains deleted for SKI2, SKI3, or SKI8

Serial dilutions (from left to right, least to most dilute) of each strain were plated onto the
indicated media and grown at 30°C for 1 to 2 days. —trp, SD-tryptophan media; -ino+Tm,
synthetic dextrose complete media lacking inositol and supplemented with the UPR
inducing drug tunicamycin to a final concentration of 0.25 pg/ml. The genotype of each
strain is indicated on the left. The strain numbers are indicated on the right. * indicates
lack of strain designation. All three SKI genes were deleted by integration of a DNA

cassette carrying the TRPI gene.
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Figure IV-19 Growth of haploid rigl1-100 strains deleted for SKI12, SKI3, or SKI8
Serial dilutions (from left to right, least to most dilute) of each strain were plated onto the
indicated media and grown at 30°C for 1 to 2 days. —trp, SD-tryptophan media; -ura, SD-
uracil media;-ino+Tm, synthetic dextrose complete media lacking inositol and
supplemented with the UPR inducing drug tunicamycin to a final concentration of 0.25
pg/ml. The genotype of each strain is indicated on the left. The strain numbers are
indicated on the right. * indicates lack of strain designation. All three SKI genes were

deleted by integration of a DNA cassette carrying the TRP! gene.
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Appendix A
The sequence of tRNA ligase:

speculations on structure and function
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The primary sequence of tRNA ligase: speculations on structure and function

The tRNA ligase of Saccharomyces cerevisiae is a 95 KD multifunctional protein with
adenylylate synthetase, polynucleotide kinase, and 2’,3’-cyclic phosphodiesterase
activities. By protease digestion and deletion analysis, these enzymatic activities have
been mapped to three distinct regions of the protein (Figure A-1) (Apostol et al., 1991;
Xu et al., 1990). All three domains participate enzymatically during in vitro splicing of
pre-tRNA and HACI mRNA substrates (Abelson et al., 1998; Gonzalez et al., 1999;
Greer et al., 1983; Phizicky et al., 1986). Following endonucleolytic cleavage of the RNA
substrate by tRNA endonuclease or Irelp, the cyclic phosphodiesterase domain of tRNA
ligase opens up the 2’,3’-cyclic phosphate at the end of the 5’ exon to yield a 2’-
phosphate. The kinase domain phosphorylates the 5’-hydroxyl at the end of the 3’ exon
using the gamma phosphate from GTP or ATP. The adenylylate synthetase domain reacts
with ATP to form a covalent ligase-AMP intermediate. The AMP is then transferred to
the 5’-phosphate on the 3’ exon to form a high energy 5’-5’ phosphoanhydride bond.
Ligation occurs with the concomitant release of the AMP activating group from the RNA
substrate, leaving behind a 2’ phosphate at the splice junction.

Though yeast-like tRNA ligase activities have been described in plants
(Gegenheimer et al., 1983; Schwartz et al., 1983) and mammals (Zillmann et al., 1991),
to date, the amino acid sequences of only eight tRNA ligase genes have been identified;
they are all encoded by yeasts (Figure A-2). Notwithstanding the lack of tRNA ligase
homologues, regions within the three tRNA ligase domains resemble other functionally
related proteins. The adenylylate synthetase domain of tRNA ligase is a good deal similar

to the corresponding N-terminal domain of T4 ligase (Apostol et al., 1991; Koonin and
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Gorbalenya, 1990). During the ligation reactions catalyzed by these two enzymes, a
conserved residue, lysine-99 of T4 ligase and the equivalent residue, lysine-114 of tRNA
ligase, is transiently adenylylated (Thogersen et al., 1985; Xu et al., 1990). More recently,
the adenylylate synthetase domain of tRNA ligase was identified as a member of the
covalent nucleotidyl transferase (CNT) superfamily (Figure A-3) (Aravind and Koonin,
1999; Shuman, 1996). This protein superfamily includes ATP- and NAD-dependent
DNA ligases, mRNA capping enzymes, and RNA ligases characterized by the presence
of five to six conserved motifs. Crystal structures of five members reveal a common fold
that brings motifs I, III, IIIa, IV, and V together at the active site (Hakansson et al., 1997;
Lee et al., 2000; Odell et al., 2000; Singleton et al., 1999; Subramanya et al., 1996). Thus,
despite amino acid sequence divergence outside of the conserved motifs, these covalent
nucleotidyl transferase proteins share a common fold that positions the conserved motifs
at the ligase active site (Aravind and Koonin, 1999; Shuman, 1996). The structure of
these proteins has been described as “pincher-like;” it is composed of two subdomains
that form an electro-positive cleft between them, in which the ligation substrate is thought
to bind. ATP binds in a pocket within this cleft as well (Shuman, 1996).

Of the three tRNA ligase domains, the adenylylate synthetase domain is the most
highly conserved across the eight species of yeast (Figure A-2), with 25% (99/396)
identical amino acids. These conserved regions are mostly associated with the five
conserved CNT motifs. The H148Y mutation in the UPR-defective rigl-100 allele of
ligase maps to adenylylate synthetase domain, just upstream of motif III (Figure A-3)
(Sidrauski et al., 1996). In addition, two temperature sensitive-mutations causing defects

in pre-tRNA splicing map between motifs III and IIla: F170S (rlg1-10) and T180I (rig1-
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4) (Phizicky et al., 1992). Residues in motif III contact the ribose ring of ATP whereas
those in motif ITla contact the purine ring (Shuman, 1996). The possible significance of
this clustering of mutations remains to be seen; however, it would be interesting to learn
if rlg1-100 strains are temperature-sensitive for growth in the absence of UPR-induction
and if rlgl-4 and rigl-10 strains are UPR-defective.

Whereas the similarities between T4 ligase and tRNA ligase extend over a region
of 100 amino acids, only three small pockets of homology to other kinases are
discernable in the kinase domain of tRNA ligase. The first of these, Nuc A, corresponds
to a Walker A nucleotide binding motif akin to that found in T4 polynucleotide kinase
(T4 PNK) and adenylate kinase; the second, Nuc B, corresponds to a divergent Walker B
nucleotide binding motif, similar to that found in T4 PNK (Apostol et al., 1991; Koonin
and Gorbalenya, 1990; Walker et al., 1982). Amino acids from both Walker motifs
contribute to the T4 PNK kinase active site (Galburt et al., 2002; Wang et al., 2002). The
third region of homology, PNK 1, is similar to a portion of T4 PNK that also forms part
of the kinase active site (Apostol et al., 1991; Galburt et al., 2002; Koonin and
Gorbalenya, 1990; Wang et al., 2002). Of these three regions, the Nuc A and Nuc B are
the most highly conserved in sequence across the eight species of yeast (Figure A-2). The
structures of the kinase domain of T4 PNK and adenylate kinase superimpose readily;
thus it is tempting to speculate that the structure of the tRNA ligase kinase domain might
easily superimpose on the structures of these two kinases as well.

