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ABSTRACT

INVESTIGATION OF THE ROLE OF YEAST BIP IN SECRETORY PATHWAY
FUNCTION AND REGULATION
by

James W. Rocco

Advisor: Reza Green, Ph.D.

In this study we examined the role of yeast BiP, a luminal ER heat shock
protein, in the maturation of a triple glycosylation mutant of yeast prepro-o-
factor (N123-ppaf). Using pulse-chase radiolabeling in combination with SDS-
PAGE and HPLC, we initially observed that the mutant strain cxhibited a severe
defect in the sccretion of of compared to wild-type cells. Surprisingly,
treatment of mutant cells with tunicamycin (TM), an inhibitor of Asn-linked
glycosylation, enhanced the transport and processing ol NI123-ppal,
suggesting a possible trans-acting involvement of ycast BiP. By constructing
recombinant yeast strains in which BiP expression was independent of TM
trcatment, and under the control of the heterologous CUP1  (metallothionein)
promoter we were able to independently regulate the level of intracellular
BiP. We  obscerved that overexpression of BiP led to the retention, and
subsequent degradation, of N123-pafl in a post-ER compartment.  This suggested
that, rather than promoting folding and transport, BiP plays a ncgative role in
the lumen o!f the ER by binding mutant and malfolded proteins and promoting
their degradation.  Support for an interaction between BiP and NI23-pof was
supported by two additional results:  First, expression of N123-pol resulted in a
dose-dependent transcriptional induction of BiP mRNA.  Sccond, co-cxpfcssion

of BiP and NI123-paf was inhibitory to growth in a dosc-dependent manner.



Using these same rccombinant strains, we ‘also  demonstrated that
overexpression of BiP from the heterologous CUP1 promoter, prior to
challenging the yeast cells with TM, protected the cells from the cytotoxic
action of the drug, in analogy to the protective role of cytoplasmic hcat shock
proteins in responsc to thermal stress. To our knowledge, this is the first
example that BiP plays a role in protecting the cell from a lethal ER stress.

Finally, the TM-mediated transcriptional induction of BiP can be
suppressed by heterologous overexpression of BiP from the CUP1 promoter,

suggesting that BiP is directly involved in rcgulating its own transcription,
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I. INTRODUCTION

A. THE SECRETORY PATHWAY IN YEAST
1. Overview

One of the fundamental questions in cell biology is how proteins
synthesized in the cytosolic compartment arc targeted and transporicd to their
final subcellular destinations.  Studies of proicin targeting and transport have
been carried out in organisms as diverse as bacteria, yeast, plant and
mammalian cells. Despite the difference in subcellular organization among
these evolutionary distinct organisms, the mecchanisms of protein targeting
and transport seem to have bcen conserved. For cxample, translocation of
prokaryotic sccrctory proteins across the cytoplasmic membrane of E. coli
shares mechanistic features with the post-translational import of proteins into
mitochondria and chloroplasts, as well as  with the cotranslational
translocation of secrctory and integral membranc proteins across the
membrane of the endoplasmic reticulum.

All celiular proteins, with the cxception of a small number of
mitochondrial and chloroplast proteins, arc synthesized on cither freec or
membrane-bound polysomes. This carly scgregation divides cellular protein
into two distinct categorics: Frce polysomes, which synthesize cylosolic
proteins, and proteins destined for the nucleus, peroxisome, mitochondria and
chloroplast (these latter proteins arc transported dircctly from the cytoplasm
by a post-translational mechanism), and membrane-bound polysomes, which
synthesize proteins that will cventually be delivered to the remaining

membrancs and organclles of the cell. This process is initiated by the



targeting and subsequent transfer of sccretory pathway ' proteins into or
across the membrane of the ER by a cotranslational mechanism.

In mammalian cells, signal peptide-containing sccretory pathway
proteins are targeted to the ER through the sequential interaction of SRP, an
118 ribonucleéprolein complex of a 7SL RNA and six proteins, which
recognizes the ribosome-signal peptide complex, and the SRP receptor, an
integral membrane pretein of the ER, which recognizes SRP bound to the
ribosome-nascent chain complex. During translation, the protein is
translocated across the ER membranc. Once access to the ER lumen is obtained,
these proteins arc subject to a battery of postiranslational modifications
including Asn-linked glycosylation, disulfide bond formation, and signal
peptide cleavage, beforc being transported to their [final destination by
vesicular movement through the cxocytic pathway. By this mecchanism,
secretory pathway proteins initially targeted to the ER can bc transported 1o
the Golgi, lysosome, sccretion granules, or the plasma membranc, as well as be
secreted. In addition, at cach step in the pathway, in responsc Lo appropriale
signals, a protein might be rctained and remain associated with that particular
organelle.

In the original studics of sccretion in mammalian ccells, mectabolic
labeling and cell fractionation were used to trace the intracellular pathway
taken by proteins destined for cxport.  These studies were soon followed by
electron microscopic and immunocytochcmical investigations (o probe
structures and pathways involved in intraccllular transport. These mcethods
are widely uscd in conjunction with molecular biological methods, which
allow cloned genes to be mutagenized in vitro and reintroduced into cells.
Investigation of the molecular mechanisms involved in directing in\lrzlccllulur

protein traffic became possible with the development of in vitro protein



transport systems. The advantage of a cell-free system is that it permits
biochemical fractionation, recconstitution and purification of the components
of each reaction. These systems have provided further evidence for the
conservation of mechanism between cukaryotic and prokaryotic protein
transport, since many of the components are interchangeable. This work has
paralleled the genetic analysis of protein transport, which has taken
advantage of the case of genetic approaches in bacteria and yeast.  Although
mammalian cells are not as ecasily manipulatecd as yeast and bacteria, a number
of mammalian cell lines having defined dcfects in components of their
secretory pathways have also been produced. The power of genetics is quile
apparent when onc obscrves the large number of sccretion-related proteins
identified by the complementation of bacterial and yeast mutants.

As in higher ecukaryotes, the lower cukaryote, Saccharomyces
cerevisiae, maintains the compartmentalized organization and function of its
cellular organclles through the proper localization of newly synthesized lipid
and protein. Yeast polyribosomes synthesizing sccretory pathway proteins
are directed to the ER membrane by a signal peptide, implying that, on a
functional level, the underlying mechanism of ER targeting has been

conserved beiween yecast and higher cukaryotic cells.

2. Yeast prepro-oa-factor as a model secretory pathway protein
The work described in this thesis uses as a model sccrclory protein
prepro-o-factor (ppaf), a peptide hormonc precursor of S. cerevisiae. S.
cerevisiae can cxist as onc of two haploid cell types; a cells, which sccrele a-
factor (af) and cxpress cell surface receptors for o-factor (af); and o cells,
which secrete of and cxpress cell surface rcceptors for af. Mating bectween

these haploid cclls types, which results in the formation of an a/a diploid, is



dependent upon these sccreted peptides and their corresponding cell surface
receptors, the STE2 and STE3 genc products, respectively. Upon binding to its
receptor, cach cell's secrcted peptide pheromone prepares the opposite ccll
type for mating by cliciting a number of well-defined responses including: (1)
arrest in the Gp phase of the cecll cycle just before the initiation of DNA
synthesis (genetically defined as START) [1-3]; (2) changes in the
carbohydrate composition of the cell wall [4]; (3) induction of surface
agglutinins that promote adhesion [5]; (4) morphological changes known as
shmooing [6]; and (5) the induction of a number of other genes [7].

The protein precursors of the of peptide are encoded within a small
multigene family consisting of the MFal and MFa?2 genes that have been
cloned and sequenced [8, 9]. The 13 amino acid of peptide is produccd by the
maturation of two closecly rclated precursors of 165 and 120 amino acids
encoded by the MFal and MFa?2 genes, respectively. At least one MFo genc is
required for of production and mating, becausc an mfal mfo2 double mutant is
unable to produce of and is sterile [10]. Analysis of mfol and mfo2 mutants by
both halo and mating assays indicatec that the MFal gene is responsible for the
majority of the of produced by the cell [10].

The MFal-encoded 165 amino acid precursor protein, prepro-o-factor
(ppoaf), contains three distinct structural regions (Figurc 1): (1) a N-terminal
19 amino acid hydrophobic signal peptide that acts as a signal scquence and
targets the precursor to the cndoplasmic reticulum; (2) a 64 amino acid
proregion that contains threc Asn-linked glycosylation consensus sites; and
(3) a C-terminal region containing four tandem repeats of the mature of
peptide separated from the proregion and onc another by spacer peptides of 6

to 8 amino acids.



Figure 1. Secretory pathway processing of yeast ppof.
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Ppaf is processed within the classical secrctory pathway by a series of
well-characterized steps (Figure 1) [11-15].  First, the nascent polypctlide is
translocated into the ER, where the signal sequence is clcaved to produce pro-
o-factor (pof), and core oligosaccharides are added to all three acceptor
asparagines within the proregion [11, 12, 16, 17]. Second, the corc
oligosaccharides arc ecxtended in the Golgi complex by the sequential addition
of o1-6, ®1-2, and o1-3 linked mannose residues, with extensive clongation of
the branched o1-6 branchcd mannose chains resulting in the addition of 50-
100 mannosc residues per Asn-linked oligosaccharide [18, 19]. This is followed
by the KEX2-mediated scrinc endopeptidasc clecavage on the carboxyl side of
Lys-Arg residues at the amino terminus of cach of peptide repeat [11, 20].
Third, subsequent trimming by the KEX1 membranc-associated
carboxypeptidase removes the two basic amino acids from the C-terminus of
cach of peptide [20].  Finally, the remaining amino acids of the spacer arc
removed from the amino-terminus of the of peptides by the STE13 dipeptidyl
aminopeptidase, which specifically cleaves on the C-terminus of repcating X-
Ala sequences [13]. The mature of peptide is then rapidly sccreted into the
extracellular medium.

Little is known about the fate of the proregion after KEX2 clecavage.
Attempts to dctect breakdown products that could represent the proregion
using scc mutants werce unsuccessful [12].  Studies in this lab using a specific
proregion antibody and HPLC analysis have also been inconclusive (J. Rocco,
unpublished observations), suggesting that the proregion is rapidly degraded.

The presence  of  casily  observed, well-characterized covalent
modifications that occur in discrete intraccellular organelles of the sccrctory

pathway, combined with the ecxistence ol numcrous temperaturc sensilive



secretory pathway mutants, make ppoaf idecal for studying structural

maturation, processing, sorting and sccrction.

3. Genetic analysis of secretion in yeast
To date, the genectic disscction of the mechanisms of protein sorting and
intercompartmental transport within the yecast sccretory pathway has been

based on phenotypic methods that rely on the formation of conditional-lethal

mutants. Application of these methods has led to the isolation and
characterization of a large number of secretion-related genes.  However, the

inherent requircment for the formation of a conditional-lethal mutant may
have resulted in only a fraction of the total secrctory pathway genes being
identified since: (1) conditional lethal mutations occur primarily in essential
genes, and (2) this type of mutation occurs at a much lower [requency than a
simple null mutation.

The original genctic disscction of the sceretory pathway in yeast was
based on the isolation of tecmperature sensitive (ts) mutants that become
denser at the restriclive temperature. The rationale was that cells which
failed to ecxport protein at the restrictive temperature would stop growing duc
to the block in the sccretory pathway, yet their mass should continue 1o
increase since intracellular metabolism is not affected. The isolated mutant
strains fcll into two separate classes: (1) class A scc mutants accumulated
invertase and acid phosphatase intraccllularly and comprise 23  scparale
complementation groups (sccl through 23); class B scc mutants neither sccrele
nor accumulate active invertase or acid phosphatase, and consist of four
separate complementation groups (scc53, 55, 58 and 59).  Based on thin-scction
clectron microscopy and biochemical analysis, the original collection of SEC

mutants could be classified as defective at onc of flour different stages of the



yeast secretory pathway: (1) failure to glycosylate and properly assemble
polypeptides in the ER lumen (sec53 and 59); (2) ER to Golgi transport (secl2,
13, 16, 17, 18, 20, 21, 22, and 23); (3) intra-Golgi transport (scc7, 14); and (4)
exocytosis (sccl, 2, 3, 4, 5, 6, 8, 9, 10, 15).

An cxample of how genetic and biochemical approaches arc being used
to study protein transport through the secretory pathway can be secen in the
case of the sec18 mutant. When sccl8 cells are mectabolically labeled with 35S -
methionine at the restrictive temperature, glycosylated pof accumulates
within the ER. The wild-type SEC18 gene product was cloned by
complementation of the growth defect [21]. At the samc time, a mammalian
protein, NSF, was identificd by its ability to support vesicular transport in an
in vitro reconstituted system [22].  After cloning of the ¢DNA of NSF, scquence
analysis found it to be 48% identical in amino acid scquence to the yeast
Sec18p. Further, Seccl18p could replace NSF in the mammalian assay.
Subsequent analysis of secl18 mutants demonstrated that Sccl8p is required for
transport between ER and Golgi, as well as for later steps in transport.

To identify gencs that code for components of the translocation
machinery, a direct selection for temperature sensitive translocation-
defective mutants was devcloped [23, 24]. Mutants were  sclected by  their
inability to translocatc a fusion protein consisting of the prepro region of
ppof fused to the cytosolic enzyme histidinol dchydrogenase (His4Cp). At the
restrictive temperature, mutants defective in ER translocation arc able to grow
on histidinol, since they fail to scquester the histidinol dehydrogenase activity
of the fusion protein into the ER lumen.  Three genes were identified that
appear to cncode components of the ycast translocation machinery (SEC 61, 62,
and 63). Consistent  with this role, all threc mutant strains accumulate the

untranslocated precursors  of  yecast  sccretory  pathway proteins  at  the
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restrictive temperature [24, 25].  The specific translocation defects in the scc62
and sec63 mutant strains have been reproduced in  vitro, using ycast
microsomal mcmbrancs isolated from the mutant cells at the restrictive
temperature; this supports the idca that at lecast two of the thrce proteins are
ER associated. In addition, thcse three proteins can be purified as a
multisubunit complex with two additional unknown protcins from a detergent
solubilized membranc fraction trcated with the thiol-reversible cross-linking
agent dithio-bis-(succinimiidylpropionate) (DSP) [26]. This result is consistent
with the view from mammalian studies that a multisubunit protein machine
(translocon) translocates proteing across the ER membranc.

DNA scquence analysis of the SEC62 genc predicts a 32 kD protein with
two potential transmembrane domains, while the SEC63 gene was predicted 1o
encode a 73 kD protein with three potential membrance spanning domains.
Further analysis of the SEC63p rcvealed that an internal 70 amino acid domain
that is predicted to lic within the ER lumen has 43% scquence identity to the
amino terminus of the FE.coli hecat shock protein Dnal |27]. In E. coli, Dnal
interacts with the hsp70 homologue DnaK o promote bacicriophage
replication. By analogy to the interaction between Dnal and DnakK, this loop in
SEC63p may rccruit the yeast ER luminal hsp70 analog BiP (o the translocation
apparatus [27]. In support of this  hypothesis, mutations within this loop
inactivate SEC63p.

Several interesting discrepancies have emerged between  ycast  and
mammalian systems.  First, not all sccretory proteins are cqually affected by
mutations in SEC61, 62 and 63 (24, 28|. Sccond, in vitro studics using ycast ER
microsomes demonstrated that a number of yeast sccretory pathway proteins,
including ppof, can be post-translationally translocated across the ER

membranc [29, 30], suggesting that fundamentally different mechanisms may
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operate in membrane translocation in yeast. Third, mutations in .ycasl BiP, the
ER luminal hsp70 [31], as well as mutations in the cytoplasmic hsp70s [24, 28]
inhibit translocation, a result with no clear counterpart in mammalian cells.
Based on these results, a yeast model is dcveloping in which two
separate translocation systems opcrate in parallel, with different secretory
pathway proteins utilizing the scparate systems to different degrees [32]. Some
proteins, likc ppoaf, can cngage the translocon in three scparate ways: (1) in
an SRP-dependent co-translational manner; (2) in an SRP-indcpendent co-
translational manner; and (3) in a post-translational hsp70-mediatcd manner.
Other protcins may rcquirc strictly co-translational translocation and thus
would engage the translocon only prior to the termination of protein

synthesis (as observed in mammalian cells).

4. Role of Glycosylation in Protein Sorting and Secretion

The initial ER-localized steps of Asn-linked glycosylation in  S.
cerevisiae and higher cukaryotes are quite similar, and involve the stepwise
formation of a corc oligosaccharide chain on dolichol phosphate that has the
composition GlcaMangGlcNacs.  This oligosaccharide is then co-translationally
transferred cn bloc from the dolichol lipid carrier to the amide group of
asparagine in an Asn-X-Thr(Scr) scquon within the nascent polypetide chain
{33, 34]. The three Glc residues arc then rapidly removed by Glucosidases 1 and
II.  In yeast, onc mannosc (and in higher cukaryotes up 1o threce mannoscs)
may bec removed from the glycoprotein prior to transport to the Golgi [33].
Subsequent processing, however, is quite different in ycast than in higher
cukaryotes. In higher cukaryotes, the core oligosaccharide is converted 10 a
complex glycan containing only three mannosc residues  substituted

scquentially  with galactose, sialic acid, and N-acetylglucosamine, as well as
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fucose [33]. In contrast, processing in yecast involves the addition of mannosc
residues within the Golgi leading to the formation of thrce distinct types of
Asn-linked oligosaccharides: (1) a modified corec oligosaccharide of Mang.
15GlcNac, as typified by Carboxypeptidase Y [35]; (2) an intermcdiatec length
extension of the core containing over 50 mannose residues, as typified by both
invertasc and acid phosphatasec [36]; and (3) large extensions of the core
containing 100-200 mannosc residues, as typified by the cell wall
mannoproteins. Synthesis of these distinct outer chains takes place in the
Golgi apparatus through the stepwise addition of mannosc residues catalyzed
by a series of mannosyltranfcrases [19, 37].

The role of glycosylation in sccretory pathway protein  sorting and
secretion is not uniform. Certainly, ecarly studies that suggested that
glycosylation is required for all protein sccretion have been disproved [38],
since numecrous cxamples of non-glycosylated sccreted proteins exist [39].  Two
general approaches have been used 1o investigate the role of  Asn-linked
glycosylation in the cell.  The first approach reclies on the usc ol glycosylation
inhibitors, whilc the sccond approach uses site-dirccted mutagenesis of c¢DNA
to disrupt Asn-linked glycosylation sites. This latter approach may offer
advantages over the use of drug trcatments, since it makes it possible to study
the effects of Asn-linked glycosylation without the sccondary cllects.

The drug tunicamycin (TM) competitively inhibits the (ransfer of
GlcNac-1-P from UDP-GicNac to Dol-P to gencratc Dol-PP-GleNac, the first step
in the assembly of the lipid-linked oligosaccharide [40-42].  The inhibition is
thought to be duc to the fact that different portions of the TM molecule
resecmble cither dolichol or N-acetylglucosamine, the two substrates of the
transferase [43]. TM is lcthal 10 both yecast and higher cukaryoles after

prolonged cxposure. TM resistant strains have been identified in ycast and



include: (1) a strain ovcrexpressing the ALG7 gene which codes for UDP-N-
acetyl-glucosamine-1-P transferase; and (2) a strain becaring a recessive
mutation designated tunl [44]. The ALG7 gene was cloned based on its ability to
rescue cells from TM lecthality when overcxpressed on a multicopy plasmid (a
dominant phenotype) [44, 45]. ALG7 is an cssential gene and cncodes a protein
with two potential membranc-spanning domains and two potential Asn-linked
glycosylation sites. The product of the TUNI gene has yct to be identified.

Studics using TM indicate that there is no universal role for Asn-linked
glycosylation.  Whercas somec glycoproteins arc unaffected by TM. others fail
to reach their proper ccilular destination or arec degraded [39]. For cxample,
inhibition of oligosaccharide synthesis with TM results in the irreversible
accumulation of inactive invertasc [46]. On the other hand, glycosylation is
not requircd for the proper localization of alkaline phosphatase [47] and
carboxypeptidase Y to the ycast vacuole [48].