The 2’,3’cyclic phosphodiesterase domain of tRNA ligase was recently identified
as a member of the 2H phosphodiesterase protein superfamily which includes members

found in archaebacteria, eubacteria, and eukaryotes (Mazumder et al., 2002). These
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proteins are predicted to adopt a common fold typified by the structure of the Arabidopsis
ADP-ribose 1”,2” cyclic phosphodiesterase (Figure A-5) (Hofmann et al., 2002;
Hofmann et al., 2000). This protein family is named for two conserved active site
histidine residues each found in the motif Hh(S/T)h, where h is a hydrophobic residue.
The histidine and serine/threonine residues of this motif are essential for
phosphodiesterase function (Hofmann et al., 2000; Nasr and Filipowicz, 2000). All eight
yeast tRNA ligase genes have two of these Hh(S/T)h motifs as predicted for members of
this phosphoesterase family (Figure A-5).

We also performed protein database searches using various portions of the tRNA
ligase amino acid sequence. The only significant match found was with the putative
DEAD-box related helicase, Ski2p. Ski2p shares sequence similarity with portions of the
kinase and cyclic phosphodiesterase domains of tRNA ligase (Figure A-6). DEAD-box
RNA helicases are defined by the presence of seven to eight conserved motifs (de la Cruz
et al., 1999; Linder et al., 1989; Linder et al., 2001). Motifs I and II are respectively
Walker A and B nucleotide binding motifs. The first four and the final three to four
helicase motifs group together to fold into two discrete domains; thus the fully folded
helicase is composed of two domains linked together to form a cleft for NTP binding.
The region of homology shared between Ski2p and tRNA ligase includes the first domain
but not the second domain of these helicases. In addition, the amino acids within the four
motifs that make up the only shared helicase domain are not well conserved in tRNA
ligase (Figure A-6). Thus it seems unlikely that tRNA ligase is active as a helicase.

Ski2p is involved in non-stop mediated RNA degradation, a process by which

mRNAs lacking stop codons are degraded (Frischmeyer et al., 2002; van Hoof et al.,
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2002; Vasudevan et al., 2002). More specifically, mRNAs in the midst of being translated
are preferentially destroyed by this pathway. HACI! mRNA is polysome associated when
it is spliced by Irelp and tRNA ligase in the cytoplasm (Ruegsegger et al., 2001). Perhaps
the region of shared homology mediates contact with the ribosome (or ribosome
associated factors) and Ski2p during non-stop mediated mRNA degradation or tRNA

ligase during HACI mRNA splicing.

T4 PNK: a model for tRNA ligase:tRNA interactions?

T4 PNK is composed of two domains of comparable size linked by a flexible hinge
(Galburt et al., 2002). The kinase domain is located in the N-terminal half of the protein
and the 3’-phosphatase domain in the C-terminal half. T4 PNK is one of the most widely
used enzymes in molecular biology laboratories. However, its role in the T4
bacteriophage lifecycle is generally less widely known. When a bacterium becomes
infected with T4 phage, the bacterium responds by cleaving its own tRNAs presumably
to prevent the production of T4 phage proteins. In turn, T4 phage has developed a way to
get around this suicide response; T4 repairs the cleaved tRNAs using T4 PNK and T4
ligase (Amitsur et al., 1987). At the site where the tRNA was cleaved, T4 PNK
phosphorylates the 5’-hydroxyl, opens up the 2°,3’-cyclic phosphate, and then removes
the resulting 3’-phosphate-- all to produce a substrate appropriate for ligation by T4
ligase. As an exciting consequence of the recent crystal structure of T4 PNK, Galburt and
colleagues (Galburt et al., 2002) have proposed a model for how the polynucleotide
kinase and 3’-phosphatase active sites of T4 can simultaneously interact with the cleaved

tRNA termini (Figure A-7). T4 PNK forms a homotetramer, and this subunit arrangement
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is the key to the binding model proposed. In the model, the kinase domain of one
monomer cooperates with the phosphatase domain of a second monomer. The distances
and orientation between the two active sites in the two monomers is about right for
binding the two tRNA termini. This is not the case for the two active sites within a single
monomer.

The biological substrates for T4 PNK and tRNA ligase are virtually the same: a
tRNA cleaved at or adjacent to the anticodon loop and bearing 5’-OH and 2’,3’-cyclic
phosphate termini at the cleavage site. In fact, tRNA ligase will bind a cleaved pre-tRNA
about 5 times more strongly than it will bind an intact pre-tRNA (Apostol and cher,
1991). And, like T4 PNK, the kinase domain of tRNA ligase is just N-terminal to the
phosphodiesterase domain. Thus, it is tempting to propose that tRNA ligase might
interact with tRNA much like T4 PNK does. With this appealing model in mind, we must
nevertheless recall the significant differences between the two proteins. As outlined
above, the primary sequence of the kinase domains of tRNA ligase and T4 PNK are
similar in three small regions associated with the kinase active site. However, the
phosphodiesterase domains of these two proteins appear to be members of two distinct
families of phosphodiesterases characterized by differing protein folds and active site
residues. The 2°,3’-cyclic phosphodiesterase domain of tRNA ligase is a member of the
2H phoshophodiesterase family defined by the presence of two essential histidine active
site residues (Mazumder et al., 2002). The 3’-phosphatase domain of T4 PNK is a
member of the haloacid dehalogenase (HAD) family of phosphotransferases defined by
the presence of the active site motif DxDxT (Galburt et al., 2002; Wang and Shuman,

2002). In addition, a separate protein, T4 ligase, catalyzes the final ligation step in the T4
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system, whereas ligation of cleaved pre-tRNAs is catalyzed completely by tRNA ligase.
In the pre-tRNA splicing reaction, it is almost as if the T4 ligase were fused just N-
terminal to the kinase domain to produce tRNA ligase. Thus if we were to model the
binding interactions between tRNA ligase and a cleaved pre-tRNA, we must consider
how the adenylylate synthetase domain fits in. In addition, we need to determine if ligase
behaves as a monomer or oligomer in solution. As seen for T4 PNK, the active sites of
adjacent monomers may work together on a single substrate as opposed to the active sites

within the single subunit

Future directions

Yeast tRNA ligase was first described in the literature twenty years ago (Greer et al.,
1983). Despite these past two decades, there is still much we do not know or understand
about this fascinating, multifunctional protein. The recent bioinformatic explosion has
provided us with more clues as to how ligase performs its functions by making it more
and more facile to uncover functionally significant yet subtle primary sequence
homologies with other more thoroughly characterized enzymes. What can we do with this
information? We should at the very least determine if the amino acids predicted to be in
the active site of each of the three domains of tRNA ligase are indeed required for the
catalytic function of each domain. This can easily be tackled by introducing mutations at
these sites and testing the function of resulting protein in vitro. In addition, given that
there are crystal structures available for members of the covalent nucleotidyl transferase
family, the polynucleotide kinase family, and the 2H phosphoesterase family, we should

pursue solving the structure for tRNA ligase. These structures can be used to aid in
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solving the structures of individual tRNA ligase domains by molecular replacement.
Having the structure of the entire protein should provide clues as to how the active sites
of all three domains access the ends of the RNA substrate to be ligated. In addition,
structures of tRNA ligase bound to tRNA, ATP, GTP, or covalently attached to AMP
have the potential to greatly increase our understanding of this protein and lead to testable
hypothesis. Do the domains change orientation or shape upon binding to any of these
ligands? What is the role, if any, of the amino acids that link the three domains? Is
substrate channeled from one domain’s active site to another? In lieu of actual crystal
structures, homology models of each of the domains could be constructed. Again,
inspection of these models should likely lead to testable hypothesis regarding the
mechanism by which tRNA ligase coordinates the activities of its three domains to bring

about RNA ligation.
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Figure A-1 The domains of tRNA ligase

(A) Approximate domain boundaries as defined by proteolytic and deletion analysis
(Apostol et al., 1991; Xu et al., 1990).

(B) Regions of homology to other proteins within each domain. The adenylylate
synthetase domain is a member of the covalent nucleotidyl transferase family
(Aravind and Koonin, 1999). Nuc A and Nuc B refer to nucleotide binding motifs
found in T4 polynucleotide kinase (PNK) and adenylate kinase (Apostol et al., 1991;
Koonin and Gorbalenya, 1990). PNK 1 refers to a third region of homology with T4
PNK (see text). The cyclic phosphodiesterase domain is a member of the 2H
phosphoesterase protein family (Mazumder et al., 2002) and also is similar to a

portion of the Ski2 protein.
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Figure A-2  tRNA ligase genes of yeast

ClustalW (Baylor College of Medicine, http://searchlauncher.bcm.tmc.edu/multi-
align/Options/clustalw.html) and Boxshade (European Molecular Biology Network,
www.che.emnet.org/software/Box_form.html) computer programs were used to align the
tRNA ligase genes of eight species of yeast. Protein sequence data was down loaded from
the Saccharomyces Genome Database (http://genome-
www.stanford.edu/Saccharomyces/), the Washington University Genome Sequencing
Center (http://www.genome.wustl.edu/projects/yeast/), and the CandidaDB Web Server
(http://genolist.pasteur.fr/CandidaDB/). Abbreviations are: S.cer, Saccharomyces
cerevisiae; S.par, Saccharomyces parédoxus; S.mik, Saccharomyces mikatae; S.bay,
Saccharomyces bayanus; S.cas, Saccharomyces castelli; S.klu, Saccharomyces kluyveri;
C.albicans, Candida albicans; S.pombe, Schizosaccharomyces pombe. Consensus
sequence symbols: (.) indicates a residue that is conserved or is replaced by a related
residue in at least four of the species of yeast. (*) indicates a residue that is conserved in
all eight species. CNT-I through CNT-V are conserved motifs found in the covalent
nucleotidyl transferase (CNT) protein family (see Fig. A2-3). Nuc A, Nuc B, and PNK I
are regions of homology to T4 PNK (see Fig. A2-4). The 2H-1 and 2H-2 refer to two
motifs found in the active site of 2H phosphoesterase family proteins (see Fig. A2-5). Just
upstream of the 2H-2 motif, we have highlighted in bold what we believe to be the 2H-2
motif for C. albicans that was missed by the ClustalW program. The single headed arrow
marks the location of the H148Y mutation found in the UPR-defective rigl-100 yeast.
The double headed arrows mark the locations of two separate mutations that each cause

temperature-sensitive defects in pre-tRNA splicing: F107S (rigl-10) and T180I (rigl-4).
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145
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182
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178
180
192
185
201

MPSPYDGKRTVTQLVNELEKAEKLSG-RGRAYRRVCDLSHSNKKVISWKF
MPSPYDGKRTVTKLVNELENAEKLSG-RGRAYRRVCDLSHSNKKVVSWKF
MPSPYNDKERTVAKLVSDLEKAEKLSG-RGKAYKRVCNLSHSTKKVVSWKF
MPSPYGDKRTVNKLVSQLEDAEKLTNSRGRAYRRVCNLSHSDKRVVSWKF
—----MEHSRNVSALVASLEKASGLES-RGRAYKKICQLAHKDAKVNSWKF
--MEKPSEEIVRLLINKLEAASQLPK-RGRAYKNTHQVFNSDHKVTSWKF
-—--MKDSQSDIIELCNKLNEATKLKR-NGKSIKLTNFVSNTQIKLDSWKF
MTRDQRVCIFGEKKSTVRSVTFRAPKSNYDLTSWRIWEQAFRLNVSNSnK

DYG’ INISLPCNAR GLFISDDAS—-IPVIVARGYDKFF
NL.DYGRN”ITLPC»ARGLFISDDAT——4PVIV?PGYDJIE VGEVNETK
NEWDYGKNNITLPCKARGLFISDDIE--SPVIVARGYDKFFNMGEVNETK
NEWDYGENNITLPCKARGLFISDDEE--CPVIVARGYDKFENVDEVSYTR
NEWDYGKSNFTLPSNARGLFIIEDKH--NPEIVVRGYDKFEFNIDEVSTTR
LEWDYGKPSVQLPIQARGLETLN—-—---- NDTIAVRGYDKFFNVEEKPEFTK
CFDTISGHRITLPTNARGLFTGYDYESKRHRIVIRGYDKFENIDEVPITT

* * ***** .*..********..*...*.

........... . e e e o o ..

CNT-I
WNWIEENCTGPYDVTIKANGCIIFISGLEDGTLVVCSKHSTGPRAD----
WEWIEENCTGPYDVTIKANGCIIFISGLEDGKLIVCSKHSTGPRED=-==~
WQWIEENCTGPYDVTIKANGCIIFISGLE GTLVVCSE&STGP?ED————
WEWIEE! CKuPYdVTIKANGCIIFISGLE GTLVICSKHSTGPRED—---
WDSIESNTVGPY VTVKANGCIIFISGLEQGSLVVCS”?IIGPRDD—-——
WDWIESNTVGPYEVTVKENGCIIFISGLKDGTIVVCSKHSTGLREG—=-~-
ETNLKTSTHGPYEVTLKE! GCIIFISG'STGDIVVCStISTGDRIDDNES

bDALSQHTKGPYHLTVKENuCII:IAALPdGQIIVSS'4SLGIVEG——-—

*** * * ******* * *** *

* CNT-III
____________ VDRNHAEAGEKQLLROLAAMNINRSDFARMLYTHNVTA
____________ VDRNH,ﬁAGEKQLLN“LVKMNIDPSDF‘MHLYTHIVTA
____________ VDRNHAEAGEKQLLKQLTERSIDPSDFARMLYTYNITA
____________ VDRNHAEAGEKHLLKQLAEMNVDPKDFARMLYTYNVTA
____________ IDRNHAEAGERVLLKOLKLKGINSRDLGLELYEGNLTA
____________ ADKNHALAGENFLRKOLEASGQTLNQLALELYKMNATA
DKTTTATATATAPTRNHAKQGEFELTL.QOFDGDQQKVKQLAHYLYENNLTV
____________ QSVSHANVG RWLEKHLQSVGRTKQELAHELLRRDMTA

** **

DR . e o o o e o

___CNT-IIla _
VAEYCDDSFEEHILEYPLEKAGLYLHGVNVNKAEFETWDMKDVSOMASKY
VAEYCDDSFEEHVLEYPLEKAGLYLHGVNINEAEFETWDMKDVSQLGCKY
VTEYCDDSFEEHILEYPLEKAGLYLHGVNVNEAEFETWSMKDVSQLAYKY
VAEYCDDSFEEHILEYPLEKAGLYLHGVNVNEAEFDTWDMKDVSELALKY
VAEYCDDSFEEHILEYPLDKAGLYLHGLNLNEPNFKTLPMRAVTMFGTKY
VAEYCDDSFEEHILEYTKEKAGLYLHGINFNQPDFQTMPMSEVHRFATEY
VAELCDDEFEEHVLPYPKDKSGLYVHGLNYNTITFKTLPMDQVLOFAKEW