Studies which cmploy site directed mutagenesis 1o disrupt  the
glycosylation consensus sequence have also been used to study the role ol Asn-
linked glycosylation in the sorting proccss [49-52]. Thesc studies may be more
physiological, in that they avoid the massive disruption of Asn-linked
glycosylation that normally results from TM t(rcatment, as well as other
secondary cffects, such as inhibition of protein synthesis and changes in the
secretory apparatus [53].  Usc of site dirccted mutagenesis to climinate cither
or both Asn-linked glycosylation sites in the VSV G protein revealed that
glycosylation plays a gencral rolc in transport to the cell surlace, since
elimination of cither site alonc had no ecffcct on transport while disruption of
both sites resulted in intraccllular aggregation [54]. In ycast, disruption of
Asn-linked glycosylation sites in ppol by site dirccled mutagenesis led to a

reduction in of sccretion in a dosc dependent manner.  That is, mutants with
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all three sites disrupted exhibited a greater reduction in of sccrction  than
mutants with cither onc or (wo sites disrupted [55]. Thesc studics, which
provide thc basis for this thesis, also suggest that therc arc no dominant
effects of individual glycosylation sites.

Delayed ER to Golgi transport of unglycosylated glycoprotcins has been
observed in other systems [56], and may be mediated by their interaction with
the ER luminal hsp70, BiP. As decscribed in greater detail below, BiP is induced
by treatment with drugs that inhibit Asn-linked glycosylation or by mutations
that cause accumulation of sccrctory precursors within the ER.  Disruption of
Asn-linked glycosylation has been shown to result in the incrcased association
of numerous glycoproteins with BiP and a reduction in intracellular transport
and sccretion in higher cukaryotes [52, 57]. In Chinese Hamster ovary (CHO)
cells, tissuc plasminogen activator (tPA), which has three utilized Asn-linked
glycosylation sites and is cfficiently sccreted, exhibits a transient association
with BiP. Disruption ol Asn-linked glycosylation by cither site-directed
mutagenesis or TM trcatment resulted in reduced levels of sccretion  and
increased association with BiP, an cffect cnhanced by high level cxpression
[52].

The role of Asn-linked glycosylation in the structure, function, stability
and folding of glycoproteins is also protein-specific.  Physiochemical analyses
designed to investigate this problem have been hindered by the inherem
heterogencity of the oligosaccharide chain  present  after  biochemical
purification. A recent study [58], using the yeast glycoprotein invertasce,
attempted 1o circumvent this  problem by producing and isolating the
glycoprotein f{rom a sccl8 mutant strain,  Since the secl8 mutant is blocked in
ER 10 Golgi transport at thc restrictive temperature, the addition of outer

chains in the Golgi is blocked, and corc-glycosylated invertase with a



homogenous carbohydrate chain accumulates in the ER. ~Comparisons between
the core-glycosylated, non-glycosylated and native fully-glycosylated
invertase rcvealed several roles for carbohydrate. First, glycosylation was
found to stabilize the protcin  against thermal and denaturant-induccd
inactivation and unfolding. Sccond, during refolding, glycosylaied forms of
invertase were protected against aggregation and could refold after guanidine
denaturation at high concentrations. In contrast, non-glycosylated invertase
could only be recovered at cxtremcly low protein concentrations where
folding rather than aggregation becomes rate-limiting. This ecffecct of
glycosylation was similar for both corc-glycosylated and high mannosc forms.
These results support the hypothesis that during biosynthesis, co-
translocational  Asn-linked glycosylation may  prevent  nonspeciflic
aggregation of the folding polypeptide chain, as well as cnhance its stability

once it obtains its final tertiary structure.

B. ROLE OF BIP IN THE SECRETORY PATHWAY
1. Mammalian BiP

The 78 kD Ig hcavy-chain binding (BiP), also known as glucosc
regulated protein (GRP78), is an abundant soluble ER protcin that is a mecmber
of the hsp70 family of stress proteins found in all cukaryotes cxamined to date
[59], for recent reviews sce [60, 61}  BiP was first identified by its increased
levels of cxpression after glucose deprivation in fibroblasts [62]. It was later
independently identified by its transicnt association with immunoglobulin
(Ig) hecavy chains prior to their assembly with light chains o form the mature
Ig molecule, and through its stable association with heavy chains in the
absence of light chain synthesis [63].  The two proteins were later shown to be

identical, a result which linked its regulation by glucose with a biochemical
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function [59]. Hypotheses regarding BiP  function have had to integrate the
large number of cellular perturbations that result in an induction of BiP
synthesis including: (1) inhibition of Asn-linked glycosylation; (2) low
glucose levels [64]; (3) disruption of intracellular calcium stores [65, 66]; (4)
infection by cnveloped viruses |67, 68]; (5) cxpression of mutant ER proteins
defective in folding ([57]; and (6) increased cxpression levels of sccretion
compelent proteins [52, 69, 70].

Even though the precise function of mammalian BiP is still obscure, a
general role in the folding and assembly of proteins within the ER has becen
proposed [59, 71, 72]. Additional roles for BiP include: marking malfolded and
mutant proteins for degradation {52, 56, 72}; solubilizing aggrcgated proteins
during times of stress [59]; and the mobilization and regulation of CaZ +
sequestered in the ER [73].

Numerous studics have demonstrated that mammalian BiP binds to a
large number of proteins traversing the ER [60, 61]. A major question
concerning BiP's role is whether it is a component of the sccrctory pathway
under normal growth conditions involved in the folding and assembly ol
functional proteins.  Alternatively, does it function primarily during times of
stress, by binding to malfolded protecins and cither assisting in their refolding
or targeting them for degradation.  This issue has been addressed dircctly in
mammalian cells in two recent studies [74, 75].  First, BiP was found to be stably
associated with the intermediates of paramyxovirus hemagglutinin
necuraminidasc glycoprotein [74].  Sccond, BiP-hcavy chain complexes can be
dissociated in vivo by the addition of light chain lecading to the sccretion of
immunoglobulin into the culture medium [75]. Thus, 1n this limited context,
BiP can be considered a normal component of the sceretory pathway, since it

can regulate the transport and maturation of normal proteins.
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2. KAR2: The Yeast Homologue to Mammalian BIP

In §. cerevisiae, BiP is c¢ncoded by the KAR2 gene located on
chromosome X. The KAR2 genc was originally identifiecd and isolated by two
independent mecthods [76, 77]. Rose et al. isolated the KAR2 gcne by
complementing the defcct in a kar2-1 mutant that exhibited a severe reduction
in the frequency of nuclcar fusion (karyogamy) during mating [78].
Normington ct cl. used a murinc BiP ¢cDNA as a probe to screcen an S. cerevisiae
cDNA library at a stringency that resulted in a single strongly hybridizing
band.

The identification of the product of the KAR2 gene as the yeast
homologue of mammalian BiP is based on the finding that the product of the
KAR2 genc possesses significant structural similaritics with mammalian BiP
and shares scveral characteristic regulatory fcaturcs. The scquence of the
KAR2 gene predicts a protein of 682 amino acids that is closely related to the
hsp70 class of proteins including rat BiP (67% identity), murine BiP (67%
identity), yeast hsp70s (SSAIl, 63% identity), Drosophilia hsp70 (59% identity),
and E. coli DnaK (50% idcentity). Similar (o other hsp70 proteins, the greatest
degree of amino acid divergence in ycast BiP occurs in the carboxyl-terminal
100 amino acids. Howecver, ycast BiP docs contain scveral structural featurcs
that arc absent among other hsp70 cognates bul present in mammalian BiP.
First, it contains an 18 amino acid, amino-terminal signal scquence that is
cleaved upon entry into the ER. Sccond, it completely lacks potential sites for
Asn-linked glycosylation, in contrast to the ycast hsp70 protein SSA1, which
contains 8§ potential sites for Asn-linked glycosylation; direct comparison of
these two protein scquences reveals that at 6 out of 8 of thesce sites, a single

amino acid change in BiP has disrupted the glycosylation consensus scquence.
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Third, ycast BiP contains a C-terminal tetrapeptide His-Asp-Glu-Leu (HDEL)
that has been shown to mediatc ER retention in yeast [79] in a manner similar
to the KDEL system in mammalian cclls [80, 81]. Based on these structural
criteria, one can proposc that yeast BiP is an hsp70 that has cvolved 10
function within the lumen of the ER. Simply put, N and C-terminal additions
allow for ER targeting and retention respectively, while limited amino acid
changes block the addition of potentially function-disrupting Asn-linked
glycosylation.

Southern analysis of ycast genomic DNA under conditions of high
stringency using the cloned KAR2 gene as probe indicated that the KAR2 genc
was present in a single copy per genome [77]. Ycast BiP was subscquently
shown to bec cssential for growth by disruption of the KAR2 genc (76, 77].
Protecinase K digestion of a crude ycast membrane fraction suggested that ycast
BiP was localized 1o a membranous compartment that could be the ER.  This
interpretation was supported by immunofluorcscent analysis using a
polyclonal antibody raised against the carboxyl-terminal 316 amino acids of
yecast BiP (most divergent) which revealed a perinuclear ring with occasional
filaments ecxtending into the cytoplasm [76]. This pattern ol staining  was
consistent with yeast BiP becing localized to the ER and nuclecar cnvelope, since
earlier electron microscopic studics of ycast have suggested that the nuclear
envelope and ER arc continuous |[82]. Recent  immunoelectron  microscopic
studies using the samec carboxyl-terminal antibody have confirmed the
localization of ycast BiP to the ER lumen and nuclear envclope [83], while EM
studies in this lab using a ycast strain that overexpresses BiP  have also
localized BiP to the ycast ER (data not shown).

Based on similaritics in amino acid scquence and manner of regulation

between ycast BiP and its mammalian counterpart, ycast BiP was originally
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assumed to have a rolc in the folding and assembly of newly synthesized
proteins within the ER lumen [76, 77].  Surprisingly, analysis of a temperature
sensitive mutation in BiP (kar2-159) identified a role for yeast BiP in ER
translocation [31]. Analysis of three different secrctory pathway proteins
(invertase, ppof and carboxypeptidase Y) synthesized in kar2-159 cells at the
restrictive temperature revealed a  severe block in secretion and  the
accumulation of non-glycosylated, signal peptide-containing, full-length
precursors. Subsequent analysis using a protecasc protection assay
demonstrated that the obscrved phenotype was the result of a block in
translocation and not the result of yeast signal peptidase and glycosyl-
transferase being dependent upon BiP for activity. An identical phenotype
was also secn after depleting wild-type yeast of BiP, suggesting that the block
in ER translocation was a dircct conscquence of a loss in BiP function [31, 841,
This conclusion was further supported by a recent study of the effects of
mutations in thc¢ KAR2 gene on the translocation of ppof in vitro [85]. In this
study, yecast microsomes prcparcd from three independent temperature
sensitive kar2 alleles (kar2-113, kar2-159 and kar2-203) cxhibited
temperaturce-scensitive  dcficiencics in  translocation that paralleled the
thermosensitivity of the alleles in vivo. In a complementary study, ycast BiP
was efficiently cross-linked 1o a modified form of ppaf that was covalently
coupled to the globular protcin avidin and arrested in translocation; this result
is also consistent with a dircct role for BiP in ER translocation in yecast.
Further studies using this samec modifiecd ppoafl suggested that ycast BiP may
also act at a later stage of translocation 10 advance the initial interaction of the
secretory protein with Scc6lp and thus form a mature translocation complex

[85].
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The conclusion that ycast BiP plays a role in ER translocation is
provocative, since there is no documented requircment in the mammalian
system for BiP or other ER luminal proteins during translocation. In vitro
reconstituted mammalian systems using BiP-depleted rough microsomes arc
still able to translocate and process secretory proteins [86]. In addition, BiP
was not dectectable by Western blot analysis in an in vitro system composed of
detergent solubilized ER proteins reconstituted into proteoliposomes.  However,
a similar system using a ycast microsomal detergent soluble fraction
reconstituted into vesicles with soybean phospholipids was dependent upon
both BiP and scc63p for translocation [87]. This differential dependence on BiP
does raisc the possibility that there may be mechanistic differences between
the mammalian and S. cerevisiae systems. However, it is also plausible that
BiP functions catalytically in protein translocation, and amounts undeteclabie
by Western analysis support the reaction in  the mammalian system.
Alternatively, it is possible that BiP may be necessary to resct a component of
the translocation apparatus after translocation, making that translocon
available. The in  vitro system, by not requiring multiple rounds of
translocation, may not ‘“uncover” (his dependence.

Based on these studies a bifunctional role for yeast BiP may be
postulated: (1) a role in ER translocation, cither dircctly to [facilitate the
translocation ol sccretory pathway proteins, or indircctly to maintain the
translocation machinery in a functional state; and (2) an ER Iuminal role in
the folding and asscmbly of sccretory pathway proteins after translocation.
However, unlike its mammalian homologuc, a dircct interaction between  yeast
BiP and an ER luminal protein has yct to be demonstrated in vivo, and
bconsequcnlly, the hypothesis that it acts within the ER lumen in yeast is only a

result of comparison to its mammalian countcrpart.  Onc ol the aims of the
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current work was to investigatc a potential luminal role for BiP in ycast in the

structural maturation of a solublc secrctory protein.

C. SECRETORY PATHWAY REGULATION THROUGH THE INDUCTION

OF BIP
1. BiP Induction: Similarities to the induction of other heat

shock genes:

BiP is cxpressed constitutively at a basal level under normal growth
conditions. A wvariety of stress conditions can incrcase BiP transcription from
5-25 fold in mammalian cclls [66]. Inhibitors of Asn-linked glycosylation [66],
sulfhydryl reducing agents [88], amino acid analogs, viral infection [67, 68],
glucose deplction [64], low cxtraccllular pH, depletion of ER calcium stores [66,
89, 90], oxygen depletion, cxpression of mutant, malfolded, incompletely folded
or unassembled secrctory pathway proteins [91-93], and overexpression of
normal sccretory proteins [70], can increasc BiP transcription from 5-25 fold.
The ability of these diverse stressors 1o induce BiP  (ranscription has been
attributed to their ability to damage the ER and interfere with its [function,
which in turn Icads to the accumulation of malfolded proteins in the ER lumen.

The scquence of ecvents that triggers clevated synthesis of BiP in
response to ER stress is not known. It has been proposed that BiP is able to
sense the secrctory load in the ER and initiatc a signaling pathway that
ultimatcly rcgulates the nuclear transcription of BiP and other ER  stress
proteins [57], in a manner similar to the fcedback regulation proposed for
cytosolic hsp70 proteins (scc below),

In £. coli, the induction of cytoplasmic heat shock genes in response 1o
cnvironmental stress is  thought to be initiated through the scquestering of

DnaK (E. coli hsp70 homologuc) in a complex through its binding to aberrani
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or malfolded cytoplasmic protcins. This in  turn prevents DnaK  [(rom
interacting with the heat shock transcription factor 32, which is then free to
associate with the RNA polymcrase core and confer the specificity required to
transcribe hcat shock genes [94, 95]. The abundant genetic cvidence
supporting this model has bcen recently substantiated by direct cvidence for a
physical interaction between DnaK and 632 [96].

A similar mechanism of rcgulating hcat shock genes has been proposed
in ecukaryotic ceclls, with the additional speculation that cytosolic hsp70 may be
the "cellular thermometer” [97].  Again, the hypothesis is that frec levels of
hsp70 arc scnsed via their affinity for specific DNA binding proteins (heat
shock factors) that activate the transcription of hecatshock genes.  If malfolded
or other aberrant protcins accumulate within the cytoplasm, they will titrate
out the available hsp70, lcaving the hecat shock factors (HSF) free to migrate
into the nucleus and activale -transcription, and the resultant increase in
cytoplasmic hsp70 levels will continue until these HSFs arc rcbound by hsp70.
Scveral lines of cvidence support this "autorcgulatory” model: (1) the heat
shock transcriptional responsc is  corrclated with incrcased levels  of
denatured and mallolded proteins  [98]; (2) activation of hcat shock
transcription can be blocked by protein synthesis inhibitors, suggesting that
ncwly synthesized or malfolded or aggregated proteins initiate the response:
(3) in ycast, [function-disrupting mutations in (wo constitively cxpressed
cytoplasmic hsp70s (SSAT and SSA2) result in an increcased level of expression
of the other members of the hsp70 family under non-stress conditions [99]: (4)
mutations which climinate the HSF binding sites in the promoters ol hsp70
genes block this increasc in cxpression [100]; (5) overcexpression of HSF in
wild-type cclls in the absence of heat shock incrcases the level of hsp70 [99]:

(6) inactive HSF in cytoplasmic cxtracts can be converted to a DNA binding
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form by cxposurc to heat, non-ionic detergents, or low pH; however addition of
hsp70 blocks this conversion; and (7) overcxpression of the hsp70 protein
SSA1 from the ycast GAL promoter reduces the hecat shock-mediated increase
in expression from an exogenous SSAl-lacZ fusion [101].

Despite the large degrec of indircct cxperimental cvidence that has
accumulated for this model, a dircct demonstration of the negative regulation
of HSF by hsp70 still is lacking, i.c. binding. This issue was partially addressed
in a recent study that demonstrated that in extracts of heat-shocked cells
human hsp70 associates with activated HSF to form a complex that can be
disrupted by ATP [102]. In addition, formation of this complex corrclated with
the level of hsp70 in the cell.  Further analysis using an in vitro activation
assay demonstrated that addition of cxogenous hsp70 completely inhibited the
activation of HSF (o a DNA-binding form and that this inhibition could be
rcliecved by the addition of ATP. These results add an additional degree of
complexity to the proposed model for hecat shock genc activation in higher
eukaryotes by proposing that HSF associates as a monomer with hsp70 in non-
hcat-shocked cells.  This association prevents the activation of HSF into a DNA-
binding form. Upon hcat shock, the newly created pool of denatured and
malfolded protcins competes for hsp70 binding, which in turn leads to the
relcasc of HSF. The rclcased HSF can now form trimers and bind DNA.

While the potential similaritics are obvious, the signal transduction
pathway that allows malfolded proteins within the lumen of the ER to lecad 1o
the specific transcription of ER  stress  proteins  within  the nucleus s
essentially uncharacterized. Certainly, any comparisons bectween a
hypothetical fcedback system operating between the ER  and nucleus and the
current gencral model for the transcriptional regulation ol cytoplasmic heal

shock genes will be complicated by the additional step of transducing the
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signal across thc ER membranc. Onc study that dircctly addressed this issuc in
mammalian cells concluded that BIP was recgulated in a feedback manner,
since CHO cells that stably overcxpresscd BIP cxhibited a reduced lcvel of BiP
induction in responsc to two traditional inducers, TM and Ca2+ ionophore
(A23187) trcatment 7[103]. Further support for a feedback mechanism comcs
from a recent study in yeast, where the authors used a yecast strain containing
a KAR2 promoter-lacZ reporter construct and a GAL promoter-BiP construct to
demonstrate a reduced level of P-galactosidasc activity after cxposurc o TM
when cells were grown on galactose [104].

While the nature of the signaling pathway is unknown, the initial
stimulus that activates this pathway is currently under intense scruliny.
Based on the results of the "feedback™ studics, current  hypothescs have
focused on an indircct mechanism of sensing the level of malfolded or mutant
proteins - within the ER through their interaction with BiP, with the signal
being ecither the depletion of frece BiP or the formation of a BiP-protein
complex (bound BiP).

Experimental attempts to determine between whether [ree BiP or bound
BiP is the signal have been inconclusive. In onc study, the authors claimed
that the level of bound BiP was the signal, based on an in vivo analysis using
COS cells transformed with immunoglobulin p chain ¢DNA. The formation of a
stable complex between p chain and BiP corrclated with the induction of ER
stress proteins as mecasurcd by both Northern and Western analysis {93 ].
Unfortunately, the authors did not cntertain the possibility that a decrease in
the level of free BiP could be responsible, an alternative hypothesis supported
by their data. Evidence for the level of free BiP being the signal is more

substantial. Thc cxperiments in CHO cells support the hypothesis that the level
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of free BiP is the initial signal, since ovcrexpression of BiP dampens the
transcriptional rcsponse.