VAELCDDEFBEHILBYLGNSRQLYLHGLNRNCPQFITASSCEVAEPAEQW

*.*.***.**** * x *** ** * * LRk,
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367
401

421
421
421
422
417
418
441
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CNT-IV
GFRCVOCITSNTLEDLKKFLDNCSATGSFEGQEIEGFVIRCHLKST----
GFRCVQCTSLKTLDDLKKFLDNCSATGSFQGC TEGFVIRCHLKST—-——
GFKHTQSFTLNTLKDLKEFLENCSTSGSFQGQEIEGFVIRCHLENT -~~~
GFKRIQSFKINTIEDLKKLFDECSASGSFQGQOEIEGFVIRCHLKSN==-=
GFKNINAFIKDDVGSLKVFLEDCAVNGSFNGEEIEGFVIRCKSRDT----
NFKKIDFFTKPDVASLREFLEDCATKGS YKGMEIEGFVVRCQNKD-—=--
GFKYVSYLTYDNADELFKFLHKCSETGTYNGREIEGFVIE HRQSHTNGD
GFMKVSSFFMDSTHELKAFLENASKDGKWNNRAIEGEFVIRCHSDHSSLEQ

* * *

*****. * %

CNT-V
--EKPFFFKYKFEEPYLMYRQWREVTKDYIS-NKSRVFKFRKHKFITNKY
-—GKPFFFKYKFEEPYLMYRQWREVTKDYIS-NKSRVFKFRKHKFITNKY
-—GKPFFFKFKfEEPYLEYRQw?EVTKDYIS-KKSRLFKHVTWKFITNKY

~—GKPFFFKYKFEEPYLMYRQWREVTKDYIS-NNSRVFKFKKHKFITNKY
--GDSFFFKYKFEEPYLMYRQWREVTKDYIT-NKSRVFKFRKHKLVTNKY

--GNAFFFKYKFEEPYLMYRQWREVTKEYIK-NKSRVFRFKKHKFITNKY
TDGDCFFFKYKFEQPYLLYRQFREVTKQLLNGTPINSIKIKKNKPITKKY
QSSNDFFFKYKFPEPYGMFROWREVTKMLIS---GKKPSYTKYKKVTAEY

Il.****.**ll**...**l*****..l. ® & o o ° o 0 e . *Q*Q.*'O*
LDFAIPILESSPKICENYLKGFGVIELRNKFLOSY----GMSGLEILNHE
LDFVIPILESSPKICEDYMKGFGVIKLRNRFLGSY----GMSGLEILNHE
LDFIIPILESSPKICEDYMKGFGVIELRNKFLOSY-——— GMSGLEILNHE
LDFVIPILDSSPKIREDYMKGFGVIGLRTMFLKSY----GMSGLEILNHE
LDFVIPILDNDSRLCEEYMRGFGIIKLRNMFLQSL-~---GMSGMEILNHE
LDFVIPLLNENPQLCDEYMRGFGVIKLRNAFLKSY----GMSGFEILNQE

LQFVEKLFEQEPEIARNFENGFDIIKVRQLFLOSLNETNGMNLLSIDSEL
ITFCDKKFKEDEDAKRLYMSNKGIISLRDEFLVLS-============—=
* *

.*l **...

Nuc A
KVAELELKNAIDYDKVDERTKFLIFPISVIGCGKTTTSQTLVNLFPDSWG
KVAELELKNAIDYDRVDEHTKFLIFPISVIGCGKTTTSQILVNLFPESWG
KVVELELRNAIDYEKVDEHTKFLIFPISVIGCGKTTTSQTLVNLFPESWG
KVAELELRNAIDYDKVDEHTKFLIFPISVIGCGKTTTSQTLTNLFPESWG
KVMQLELKNSIDYDKVDEHTKFLVEPIAVIGCGKTTTSVALTSLFPDSWG
RLEELELQNAIDYDKVDERTKFLFIPIATIGCGKTTTALTLQNLEFPNTWG
SDQLKNLALANGNEGLSTTTKYIFVPIATIGCGKTTVENTLNNLEFPQ-WT

--KLDLMHLSVSNDNDCG EFTLLVPIATIQQGKTTVAKILEK&FGWPVV

* * '*******....* .**

---------------------------

Nuc B
HIONDDITGKDKSOLMKKSIELLSKKEIKCVIVDRNNHQFRERKQLFEWL
HIONDDITGKDKSQLMKKSIELLSKREIKCVIVDRNNHOQFRERKQLFGWL
HI_nDDITGKDKSQLxKKSLELLSKKEVKCVIVD@MnHoFRERQQLFDwL
HIONDDITGKDKSQLLKKSLELLAKQDMKCVIVDRNNHQLRERKQLFEWL
HIONDDITGKDKSKLMKKSLELLADPNIKCVIVDRNNHQFRERKOLFEWL
HIONDDITGKDKSMLMKRSLELLSRDEIKAVIVDRNNHOYRERKOLFQWF
HICNDNISKKAKLKICDLTLLALEDDDQSVVLFD%NMSASRERRCIFTTI
QNDNLPSGKGGPKRFAKAITIEEFRNG-HSVVFADRNNHISNMR-=—=—~ S

*

* * % % % *

® e e o s s e e e s e e e s s e 0 e 0 0 0 s s e e e e 0o e e T T 7T s e s e 8 e e e o
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659
659
659
660
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658
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646
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NELKEDYLVYDTNIKVIGVSFAPYDKLS-EIRDITLQRVIKRGNNHQSIK
DELKEDYLAYDTNIKVIGVSFAPYDKLS-ETRDITMQRVIRRGNNHOSIK
DELKEDYLAYDTNIKVIGVSFAPYDKLP-EIKDITMRRVINRGNNHQSIK
DELKEDYLAYDTNIKVIGISFAPYDKLS-KIREITMQRVIKRGNNHQSIK
DELKEDYLPYDTNIKVIALSFASYDDLD-KLKTLTVDRVLERGDAHQTIK
DELKEDFLPYDANVKVIAFSYLPYNDID-ITSAITLKRILARGDNHQSIK
DQKRDEHLDDTVDLKYIAINFIPEDLSEEELWDITYNRVIQRGDNHOSIK
-TLQTDILALIDGVRFVALPFKHTPEVP----EFVQNRVLQRGDRHQOSIK
*

* * % *k k%
.. . .

----------------------------------

WDELGEKKVVGIMNGFLKRYQPVNLD-KSPDNMFDLMIELDFGQAD--—--
WDELGEKKVVGIMNGFLKRYQPVNLG-KTPDNMFDLMVELDFEGAD----
WDELGEKKVVGIMSGFLKRYQPVSLR-RSPDNMFDLMVELDFGEVD----
LDELGEKKVMGIMSGFLKRYQPCNID-RSPDNMFDLIIELDLSEVD----
VDQYGKAKVLGIMGGFWKRFQOPIIED-KSPDNRFDLIIQLNSLQKD----
AVTDGEKKVTSIMRGFIQRYQPVNEN-KYPDSLFDMVIHLDVKEEN----
SQSD-ENLVESVMKGFIQRYOPINTS-RSPDDQFDHVIHLKLSKDENSSK
VSEG-VDKVKAIMNTEYKQYKPFDPAGNKHDANYDDIIELDPLIGS—--—

* * * * * * *

------- DY . “ e o o DY o o DY e s o o . .

PNK 1
SSLTNAKQILNEIHKAYPILVPEIPKDDEIETAFRRSLDYKPTVRKIVGK
TSLTNAKQILNEIHKAYPILVPLVPKDDEIDTAFRRSLDYKPTVRKIVGK
SSLT%ARTILSEIHKAYPILIPEIP DDEIDASFRKSLDYKPTVQKRVGK

SSLTNAKQILNELHRAYPILIPEVPTDDKIDEAFKKSLEYKPTVRKIVGK
SSLMNVKTILKRLHDVYPILIPEIPSEESINIAFQKSLQYKPKMKERKVT
SSLKNAKRILEALYEKYQILIPTVPQDEEISNA/KKSLEYKPKITVVVKS
SSLENVRIIIDDLVQNFPDLIK:EKPADELINECFQKALDYKPTFVKNMTA

--LENARRIVNYFKKXNIPELIPNDPSDDDYAAALNYAVNEYVPTYRKTFG
* * * * *
GINNOQ¥TP-KLIKPTYISAKIENYDEITELVKRCIASDA----ELTEK-
GNGNQPKTP-KLIKPTYFSANINNYDEIIDLVKESVASDA----DLSEQ-
GNCNQPKTP-KLIKPTYISAKIESYDEIIDLARQGIANIA----ELSQQ-
GlIGNOQKTP-KLIRPVYISVNVTEYDEIIDSVRQGVANDK---~-DLSQK-
NIETVSGTPKKKVRPAYFSVNIKDGTPIKELISNVIEKPSNISEDAQTI-

NNKSKEKEG--KYKPVYFSANIRVKQSILDEIWKLVDTKRD-KVLSVEG-
NTIKKDPTY------ YGIAMHYSSILENLEIVSHNEHFQN--=-——=-—-—-
NDSKKIKNKITAEGITGSSTCFKKAPRYFGVLLDRKTVESSLVQVLTIAN

.....................

2H-1
-—FKHLLASGKVQKELHITLGHVMSSREKE--AKKLWKSYCNRYTDQITE
—-FKYLLTSGKVTKEHHITLFHVISSREKE——A"KL”KSYCNRYT?CITE
--FEDLLTSGKFONELHITLGHVMSSREKE--GKRMWKSFCKRYTDQITK
--FEGLLANGKFQKDFHITLGHVMSSREKE--GKKLWKLYLNRYHDQITE
——-LKNLLQNDNFOESFHITLAHVMQGKRGDPAEQELWKAYLKHYKKILKS
--IEMLFEENKIRPEFHITLCHVITGKNGTKSQKDIWCEFNKRYSKDLVK
——————— IKSHIQTEFHVTLGHIASSKQDK-AGRVKWKKLVKTLGKGDPN
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YNNNRIENAQGSGNNQNTQVKTTDKLNFRLEKLCWEEKITAIVVELSKDK
YNNHRIGNTPAPGTNQDKQLKTTDTLKFRLEKLCWDEKIIAIVVELSGDK
YNDRLIENTAGTSINQGKSVETTDKLKFRLKKLCWDQKIIAIVVELSGGE

YNDNHKNNNSSPG---TKFVNTTDKLKFKLNKLCWDDKIIAIVVELSGNE
YNDKEIPKLIETN-=====---- DFVRFQPKMICWDDKIVSIVIKFPNDE
TQPLSSRVPKLIK---=---- TKDVMKFKLDKLLWDDKIVTIVVKSEKEC
KPKSALKFFADVK-======== LLQIVINTDKLACIKVEILKIYDTNDVL
KMGN====== s m e e ISFRITHLVWDDRVICFRVTMNENS

2H-2
DGCIIDENNEKIKGLCCQNKIPﬁITuCKLESGVKAVYSNVLCEKVESAEV
DGCIINANNENVKGLRCQNXIPHITLCKLESGVKAVYSNVLCEKVESAEV

D-ENIKVVKLDNSKEFVGSVYLNF--===
G-ENVKVVKLNSSKEFVANVYLNFYAAL
D-ERVKVVKLNNAKEFAAHVYLNM=-==-=-
QNENVKVLELSNTKEFVGNVCLNF----
A-TNINHVELVDSPSLTGNVCINL=-=-~-

GDDTLHVFNFDNPDLKLFSQQLFVAYQ-
EVDSTDGNVRYLTVLPKIIIEGMLEPVY
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Figure A-3  Secondary structural prediction for the adenylylate synthetase domain of
tRNA ligase, a member of the covalent nucleotidyl transferase protein family

The amino acid sequence of the adenylylate synthetase domain of tRNA ligase was
aligned with the predicted secondary structure (2ary CNT) and consensus primary
sequence (con CNT) for proteins in the covalent nucleotidy! transferase (CNT) family
(Aravind and Koonin, 1999). CNT-I through CNT-V are conserved motifs found in CNT
proteins. As demonstrated in the structure of T7 DNA ligase, residues in the CNT-I,
CNT-II1, CNT-IIIa, and CNT-V motifs contact thee<—phosphate, the ribose sugar, the
purine ring, and the e<—phosphate of bound ATP respectively (Shuman, 1996). The
conserved lysine to which AMP is covalently attached is highlighted in red. The single
headed arrow marks the location of the H148Y mutation found in UPR-defective rigl-
100 yeast. The double headed arrows mark the locations of two separate mutations that
each cause temperature-sensitive defects in pre-tRNA splicing: F107S (rigl-10) and

T180I (rig1-4).
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CNT-I

2ary CNT bbbbbb bbbbbbbb
S.cer 98 WNWIEENCTGPYOVTIKANGCIIFISGLEOGTLVVCSKHSTGPRAD—----
con CNT hhhp KhpG h h S
* CNT-III * *
2ary CNT bhbbbbbbbh
S.cer 144 - --————=---- VDRNHAEAGEKQLLRQLAAMNINRSDFARMLYTHNVTA
con CNT hpuEhh
CNT-IIIa
2ary CNT bbbbbbbbbbaaalaaa
S.cer 182 VAEYCDDSFHEHILEYPLEKAGLYLHGVNVNKAEFETWDMKDVSQMASKY
con CNT phhh hb P
CNT-IV
2ary CNT aa bbbbhb
S.cer 232 GFRCVQCITSNTLEDLKKFLDNCSATGSFEGQEIEGFVIRCHLKST----
con CNT -Ghlhp
CNT-V
2ary CNT bbbbbb
S.cer 278 --EKPFHFKYKFEEPYLMYRQWREVTKDYIS-NKSRVFKFRKHKFITNKY
con CNT hKhp|
K = AMP attachment site
a = alpha helix
b = beta sheet
b = big residues (F, I, L, M, V, W, ¥, K, R, E, Q)
h = hydrophobic residues (A, C, F, I, L, M, V, W, Y)
1l = aliphatic residues (L, I, A, V, M)
p = polar residues (D, E, H, K, N, Q, R, S, T)
s = small residues (A, C, S, T, D, N, V, G, P)
- = negatively charged residues (D, E)
G = glycine
K = lycine
E = glutamate
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Figure A-4  Small islands of homology within the kinase domain of tRNA ligase
Primary sequence alignments of tRNA ligase, T4 PNK kinase, and adenylate kinase
highlight (A) a putative Walker A type and (B) a putative Walker B type nucleotide
binding motif in tRNA ligase (Apostol et al., 1991; Koonin and Gorbalenya, 1990;
Walker et al., 1982). A third region of similarity between tRNA ligase and T4 PNK is

highlighted in (C) (Apostol et al., 1991).
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Figure A-5  Secondary structural prediction for the 2°,3’-cyclic phosphodiesterase
domain of tRNA ligase, a member of the 2H phosphoesterase protein family

The amino acid sequence of the 2’,3’-cyclic phosphodiesterase domain of tRNA ligase
was aligned with the predicted secondary structure (2ary 2H) and consensus primary
sequence (con 2H) for proteins in the 2H phosphoesterase family (Mazumder et al.,
2002). The two 2H phosphoesterase family active site motifs found in tRNA ligase are

highlighted in red.