Further support for a fcedback mechanism where the level of frece BiP
is sensed comes from a study in ycast wherc the C-terminal rctention signal of
yeast BiP (HDEL) was declcted, resulting in the loss of intraccllular BiP through
secrction. The compensatory incrcase in the synthesis of BiP can be attributed
to a feedback mechanism dcpendent upon the level of [ree BiP within the ER
lumen, since the intracellular Icvels of BiP were found to be identical in both
the wild-type and HDEL containing strains, while the level of potential
substrates should be unchanged [105].

To monitor the levels of free BiP, the cell must be able to distinguish
between bound and unbound, or frec BiP. Insight into how this could be
accomplished comes from two studics which analyzed the role of BiP post-
translational modifications on binding [106, 107]. In the [irst study, heat shock
and glucosc starvation were shown to reducce the incorporation of radiolabeled
ADP-ribose into BiP in avian and mammalian cclls.  In the sccond study, free
BiP was shown 1o be post-translationally modificd by phosphorylation and
ADP-ribosylation, and both modilicd and uwnmodificd forms of BiP cocxist
within the ccll.  Most importantly, BiP bound to lg heavy chain was not labeled
with either radioactive phosphate or adenine.  Further, when BiP was induced
by glucose starvation, the ratio of unmodificd (bound) to modificd (free) forms
of BiP increascd, possibly indicative of an increcase in the level of bound BiP.
Thus one could postulatec that the ccll monitors the level of free BiP through a

mechanism that is dependent upon the ratio of modified to unmoditicd BiP.
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2. Transcriptional Regulation of KAR2 Gene Expression

Yecast BiP appcars to bc rcgulated in a manner similar to mammalian
BiP, sincc drug treatments and mutations that lead to the accumulation of
secretory proteins within the ER lumen result in an incrcase in KAR2 mRNA
levels [76, 77]. However, in contrast to mammalian cells, transcription of KAR2
is also stimulated by hcat shock [76, 77]

Recently, two dectailed analyses of the KAR2 promoter were performed
by gencrating a sct of 5' unidirectional delction mutants lacking progressively
larger segments of upstrcam scquences [104, 108]. Based on thesc analyses, a
236 bp Xhol-Sall fragment was shown to contain all the information nccessary
to transcriptionally regulate the KAR2 gene. In addition, construction of a
seriecs of 5' deletions within this 236 bp fragment resulted in the identification
of three cis-acting secparatc transcriptional control clements: (1) a 22 bp
scquence located between -131 1o -110 that conferred responsivencss 1o the
presence ol malfolded proteins within the lumen of the ER referred to as the
unfolded protcin responsc clement (UPR); (2) a  GC-rich region located
between -148 to -133 that is similar in scquence o the consensus clement for
binding of the mammalian transcription factor Spl, and is responsible for the
high level of constitutive cxpression of the KAR2 gene; and (3) a 20 bp region
between -168 to -149 containing the conscnsus scquence for the heat shock
element (HSE) that responds to clevated temperatures. By construcling a secries
of 10 bp delction mutants within cach of the three identifiecd clements it was
determined that these clements work independently of cach other. Further
analysis of the UPR clement demonstrated that it was capable of conferring
transcriptional induction to the accumulation of malfolded proteins within  the
ER lumen to a heterologous CYC1 promoltcr.  Using DNA gcl shift analysis, a

trans-acting factor that binds specifically to the UPR clement was  also
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identified (UPRF-1). Similar to the results reported for the heat shock
transcription factor HSF, UPRF-1 is present in cqual concentrations in both
strcssed and unstressed ccll cxtracts, suggesting that the transcriptional
activation that occurs in responsc 1o the accumulation of unfolded protcins
within the ER lumen may involve the modification of a pre-existing pool of

UPRF-1.

D. MT EXPRESSION IN YEAST AND ITS REGULATION BY COPPER

The ability an organism to survive in an cnvironment that contains
either toxic or ecxcessive concentrations of cessential metal ions is a  well
conserved stress response.  The dctoxification of metal ions can occur cither
by rcgulating their uptake, a mechanism morec common in prokaryotes [109,
110] or by intracellular sequestration, a mcchanism preferred by cukaryotes
[111].  While §. cerevisiae requires copper (Cu2*) at low concentrations for
proper growth [112], Cu?* is a potent fungicide at higher concentrations. In
yeast, resistance to the toxic cffects of cxcessive Cu2* is mediated through the
induction of mectallothionecin (MT), a low molecular weight (6.5 kD) cystcine-
rich, Cu2* binding protein encoded by the CUP1 locus [113, 114]. The CUPI
promoter satisfics many of the criteria for an cfficient and regulated ycast
promoter [113]. Most importantly for this work, addition of Cu2* 10 the media
results in a 25-fold incrcasc in the transcriptional induction of the CUPI gene.

Since MT represses its own gene transcription, the induction ratio of a
plasmid-bornc MT gene fusion is dircctly proportional to the number of MT
genes present on the ycast chromosomes [115, 116].  When a cupl-disrupted
strain is uscd as a host, transcription is partially constitutively active, while if
a chromosomally amplificd CUPIT strain is used, a complete repression to basal

levels is obscrved.  Thus, by choosing an appropriately ycast strain a range ol



27

basal and inducible transcription levels of CUP1 genc cxpression can  be
selected. In this work, wec usc the CUP1 promoter to provide an cxogenous

mcans of regulating BiP cxpression.

E. BRIEF HISTORY OF THIS PROJECT

The work described in the thesis grew out of a collaboration between
our lab and that of Dr. Janet Kurjan. Dr. Shari Caplan, as a Ph.D. student in the
Kurjan lab, constructed a large number of mutant MFal genes and substituted
then individually for the wild-type chromosomal MFa1 gene.  She then tested
their functionality using two bioassays that dctect sccreted of: Formation of
halos using MATa cells (induction of Gj arrest), and mating bectween o and a
cells.  These assays, however, arc limited in their accuracy and sensitivity by
technical and thecorctical [factors.

I entered the project at this point, having developed a quantitative
biochemical assay for transport and processing of pof. As described in the
Results, the combination of pulsc-chase labeling, SDS-PAGE, and HPLC allowed
us to determinc the functional cffects of mutations in ppof. 1 analyzed a large
number of mutants, and the results have been published [55]. The work
described here focused on the triple glycosylation mutant N123-ppof, since it

exhibited the most scvere defect in transport and processing.
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IT. EXPERIMENTAL PROCEDURES

A, MICROBIAL TECHNIQUES
1. Yeast
a. Ycast Media:
The yecast media used in this project were as described {117]: Complete

dextrose media (YPD) contained 1% (w/v) yeast extract (Difco), 2% (w/v)

Bacto-Peptone (Difco) and 2% (w/v) glucosc (Sigma); Synthetlic_minimal media

(SD) contained 0.67% (w/v} ycast nitrogen basc without amino acids (Difco),
2% (w/v) glucosc, supplemented with adenine (50 pg/ml), histidine (25 pg/ml),
feucine (30 pg/ml), lysine (30 pg/ml), uracil (25 pg/ml) and (ryptophan (30
pg/ml) as nceded (all from Sigma). For plates 2% (w/v) sclect agar (Sigma)
was included. Media were sterilized by autoclaving at 1219 C for 15 min.  All
supplements were added from concentrated stocks prior to autoclaving.-

b. Yecast Transformations:

Yeast cclls  were transformed with  centromeric, cpisomal and
integrative plasmids by the lithium acctate method cssentially as  described
f118]. Bricfly, cells were incubated in TE containing 100 mM lithium acetate
(TELA buffer) at 309 C for 60 min before adding shcared salmon sperm DNA (as
carricr) and transforming DNA (1 pg DNA/10 ODggo cclls).  After a 30 min
incubation at 30° C, cclls were trecated with PEG 4000 (Gibco-BRL) and hcat-
shocked as described. Finally, samples were sprcad on sclective media plales
and incubated at 30° C until colonics appeared. In gencral, colonics were
clearly visible in two days and rcady for picking in three days.

The temperature sensitive sccl8 strain was transformed in  essentially

the samec manner cxcept that all the incubations were done at  room
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temperature and were doubled in length. In most cases ycast colonics were
clearly visible in three to four days and ready for picking in four to five days.

¢. Ycast DNA Quick Prep:

Total ycast DNA for PCR amplification and Southern analysis was
obtaincd using the "Ten-minutc DNA Prep for Yeast” as described without
modification [119].

d. Growth curves and viability:

The growth of all yeast strains was monitored by direct counting of cell
number using a Bright-Line Hecmacytometer (Reichert) with phase-contrast
microscopy (Zciss) at 400X magniflication.

The percent viability was defined as the absolutc number of viable
organisms present, divided by the total number of organisms present, decad or
alive. In this study, the yeast ccll was considered viable if it was capable of
forming a colony on sclective solid media after a defined period of growth on
selective plates. The % viability was calculated by spreading cqual numbers of
control and TM trcated cclls and counting the number of colonics present after
five days of growth.

e. Starting yecast strains:

The initial strains from which all strains were constructed are shown in

Table 1. Strains 2C, N123 and ooy are isogenic to the parent strain W3031-B at

all loci except in strain N123, where mfoe1-N123 has been integrated into the

MFal locus, and in strain o022, where LEU2 has been intcgraicd into both the
MFal and MFo?2 loci. A summary of all the constructed strains is shown in

Table 5 (sce Experimental Procedurcs, Strain Construction).
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Strain Genotype Source

W303-1B MATq. ade2-1; canl-100; leu2-3,112; his3-11,15; trpl-1; J. Kurjan
ura3-1.

2C MATo. MFal, mfa2::LEU2C. ade2-1; canl-100; leu2- J. Kurjan
3,112; his3-11,15; trpl-1; ura3-1.

N123 MATa. mfal-N123, mfa2::LEU2C. adec2-1; canl-100; J. Kurjan
leu2-3,112; his3-11,15; trpl-1; ura3-1,

ala2 MATg. mfol::LEU2C, mfo2::LEU2C. adc2-1; canl-100; J. Kurjan
leu2-3,112; his3-11,15; trpl-1; ura3-1.

sccl8 MATg. secl8-1; trpl1-289; lcu2-3,112; ura3-52. P. Bohni

Y262 MATg. ura3-52; rpbl-1. R. Young
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2. Bacteria

a. Bacterial Media:

The bacterial medium used in this project was Terrific Broth [120].
Media were sterilized by autoclaving at 1219 C for 15'. Ampicillin was added
after autoclaving to a final concentration of 50 pg/ml.

b. Bacierial Strains:

The Escherichia coli strains MC1000 or HB101 were used in all the

molecular manipulations of this project as spccified.

c. Bacterial Transformations and DNA isolation:

Transformation competent E. coli cells were prepared according to the
original CaCly mcthod of Mandel and Higa [121] without modification.
Transformations with plasmid DNA were as described [122].  Small (mini-preps)
and large scale (maxi-preps) preparations of bacterial plasmid DNA  were
performed using the alkaline-lysis mcthod as described without modification
(120]. Plasmid DNA from large scale preparations was purified by precipitation

with polycthylenc glycol as described without modification [120].

B. PLASMID CONSTRUCTION
1. Starting plasmids

The plasmids used as vectors or as sources of DNA inserts for the
construction of new plasmids arc shown in Table 2. The oligonucleotides used
for KAR2 cloning, KAR2 scquencing and the synthesis ol chromosomal KAR?2
probes arc shown in Table 3. The resulting new constructs (described below)

are shown in Table 4.
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Name Description Source

Vectors:

pGEM-1 In vitro transcription vector with the multiple Promcga
cloning site flanked by T7 and SP6 RNA
polymerase transcription initiation sites; (2865
bp); Amp seclcction.

pRS314 Yeast centromeric plasmid (TRP1 marker) with P. Heiter
the multiple cloning site flanked by T7 and T3 RNA
polymerase transcription initiation sites; (4785
bp); Amp sclection.

pRS316 Ycast centromeric plasmid (URA3 marker) with P, Heiter
the multiple cloning sitc f{lanked by T7 and T3 RNA
polymecrase transcription initiation sites; (4895
bp); Amp seclection.

pYEP353  Ycast episomal plasmid (URA3 marker); (8000 bp); G. Small
Amp selection.

pYSK136  Ycast episomal plasmid with the TRP1 marker and J. Kurjan
with the multiple cloning site flanked by the CUP1
promoter and CYC1 transcription terminator (6258
bp); Amp sclection.

Inserts:

pHK2 pBR322 with the 1.7 kb MFol gene cloned into the J. Kurjan
EcoR 1 site; (6061 bp); Amp sclection.

M13-N123 MI13mpl0 with the 1.7 kb mfal-N123 gene cloned S, Caplan
into the EcoR 1 site; (8950 bp): Amp sclection.

pCMP171 Ycast centromeric plasmid containing a tandem M. Brennan
repcat of the 1.76 BamH I fragment of the ycast
HIS3 gene.

pGACT pGEM-4 with the 700 bp EcoR 1 - Hind I ycast A. Tzagoloff

Actin gene inserted into the multiple cloning site;
(3571 bp); Amp sclection.
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Oligo Location Sequence Use

K2-3 279-296 5' - GGGGGGTCGACCATACCATGTTTTTCAAC-3' Cloning
K2-4 2319-2336 5 -CCCCCGTCGACTATCTACAATTCGTCGTG-3'  Cloning
K281 CUP1 * 5'- GTCTTGTATCAATTGCAT - 3' KAR2 Seq.
K2S2 401-418 5'- AGTTAGAGGTGCCGATGA - 3 KAR2 Scq.
K2S3 641-658 5' - GATCGGTTTGAAATATAA - 3' KAR2 Scq.
K2S4 881-898 5'- GCAAAGACAAGCCACCAA -3 KAR2 Scq.
K2S5 1121-1138 5'- CTATAAGATCGTTCGTCA -3 KAR2 Scq.
K2S6 1361-1378 5 - GAAGCCTGTCGAGAAGGT - 3' KAR2 Scq.
K287 1601-1618 5'-CAACGCTTTGACTCTTGG-3' KAR2 Scq.
K288 1841-1858 5'- CACATTTGCACTTGACGC -3 KAR?2 Seq.
K259 2081-2098 5'- CCTAGGTGAAAAATTGGA -3 KAR2 Scq.
K2-10 3-20 5'- CGAGCAAAGTGTAGATCC - 3 Probe
K2-11 2763-2780 5'-CTCGAGCCTTTCAACTCT - 3' Probe
K2G-1 249-271 5'-CGCTTTTTCCCTTGAGACTACTC - 3' Probe
K2G-2 2355-2372 5 -GCTGCTGGAAGCTTCAAG -3’ Probe

*

Oligonucleotide K2S1 is homologous to a sequence in

and
region.

scqucences

across the transcription start into

the CUP1 promoter,

the KAR2

coding
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Plasmid

Description

pGK2

pGK2-HIS3

pHCK2

pLCK2-T

pLCK2-U

pLCoF-T

pLCoF-U

pLCN123-T

pLCN123-U

pHCoF

pHCN123

pGEM-1 with the 2.0 kb Sal 1 fragment containing the KAR2
coding region cloned into the unique Sal 1 site of the
muliiple cloning site (4865 bp).

pGK2 with the 1765 bp BamH [ fragment containing the yeast
HIS3 gene cloned into the unique Stu I site within the KAR?2
coding region (6625 bp).

pYSK136 with the 2.0 kb Sal I fragment containing the KAR2
coding region cloned into the unique Xho I sitc betwcen the
CUPI1 promoter and CYC1 terminator (8258 bp).

pRS314 with the 2.8 kb BamH I-Cla I fragment containing the
CUP1-KAR2-CYC1 cloned into the multiple cloning sitec (7585

bp).

pRS316 with the 2.8 kb BamH I-Cla I [ragment containing the
CUPI-KAR2-CYC1 cloned into the multiple cloning site (7695

bp).

pRS314 with the 1.7 kb Eco R | fragment containing the MFal
gene cloned into the unique EcoR I site of the multiple cloning
sitc (6485 bp).

pRS316 with the 1.7 kb Eco R [ fragment containing the MFal
gene cloned into the unique EcoR I site of the multiple cloning
sitc (6595 bp).

pRS314 with the 1.7 kb Eco R I fragment containing the mfol -
N123 gene cloned into the unique EcoR 1 site of the multiple
cloning sitc (6485 bp).

pRS316 with the 1.7 kb Eco R 1 fragment containing the mfol-
N123 gene cloned into the unique EcoR 1 site of the multiple
cloning sitc (6595 bp).

pYEP353 with the 1.7 kb Eco R I fragment containing the MFal
gene cloned into the unique EcoR | site of the multiple cloning
site (9700 bp).

pYEP353 with the 1.7 kb Eco R 1 fragment containing the
mfoal-N123 gene cloned into the unique Eco R T site of the
multiple cloning site (9700 bp).
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2. Construction of CUPI-KAR2 containing plasmids

a. PCR Isolation of the KAR2 coding region and scquencing:

The coding region of the KAR2 gene was isolated from yeast genomic
DNA (strain 2C) by PCR amplification using the oligonucleotide KAR2 cloning
primers K2-3 and K2-4 (scc Table 3). Primer K2-3 contains 18 nuclcotides
complementary to the 5° end of the KAR2 coding region (including the
initiator codon), as well as an 11 nuclcotide cxtension containing the Sal |1
restriction cnzyme conscnsus scquence.  Primer K2-4  contains 18 nucleotides
complementary to the 3’ cnd of the KAR2 coding rcgion (including the stop
codon), as well as an 11 nucleotide cxtension containing the Sal I restriction
enzyme consensus sequence.  The 100 pl PCR reaction was carried out in 25 mM
KCl, 2.5 mM MgClz, 20 mM Tris-HCI (pH 8.3), 0.2 mM of cach dNTP, 1.0 mM of
cach primer, 25 U/ml of Taq DNA Polymecrase (Promega) and 1 pg of yeast
genomic DNA from strain 2C as the source of the target KAR2 gene.  Thirty
cycles of 90 scconds at 94° C, 150 scconds at 539 C, and 150 scconds at 729 Cin a
Perkin Elmer Cetus DNA Thermal Cycler were used to amplify the KAR2 coding
region.  The rcaction was than extracted with phenol/chloroform and  cthanol
precipitated. The PCR amplificd insert was digested with Sal 1 to completion
and the resulting 2.0 kb insert was purified on a 1.0% TBE agarosc gel and
ligated into the Sal 1 site of the plasmid pGEM-1, gencrating the new plasmid
pGK2 (Sce Figure 2).