186



- ]



2ary 2H
S.cer
con 2H

2ary 2H
S.cer
con 2H

2ary 2H
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bbbbbbbb aaaaaaaaaaaaaa

GNNNQQKTP-KLIKPTYISAKIENYDEIIELVKRCIASDA----ELTEK-
h h
bbbbbb aaa aaaaaaaaaa
--FKHLLASGKVQKELHITLGHVMSSREKE--AKKLWKSYCNRYTDQITE
Hhol h

bbbbbb bbbbbb bbbbbbbbb aaaaaaaaaa
YNNNRIENAQGSGNNQNTQVKTTDKLNFRLEKLCWDEKIIAIVVELSKDK
h h h hh h

aaaaa bbbbb aaaaaaaaaaaaaa b
DGCIIDENNEKIKGLCCQONKIPHITLCKLESGVKAVYSNVLCEKVESAEV
Hhol h

bbb bbbbbbb
DENIKVVKLDNSKEFVGSVYLNF----
h

HITL

TmoODY> UTW

beta sheet

= 2H active site motif

alpha helix

hydrophobic residue (L, I, Y, F, M, W, A, C, V)
aliphatic residue (L,I, A, V)

alcohol group residues (S, T)

histidine
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Figure A-6  Primary sequence alignment of tRNA ligase and yeast Ski2p

The primary sequence of the tRNA ligase protein was used in a BLAST search for
homologues. Three regions within the putative RNA helicase Ski2p of S.cerevisiae
consistently came up as the highest scoring matches. (A) The largest region of similarity
between the two proteins includes portions of the kinase and phosphodiesterase domains
of tRNA ligase (see FigA2-1) and half of what is postulated to be required for Ski2p
helicase function (de la Cruz et al., 1999; Tanner and Linder, 2001). The helicase motifs
I, Ia, Ib, II, and HI of Ski2p are boxed. For comparison, the two putative 2H
phosphoesterase active site motifs of tRNA ligase are highlighted in red (see Fig A2-5).
For this alignment, the calculated amino acid identity and overall similarity was 22%
(61/274) and 40% (111/274) respectively. (B) A second region of sequence similarity.
Here the calculated amino acid identity and overall similarity was 31% (12/38) and 60%
(23/38) respectively. (C) A third, very small region of sequence similarity. Here, the
calculated amino acid identity and overall similarity was 64% (11/17) and 70% (12/17)

respectively.
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Figure A-7 A model for binding of cleaved tRNA by T4 polynucleotide kinase

In this hypothetical model, a tRNA cleaved in the anti-codon loop interacts with two
different monomers of T4 polynucleotide kinase, one in red, and the other in blue. The
kinase domain of the red monomer binds the 5’-hydroxyl end of the cleaved tRNA
(highlighted in yellow) while the phosphatase domain of the blue monomer binds the 3’-
phosphaste end (highlighted in orange). The distance and orientation between the kinase
and phosphatase domains of adjacent monomers is just right to accommodate this
interaction. This is not the case for the kinase and phosphatase domains of a single
monomer. This figure was kindly provided to us by Barry Stoddard. It can also be found
in a paper recently published by Stoddard and his colleagues on the crystal structure of

T4 PNK (Galburt et al., 2002).
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Appendix B
The possible role of the NAD-dependent 2’-phosphotransferase, Tptlp

in the unfolded protein response pathway
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INTRODUCTION

Splicing of nuclear encoded pre-tRNAs is ubiquitous in eukaryotes, and is best
understood in the budding yeast Saccharomyces cerevisiae. About 20% of yeast nuclear
tRNA genes carry a 16 to 60 nucleotide long intron one base 3’ of the anticodon (Ogden
et al., 1984; Trotta et al., 1997). Intron removal is catalyzed by the sequential action of
three enzymes: tRNA endonuclease, tRNA ligase, and (NAD)-dependent 2’
phosphotransferase (Abelson et al., 1998; Westaway and Abelson, 1995). The cleavage
and ligation steps are thought to occur at the nuclear pore, where tRNA ligase has been
visualized by immuno-gold electron microscopy (Clark and Abelson, 1987). Splicing
begins when tRNA endonuclease cleaves the pre-tRNA to produce 5’-OH and 2’,3’-
phosphate termini. In a multistep process, the multifunctional tRNA ligase then joins the
two exons to produce a tRNA with a 2’-phosphate at the splice junction. In the final step,
the splice junction 2’-phosphate is removed by the 2’-phosphotransferase, Tptlp, which
transfers the phosphate to nicotinamide adenine dinucleotide (NAD), forming the small
molecule ADP-ribose 1”-2”-cyclic phosphate (abbreviated as Appr>p) in the process
(Culver et al., 1994; Culver et al., 1993; McCraith and Phizicky, 1991). Unlike tRNA
ligase, the subcellular localization of Tptlp has not been determined. Its concentration in
vivo has been estimated to be 1000-5000 molecules per cell, 10-fold greater than that for
either tRNA ligase or tRNA endonuclease (Culver et al., 1997; Phizicky et al., 1986;
Rauhut et al., 1990). Tptlp is found in organisms representing the three domains of life.
Equivalent biochemical activities have been detected in xenopus oocytes, HeL a cells, and
bacteria; Tptlp orthologues have been identified in mammals, plants, bacteria, and

archaea (Culver et al., 1993; Spinelli et al., 1998; Zillman et al., 1992).
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Tptlp removes the splice junction 2’-phosphate by transferring it to
nicotinamide adenine dinucleotide (NAD), in the process, producing the small molecule
ADP-ribose 1”-2”-cyclic phosphate (Appr>p) and releasing nicotinamide. When this
mechanism was initially worked out, it became apparent that in the absence of Appr>p
degradation, the intracellular concentrations of this metabolite were expected to be very
high, reaching 10-40 pM (Culver et al., 1993). Thus, a degradation pathway was
speculated to exist and soon was found (Culver et al., 1994). Appr>p is converted to
ADP-ribose 1”-phosphate (Appr-1"p) by Cpdl1p, a cyclic nucleotide phosphodiesterase
found in yeast and plants (Genschik et al., 1997; Nasr and Filipowicz, 2000).
Interestingly, Cpd1p is related to the 2’,3’-cyclic phosphodiesterase domain of tRNA
ligase. Both are members of the 2H phosphoesterase protein family (Mazumder et al.,
2002; Nasr and Filipowicz, 2000). Deletion or overexpression of the CPD1 gene results
in no discernable phenotype in yeast, suggesting that Appr>p and Appr-1”p lack
important roles in yeast growth and physiology (Nasr and Filipowicz, 2000).