The 2.0 kb insert was shown to be identical to the published sequence
for the coding rcgion of thc KAR2 gene by DNA scquencing using a scrics of
ncsted oligonuclcotide primers K2S1 o K289 (Table 3). Automated DNA
scquencing was performed at the Mount Sinai DNA Corc facility on an Appliced
Biosystems Model 373A  Scquencer using Taq polymerase and dyc-labeled-

didcoxynuclcotides.
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b. High-copy Cupl-KAR2 plasmid (pHCK2):

A ycast cpisomal plasmid with the KAR2 coding region under the
control of the CUPI copper responsive promoter was constructed as follows
(Figure 3). DNA from plasmid pGK2 was digested with Sal I to regencrate the
2.0 kb inscrt containing the KAR2 coding region and subcloned into the
unique Xho 1 site of the polylinker of the CUPI1-containing cpisomal plasmid,
pYSK136. This placed the coding region of the KAR2 gene between the copper-
responsive CUP1 promoter and the CYC1 transcription terminator of plasmid
pYSK136, generating the ncw cpisomal plasmid pHCK2.

c. Low-copy Cupl-KAR2 plasmids (pLCK2-T & pLCK2-U):

Yeast centromeric plasmids containing the CUPI-KAR2 construct were
constructed as follows (Figurc 4). DNA f[rom the ncw plasmid pHCK2 was double
digested with BamH 1 and Cla I, generating a 2.8 kb CUPI-KAR2-CYCI
containing inscrt. The insert was than gel purified and dircctionally
subcloned into the multiple cloning sites of the ycast centromeric plasmids
pRS314 and pRS316, generating the new ycast centromeric plasmids, pLCK2-T
and pLCK2-U, respectively.

d. Construction of plasmid pGK2-HIS3:

As a first step in the disruption of the chromosomal KAR2 gene the HIS3
gene was inscrted into the KAR2 coding region of plasmid pGK2 as follows
(Figure 5). First, plasmid pCMP171 was digested with BamH | to produce a 1.76
kb DNA fragment that contained the HIS3 gene. The 5 and 3 termini were
filled in with the Klenow fragment of DNA polymerase [ to generate a blunt-
ended fragment, which was then purified on a 1.0 % TBE agarosc gel. The 1.76
kb fragment was then ligated into the unique Stu 1 restriction site within the

KAR2 gene of plasmid pGK2 to gencratc the new plasmid pGK2-HIS3.
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Figure 3. Construction of plasmid pHCK2.
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Figure 5. Construction of plasmid pGK2-HIS3.
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3. Construction of low and high-copy wild-type and mutant

MF ol plasmids

High and low-copy plasmids containing the MFal gene were
constructed as follows. DNA from plasmid pHK2 was digesied with EcoR 1
generating the 1.7 kb MFal containing insert, which was gcl purified and
subcloned into the unique EcoR 1 site of the polylinker of plasmids pRS314 and
pRS316, resulting in the new plasmids pLCaF-T and pLCaF-U, respectively. The
orientation of the MFal gene was chosen such that in vitro transcription of
the MFa1l gene was under the control of the T7 promoter. The 1.7 kb MFul
containing insert was also subcloned into the unique EcoR I sitec of the
polylinker of the yecast cpisomal plasmid pYEP333, gencrating the new
episomal plasmid pHCoF.

High and low-copy plasmids containing the mfo1-N123 genc were
constructed as follows. DNA from plasmid M13-N123 was digested with EcoR 1
generating the 1.7 kb mfo1-N123 containing insert which was gel purificd and
subcloned into the unique EcoR I site of the polylinker of plasmids pRS314 and
pRS316, resulting in the new plasmids pLCN123-T and pLCNI123-U, respectively.
The orientation of the mfal1-N123 gene was chosen such that in  vitro
transcription of the mfo1-N123 genc was under the control of the T7 promoter.
The 1.7 kb mfo1-N123 insert was also subcloned into the unique EcoR [ sile of
the polylinker of the yecast cpisomal plasmid pYEP353, generating the new

episomal plasmid pHCN123. Maps of thesc plasmids arc shown in Figure 6.



42

Figure 6. Low and high-copy ppaf and NI123-ppaf expressing

plasmids.
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C. STRAIN CONSTRUCTION
1. KAR2  disrupted strains

a. Construction of the low-copy CUPI1-KAR2 containing strains:

The low copy CUPI-KAR2 expressing strains were constructed by
transforming the starting strains 2C and N123 with the centromeric plasmid
pLCK2-T, generating the new strains 2CLCK2 and N123LCK2, respectively.

b. Disruption of the KAR2 Gene:

The KAR2 gene was disrupted using the one-step gene disruption
method (Figure 7) as described [123]. The 3.8 kb insert resulting from the
digestion of plasmid pGK2-HIS3 with Sal I contained the HIS3 gene flanked on
cither side by the KAR2 coding rcgion. This inscrt was then used to transform
strains 2CLCK2 and N123LCK2 1o disrupt the chromosomal copy of the KAR?2
gene and generate the new strains 2CA and N123A.  Hist yeast colonies were
selected and screencd for a successful disruption as described below.

c. Confirmation of the KAR2 disruption:

Disruption of the genomic KAR2 gene in strains 2CA and NI123A was
confirmed by three independent mcthods. First, Southern blot analysis was
performed on gecnomic DNA isolatcd from a number of HIS*T putative 2CA and
N123A colonics. Genomic DNA f(rom the starting strains 2C and N123, or the
HIS* putatively disrupted strains 2CA and N123A, was digested with Xho [ and
probed with nick-translated KAR2 coding rcgion DNA. The non-disrupted
strains had a single rcacting band of 2775 bp consistent with the Xho |
fragment of genomic KAR2 DNA, while successfully disrupted strains had
three reacting bands of 7643 bp (lincarized plasmid pLCK2-T), 2821 bp (1494 bp
of 5" KAR2 scquence + 1327 bp of HIS3 sequence), and 1719 bp (1281 bp of 3
KAR2 sequence + 430 bp of 3" HIS3 scquence). Sccond, colonics identified as

disrupted by Southern analysis were analyzed by PCR using the KAR2 cloning
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primers K2-10 and K2-11. In non-disrupted and control strains usc of these
two primers amplified a band 2775 bp in length corresponding to the intact
KAR2 gene, while in the disrupted strains the amplified band was 4540 bp in
length corresponding to the KAR2 gene with a 1765 bp HIS3 insert. As the
third and final method of confirmation, strains that were shown to be
disrupted by both Southern analysis and PCR amplification were subject to
Northern analysis using probes specific to the 5' and 3' untranslated regions
(UTR) of the KAR2 gene (Figurc 8). The absence of BiP genomic mRNA after
Northern analysis was considered to be an cvidence for a successfully
disrupted genc (sce Results).

d. Construction of the high-copy A strains:

In addition to the lowcopy A strains, KAR2 disruptcd strains
overexpressing cither ppaf (HC2CA) or N123-ppaf (HCN123A) were
constructed by transforming the new strains 2CA or NI123A with the high-

copy cpisomal plasmids pHCoF and pHCNI123, respectivcly.

2. Other strains

a. Construction of the high-copy CUPI-KAR2 containing strains:

The high copy CUPI-KAR2 expressing strains were constructed by
transforming the starting strains 2C and NI123 with the ecpisomal plasmid
pHCK2, gencrating the new strains 2CHCK2 and NI123HCK2, respectively.

b. Construction of the high-copy ppof and NI123-ppofl strains:

High-copy ppoaf and NI123-ppaf strains were constructed by (ransforming
strain o pop with the cpisomal plasmids pHCof or pHCNI23 respectively.
Successful transformants werc confirmed by Northern analysis, which

demonstrated 10-fold higher levels of ppafl and N123-ppal mRNA.
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Figure 8. Construction of DNA probes specific for chromosomal

and plasmid-derived BiP mRNA.
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Table 5. Constructed Yeast Strains

Strain

Genotype

ppoaf
2CLCK2

2CA

HC2CA

2CHCK2

HC2C

123-ppof

N123LCK2

N123A

HCN123A

N123HCK?2

HCN123

MATo. MFal, mfa2::LEU2C. ade2-1; canl1-100; leu2-3,112; his3-
11,15; trpl-1; ura3-1; pLCK2-T.

MATo. MFoal, mfa2::LEU2C, kar2::HIS3. adc2-1; canl-100;
leu2-3,112; his3-11,15; trpl1-1; wura3-1; pLCK2-T.

MATo. MFol, mfa2::LEU2C, kar2::HIS3. ade2-1; canl-100;
leu2-3,112; his3-11,15; trpl-1; ura3-1; pLCK2-T; pHCoF.

MATa. MFal, mfa2::LEU2C. ade2-1; canl1-100; lcu2-3,112; his3-
11,15; trpl-1; wura3-1; pHCK2.

MATa. mfal::LEU2C, mfo2::LEU2C. ade2-1; can1-100; lcu2-
3,112; his3-11,15; wrpl-1; ura3-1; pHCaF.

MATo. mfal-N123, mfa2::LEU2C. adec2-1; can1-100; leu2-3,112;
his3-11,15; trpl1-1; ura3-1; pLCK2-T.

MATa. mfoal-N123, mfo2::LEU2C, kar2::HIS3. ade2-1; canl-
100; leu2-3,112; his3-11,15; wrpl-1; ura3-1; pLCK2-T.

MATo. mfal-N123, mfo2::LEU2C, kar2::HIS3. ade2-1; canl-
100; Icu2-3,112; his3-11,15; trpl-1; wura3-1; pLCK2-T;
pHCN123.

MATo. mfal-N123, mfa2::LEU2C. ade2-1; canl1-100; lcu2-3,112;
his3-11,15; trpl-1; ura3-1; pHCK2.

MATo. mfal::LEU2C, mfo2::LEU2C. ade2-1; canl-100; lcu2-
3,112; his3-11,15; wrpl-1; ura3-1; pHCN123.
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D. YEAST RNA ISOLATION AND NORTHERN ANALYSIS
1. Yeast RNA Isolation

Yeast RNA was isolated as described with only minor modification [124].
Briefly, 5 to 10 ml cultures werc grown under selective pressure to an ODgpg of
1.0 to 1.5 (mid-log phase). The cells were harvested and resuspended in 400 pL
of ice-cold AE buffer (50mM Na acetatc pH 5.3, 10 mM EDTA) to which 40 pL of
10% SDS and 440 pL of hot phenol (equilibrated in AE Buffer) at 70° C were
added. The suspcnsion was voriexced, incubated at 70° C for 5 min, snap-{rozcen
in liquid nitrogen, and then allowed to thaw during a 10 min centrifugation at
12,000g at room temperature. The upper aqucous phasc extracted with 440 pL
of phenol/chloroform, and RNA was precipitated with cthanol. RNA
concentration and purity were dciermined by measuring the absorbance at
260 and 280 nm. The quality of the RNA was determined by cthidium bromide
staining of total RNA run on a  RNA formaldchyde gel (samples showing

evidence of 18S and 28S rRNA dcgradation were discarded).

2. Preparation of Northern Dblots
RNA was scparated in 1-1.3% agarosc gels containing formaldchyde and

transferred to nitrocellulose cssentially as described [125].

3. Probes

a. DNA inserts for probe synthesis:

DNA fragments for probe synthesis by nick translation were prepared
as follows: (1) The actin inscrt was preparcd by double digestion of plasmid
pGACT with EcoR I and Hind III, followed by gel purification ol the resulting
700 bp fragment; (2) The ppot insert was prepared by digestion of plasmid

pHK2 with EcoR 1, followed by gel purification of the resulting 1700 bp
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fragment; (3) The insert specific for plasmid-derived BiP was prepared by
double digestion of plasmid pYSK136 with BamH I and Clal followed by gel
purification of the resulting 800 bp fragment (Figure 8); (4) Inscrts specific
for chromosomal-derived BiP were prepared by PCR amplification of the 5' and
3" UTR of the KAR2 gene using the oligonucleotide primers (K2-10, K2G1) and
(K2-11, K2G2) followed by gel purification of the resulting 280 (5' UTR) and 440
(3" UTR) bp fragments (Figure 8).

b. Labeling and purification:

Radiolabeled DNA probes for Northern blotting were prepared by nick
translation (Promecga Nick Translation Kit) of DNA fragments using dCTP as the
radionucleotide. In a typical 50 pl reaction, 12.5 ul of dCTP (800 Ci/mmole) was
used to label 1.0 pug of target DNA. Specific activitics were typically 1-2 x 108
cpm/pg. Radiolabecled DNA was separated from free radionucleotide by spin

chromatography.

4. Hybridization

Radiolabeled probes were hybridized 1o RNA immobilized on
nitrocellulose membranes in  heat-scalable bags as described [120].
Approximately 0.2 ml of hybridization solution (6X SSC, 5X Denhardt’'s rcagent,
0.5% SDS, 100 pg/ml shearcd salmon sperm DNA) was added per square
centimeter of membrane. Membranes were preincubated for a minimum  of
two hours at 65° C beforc adding denatured probe. Nick translated probe was
denatured by boiling for S5 min belore adding directly to the bag at a
concentration of 1 x 109 cpm/ml.  Hybridization was carricd out for at lcast 16
hours at 65° C. At the end of the hybridization period the membrancs were

washed sequentially with 1X SSC and 0.1% SDS (20 min at room (cmperature)
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and three times in 0.2X SSC and 0.1% SDS (20 min at 65¢ C). The membrancs
were then allowed to dry and cxposed to film,

The hybridization of probes was quantified in the following manner.
Membrane slices containing the bands of interest were cxcised using the
exposed film as a template. 5.0 ml of scintillation cocktail were added to cach
membrane slice and the samples were counted in a Beckman LS1801 counter.
Membrane slices from regions without RNA were cut and counted in triplicate
and subtracted as background from all data. In addition, all data points werc

normalized by their relative lcvel of actin mRNA.

5. Measurement of mRNA decay rates

BiP mRNA decay rates were measured using a yeast conditional mutant
strain (Y262) that rapidly ccases synthesis of mRNA when incubated at the
nonpermissive temperaturc.  mRNA deccay rales were mecasurcd in cultures of
100 ml in which the temperature of the culture was abruptly switched [rom
240 C to 36° C by adding an cqual volumc of YPD medium at 489 C and
transferring the culture to a water bath at 36° C for the remainder of the
incubation. 10 ml aliquots of the culture were removed at the indicated time
points to extract total RNA as described. The relative level of BiP mRNA was
determined by Northern analysis followed by direct counting ol cxcised bands

as described above.

E. PULSE-CHASE ANALYSIS OF of BIOGENESIS

1. Preparation of vradiolabeled cell lysates and media
An overnight culture of the yeast strain of interest was grown up from
a single colony in 100 ml of selective media in a 500-ml Erlenmeyer [lask at 309

C. Mid-log phasc cells were harvested by centrifugation, resuspended at an
& P Y g |
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ODgpo of 1.0, and incubated for an additional 3 hours. The ODgpp was mcasurced
and 50 ODggp units were harvested by centrifugation and resuspended in 4.0 ml
of prewarmcd sclective media at a concentration of 12.5 ODggo/ml. Cells were
then preincubated at 30° C for 15 min, during which time cells were cxposed to
T™™ (50 pg/ml).

To initiate the pulse, 33S-methionine (1000Ci/mmole of 35S-TRANS-
Label) was added to the specified concentration, and cells were then incubated
for 5 min. Aliquots were centrifuged, and cells wecre spun down and
resuspended in sclective medium containing unlabeled methionine at 10 mM
and 1.0 mg/ml of BSA. Samples were brought to 1 mM PMSF and 10 mM NaNj,
rapidly chilled and centrifuged to peclict the cclls. The supernatant  was
carefully removed and stored on ice. The cell pellets were washed once with
ice-cold 10 mM NaNs and resuspended in ice-cold Yecast Extraction Buffer
containing 1 mM PMSF. An cqual volume of glass beads was added and the ccll
pellets were disrupted by vortexing for 20 min at 4° C.  Total disruption ol the
yeast cell wall was always confirmed by cxamining the sample for intact ycast
cells by phasc microscopy (400X). The yeast cell lysate sample was then
adjusted 0 2.5% SDS, boiled for 5 min and centrifuged. The supcrnatant (ccll

lysate) was carcfully removed and TCA precipitated ¢cpm were determined.

2. Immunoprecipitation

a. Antibodics:

The anti-BiP antibody (gift of M. Rose) was prepared in New Zealand
White rabbits using a fusion protein containing the carboxy terminal 216
residues of ycast BiP fused to the E. coli TrpE cxpressed from plasmid pATH2

[76]. The anti-oof antibody (gift of D. Shiclds) was prepared from New  Zealand
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White rabbits using the mature of peptide coupled to keyhole limpet

hemacyanin (KLH).

b. Immunoprecipitation of cell lysates and media samples:

The cell lysate samples were prepared for immunoprecipitation by the
addition of 1.0 ml of 1X Antibody Buffer A (190 mM NaCl, 50 mM Tris-HCL pH 7.4,
6 mM EDTA, 2.5% (v/v) Triton X-100, 1 mM PMSF, 1 mg/ml BSA). 5 ul of anti-of
antibody were added and the samples were incubated for 12-16 hours at 40 C
with rotation. 75 pl of a 33% (v/v) solution of Protecin A Sepharose Cl-4B
(Sigma) in Antibody Buffer B (150 mM NaCl, 10 mM Tris-HCL pH 8.3, 5 mM EDTA,
0.1% (v/v) Triton X-100, 1 mM PMSF, 1 mg/ml BSA) was then added and the
samples were incubated for an additional 3 hours at 49 C. Each
immunoprecipitated sample was then sequentially washed 4X with 1.0 ml of Ab
Buffer B followed by 2 washes with PBS.

The media samples were prepared for immunoprecipitation by the
addition of 0.35 ml of 4X Antibody Buffer A. 5to 10 pl of anti-af antibody were
added, and the samples were processed as just described.  The PAS pellets, in

this case, werc preparcd for HPLC as described below.

3. SDS-PAGE analysis

The PAS pellets were resuspended in SDS-PAGE sample buffer, boiled for
5 min, centrifuged, and the resulting supernatant (cell lysate) was analyzed by
SDS-PAGE on a Hoeffer SE 600 Cooled Vertical Slab Unit using 1.5 mm slab gels
with a 5% stacking gel and a 18% scparating gel.  Following clectrophoresis,
labeled protein bands in gels were visualized by f(luorography, using 2,5-
Diphenyl-oxazole (PPO) in DMSO. Gels were then dricd in a Hoeffer Easy Breeze
Gel drier and cxposed to film (Kodak XARS) at -809 C. Protein bands of interest

were quantitated by densitometry using the LKB 2222-020 Uliroscan XL Laser
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densitometer on gel films of equal cxposurc time, and normalized using cell

lysate TCA precipitable counts,.

4. High Performance Liquid Chromatography (HPLC)

PAS pellcts containing immunoprecipitated secrcted of were prepared
for HPLC analysis by resuspending the washed PAS pellets in 50 uL of TEU
buffer (8M Urca, 500mM Tris-HCl pH 8.8, 20mM EDTA, 100mM DTT) and
incubating at 50° C for 30 min. An additional 50 pL of TEU buffcr containing
0.66 M iodoacctic acid was then added and the samples were incubated in the
dark at room temperaturc for 10 min. Each sample was then spun for 1 min in
a microcentrifuge and the supernatent was removed and saved. The PAS pellet
was then washed with 50 pL of TEU and combined with the first supernatant.
20 uL of 1.5% (w/v) TFA-80% CH3CN was then added and the sample was filiered
through a 0.22 ym Millipore Ultrafree-MC  Filter (UFC3-0GV-25) by
centrifugation at 2500g in a Milliporc mini-centrifuge.  The sample was then
transferred to a 300 pl HPLC vial for automated sample injection. The samples
were analyzed using a Hewleut Packard 1090 HPLC ecquipped with a VYDAC
Reverse Phase Cjpg analytical column (4.6 mm ID x 1/4" x 25 cm L, 5 pm). 33S-
methionine labeled sccreted of was separated using 0.15% (w/v) TFA-H>0 -
acetonitrile as the mobile phase. The clution gradicnt used 1o resolve the of
peptide was as follows: 0-5 min - 20% CH3CN; 5-30 min - 20-60% CH3CN, 30-35
min - 60-100% CH3CN; 35-40 min - 100-20% CH3CN, and from 40-45 min 20%
CH3CN (Figure 9D). The HPLC flow ratc was 0.5 ml/min. Undecr these conditions
two major of-containing pecaks of radioactivity were typically obscrved.  The
pcak at 18.5 min represents methionine  sulfonec-containing  of, since
trcatment of the immunoprecipitated media sample with 5% H2O2 results in a

single peak at 18.5 min (data not shown). The peak at 21 min represents the
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unoxidized mecthionine form of thc‘ maturc of peptide. The peak at 7 min
represents unincorporated 33S-mecthionine. The 35S-mcthionine-labeled af in
the eluate was detected by mixing with a high efficiency, non-gelling
scintillation fluid (FLO-SCINT 1) and applied to a Radiomatic FLO-ONE Becta
detector for detection. The levels were quantified using manufacturer's

software.

F. DETECTION OF BIP BY WESTERN BLOTTING
1. Protein  extraction

Total yeast proteins were extracted essentially as described with only
minor modification [126]. Bricfly, 25 ODggo units of mid-log phasc cells (ODggo
= 1.0) were harvested, washed twice in ice-cold 10 mM Tris-HCI, 1 mM EDTA (pH
7.0), and resuspended in 250 pl of ice-cold Extraction buflfer containing 1%
Nonidet P-40, 0.5% dcoxycholate, 0.1% Sodium dodecyl sulfatc, 150 mM NaCl, 50
mM Tris-HCl (pH 8.0), 1 mM EDTA, lcupeptin (1 pg/ml), Pcpstatin (1pg/ml) and
1 mM phenylmethylsulfonyl fluoride (PMSF). An cqual volume of 425-600
micron, acid-washed glass beads (Sigma) was added and the cells were
disrupted by vortexing for 15 min at 4° C using a VWR Vortex-Genic 2 Mixer
with the large sample hcad. Total disruption of the yeast cell wall was always
confirmed by ecxamining the protein extract for intact cclls by phase
microscopy. The protein extract was then clarified by centrifugation at
12,000g for 1 min at 4° C in a microcentrifuge. The supernatant was carcfully
removed and snap [rozen in liquid N2 Protein concentrations  were
determined using the DC Protein Assay (Bio-Rad), a colorimetric assay for

protein concentration following dctergent solubilization.



2. Western analysis

Proteins analyzed by SDS-PAGE on a Hocffer mini-gel apparatus werc
transferred to nitrocellulose (Sigma) wusing a Hoeffer Semi-dry apparatus.
Upon completion of protein transfer, the nitroccllulose membrane was
blocked by incubating in Immunoblot buffer (500 mM NaCl, 25 mM Tris-HCI(pH
7.5) containing 10% (w/v) nonfat dried milk (Carnation) and 0.1% (v/v) Tween
(Bio-Rad). Anti-BiP antibody at a 1/20,000 dilution was added, and the
membrane was incubated for an additional 3 hours. The membrane was then
extensively washed, and incubated with the secondary antibody, anti-rabbit
Ig-Horse radish peroxidase (HRP) linked F(ab')p fragment from Donkey
(Amersham) at a 1/5000 dilution for cxactly 1 hour, followed by e¢xtensive
washing. The antigen-antibody-antibody conjugated 10 HRP was dctected
using the Enhanced Chemiluminescence (ECL) system according to the

manufacturer's protocols (Amersham).

G. IN VITRO TRANSCRIPTION AND TRANSLATION
1. In vitro transcription and translation

a. In_vilro (ranscription:

RNA was synthesized in vitro from lincarized DNA (emplates using SP6
or T7 RNA Polymerase (Promega or BRL) according (o manufacturer's
instructions. The DNA tcmplatc was then removed by the addition of RNase-
free DNasc (Promega or Pharmacia). The rcaction was then extracted with an
equal volume of phenol:chloroform, followed by an extraction with
chloroform alonec. The RNA was then recovered essentially free of nucleotides
by three successive cthanol precipitations. The final RNA  pellet  was

resuspended in 50 pl of ddH20. The concentration and purity was determined
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by measuring the Ao and A2g8(0. The RNA was stored at -80° C. Using this
protocol, yiclds of 5-10 pg RNA/ug of DNA tcmplate were routincly obtained.

b. In_ vitro translation:

Protein was synthesized in vitro from RNA templates in the following
mann—cr. A typical 25 pl reaction contained: 0.2-1.0 pg RNA; 2.5 pl of 10x WGCB
(20 mM Hepes-pH 7.2, 90 mM KAc, 16 mM Mg(Ac), and 0.8 mM Sperminc); 2.5 pl
of 10x EGS-Met (12 mM ATP, 2.4 mM GTP, 96 mM creatininc phosphate, Amino
acid mix (400 mM) without methionine, creatinine-phosphokinasc (0.64
mg/ml); 2.5 pl of 35S-Met (10 uCi/ul); 10 pl of Wheat Germ extract and 1 pl of 50
mM DTT. When specified, DPRM were included at 2.0 ul/25 pl reaction and 1.0 pl
of 0.05% Nikkol was added to cnhance translocation cfficicncy.  The reaction
components were all added on icc, and the typical reaction was incubated at 28°

C for 60 min.

¢c. Preparation _of Wheat Germ Extract:

Wheat Germ was prepared as described with scveral modiflications [127].
Briefly, Wheat Germ (General Mills) was ground in a chilled mortar and pestle
in WG Extraction Buffer (10 mM Tris-acctatc pH 7.6, 90 mM KAc, 3 mM
Mg2+(Ac)2, 1 mM DTT). The resulting suspension was centrifuged in a SS34
rotor at 14,000 rpm for 10 min. The supernatant was removed, adjusted by
adding 200 ul of 1.0 M Tris-acetate pH 7.6 and 20 ul of 1.0 M Mg2+(Ac)2 for cvery
10.0 ml of supernatant, and rccentrifuged under identical conditions. The
resulting supernatant was applied to a Sephadex G-25 gel filiration column (1.5
X 25 cm; medium grade) cquilibrated in WG Elution buffer (1 mM Tris-acclate
pH 7.6, 50 mM KAc, 1 mM Mg2+(Ac)2, 0.028% pB-mercaptocthanol), and the void
volume was collecied and centrifuged in a SS34 rotor at 14.0()() rpm lor 10 min

before being snap frozen in liquid Nj.



2. Rough microsomes

a. Introduction:

Caninc pancrecatic rough microsomes (DPRM) were uscd in this project
at several points to gencrate in vitro translated ppoaf{ and BiP that had
undergone ER processing. The DPRM preparation, howecver was part of an
earlier project in which [ developed a modification to their isolation protocol
which significantly improved their purity and activity,

b. Isolation and_ characterization:

DPRM were initially isolated as described in the original protocol by
Walter and Blobel [128]. All steps were carricd out a 49 C in the cold room as
quickly as possible. Bricfly, the pancrcas was removed, rinsed twice with ice-
cold buffer A (250 mM Sucrose, 50 mM TEA (pH 7.5), 50 mM KAc, 6 mM
Mg2+(Ac)2, 1 mM EDTA, T mM PMSF and 1 mM DTT), cleaned, minced with a
razor blade, and homogecnized in 4.0 ml buffer A per gram of pancrecas in
either a motor-driven Potter-Elvehjem  homogenizer or Tckmar polytron.
Assay of scveral different preparations revealed that the Potter-Elvehjem
homogenizer, which disrupts by Iliquid shear, produced membranecs with
greater activity than the Tckmar polytron, which uscs mecchanical shcar.  The
liquified pancrecas was then loaded into 30.0 mi Corex tubes and centrifuged for
10 minutes at 1000 gav in a SS34 rotor (Sorval) to pellet nuclei and cell debris.
The floating fat layer was aspirated off and the resulting supernatant was then
centrifuged at 10,000 gyv for 10 minutes in a SS34 rotor (Sorval) to pellet
mitochondria and large shects of non-vesiculated cndoplasmic rcticulum and
plasma membranc. Again the (floating fat layer was aspirated off and the
resulting supernatant was layered over a 1.3M  sucrose cushion in buffer A
(load:cushion was 3:1) in 25.0 ml Sorval tubes and centrifuged at 4° C for 2.5

hours at 140,000 g,y (40,000 rpm) in a Ti 50.2 rotor (Sorval). The resulting
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supernatant and membranous interface were removed by aspiration, and the
pcllet containing rough microsomes was rcsuspended by manual
homogenization (4 strokes) in Buffer B (250 mM Sucrose, 50 mM TEA (pH 7.5),
and 1 mM DTT) using a Dounce homogenizer (type B).

c. Purification by gel filtration:

To assurc consistent performance with minimal translation inhibition
and background, the DPRM were further processed by a column washing step
to remove adsorbed ribosomes and proteins. DPRM prepared in this way were
typically much less inhibitory to protecin synthesis, but showed no loss of
translocation activity when compared o the original unwashed DPRM.
Briefly, thc DPRM in buffer B werc taken up in 100 volumes of wash buffer (50
mM TEA (pH 7.5), 6 mM Mgz*’(Ac)g, 0.5 mM EDTA and 1 mM PMSF) and applied 1o
a Scphacryl S-1000 column cquilibrated in wash buffer. The size of DPRM is
estimated to be > 100 x10° Da, while small polysomes and ribosomes have been
estimated to be less than 20 x10% Da based on size fractionation on Scpharosc
columns.  Gel Filtration on Scphacryl S-1000. with a measured cxclusion limit
of 100 x10% Da, should be ablc to cxploit this five-fold difference in size and
rapidly scparatc DPRM from f{ree polysomes and ribosomes. The resulting
microsomal fraction cluted at the Vo of the column, well scparated from free-
polysomes and ribosomes. The DPRM containing [ractions were then pelleted
by centrifugation at 49 C for 1 hour at 90,000 guy (32,000 rpm) in a Ti 50.2 rotor
(Sorval). The DPRM pellets were resuspended by manual homogenization (4
strokes) in buffer B using a Dounce homogenizer (type B).  The yicld of rough
microsomes was then quantified by absorbance at Aagq and Azgg in 1% SDS.
Application of 1this protocol typically yiclded 50 Aagg units of membranes per
gram of caninc pancrcas.  The cfficiency of membrane translocation of the

purificd DPRM was determined by assaying the cfficiency ol signal peptide
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cleavage and corc glycosylation, using ppoaf mRNA. Protection of the
processed secretory proteins from cxogenous trypsin was used to confirm the
lumenal location of the processed pre-protein. Ppaf is processed by DPRM
with at least 80% efficiency, and the processed product is resistant o trypsin

digestion, confirming a luminal location.
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III. RESULTS

CHAPTER 1. BIP FUNCTION IN THE YEAST SECRETORY PATHWAY

A, Role of Asn-linked glycosylation in the transport and
processing of yeast prepro-a-factor

To test the role of Asn-linked glycosylation in pro-o-factor (poaf)
transport and processing without the use of tunicamycin (TM), we studied a
yeast strain (designated N123), which cxpresses a triple glycosylation mutant
of prepro-o-factor (N123-ppof). The N123 strain, constructed by Dr. S. Caplan,
contains an integrated mutant MFal gene in which all three Asn-linked
glycosylation rccognition sites have been changed from Asn-Thr-Thr 1o Asn-
Thr-Ala by site-dirccted mutagenesis |[129].  Since the N123 strain is isogenic (o
the wild-type strain (2C) at all loci except the MFal locus, any differences in of
biogenesis can be attributed to the cxpression of N123-ppolf.

To quantify the cffect of a lack of glycosylation on ppof, we utilized two
parallel approaches.  First, N123-ppaf processing and sccretion were measured
in strain N123 by pulsc-chasc analysis in the absence and presence of TM.
Sccond, as an alternative but complementary approach, an identical analysis
was performed on strain 2C in the abscnce and presence of TM. In both cascs,
carly log-phasc yeast were pulse-labeled with 35S-methionine and chased for
increasing times in the presence ol excess unlabeled methionine,  Cell lysates
and media samples were preparcd as described in the Experimental Procedures.
The level of 35S-methionine-labeled intracellular  precursor  was  quantitated
by immunoprecipitation  with anti-of antibodies [lollowed by SDS

polyacrylamide gel clectrophoresis (SDS-PAGE).  Radiolabeled protecin markers
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Figure 9. Analysis of wild-type and mutant ppaf transport and

processing.

(A) In vitro translation (IVT) of wild-type and mutant ppof mRNA. mRNA was
synthesized by T7 RNA polymerase using plasmids pLCoF or pLCN123. The
resulting mRNA was translated in a wheat germ IVT system containing 35S -
methionine, in the absence or prescnce of canine pancretic rough
microsomes (RM) as described. For protection studies, the IVT recaction was
incubated with Protcinase K (PK) on ice for 1 hour. (B) SDS-PAGE profile of
vitro synthesized markers and immunoprecipitated pof from a typical pulse-
chase analysis using strain HC2C in the presence of TM. (C) SDS-PAGE profile
of immunoprecipitated gpof and NI123-pof from a typical pulse-chasc analysis
using strains HC2C & HCN123. In both B and C ycast cecll lysates were preparced
as described and subjected to immunoprecipitation with anti-of antibody,
followed by SDS-PAGE on 18% polyacrylimide gels. (D) HPLC clution gradicnt
profile for analysing immunoprccipitated media samples for sccreted of.  The
gradient of 0.15% TFA-acctonitrile (organic phasc) is indicated (dotted linc).
Elution of radiolabeled of from a typical immunoprecipitated media sample is
superimposed on the clution gradient (solid line). (E) HPLC -clution profile
time points from a typical pulse-chase analysis using strain HC2C. Mcdia
samples were prepared as  described, and  the scereted ol levels  were
determined by immunoprecipitation with anti-af antibody followed by HPLC

analysis.
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C. Pulse-chase analysis of wild-type and mutant poaf
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were generated from in vitro translation (IVT) of ppaf or N123-ppaf mRNA in
the presecnce of caninc pancrcatic rough microsomes (RM). In vitro, ppofl is
converted to gpof by RM through signal peptide cleavage and Asn-linked
glycosylation at all three acceptor sites, while N123-ppaf is converted into
N123-paf by signal peptide clcavage alone (Figure 9A). Use of these
radiolabeled markers allowed identification of intracellular radiolabeled
precursors (Figure 9B). A typical pulse-chase profile is shown in Figure 9C,

In the samc experiments, the level of mature 33S-methionine-labeled af
in the extraccllular medium was quantificd by immunopreccipitation with anti-
of antibody, followed by high-performance liquid chromatography (HPLC) on
a Cy1g reverse phase column (Figure 9D). Under these conditions, two major of-
containing pecaks of radioactivity arc typically observed. The pecak at 18.5 min
represents  mcthionine  sulfonc-containing of, since trecatment of the
immunoprecipitated media sample with 5% H209 results in only a single pcak
at 18.5 min (data not shown). Thce pcak at 21 min rcpresents the unoxidized
methionine form of the mature of peptide.  The peak at 7 min represents
unincorporated 33S-methionine. A typical scrics of clution profiles from a
pulsc-chase analysis is shown in Figurc 9E.

Comparison of the wild-type and N123 strains revealed that, in the wild-
type strain, pulsc-labeled gpof rapidly disappecars from cclls (ty1;2 < 5 min),
with a corresponding rapid appcarance of radiolabeled of in the extracellular
medium (Figure 10, top pancl, circles). In contrast, in strain N123, N123-paf
disappcars much morc slowly (11,2 = 25 min), and the sccretion of ol is delayed
and never attains as high a level as that scen in the wild-type strain (Figure
10; top pancl, squarcs). By the end of a 60 min chase period, the total amount
of af secreted by the mutant strain was only 10% of the amount sccreted by the

wild-type strain, yct 75% of NI23-pafl had disappcared. Since cqual amounts ol
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Figure 10. Comparison of transport and processing of wild-type

and mutant pof.

Equal amounts of log-phase wild-type (2C) and ppaf triple glycosylation
mutant (N123) cclls were pulse-labeled with 358-methionine (200 pCi/ml) for
5 min and chased for incrcasing times in the presence of excess unlabeled
methionine. TM (50 pg/ml) was added where indicated 15 min prior to the start
of the pulse. Yeast cell lysates were prepared as described, and the level of
intracellular precursor was dctermined by immunoprecipitation with anti-o.f
antibody followed by 18% SDS-PAGE. The relative level ol radioactivity in cach
band was dectermined by densitometry. Media samples were prepared as
described, and sccreted of levels were determined by immunoprecipitation
with anti-af antibody followed by HPLC analysis. The amount of radioactivity
in the ecluted of peaks werec determined by continuous flow scintillation
counting.  The relative levels of intracellular precursor and scercted of were
normalized to the level of TCA-precipitable 33S-labeled protein (cpm) in the
cell lysates at time zcro. Top panel, comparison of strains 2C (open circles),
and N123 (open squarcs) in the abscence of drug trcatment. Middle panel,
strain 2C in thce absence (open circles), or presence (solid circles) of TM.
Bottom panel, strain N123 in the absence (open squarcs), or presence (solid

squarcs) of TM.
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wild-type and mutant ppof mRNA arc present in the two strains as mcasured
by Northern analysis (data not shown), wec infer that ecquivalent amounts of
ppaf and NI123-ppaf were synthesized during the 5 min pulse. This lcads to the
conclusion that a significant proportion of the newly synthesized NI23-paf is
-dcgradcd during the chase without gencrating mature of.

Treatment of strain 2C with TM results in a slower disappearance of
non-glycosylated pof relative to gpof (112 = 12 min), and a significant
reduction in of secrction (Figure 10, middle pancl, solid circles). By the end of
a 60 min chase period, the total amount of af secreted by the TM-treated cells
was 36% of the amount sccreted by the control cells, yet all of the intracellular
non-glycosylated pof has disappecared. As in the case of NI23-paf, this
observation suggests that a significant proportion (60%) of non-glycosylated
paf is degraded intracellularly.

A surprising result was obtained when strain N123  was subjected to
pulse-chase analysis in the presence of TM (Figure 10, bottom panel, solid
squares). Under these circumstances, N123-pafl disappcars morc rapidly than
in the absence of TM (12 = 13 min vs. (172 = 25 min). Most important, the level
of af secreted in the NI123 strain in the presence of TM is 2.5-fold greater than
in the absence of TM itrecatment. It appcars that TM trecatment mobilizes an
additional proportion of intracellular N123-pof to support the processing and
secretion of mature of.

This analysis demonstrated, first, that the disruption of the Asn-linked
glycosylation sites of ppof by site-dirccted mutagenesis or TM trecatment lcads
to a severc reduction in of sccrction.  Concomitant with the reduced sceretion
was a delay in ER to Golgi transport of the precursor, as manifested by the
corresponding accumulation of intraccllular non-glycosylated pof.  Since

some mature ol is still secreted in the absence ol Asn-linked glycosylation, we
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conclude that glycosylation of paf is important but not essential for the
biological activity of the proregion in ER-to-Golgi transport and KEX2 mediated
proteolytic processing.

More intriguing was the apparent rescue of of secrction by TM
trcatment in strain N123. In this case, the mutant precursor is itself never
glycosylated, thus the cffect of TM on NI123-paf processing and secrction must
be due to trans-acting factors. One possible candidatec is the yeast ER lumenal
heat shock protein BiP. The documented ability of TM to inducc the expression
of BiP in yecast is consistent with its proposed function in higher cukaryotic
cells, where it is belicved to recognize non-glycosylated (and presumably
malfolded) polypeptides and possibly act to refold them or mediate their
degradation.  The observation that of sccretion can be cnhanced by trcating
the N123-ppof expressing cells with TM suggested that BiP might be involved

in the transport and processing ol NI123-pof.

B. NI23-ppoaf is an inducer of BiP expression

The defect in of transport and processing cxhibited by non-glycosylated
paf and NI123-pal might be duc to their intcraction with BiP in the lumen of
the ycast ER. To gain support for this hypothesis, we asked whether simple
expression of N123-ppaf changes the level of BiP cxpression within the cell.
Though the precise signal transduction pathway involved has not been
identified, in higher cukaryotic cclls it is clear that accumulation of malfolded
proteins in the ER can inducc BiP transcription.  Though other circumstances
have been shown to induce BiP in ycast (TM treatment, cxpression of scc
mutations, heat shock), to our knowledge no mutant ycast sccretory prolein

has yet been shown to be an inducer of BiP.
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I thercfore comparcd the steady state Iecvel of BiP mRNA in strain 2C (o
that in strain N123 by Northern analysis. Sincc the mutant strain is isogenic
to the wild-type strain at all loci cxcept for the MFal locus [55], T rcasoncd that
any differences in steady state BiP levels could be atiributed 1o the cxpression
of NI123-poaf. To ensurc that subtle diffcrences in media or incubation
conditions could not influcnce the results of these studics, both strains were
analyzed in parallel (scc cxperimental procedurcs) and the level of BiP mRNA
was normalized to that of actin mRNA in cach sample. Quantitation of BiP
mRNA levels in the two straing grown and analyzed under identical conditions
revealed a steady stalc BiP mRNA level approximately 2-3 fold greater in the
mutant strain than in the wild-type (Figure 11).