Nonetheless, removal of the splice junction 2’-phosphate of spliced tRNAs is
required for cell viability (Culver et al., 1997) and appears to be necessary in order to
form fully functional tRNAs. Cells in which steady state levels of the 2’-
phosphotransferase are reduced accumulate fully spliced tRNAs bearing the 2’-phosphate
and an undermodified base at the splice junction (Spinelli et al., 1997). This finding is
important on two levels. First it demonstrates that 2’-phosphate removal need not be
coordinated with pre-tRNA cleavage and ligation for these latter two processes to take
place. Second, it provides a plausible explanation for why a null mutation in the 2’-

phosphotransferase is lethal in yeast (Culver et al., 1997). The inability to modify tRNA
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bases can adversely affect translation and growth in yeast (Bjork et al., 2001; Lecointe et
al., 1998; Pintard et al., 2002). Though this likely explains the essential nature of Tptlp in
yeast, it remains to be demonstrated if translation is adversely affected in Tpt1p depleted
cells.

The yeast HAC1 mRNA was the first nRNA discovered that is spliced utilizing a
pre-tRNA like mechanism. During the unfolded protein response (UPR), HACI mRNA is
cleaved at two sites by the endoribonuclease Irelp. The two resulting exons are then
joined by tRNA ligase via the same multistep process used during pre-tRNA splicing,
leaving a 2’-phosphate at the splice junction (Gonzalez et al., 1999; Sidrauski and Walter,
1997). Removal of the intron is required for translation of the HACI mRNA (Chapman
and Walter, 1997). It is unclear if Tpt1p removes the splice junction phosphate in vivo as
it does for spliced pre-tRNAs. Unlike tRNAs, the nucleotides of mRNAs are not
normally modified. Thus if removal of the 2’-phosphate is necessary for the biological
activity of HACI mRNA, it is unlikely that it involves base modifications. Perhaps the
splice junction 2’-phosphate might inhibit translation of HACI mRNA or disrupt the
proper subcellular localization of the HACI message if is not promptly removed.

In this study, we set out to investigate if reduction of Tptlp levels negatively
affected the ability of yeast to grow on UPR-inducing media as well as produce Haclp.
To deplete in vivo levels of Tptlp, we used an approach previously taken by Phizicky and

colleagues (Spinelli et al., 1997).
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MATERIALS AND METHODS

The yeast strains used in this study are listed in Table A-1A. Plasmids pGAL-TPT]1,
pGAL-tptl-1, and pGAL-1pt1-2 were isolated from yeast strains SC1118, SC1120, and
SC1119 obtained from the Phizicky laboratory (Department of Biochemistry and
Biophysics, University of Rochester School of Medicine; Rochester, New York). Each
plasmid carries a centromere (CEN IV), the URA3 gene, and a TPT1 gene under control
of an inducible galactose promoter (GAL10) (Spinelli et al., 1997). The tpti1-1 allele
carries a nonsense mutation at amino acid 23. Strains carrying this plasmid as their only
source of the TPT1 protein have about 5% of the 2’-phosphotransferase activity of strains
carrying a plasmid with the wild type gene instead. Presumably read-through of the
tpt1-1 stop codon accounts for the 5% activity (Spinelli et al., 1997). The tpt1-2 allele is a
serine to phenylalanine change at amino acid 15. It produces a more severe phenotype
than the tprl-1 allele (E. Phizicky, personal communication).

To make the TPT1 deletion strains used in this study, we first knocked out a
single copy of the gene in a diploid strain. We amplified a DNA cassette encoding the
S.pombe HISS5 marker using oligonucleotide primers, each of which carried sequences
homologous to the very 5° and 3’ ends of the targeted TPT1 gene (Longtine et al., 1998).
This DNA cassette was then transformed into the diploid strain. TPT1 diploid knock-outs
were confirmed by tetrad analysis. A confirmed Aspt1::HISS/TPTI diploid was
transformed with each of the pGAL plasmids. Transformants were sporulated on galatose
containing media. We confirmed that the Arpt1::HISS haploids we obtained required the

PGAL plasmids for viability.
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Media, Northern blot analysis, and Western blot analysis were prepared or carried

out as described in Chapter 4 of this thesis.

RESULTS

The yeast TPT1 gene encodes the (NAD)-dependent 2’-phosphotransferase. The Phizicky
laboratory has isolated various TPT] alleles that, while they support cellular growth, are
deficient in catalytic activity relative to the wild type gene. We obtained plasmids that
carry the two variants, tptl-1 and tptl-2, or the wild type TPT! gene under transcriptional
control of an inducible galatose promoter. These plasmids rescue grow of TPT! deletion
strains when grown in the presence of galactose (Spinelli et al., 1997).

Our first step was to determine if yeast bearing the catalytically crippled tpt]
alleles were more sensitive than wild type TPT1 yeast to growth in the presense of the
UPR inducing agent tunicamycin. To this end, we plated the strains onto galactose
containing media supplemented with varying amounts of tunicamycin. When plated at
tunicamycin concentrations where wild type strains grow robustly, the tpt1-1 and tpt]-2
strains grew poorly or not at all (FigureB-1). In particular, the #pt/-2 strain was as
sensitive to growth on tunicamycin plates as a strain carrying the UPR defective rigl-100
tRNA ligase allele.

Our next step was to determine if the defective 2’-phosphotransferases affected
HAC!I mRNA splicing and translation of the spliced message. To this end, we exposed
mid-log liquid cultures of yeast to DTT for 30 minutes in order to induce the UPR. We
then worked up total RNA and protein extracts and analyzed the samples by Northern and

Western blot respectively. Wild type strains spliced approximately 80% of their HAC!
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mRNA, (FigureB-2A, lanes 2 and 4), whereas #pt1-1 and tptl-2 spliced approximately
60% and 50% respectively (FigureB-2A, lanes 8 and 6). Simultaneously, #ptl-1 and tpti-
2 strains both displayed approximately two fold less total HACI mRNA than wild type
strains (FigureB-2A compare lanes 1, 3, 5, and 7). Thus it appears that defects in the 2’-
phosphotransferase reduce HACI mRNA steady state levels as well as HACI mRNA
splicing.

2’-phosphotransferase defects also appear to reduce the amount of Haclp
produced when HACI mRNA is spliced following UPR induction. Whereas wild type
yeast produced readily detectible amounts of Hac1lp (FigureB-2B, lanes 2 and 4), the
tptl-2 strain made none and the #ptI-1 strain made a barely detectible amount (FigureB-

2B, lanes 6 and 8).

DISCUSSION
We have demonstrated that yeast defective for (NAD)-dependent 2’-phosphotransferase
activity are also sensitive to growth in the presence of the UPR inducing chemical
tunicamycin. These same strains also splice HAC] mRNA and produce Haclp to a lesser
degree than wild type strains and have lower steady state levels of HACI mRNA than
wild type. Thus, reduced growth on UPR-inducing media is likely a consequence of
reduced Haclp levels.