To extend this observation, we tested whether incrcasing the cxpression
level of N123-ppuaf could inducc BiP mRNA (o an cven greater extent.  The
stcady state level of BiP was compared between strains HC2C and HCNI123, which
contain the MFal or mfo1-N123 gene, respectively, on cpisomal plasmids.  The
levels of ppoaf mRNA arc approximately 10-fold greater in these high-copy
strains relative to those containing a single chromosomal copy of MFal (scc
Figure 12). The starting strain oyop, in which both the MFal and MFa2 loci
had been disrupted, was included as a control to sce if overexpression of wild-
type ppof would in itsclf induce BiP.

We observed that high level expression of NI123-ppoafl resulted in a
stcady statc level of BiP mRNA that is 5 to 6-fold greater than the level scen in
the high-copy wild-type strain (Figure 12). Furthermore, when compared to
the null oqo2 starting  strain, overexpression of  wild-type ppof had no cffect
on BiP mRNA lcvels, arguing that the effect of NI123-ppofl was not duc to the
increascd flux of a sccretory protein through the ER.  Notably, all three strains

responded cqually to TM treatment, arguing that induction of BiP mRNA by
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Figure 11. Expression of NI123-ppof increases the state-state level

of BiP mRNA.

Total RNA was isolated from log-phase wild-type (2C) or mutant (N123) cells,
scparated on a 1.0% agarose gel containing 2% formaldchyde, transferred to
nitrocellulose and simultancously probed under conditions of high stringency
with labeled fragments of DNA that recognized either actin or BiP mRNA. (A)
Level of steady state BiP and actin mRNA in 5, 10, or 20 pg of total RNA. (B) The
amount of radioactive label hybridized to BiP and actin mRNAs were
quantitated by cxcising individual bands and liquid scintillation counting. The
level of BiP mRNA (cpm) was normalized to the level of actin mRNA (cpm) at
each data point. The data arc presented as the fold induction over the stcady
state level found in the wild-type strain (indicated above the respective

column).
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Figure 11. Expression of N123-ppaf increases the state-siate level

of BiP mRNA,
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Figure 12. Dose-dependent induction of BiP mRNA by NI23-ppaf.

Total RNA was isolated from strains oojop (Null), HC2C and HCN123 that had been
incubated in the absence or presence of 5 pg/ml TM for two hours, and
analyzed as in Figure 11. (A) Level of sicady state BiP and actin mRNA in 10 ug
of total yeast RNA. (B) Thc Northern blot data was quantitated as in Figurc 11.
The data arc presented as the fold induction over the steady state level found in

strain o2 in the absence of drug trcatment.
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N123-paf does not saturate the transcriptional capacity of the KAR2 genc.  This
argues against a synergistic effect between TM and NI123-pof on BiP induction,
and suggests that the underlying mechanism of transcriptional induction of
these two stimuli arc similar and may be mediated through the samc
mechanism.

These results arc the first demonstration in ycast that cxpression of a
defective ycast sccretory protein (N123-ppaf) induces the cxpression of BiP in
a dose-dependent manner, and argucs for a possible intcraction between BiP
and N123-paf within the yecast ER lumen. Further, these data, along with the
enhancement of of sccretion scen in strains  cxpressing N123-ppof in the
presence of TM, provided the basis for 1wo alternative hypotheses which
investigated whether ycast BiP scrves a positive or negative function in the
biogenesis of N123-paf. The "rescue” hypothesis presumes a positive role for
BiP and argucs that induction of BiP following cxposurc to TM results in a level
of free BiP sufficient to bind NI123-paf, promote its folding and subscquent
transport, which in turn lcads to a higher level of of sccretion.  On the other
hand, TM treatment also induces the accumulation of large amounts of other
non-glycosylated sccretory and membranc  proteins, which may also be
substrates for BiP and thus competec with NI23-paf for BiP binding. The
alternative "cscape” hypothesis presumes a negative role for BiP and predicts
that in the presence of TM the bulk level of non-glycosylated proteins
overwhelms c¢ven the TM-induced level of free BiP, resulting in  the
compectitive displacement of N123-paf from BiP and a corresponding incrcasc
in the level of of sccretion.  The cscape hypothesis accommodates an  additional
postulate, that BiP mediates protein degradation within the sccrctory pathway,

perhaps within the ER.
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C. Construction and verification of yeast strains expressing

CUPI-KAR2

In order to distinguish bectween the rescuc and cscape hypotheses, 1
constructed from strains 2C and N123 a number of new ycast strains in which
BiP expression could be regulated independently of inducers such as TM
treatment and the prescnce of malfolded proteins within the ER lumen. As a
first step, we isolated the coding region of the KAR2 gene and constructed a
series of plasmids that put the KAR2 coding region under thce control of the
yeast metallothionine promoter (CUP1). This was donc so that the ccllular
level of BiP mRNA, and thus the level of BiP protcin, could be regulated by the
concentration of copper sulfatc (Cu2¥) within the growth media. After
transforming the haploid wild-type (2C) and triple glycosylation mutant
(N123) strains with a centromeric plasmid containing the KAR2 coding region
under the control of the CUP1 promoter, we disrupted the genomic copy of the
KAR2 genc using a onc-step genc disruption method.  The results of these
manipulations were isogenic strains cxpressing ppof or NI123-ppof, whosc
level of BiP was unresponsive to TM and was now under the control of the
copper-responsive CUP1 promoter.

The coding region of the KAR2 gene was isolated from ycast genomic
DNA (strain 2C) by PCR using oligonucleotide primers complimentary to the §'
and 3" cnds of the KAR2 coding rcgion. The resulting 2.0 kb fragment was
cloned into thec in vitro transcription plasmid pGEM-1, generating the new
plasmid pGK2. DNA scquencing confirmed that the insert corresponded to the
published KAR2 gene (data not shown).
The 2.0 kb fragment was shown (o contain a [functional copy of the KAR2
coding region by two independent methods (Figure 13).  First, plasmid pGK2

was lincarized downstrcam of the 3' end of the KAR2 coding region and



77

transcribed in vitro using SP6 RNA polymerase. The resulting 2.1 kb mRNA
directed thc synthesis in the whecat germ system of a 71 kD protcin that was
recognized by a BiP-specific antibody in Western analysis. Furthermore,
supplementing the wheat germ translation system with RM  resulied in
cotranslational translocation of the protecin into the RM and cleavage of its
signal peptide (Figure 13A). Ovcrexpression of this insert in yecast from the
episomal plasmid pHCK2 resulted in the appcarance of a protcin band that co-
migrated with a major band of approximately 71 kD that was induced by TM in
the wild-type strain (Figure 13B). Sccond, a yecast centromeric plasmid
(pLCK2-T) containing the cloned KAR2 coding region under the control of the
CUP1 promoter was capablec of providing the cssential function of ycast BiP in
strains whosc genomic KAR2 gene was disrupted (sce below).

To disrupt the KAR2 gene in strains 2C and NI123, a two-step approach
was used. Since thc KAR2 gene is essential for growth, and the strains of
interest are haploid, it was necessary to first transform both ol these strains
with the yecast centromeric plasmid pLCK2-T, which contains the KAR2 coding
region under the control of the CUP1 promoter. The resulting strains, 2CLCK?2
and N123LCK2, were then disrupted using the one-step gence disruption method
as described {123]. Briefly, a 1.76 kb fragment containing the ycast HIS3 gence
was blunt-end ligated into the unique Stu 1 restriction sitc within the coding
region of the KAR2 gene. The resulting 3.8 kb fragment containing the HIS3
gene flanked by the coding region of the KAR2 gene was used to transform
yeast strains 2CLCK2 and NI123LCK2, and HIST (ransformants (designated 2CA
and N123A) were screened for successful recombination by three independent

methods. (1) Southern blot analysis:  genomic DNA was isolated from a number

of HIST putative 2CA and NI123A colonics, as well as from the starting strains 2C

and N123, digested with Xho 1,  and probed with nick-translated KAR2 DNA. The
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Figure 13. Expression of the cloned KAR2 coding region in vitro

and in vivo.

(A) In vitro translation (IVT) of in vitro transcribed BiP mRNA. BiP mRNA
was synthesized in vitro using SP6 RNA polymcrasc and plasmid pGK2 as
template.  The resulting 2100 bp mRNA was translated in a wheat germ IVT
system containing 35S-mcthionine, in the abscnce or presence of RM.
Proteinase K trcatment was as described in Figure 9. (B) Yecast protein extracts
were preparcd from carly log-phasc cells that had been incubated in the
absence or presence of TM (10 pg/ml, 2 h) or Cu2* (0.2mM, 3 h) as indicated.
Yeast protein extracts (25 pyg) were scparated by 10% SDS-PAGE and visualized
by staining with Coomassic Blue. The migration of IVT BiP after Protcinase K

protection is indicated.
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Figure 13. Expression of the cloned KAR2 coding region in vitro

and in vivo.

A,
- + + RM
- - + PK
-preBiP
-BiP

Bn
W
o,
o
<
[ (¥

-5
2. +

&
o3 ol
E © s Y
+ + o Q
= =
&) o 9 O &)
B. (o] o ~ (] ~

97-
R : 1 B
69-
W ergiisiaat

46- v 4



80

non-disrupted strains had a single hybridizing band of 2775 bp consistent with
the Xho I fragment of genomic KAR2 DNA, while successfully disrupted strains
had three rcacting bands consistent with the presence of the HIS3 insert (data
not shown). (2) PCR: Colonics identificd by Southern analysis werc analyzed
by PCR using the oligonucicotide primers K2-10 and K2-11. In non-disrupted
and control strains, use of these two primers amplified a band 2775 bp in
length corresponding to the intact KAR2 gene, while in the disrupted strains

the amplified band was 4540 bp in length corresponding to the KAR2 gene

with a 1765 bp HIS3 insert. (3) Northern analysis: Total RNA was isolated from
strains shown (o be disrupted by both Southern analysis and PCR
amplification, and subjected to Northern blot analysis using probes specific to
the 5' and 3' untranslated regions (UTR) of the KAR2 gence (sce below).  The
absence of BiP mRNA derived from the genomic copy of the KAR2 gene was

considered to be confirmatory cvidence for a successfully disrupted gene.

D. Differential regulation of BiP expression in the native and

recombinant strains

Once the KAR2Z-disrupted strains cxpressing ppol and NI123-ppof were
created, we wished to confirm the different ecxpected paticrns ol KAR2
regulation.  Probes were developed that could discriminaie between BiP mRNA
transcribed from the chromosomal KAR2 gene and that produced from the
CUP1-KAR2 containing plasmids, as well as mecasurc total (chromosomal +
plasmid-derived) BiP mRNA (scc Expcrimental Procedurces).

To comparc BiP cxpression levels among the dilferent strains, total RNA
was isolated from: (1) the starting strains 2C and NI23 (containing an intacl
chromosomal KAR2 gcne); (2) the disrupted strains 2CA  and NI1234,

(containing the CUPI-KAR2 construct on a low-copy centromeric plasmid),
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and (3) the undisrupted strains 2CHCK2 and N123HCK2, (containing the¢ CUPI-
KAR2 construct on a high-copy cpisomal plasmid). The RNAs were hybridized
in parallel with the three sets of probes described (Figure 14).  The relative
Ievel of total BiP mRNA is consistent with the increcase in levels predicted by
the copy number of the CUPI-KAR2 containing plasmids (Figurc 14A). It
should be noted that the level of basal transcription from the CUP1 promoter is
apparently scveral-fold higher than from the endogenous KAR2 promoter,
cxplaining thc incrcase in total BiP mRNA scen in strain 2CA over strain 2C.
Furthermore, the specificity of the plasmid-dcrived probe is demonstrated, and
again the intensity of the signal reflects the copy number of the CUP1-KAR2
containing plasmids (Figurc 14B). Finally, in thc disrupted strain, no
chromosome-derived mRNA can be detected (Figure 14C). Taken together.
these experiments demonstratc both the predicted specificity ol the probes, as
well as the identity of the recombinant strains. Parallcl analysis of the
corresponding N123 strains gave identical mRNA  patterns (data not shown).

The starting (2C) and KAR2-disrupted (2CA) strains were then treated
with either Cu2*, TM, or both, prior to isolation of total RNA (Figure 15). Thesc
trcatments had the predicted cffects: The endogenous KAR2 promoter was
unresponsive 1o Cu2?+, but was highly induced by trecatment with TM.
Conversely, the CUP1 promoter was induced by Cu2* but unaffected by TM. In
neither strain did the combination of Cu?* and Tm have an additive cffect.

To optimize CUPI-mediated cxpression of BiP, strain 2CA was trcated with
increasing concentrations of Cu2*t prior to RNA and protein isolation.  We
observed a dosc-dependent incrcase in BiP mRNA and protcin levels, with a
maximal induction cvident using 0.5 mM Cu2* (Figure 16). In this case, a 3
hour incubation time with Cu2* was chosen, based on preliminary time-course

cxperiments, and this became the standard incubation time for induction of



Figure 14. BiP expression in native and recombinant yeast.

Total RNA (5 pg) was isolated from yeast strains 2C, 2CA, and 2CHCK2,
transferred to nitrocellulosc and hybridized with probes that recognize total
BiP mRNA (A), plasmid-derived BiP mRNA (B) or chromosomal BiP mRNA (C).
Labeled actin probe was included in all threc blots as a control for loading and
transfer to nitrocellulose. Longer exposurc of the blot in (C) did not reveal

genomic BiP mRNA in strain 2CA (data not shown).
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recombinant yeast.
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Figure 15. Differential regulation of BiP mRNA by Cu2+ and TM in

native and recombinant yeast strains.

Total RNA was isolated from yeast strains 2C and 2CA after trcatment with Cu2+
(0.2 mM, 3 h), TM (1 pg/ml, 1 h), or a combination of Cu2* and TM, transferred
to nitrocellulose and hybridized with probes that rccognize cither
chromosomal (A) or plasmid-derived (B) BiP mRNA. (A) Level of BiP and
actin mRNA after Cu2+ and TM treatment in strain 2C. (B) Level of BiP and
actin mRNA after Cu2* and TM trcatment in strain 2CA. Labeled actin probe

was included as a control for loading and transfer to nitrocellulosc.
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Figure 16. Cu 2+-mediated induction of BiP in the recombinant

strain,

Early log-phase cclls from strain 2CA were treated with Cu2+ at the indicated
concentration for threec hours before removing aliquots of cclls for total RNA
and protein isolation. (A) Northern analysis of total RNA. Total ccllular RNA
(5 ug) was isolated as described, scparated on a 1.0% agarose gel containing 2%
formaldehyde, transfcrred to nitroccllulose and probed with a labeled
fragment of DNA that rccognized BiP mRNA (insert). Labeled actin probe was
included as a control for loading and t(ransfer to nitrocellulose.  The amount of
radioactive labcl hybridized to BiP and actin mRNAs were quantified by
excising individual bands and liquid scintillation counting.  Thc level of BiP
mRNA (cpm) was normalized to the level of actin mRNA (cpm) at cach data
point. The data are presented as the fold induction over the level found in
strain 2C in the absence of drug trecatment. (B)  Western analysis of towl
protein.  Cell lysates were preparcd as described and cqual amounts of total
protein (2.5 pg) was scparatcd by 8% SDS-PAGE, transferred to nitrocellulose
and probed with anti-BiP antibody (insert). BiP protcin was visualized using
the Enhanced Chemiluminescence system  according 1o manufactures
instructions (Amecrsham). Reclative BiP  protein levels were  determined by
densitometry and presented as the fold induction over the BiP protein level

found in strain 2C in the abscnce of drug trcatment.
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Figure 16. Cu2+*-.mediated induction of BiP in the recombinant

strain.
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CUP! in later cxperiments. To arrive at a standard Cu2+ concentration for
induction, it was neccessary to take into account the translational inhibition
effects of increasing concentrations of Cu2+, Under the growth conditions
used, Cu2+ trcatment at a concentration > 0.3 mM resulted in a 50% reduction in
the incorporation of 35S-mecthionine into total protecin (data not shown).  For
this rcason, a standard trcatment of 0.2 mM Cu2+ was used in all subscquent
experiments; this gave < 5% inhibition of translation but allowed a 10 to 15-fold
induction in the level of mRNA and protein. Taken together, thesc
experiments verificd the identity of the different ycast strains, and established

conditions for maximal induction of BiP by Cul+,

E. Co-expression of BiP and NI123 is deleterious to growth

The cxperiments described above put us in a position to compare the
effects of BiP overcxpression on the transport and processing of gpof and
N123-paf. To control for unpredictable cffects on growth of both the wild type
and mutant strains, the following cxperiment was performed. Strains
containing cither the chromosomal KAR2 gene, centromeric CUPI-KAR2
plasmid, or the cpisomal CUP1-KAR2 plasmid were treated with 0-0.5 mM Cu?+
for increasing times, and ccll division was monitored by dircct counting of
cells in a hcemacytometer (Figurc 17). First, it is evident that, at these
concentrations, Cu2* has no cffect on the growth of the original 2C and N123
strains. Sccond, increcasing the ecxpression of BiP from the CUPI promoter
control has no cffcct on cells expressing wild type pofl until the highest
concentration of Cu2+, and hence BiP, was rcached. By contrast, in the N123-
ppaf strains, the dosc-dependent inhibition of growth was more apparent.  For

example, in strain N123A, a 50% rcduction in ccll number was obscrved at the
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Figure 17. Overexpression of BiP from the CUPl promoter results
in a dose-dependent growth rate reduction in strains

expressing NI123-ppaf.

Equal amounts of ecarly log-phase cells from the wild-type strains (2C, 2CA, and
2CHCK?2; open symbols) and the mutant strains (N123, N123A and N123HCKZ2;
solid symbols) were diluted to a final concentration of 5 x 105 cells/ml in 100
ml of sclective medium containing Cu2*t at 0.0 (circles), 0.1 (diamonds), 0.3
(triangles) and 0.5 mM (squarcs). The c¢clls were incubated at 30° C with
continous shaking. At the indicated times, an aliquot ol cach culture was

removed f{or determination of cell number as described.
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Figure 17. Overexpression of BiP from the CUPl promoter results
in a dose-dependent growth rate reduction in strains

expressing NI123-ppaf.
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highest dose of Cu2*, and the growth of strain N123HCK2 was almost completely
inhibited under the samc conditions.

The striking difference in response 1o Cu2+ between isogenic  strains
differing only at the MFal locus strongly suggests that co-accumulation of
N123-paf and BiP has a dcletcrious cffect on cell growth, and argues that a
physical interaction between these two polypeptides occurs in the lumen of
the ER. This may reflect the phenomenon of "synthetic lethality” observed

among gencs whose products physically associate [130].

F. Effect of BIiP overexpression on NI23-ppoaf transport and

processing

Quantitative pulsc-chase analysis was uscd to comparc the levels of
intracellular pof and sccreted of in strains cxpressing ppol and N123-ppof
from high-copy cpisomal plasmids (Figurc 18). Usec of these high-copy strains
allowed us to maintain the level of the scereted of signal, while lowering the
level of 35S-mecthionine used in the pulse, and reducing the sample size from
1.0 ml to 0.5 ml (which resulted in a significant rcduction in the utilization of
anti-of antibody). Othcrwise, the cxperimental protocols were  cessentially
identical to thosc performed in the integrated strains (sec Figure 10).

The patterns of pofl disappcarance and af sccretion and the clfect of the
N123 mutation in the high-copy strains arc very similar to those observed in
the original 2C and NI123 strains. First, the N123 sccretory defect is  as
pronounced under high expression conditions as in the single copy strain
(Figure 18, top panel). Sccond, ppofl responds to TM trcatment with a similar
reduction in pof transport and of sccrction (Figurce 18, middle pancl).  Finally,
TM treatment of the high copy NI123 strain results in a 2.5-fold enhancement

of af secretion (Figurc 18, bottom pancl).
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Figure 18. Comparison of transport and processing in strains that

overexpress wild-type and NI123-ppaf.

Equal amounts of log-phase high-copy wild-type (HC2C) and NI123-ppoaf
(HCN123) cells were pulse-labcled with 358-methionine (75 pCi/ml) for 5 min
and chased for increasing times in the presence of cxcess unlabeled
methionine. TM (50 pg/ml) was added as indicated 15 min prior to the start of
the pulse and maintained throughout the chase period. Intracellular pof and
extracellular of were isolated and quantified as described carlier in Figurc 10.
Comparison of strains HC2C (open circles), and HCN123 (opcn squares) in the
absence of drug treatment (top panel); strain HC2C in thc absence (open
circles), or presence (solid circles) of TM (middle panel); and strain HCN123
in the absence (open squarcs), or presence (solid squares) of TM (bottom

panel).
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To distinguish between the “"rescuce” and "cscape” hypotheses proposed
earlier, quantitative pulse-chase analysis was performed using the high-copy
A strains, which contain a disrupted KAR2 genc as well as high-copy ppof and
N123-ppaf expressing plasmids (Figures 19 and 20). Since the level of BiP
expression in thesc strains is both under the control of Cu2* and unresponsive
to TM, the large amounts of non-glycosylated sccretory and membranc
proteins arising from TM treatment should act as substrates for BiP and thus
decrease the level of free (i.e. uncomplexed) BiP. Under these conditions of a
relative BiP deficiency, the "escape” hypothesis predicts that TM trecatment
should cause an increase in the level of sccreted of in the strain cxpressing
N123-ppaf, while the "rescue” hypothesis predicts a corresponding decrease in
of secretion. In cither case, by pretreating the cclls with Cu?* 10 clevate the
level of BiP prior to TM treatment, we should be able to block TM's ability to
modulate NI123-paf transport and processing, confirming our assumption that
TM treatment influences N123-pof transport and processing through its
ability to change the level of free BiP within the ER.

In strain HC2CA, pulse-labeled gpofl disappears rapidly (tj;2 < 5 min),
with a corresponding rapid appcarance of radiolabeled of in the extraccllular
medium, a result similar to that scen in the both the low-copy and high-copy
non-disrupted strains  (Figurc 19, top panel, solid lines). After Cu? +
pretreatment (which incrcases BiP levels approximately 10-fold) similar
results arc scen (Figure 19, top pancl, dashed lines), however approximalely
10% of the radiolabeled precursor remains as signal peptide-containing ppof
for the entirc chase period (data not shown). A small corresponding decrcase
in of sccretion is also observed under these conditions. As in the non-
disrupted KAR2 strains, cxposurc to TM slows the disappearance of non-

glycosylated pof relative to gpof, and significantly rcduces ol secretion
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Figure 19. Comparison of transport and processing of ppof in the

high-copy wild-type A strains.

Equal amounts of log-phase cells from strain HC2CA were pulsé-labclcd with
358-methionine (125 puCi/ml) for 5 min and chased for increasing times in the
presence of ecxcess unlabeled mecthionine, TM (50 pg/ml) was added as
indicated 15 min prior to the start of the pulse and maintained throughout the
chase period. Intracellular poaf and extracellular aof were isolated and
quantified as described carlicr in Figure 10. The top panel comparcs
transport and processing of gpol in the absence (solid lines) or presence
(dotted lines) of Cu?* pretrcatment. The middle panel compares transport
and processing in the absence (open circles), or presence (solid circles) of TM.
The bottom panel compares transport and processing of TM rcated cells in

the absence (solid lines), or presence (dotied lines) of Cu+ pretrcatment.
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(Figure 19, middle pancl, solid circles).  Cu2+ pretrcatment prior to TM
exposure results in an increased accumulation of intraccllular pof, and a 3-
fold reduction in af sccretion (Figurc 19, bottom pancl, dashed lincs).

In strain HCNI123A, pulse-labeled N123-pafl disappears slowly (1172 = 35
min); the sccretion of af is delayed, and is only 8% of the level scen in strain
HC2CA (Figure 20, top panecl, solid lincs). After Cu2* pretreatment, transport
and processing are mildly inhibited and the level of sccreted of is somewhat
reduced reclative to the untrecated control (Figure 20, top pancl, dashed lines).
Most important, TM treatment incrcases the rate of NI123-paf disappcarance
(t1/2 = 11 min), and a 2.5-fold enhancement of of secrction is obscrved (Figure
20, middle panel, solid squarcs). Pretreatment of cells with Cu?* prior 10 TM
treatment, increases the level of intraccllular N123-pol and decreases ol
secretion 2-fold (Figurc 20, bottom panel, dashed lincs).

The key finding in this serics of cxperiments is that cven under
circumstances in which the level of BiP cannot be induced, TM still has the
capacity to incrcase the utilization of N123-paf as mecasurcd by an incrcasc in
of secretion.  Further, this cffect can be reversed by overexpressing BiP from
the CUP1 promoter prior to trcating the cells with TM. These data  are
consistent with the "escape" hypothesis, which postulates that BiP functions to
retain N123-pof within the ER lumen, prevent ER-to-Golgi transport, and thus

suppress subscquent processing and secrction of maturc af.
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Figure 20. Comparison of transport and processing of NI123-ppoaf

in the high-copy mutant A strains.

Equal amounts of log-phase cells from strain HCN123A were pulse-labeled with
35S-methionine (125 pCi/ml) for 5 min and chased for incrcasing times in the
presence of e¢xcess unlabeled methionine. T (50 pg/ml) was added as

indicated 15 min prior to the start of the pulse and maintained throughout the

chase period. Intraccllular N123-paf and extracellular of were quantified as
described carlier in Figure 10. The top panel comparcs transport and

processing of N123-pafl in the abscnce (solid lines) or presence (dotted lines)
of Cu2+ preircatment.  The middle panel compares transport and processing
of NI123-poaf in the absence (open squares), or presence (solid squares) of TM
trcatment. The bottom panel compares transport and processing N123-pof
in TM treated cclls in the abscnce (solid lines), or presence (dotted lines) of

Cu?2* pretreatment.
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G. Intracellular site of NI23-paf degradation

Our results demonstrated that a substantial fraction of non-glycosylated
paf and N123-poaf is degraded intraccllularly, most probably prior to the KEX2-
mediated proteolytic clcavage within the Golgi apparatus.  To further localize
the degradative site within the yecast sccretory pathway, the temperature-
sensitive secl8 strain of S. cerevisiae was transformed with a centromeric
plasmid (pLCN123-U) containing thc mutant mfo1-N123 gene.  Since ER-lo-
Golgi transport is tightly blocked in this strain at the nonpermissive
temperature, use of this strain allowed us to cxamine the falc of both gpoaf and
N123-poaf in the same cells and dctermine whether degradation of N123-paf
occurs prior to the scc 18 sccretory block. Early log phase cells growing at the
permissive temperature of 259 C were shifted to the restrictive temperature of
379 C for 15 min, labcled with 33S-methionine for 10 min, and chased for
increasing times in the presence of unlabeled methionine. Cell lysates and
media samples were prepared as described before.  Equal amounts of ccell lysate
from each time point were immunoprecipitated with anti-af antibody and
analyzed by SDS-PAGE. In addition, the media samples were
immunoprecipitated with anti-af antibody to monitor the sccretion ol af.

Approximately cqual amounts of ppol and NI23-ppol were synthesized
during the 10 min pulse (Figurc 21, zero time). The level of wild-type gpof did
not change during the chase period, a result previously observed in the scc 18
strain, Importantly, N123-paf also persists, indicating that no degradation
occurred under these conditions. Furthermore, nonec of the media samples
contained sccreted of (data not shown), consistent with a tight block of ER-to-
Golgi vesicular transport.

The most straightforward interpretation of these data is that the sitc of

N123-paf degradation is distal to the secc 18 block (i.c. post-ER).  An alicrnative
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Figure 21. Degradation of NI123-paf does not occur when ER-to-

Golgi transport is blocked.

Early log-phase cells from strain secl18-N123 growing at the permissive
temperature (25° C) were shifted to the restrictive temperature (37° C) for 15
min prior to pulse-labeling with 358-methionine (200 pCi/ml) for 10 min. Cells
were than chased for increasing times in the presence of excess unlabeled
methionine.  Intracellular gpaf and N123-paf were isolated and quantitated as
described in Figure 10. (A) 18% SDS-PAGE analysis of intracellular gpof and
N123-paf. (B) The data are presented as the percentage of .the peak level of

gpaf (circles), or N123-paf (squares).
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Figure 21. Degradation of NI23-paf does not occur when ER-to-

Golgi transport is blocked.
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possibility is that degradation normally occurs in the ER, but the elevated

temperature used in this experiment inhibits the proteolytic process.



104

CHAPTER II. INDUCTICON OF YEAST BIP BY TM: INVESTIGATION OF

MECHANISM AND FUNCTION OF THE RESPONSE

In the studies just described, BiP was assigned a specific, negative, role
in the processing and transport of a mutant secretory pathway protein (N123-
poaf). The data suggest that BiP binds non-glycosylated and presumably
malfolded poaf polypeptides, preventing their "escape” and possibly mediating
their entry into a degradative pathway.

In the studies detailed below, we examined the general role of BiP in the
cellular stress response, using induction by TM as a model. Although the
expression of BiP in yeast is induced by a variety of stressors, including TM
treatment, in none of these circumstances has the precise effect of BiP
induction been determined. We set out to ask two questions. First, does
induction of BiP by TM represent a functional response to a secretory pathway
specific stress; and, second, is the transcriptional induction sensitive to the
intraluminal concentration of BiP in the ER?

For these studies we were able to utilize a subset of the previously
constructed strains, i.c. those expressing wild-type ppof and containing the
chromosomal and/or plasmid-derived BiP gene. As a first step, we thoroughly
characterized the response of the chromosomal BiP promoter to TM treatment.
In the pulse-chase experiments described in chapter 1, a high dose of TM (50
pg/ml) was used for a short time to inhibit glycosylation rapidly (presumably
by quickly depleting the level of the N-acetylglucosamine PPj dolichol within
the cell). In these studies, in contrast, we wished to induce BiP to an
intermediate level. We therefore analyzed in detail the dose and time-
dependence of BiP induction in response to TM in the control strain 2C (Figure

22).
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Figure 22. Dose and time-dependent induction of BiP mRNA and

protein by TM.

Early log-phase cells from the wild-type strain 2C were treated with TM at a
concentration of 0.25 pg/ml (open circles), 1.0 pg/ml (open circles with dotted
line) or 5.0 pg/ml (solid circles). At the indicated times, aliquots of cells were
removed for the isolation of total RNA or protein as described. (A) Level of
BiP mRNA after TM treatment. Total celiular RNA (5 pg) was isolated as
described, separated on a 1.0% agarose gel containing 2% formaldehyde,
transferred to nitrocellulose and probed under conditions of high stringency
with labeled fragments of DNA that recognized BiP and actin mRNA. The
amount of radioactive label hybridized to BiP and actin mRNAs was quantified
and normalized as described in Figure 11. The data are presented as the fold
induction over the BiP level found at time zero. (B) Level of BiP protein after
TM treatment.  Yeast cell lysates were prepared and analyzed as described
previously in Figure 16. Relative BiP protein levels were determined by
densitometry and presented as the fold induction over the BiP level found at

time zero.
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Figure 22. Dose and time-dependent induction of BiP mRNA and

protein by TM.
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Cells were incubated at the indicated dose of TM for increasing times,
after which cells were harvested and split into two aliquots. One aliquot was
used to isolate total RNA, which was subjected to Northern analysis to
determine BiP mRNA levels (Figure 22A). The second aliquot was used to
generate cell lysates, which were analyzed by Western blotting using an anti-
BiP antibody (Figure 22B). The results indicated that a dose of 1 ug/ml TM
produced an intermediate level of induction of both BiP mRNA and protein that
was linear over a period of 90 min, and that this response saturates at 5 pg/ml

TM.

A. Induction of yeast BiP enhances cell survival of TM
treatment

We tested whether the overexpression of BiP prior to TM treatment
enhances the cell's ability to survive the cytotoxic effects of this drug. Since
BiP is a hsp70 heat shock protein that has evolved to function within the
lumen of the ER, we hypothesized that overexpression of BiP could protect the
cell from TM. Such a finding would be analogous to the protective role
conferred by cytosolic heat shock proteins in response to thermal stress [131,
132].

To directly test this hypothesis, I performed experiments comparing the
effect of TM on cell viability in strains 2C and 2CA. Briefly, log-phase cells
from these two strains were incubated for 3 hours in the absence or presence
of Cu2+ to induce BiP protein levels about 10-15 fold over basal levels. It is
important to note that, even in the absence of exogenous Cu2*, strain 2CA has
steady state BiP protein levels that are approximately 4-5 fold greater than the
level seen in strain 2C. Cells from both strains were then challenged with

three different doses of TM (0.2, 0.5, or 5.0 pug/ml). At the specified time points,
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aliquots were removed to determiﬁe both cell number and viability. Cell
number was determined by direct counting in a hemacytometer as described
in the Experimental Procedures. Cell viability was determined at each time
point by spreading cell onto selective plates and counting colonies after five
days of growth.

Strains 2C and 2CA are similar in their sensitivity to TM's dose-
dependent ability to inhibit cell division (Figure 23). The ability of TM to
arrest cells in the Gj; phase of the cell cycle without inhibiting cell growth is
well documented [133, 134]. As a consequence, yeast cell growth was monitored
by direct counting in a hemocytometer rather than by measuring optical
density, since the continued increase in optical density of cells treated with TM
is due to the increase in cell size, not an increase in cell number. Examination
of the TM-treated cultures indicated that cells from both strains were
approximately twice the diameter of the control cells, a result consistent with
that reported by other investigators [44, 134]. Comparison of the growth of
strain 2CA in the absence and presence of Cu2* suggests that overexpression of
BiP does not have a deleterious affect on growth in the wild-type strain.
Examination of cell viability in response to increasing concentrations of TM
demonstrates that the wildtype strain 2C is dramatically more sensitive to the
lethal effects of TM than is strain 2CA (Figure 24). Comparison of cell viability
between these two strains after five hours at the indicated dosage of TM, in the
absence and presence of Cu2*t pretreatment, argues that cell viability is
enhanced in direct proportion to the initial BiP level (Figure 24A). The
observed proportionality between the level of BiP expression at the time of TM
challenge and maintenance of cell viability during extended incubations in

the presence of this drug suggests that, under our experimental conditions,
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Figure 23. Dose-dependent inhibition of yeast cell division by TM.

Log-phase cells from yeast strains 2C and 2CA were diluted to a concentration
of 1.2 x 10¢ cells/ml and incubated for 3 hours in the absence or presence of
0.2 mM Cu2* as specified. At time zero, TM was added (solid symbols) to a final
concentration of 0.2, 0.5, or 5.0 pg/ml as indicated. At the specified times,

aliquots were removed to determine cell number as described.
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Figure 23. Dose-dependent inhibition of yeast cell division by TM.

—_ 15 - .
¢ o 1 Strain 2C 0.0
E 404 0.2
s o
£
g ]
=
Z 51 005
§ ®50
0 [} ] 1 ¥ ] ] | ] I
-3 -2 -1 0 1 2 3 4 5
Time (h)
15 .
o 4 Strain 2CA
1 2 -
Ko
St
5]
L
&
=}
y4
o)
O
Time (h)
57 Strain 2CA + C
— b rain opper
Yo ] PP 0.0
2 10
5 J
E
=] 0.2
Z 5 -
— 0.5
& 250
0 L 1 | | | | ) | | ] I 1

Time (h)



112

Figure 24. BiP overexpression maintainus cell viability in response

to TM challenge.

Log-phase cells from yeast strains 2C and 2CA were diluted to a concentration
of 1.2 x 10 cells/ml and incubated for 3 hours in the absence (solid line) or
presence (dotted line) of 0.2 mM Cu2+. At time zero, TM was added (solid
symbols) to a final concentration of 0.2, 0.5, or 5.0 pg/ml. At the indicated
times, aliquots were removed to determine cell number and viability as
described. (A) Dose response of cell viability in response to 0.2, 0.5, and 5.0
pg/ml TM challenge. (B) Time course of cell viability after a 5.0 pg/ml TM
challenge. Cell viability was determined at each time point by spreading
aliquots of the reactions on to selective plates and counting colonies after five

days of growth.
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Figure 24. BiP overexpression maintains cell viability in response

to TM challenge.
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elevated levels of pre-existing BiP are more effective than BiP induced in
response to stress.

The extreme sensitivity of strain 2C to 5 pg/ml of TM is also evident in
the time course experiment, where only 0.2% of the treated cells remained
viable at the end of a five hour incubation (Figure 24B). In comparison, strain
2CA is significantly more resistant, with 9.3% of the cells remaining viable
after the same treatment. In the presence of Cu?*, which increases the BiP
levels 10-fold over those found in strain 2C, strain 2CA is even more resistant to
TM treatment, with 25.7% of the cells remaining viable at the end of the
incubation.

We conclude that overexpression of BiP increases the cell's long-term
ability to survive a lethal ER stress as represented by TM treatment. However,
overexpression of BiP has no effect on counteracting the acute divisional
arrest that occurs during TM treatment. Most important, having a pre-stress
elevation of BiP (as seen in the elevated basal transcription in the 2CA strain
in the absence of Cu2+) was observed to confer a greater degree of protection

than the BiP induced during the stress.

B. Overexpression of BiP from the CUPl promoter inhibits the

induction of genomic BiP by TM

The sequence of events that results in the elevated synthesis of BiP in
response to an ER stress such as TM trcatment is not well understood. It has
been proposed that the cell is able to sense the secretory load within the ER
lumen and initiate a signaling pathway whose ultimate effect is increased
transcription of the BiP gene. A fundamental question is: what is the primary
signal in the ER that ultimately initiates the transcriptional response? Is it

the aberrant or malfolded protein, a complex of BiP with such proteins, or
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perhaps the level of free BiP? As a first step to distinguish between these
possibilities, I examined the kinetics of BiP induction in response to TM
treatment after overexpressing BiP from the exogenous CUP1 promoter (Figure
25).

To examine the potential feedback regulation of BiP transcription, the
control strain (2C) and strains containing the low-copy (centromeric), and
high-copy (episomal) CUP1-KAR2 plasmids were pretreated with Cu2* to
stimulate the production of "exogenous" BiP from the CUP1 promoter. As a
consequence, the level of BiP mRNA prior to challenging the cells with TM was
approximately 15-fold higher in the low-copy strain, and 40-fold higher in the
high-copy strain (Figure 25A). All three strains were then challenged with
1 pg/ml TM for increasing times. At each time point, an aliquot of cells was
removed and total RNA was extracted and subjected to Northern analysis, using
a probe specific for chromosome-derived BiP mRNA (Figure 25B). The basal
level of chromosome-derived BiP mRNA is identical in all three strains; this
suggests that simple overexpression of BiP protein does not influence the basal
transcription rate of the BiP gene. Furthermore, we consistently observed
that increasing the initial level of BiP prior to a TM challenge produced a
significant time lag in the induction of BiP mRNA. Finally, the absolute level
of BiP mRNA at the end of the study was consistently only 50% of the control
level.

The observation that BiP overexpression dampens the TM-mediated
transcriptional induction of the KAR2 gene, provides some insight into the
mechanism by which the cell senses the presence of malfolded proteins
within the ER lumen. If the acute level of malfolded proteins resulting from
TM treatment remains constant during BiP overexpression, then the level of

BiP-malfolded protein complexes should also increasc under these conditions.
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Figure 25. Induction of chromosomal-derived BiP mRNA by TM can
be inhibited by overexpression of plasmid-derived BiP

mRNA.