It seems plausible that reduced HACI mRNA levels in combination with
decreased HAC1 mRNA splicing were responsible for the tunicamycin sensitivity and

poor Haclp production. However, we also cannot discount the possibility that global
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translation levels are significantly reduced in the fpt] mutant strains as well, and that this
also was a contributing factor. An overall reduction in translation might explain the
decrease in HACI mRNA seen in the two mutant strains: perhaps these strains have lower
steady state levels of the cellular transcriptional machinery. Likewise, reduced splicing of
HAC1 mRNA could reflect reduced steady state levels of the splicing enzymes Irelp and
tRNA ligase.

These complicated possibilities highlight the difficulty of working with mutations
that might affect global translation. The approach we took in these studies cannot
adequately tell the difference between reductions in Haclp production that are a
consequence of global cellular defects versus those that are specific to translation of the

spliced HAC1 mRNA itself. We need a different approach to do so.

FUTURE DIRECTIONS
Testing the translational block model

Even with the aforementioned complications, we believe it is possible to
determine if the presence of a 2’-phosphate at the splice junction reduces translation of
the spliced HAC1 message in vivo. One could do so by designing a HAC1 gene construct
in which a stop codon is placed just upstream of the 5 splice site. Translation of this
variant would still require splicing to relieve the translational block imposed by the
HACI intron. However, unlike when wild type HACI mRNA is spliced, in this case, the
translation stop codon will be located upstream of the splice junction carrying the 2’-
phosphate. Thus, unlike the wild type scenario, ribosomes translating the stop codon

variant HACI mRNA would be expected to never encounter the splice junction 2’-
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phosphate. By comparing the amount of HAC! protein made in #pt/ mutant cells carrying
a wild type or stop-codon variant HAC! gene, one could determine if the location of the

splice junction 2’-phosphate influences the translation of the message.

The possible roles of Appr>p and Appr-1"p during the UPR
We have previously speculated that the removal of the HAC! splice junction phosphate
might cause the cellular levels of Appr>p to spike during the UPR and that perhaps this
spike is somehow integrated into the UPR signaling pathway (Gonzalez et al., 1999).
Two other NAD derived small molecules, cyclic ADP-ribose (sSADPR) and nicotinic acid
adenine dinucleotide phosphate (NAADP), are involved in intracellular signaling. ADPR
is thought to stimulate release of Ca™ from the ER by binding to the ER ryanodine
receptor in mammalian cells; NAADP stimulates release of Ca*™ from lysosomes (Fill and
Copello, 2002; Lee, 2001; Lee, 2003). Thus there is precedent for NAD-derived small
molecule signaling in eukaryotes.

The yeast Cpd1p cyclic nucleotide phosphodiesterase converts Appr>p to Appr-
1”’p. If either small molecule were important to normal cell growth, then an increase or
decrease in either molecule should have noticeable affects on cell growth. By deleting the
the CPD1 gene or causing its overexpression, the levels of both of these molecules
should change in a reciprocal manner. When this was done in yeast, no discernable
change in the growth phenotype of the strains was detected, suggesting that Appr>p and
Appr-1"p lack important roles in yeast growth and physiology (Nasr and Filipowicz,

2000). However, this does not preclude a role in the UPR for either of these small
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molecules, as the deletion and overexpression CPD1 strains were not tested for growth
under UPR inducing conditions. This simple experiment should be pursued.

Vertebrates appear to have two distinct tRNA ligation activities. The first behaves
like the yeast tRNA ligase, Rlglp. The tRNA exons are ligated such that the phosphate
that ultimately links the joined exons comes from ATP or GTP and the 2’-phosphate that
marks the splice junction comes from the 3’-terminus of the 5’ exon (Zillmann et al.,
1991). In contrast, the second tRNA ligase activity catalyzes joining such that the
phosphate that links the two exons together comes from the 3’-terminus of the 5’exon and
the final spliced product lacks a junction 2’-phosphate (Filipowicz and Shatkin, 1983;
Laski et al., 1983; Nishikura and De Robertis, 1981). Why have two ligation activities in
higher eukaryotes?

We and others have speculated that unlike in yeast, there may be a division of
labor in higher eukaryotes: the yeast-like pathway being used predominantly for splicing
of HAC1 mRNA homologues such as Xbp1 and the non-yeast like pathway being used
predominantly for pre-tRNA splicing (Urano et al., 2000). A number of factors make this
appealing and lead to some interesting predictions. First, in xenopus, pre-tRNA splicing
via the non-yeast pathway has been shown to take place in the nucleus (De Robertis et al.,
1981; Nishikura and De Robertis, 1981). If UPR-induced Xbpl mRNA splicing takes
place in the cytoplasm, as HACI mRNA splicing does in yeast (Ruegsegger et al., 2001),
then we predict that the yeast-like ligase activity will be localized to the xenopus cytosol.
Second, Tptlp orthologues and biochemical activities occur in mammals, frogs, and
plants (Culver et al., 1993; Spinelli et al., 1998; Zillman et al., 1992). If indeed pre-tRNA

splicing in these higher eukaryotes does not produce spliced tRNAs carrying 2’-

206



phosphates, then Tpt1p might be used predominantly to dephosphorylate mRNAs spliced
via the UPR pathway that do carrying the 2’-phosphastes. If so, this would produce an
even greater spike of Appr>p above background than we predict occurs in yeast and
might thus be more readily integrated into the UPR signaling pathway in higher
eukaryotes than in yeast. It would be very interesting to measure levels of Appr>p during
UPR induction in a higher eukaryote, especially during B-cell differentiatioﬁ when the
mRNA for mammalian HACI homologue XBP1 is spliced (Gass et al., 2002; Iwakoshi et
al., 2003). It may be possible to adapt a recently described technique that is able to detect
the related small molecules ADPR and NAADP with nanomolar sensitivity (Graeff and

Lee, 2002a; Graeff and Lee, 2002b).
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Table B-1 Appendix B plasmid list

%H%Bg,m; ura3-1,-112; his3-11,-15; trpl-1; ade2-1; canl-100
CSY228 same as W303-1A, except MAT . CSY228 also known as PWY373
TGy-1 same as CSY228, except RLG1 replaced by rigl-100 using pTG-1
(see materials and methods, Chapter 3)
TGy-113 same as CSY228 except genomic HAC/ replaced with HA-HAC! using pTG-28
(see materials and methods, Chapter 3)
TGy-124 same as TGy-113 except Atpt]::HISS5(S.pombe), and carries pGAL-TPT]
TGy-125 same as TGy-124 except carries pGAL-tpt]1-2
TGy-126 same as TGy-124 except carries pGAL-tpt]-1
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Figure B-1  Growth of wild type and mutant Tptl strains on UPR-inducing media
Strains were struck out onto synthetic galactose-raffinose media supplemented with 0,
0.125, or 0.166 pg/ml tunicamycin and allowed to grow at 30°C for 2 days. The genotype
of each strain and the plasmid each strain carries are denoted inside and outside of the

circle respectively.
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Figure B-2 HACI mRNA splicing and Haclp production in Tptl strains

(A) Strains were grown to mid-log phase at 30°C and the UPR induced for 30
minutes by the addition of DTT to a final concentration of 8 mM. Northern blots
were probed for HACI mRNA and the SCRI RNA (included as a loading
control). Full length and spliced forms of HACI mRNA are indicated along the
right. Strain names (TGy), strain genotype, and the plasmids (pGAL) carried by
each are also shown.

(B) Proteins extracts made from the same samples used in the Northern analysis. HA-

tagged Haclp was visualized using an antibody against the HA-epitope.
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