Equal amounts of ecarly log-phase cells from strains 2C (circles), 2CLCK2
(squares) and 2CHCK2 (triangles) were pretreated with 0.2 mM Cu2+ for three
hours, prior to challenging cells with TM. Total RNA was isolated, transferred
to nitrocellulose and subjected to Northern analysis. (A) Plamid-derived BiP
mRNA levels after Cu2+ treatment, detected using a probe specific for plasmid-
derived BiP mRNA. The amount of radioactive labeled plamid-derived BiP and
actin mRNAs were quantitated and normalized as described in Figure 11. The
data are presented as the fold induction over the level found in wild-type cells
in the absence of treatment. (B) Induction of chromosomal-derived BiP  mRNA
levels in response to TM (1 pg/ml) challenge after Cu2* induction of plasmid-
derived BiP. The amount of radioactive labeled chromosome-derived BiP and
actin mRNAs were quantitated and normalized as described in Figure 11. The
data are presented as the fold-induction over the level of chromosomal-derived

BiP prior to the TM challenge.
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Figure 25. Induction of chromosomal-derived BiP mRNA by TM can
be inhibited by overexpression of plasmid-derived BiP

mRNA.
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In this case, our data suggest that the level of these complexes is not the
parameter sensed by the cell. Instead, the results support a model in which
the level of free BiP is sensed by the cell and the level of transcription of the
KAR2 gene is regulated accordingly. Though this experiment does not identify
the molecular entity that acts as the signal, it supports the idea that BiP itself is

involved in its own regulation (see discussion).

C. TM-mediated induction of BiP c¢ccurs at the level of

transcription

In the course of these studies, we occasionally observed a mild increase
of plasmid-derived BiP mRNA in TM-treated samples, suggesting that these
transcripts were stabilized by TM treatment. To investigate this observation, I
measured the half-life of BiP mRNA directly in the absence and presence of
TM. To accomplish this most simply, I utilized the RY262 strain of S. cerevisiae,
which contains a mutant RNA polymerase II that is rapidly inactivated at
nonpermissive temperatures. Briefly, cells were grown at the permissive
temperature in the absence or presence of 1 pg/ml TM for two hours, abruptly
shifted to the nonpermissive temperature and incubated for increasing times,
after which total RNA was isolated and subjected to Northern analysis.
Comparison of the absolute level of BiP mRNA as a function of time following
the shift to the nonpermissive temperature allowed the stability of BiP mRNA
to be directly observed (Figure 26). The results unequivocally demonstrate
that TM does not stabilize BiP mRNA, and may in fact mildly destabilize it.
Therefore, the increase in steady-state BiP mRNA levels following TM
treatment is most certainly a consequence of an increased rate of

transcription.
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Figure 26. BiP mRNA decay in the absence and presence of TM.

Early log-phase cells from the temperature-sensitive RNA polymerase II
mutant strain Y262 were grown at the permissive temperature (25° C) for 2
hours in the absence (open circles) or presence (closed circles) of 1 pg/ml TM
before shifting to the nonpermissive temperature (36° C) to stop transcription.
Total cellular RNA (5 pg) was isolated from each point as described, separated
on a 1.0% agarose gecl containing 2% formaldehyde, transferred to
nitrocellulose and hybridized under strigent conditions with probes that
recognize actin, ppof, and BiP mRNA (A). The amount of radioactive label
hybridized to BiP, actin and ppaf mRNAs was determined as previously
described in Figure 11. (B) The data are presented as the percentage of the

starting BiP mRNA level, prior to the shift to the restrictive temperature,
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Figure 26. BiP mRNA decay in the absence and presence of TM.
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IV. DISCUSSION

General role of glycosylation in the biogenesis of ppof

The use of a triple glycosylation mutant of ppaf combined with pulse-
chase labeling and HPLC analysis of secreted radiolabeled of allowed us to
examine in a rigorous and quantitative manner the role of Asn-linked
glycosylation in the transport and processing of a well-characterized model
yeast secretory protein. Our analysis demonstrated, that disruption of Asn-
linked glycosylation leads to a severe reduction in of secretion and a
concomitant delay in ER-to-Golgi transport of the precursor (see Figure 10).
Importantly, these results were confirmed in the wild-type strain using
tunicamycin (TM) treatment as an alternative strategy to inhibit Asn-linked
glycosylation. The data suggest that the observed reduction in of secretion is a
consequence of a loss of Asn-linked glycosylation, and not a secondary effect
of TM treatment or of the mutations used to disrupt the glycosylation
consensus sequences.

Our results strengthen the conclusions of earlier studies that examined
the impact of Asn-linked glycosylation on «f secretion by mating and halo
assays [55, 135]. In those studies, the role of Asn-linked glycosylation on ppaf
transport and secrction was observed to be dose-dependent, i.e. a ppaf mutant
in which all three Asn-linked glycosylation sites are disrupted (strain N123)
exhibited a greater reduction in of secretion, than ppoaf glycosylation mutants
with any combination of two Asn-linked glycosylation sites disrupted (strains
NIN2, NIN3, and N2N3). These, in turn, exhibit a greater reduction than
mutants with any one single site disrupted (strains N1, N2, and N3) [55]. In
addition, no one site predominates in its effect on af secretion, supporting a

general role for oligosaccharides in ppaf transport and processing.
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One possible explanation for these results is that co-translocational Asn-
linked glycosylation prevents an initial non-specific aggregation of ppaf as it
is being translocated through the ER membrane. At a subsequent stage, the
presence of core-glycosylation on gpof may prevent non-specific protein-
protein interactions within the lumen of the ER that could lead to protein
aggregation and failed transport.

Support for this model comes from several studies. In vitro studies
using purified yeast invertase revealed that glycosylation stabilizes the
protein and prevents aggregation during refolding after guanidine HCI
denaturation. In addition, the presence of glycosylation allows invertase to
fold properly under conditions of high protein concentration, where
aggregation is kinetically favored over folding. In vivo studies have also
demonstrated a role for Asn-linked glycosylation in folding, since
underglycosylated or improperly glycosylated proteins are often misfolded,
even in the presence of functional BiP [136-139].

We hypothesize that during biosynthesis, rapid co-translational
translocation and core-glycosylation help to avoid nonspecific aggregation of
newly synthesized glycoproteins. Since the hydrophilic carbohydrate units
increase the solubility of partially unfolded proteins, the tendency to form
aggregates decreases with the amount of glycosylation [140, 141]. Because
core-glycosylation occurs within the ER, the solubilization of the nascent
polypeptide chain may provide a mechanism to avoid misfolding and

aggregation at the high protein levels typically found within the ER [142, 143].

Luminal role for BiP in the maturation of NI23-pof
Many proteins require the aid of molecular chaperones to attain their

final tertiary structures, and consequently, chaperones have been found in all
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subcellular compartments where protein folding occurs. It is becoming
increasingly clear that the mechanism by which these proteins exert their
effect is through their ability to aid protein folding and assembly by binding
nascent polypeptide chains and preventing the formation of "improper”, but
thermodynamically stable, alternative structures or aggregates incompatible
with protein function. It was predicted, and subsequently verified, that
chaperones recognize and bind specific structural motifs that are present in
nascent (or mutant) polypeptides, but are absent or inaccessible in their
mature (or wild-type) counterparts.

The most intriguing result from our initial studies was the apparent
rescue of of secretion seen in the NI123 strains after TM treatment (Figure 10).
To account for this observation we proposed two alternative hypotheses: The
"rescue” hypothesis, which postulates that induction of BiP following exposure
to TM leads to a relative surplus of BiP within the ER which is free to bind
N123-paf and non-glycosylated paf and promote their folding and subsequent
transport out of the ER, effectively rescuing them from aggregation. In
contrast, the "escape" hypothesis postulates that in the presence of TM the
relative level of BiP is deficient, since trcatment with TM also results in a large
number of non-glycosylated secretory and membrane proteins which may
compete for BiP binding, leading to the escape of non-glycosylated pof and
N123-paf. Most importantly, these results suggest for the first time a luminal
role for ycasi BiP, similar to that identified in mammalian cells, and distinct
from the identified role of yeast BiP in ER translocation [31, 84, 85, 144}

To distinguish between these hypotheses we performed quantitative
pulse-chase analysis using the high-copy A strains, which contained a
disrupted KAR2 gene, as well as high-copy ppoaf or NI123-ppaf expressing

plasmids.  Since the level of BIiP ecxpression in these strains is under the
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control of Cu2?* and unresponsive to TM, we were able to independently
regulate the level of BiP. Under conditions where BiP levels were constant,
exposure to TM enhanced of secretion in both strains while depleting the level
of intracellular precursor (see Figures 19 and 20), a result inconsistent with
the rescue hypothesis.  Rather, pretreatment with Cu2+ (which elevated BiP
levels) resulted in a decrease in of secretion and an increase in the levels of
intracellular pof and N123-paf (see Figures 19 and 20), a result consistent with
the escape hypothesis and indicative of negative role for BiP in transport and
processing. Examination of the effect of BiP overexpression in the absence of
a surplus of potential substrates (Cu2* treatment in the absence of TM) suggests
that the basal level of BiP resulting from the CUP1 promoter is adequate to
prevent escape of N123-paf in the absence of TM, since overexpression of BiP
has little impact on the level of secreted aof or intracellular N123-paf (see
Figure 20). In addition, overexpression of BiP had minimal impact on the
transport and processing of the wild-type ppaf (Figure 19). OQur results are
consistent with the "escape" hypothesis, and support a negative role for BiP in
the processing and secretion of non-glycosylated wild-type poaf and mutant
N123-paf.

The question then arises, why does overexpression of BiP not completely
inhibit of secretion in strain HCN123A? One possibility is that the biogenetic
defect resulting from the lack of glycosylation is incomplete, and a small
percentage of the precursor is competent for transport and processing. There
may be an equilibrium between malfolded, transport-incompetent precursors
that are bound to BiP, and properly folded, transport-competent precursors
that are not substrates. In the case of the glycosylated precursor (gpof), this
equilibrium should favor the transport-competent form, while in the case of

the mutant NI123-paf or non-glycosylated pof, the equilibrium may favor the
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transport-incompetent form. One might predict that, irrespective of the BiP
concentration, a small amount of newly synthesized N123-paf will never bind

to BiP.

Role for BiP in yeast translocation

A role for BiP in yeast translocation was first observed after
demonstrating that a temperature sensitive mutant of yeast BiP accumulated
signal peptide-containing secretory precursors on the cytoplasmic side of the
ER membrane [31], and was subsequently confirmed by demonstrating a
similar phenotype in wild-type cells depleted of BiP [31, 84]. Based on genetic
and cross-linking studies, yeast BiP has been proposed to function at two
distinct stages of ER translocation [85]. First, BiP appears to play a role in the
initial interaction between the secretory protein and Sec6lp, perhaps
promoting or acting to stabilizing this interaction. Second, after the secretory
protein is in contact with Sec6lp, BiP is necessary to advance the translocation
reaction from an initial complex with Sec6lp to a more mature complex
consisting of the secretory proteins, Sec6lp and Sec63p, which is capable of
translocating the secretory protein into the lumen of the ER.

Our data do not completely exclude a role for BiP in an earlier stage of
N123-ppaf biogenesis. Under conditions of massive BiP overexpression, a
small amount of signal peptide-containing ppaf and N123-ppaf was observed,
suggesting that an early interaction between BiP and ppoaf or NI123-ppaf was
stabilized (data not shown). Intercstingly, treatment of the cells with TM
abolished any evidence of the preprohormones, arguing that this
phenomenon is also sensitive to the relative amounts of BiP and secretory
protein substrates. In any case only a small percentage of nascent ppof and

N123-ppaf was subject to this effect.
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Possible interaction of NI23-paf and BiP

The effects of manipulating BiP levels on the biogenesis of N123-pof
lead to the hypothesis that these proteins interact directly in the lumen of the
ER. Direct demonstration of this interaction is lacking. The hypothesis is
supported however, by two observations: (1) induction of BiP expression by
N123-ppaf, and (2) the growth-inhibitory effects of co-expression of BiP and
N123-ppaf.

Expression of N123-paf from an integrated chromosomal copy of the
gene induces BiP levels within the cell by approximately 2-3 fold (see Figure
11), and overexpression from a high copy episomal plasmid results in an even
greater level of BiP induction (see Figure 12). Importantly, overexpression of
the wild-type ppof had no effect on steady state BiP levels, confirming the
specificity of the response. To our knowledge, this is the first demonstration
that a mutant yeast secretory protein (N123-ppaf) with a well-characterized
defect in intracellular transport induces the expression of BiP in a dose-
dependent manner.

The striking difference in growth rates between the mutant and wild-
type strains in response to overexpression of BiP suggests that the physical
interaction between BiP and NI123-pof is deleterious to the cell (see Figure 17).
Perhaps the presence of large amounts of BiP in a complex with N123-pof
signals a reduction in cell growth similar to the arrest in the Gjp phase of the
cell cycle that occurs in the presence of TM ([133, 134]. However, unlike the
giant cells secen after TM trcatment, the growth-retarded N123 mutant cells
seen in the presence of BiP overexpression are normal in size (data not

shown).
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Site of degradation of NI123-pof in the secretory pathway

Quantitation of the capacity of a given amount of wild-type or mutant
precursor to generate a given amount of secreted af leads to the conclusion
that a significant fraction of non-glycosylated paf and NI123-paf is degraded
within the yeast secretory pathway, and that commitment to a degradative
pathway most probably occurs prior to the KEX2-mediated proteolytic within
the late Golgi. By using a seci8 strain transformed with a centromeric plasmid
containing the mutant mfal gene we were able to block transport of N123-paf
out of the ER and demonstrate a lack of degradation. The most straightforward
interpretation of these data is that the site of N123-paf is distal to the secl8
block (i.e. post-ER), though there are other possible explanations (see Results).
Since KEX2 proteolytic cleavage has been demonstrated to occur in a late Golgi
compartment proximal to, or identical with, the site of vacuolar proiein
sorting[145], it is possible that the majority of N123-paf is degraded in the

Golgi, or more likely within the vacuole.

BiP protects yeast from secretory pathway stress

The fact that cells respond to different types of secretory pathway stress
by inducing the synthesis of BiP suggests that BiP, in analogy to the cytosolic
heat shock proteins, plays a role in protecting cells from the deleterious
effects of ER stress.  Surprisingly, prior to this study, this assumption had
never (to our knowledge) been tested directly.

We therefore designed an experiment in which the intracellular level
of BiP was adjusted using a hcterologous stimulus (i.e. Cu2*) prior to
challenging cells with TM. We predicted that overexpression of BiP prior to
TM challenge would counteract the cytotoxic effects of TM. The data confirmed

a protective role for BiP and we observed that the level of cell survival was
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proportional to the level of BiP pre-induction. Most importantly the
enhancement in viability was seen in a strain whose chromosomal copy of the
BiP gene had been disrupted (2CA) and hence, could no longer
transcriptionally respond to TM treatment. The observation that the 5-fold
increase in steady state BiP protein levels resulting from basal transcription
from the CUP1 promoter in the 2CA strain is more protective than the
subsequent induction of transcription seen after TM treatment in the wild-
type strain (Figure 16) suggests that it is the BiP level at the initiation of the
challenge that is important for survival.

Support for the observation that BiP protects the cell from ER stress
comes from a negative study in mammalian cells [146]. In this study, the role
of BiP expression on cell viability was examined by integrating approximately
800 copies of a 36 bp region conserved in the promoter of all glucose regulated
proteins (GRP), including BiP, into the genome of Chinese hamster ovary cells
(CHO). The strategy was to use the integrated "decoy" promoter to
competitively inhibit the activation of the GRPs by competing for trans-acting
factors.  Under these conditions, transformed cells exhibited reduced viability
and a 50% reduction in growth rate after exposure to calcium ionophore (a

well-characterized inducer of GRPs).

Transcriptional induction of BiP by TM: What is the signal?
Having ecstablished that the transcription and induction of BiP by TM is
a physiologically significant response, we wished to investigate the ER
lumenal conditions that might regulate this phenomenon. The transduction of
a signal from the ER lumen to the nucleus is a beautiful example of
intracellular homeostasis.  To date, there are few examples of this type of

retrograde communication between intraccllular organclles and the nucleus
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[147}. One striking example in yeast can be seen in the influence of the
mitochondrial state on transcription of the peroxisomal isoform of citrate
synthase (CIT2 gene), where alteration of mitochondrial function (p°) elevates
transcription 6-30 fold over that seen in respiratory isogenic competent (p*)
cells [147, 148]. Importantly, the influence of the functional state of the
mitochondria on expression of the CIT2 gene has been attributed to
transactivation through a novel UAS eclement that is responsive to alterations
in mitochondrial function [148]. In our system the question then arises, what
is the signal in the ER that initiates the transcriptional activation of BiP?

To address this question, we tested whether pre-induction of BiP prior to
TM challenge would influence TM-mediated transcription, and found that such
treatment dampens the transcriptional response. This is consistent with
studies in mammalian cells, in which overexpression of BiP from a
recombinant plasmid significantly reduces the induction of the chromosomal
BiP gene after exposure to TM or calcium ionophore [103]. Importantly, GRP94
induction was also suppressed by BiP overexpression, arguing that elevated
levels of BiP serve to shut down the transcriptional activation of the GRP
genes. Since the genes for BiP and GRP94 are coordinately regulated at the
transcriptional level by common trans-acting factors acting through common
regulatory domains [149], it is possible that the putative signal transmitted
from the ER converges on these factors.

In our studies, simple overexpression of BiP was not completely
effective in blocking the TM-mediated increase in chromosomal BiP
transcription. There are several possible explanations for the intermediate
level of feedback inhibition. First, electron microscopic examination of yeast
cells that massively overexpress BiP revealed sac-like expansions of the

nuclear envelope, as well as large tcnnis-racquet shaped vesicles throughout
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the cytoplasm (data not shown). Immuno-électron microscopy demonstrated
that these membranous structures contain a high concentration of BiP.  This
suggests that some of the excess BiP is sequestered, and thus rendered
ineffective in binding substrate or interacting with the putative signaling
apparatus. Notably, treatment of these cells with TM abolished these
structures, suggesting that they only accumulate when BiP is overexpressed
inappropriately. Some precedent exists for this observation, In Drosophilia
cells, constitutive overexpression of hsp70 leads to a reduction in growth rate,
which is followed by recovery and a redistribution of intracellular hsp70 from
a diffuse pattern into discrete intracellular granules [150]. The protein
granules appeared to be irreversibly inactivated, could.not be dispersed with a _
second heat shock, and cells containing these granules do not show
thermotolerance,

A second reason that the level of BiP transcription is not completely
suppressed may be the poorly characterized effect of post-translational
modifications on BiP function. While yeast BiP has not been demonstrated to
be post-translationally modified, in mammalian cells BiP is exists in two pools;
post-translationally modified free BiP, and unmodified bound BiP [151}. It may
be that under conditions of overexpression, yeast BiP is inappropriately
modified and thus incapable of signaling.

In an attempt to further characterize the nature of the signal, we
examined the level of chromosomal BiP mRNA in a high-copy NI123 strain
containing the CUP1-KAR2 gene on a centromeric plasmid (pLCK2). In this
case, the increased level of plasmid-derived BiP was able to abolish the
induction of the chromosome-derived BiP mRNA by expression of N123-ppaf

(data not shown). Besides supporting our feedback hypothesis, this- result
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suggests that the signaling pathway of N123 and TM t(reatment may share

mechanistically similar features.

Future experiments

Wh re th nsequences of BiP-N123-poaf interaction?

By devising procedures to lyse yeast cells in a more gentle fashion than
is commonly used it should be possible to isolate complexes of BiP and N123-
paf. This would allow for the investigation of related issues, e.g. does substrate
associated BiP turn over more rapidly than free BiP? It may be possible to
cross-link N123-paf to BiP, or to the yeast translocon. In addition, the use of ts
mutants of BiP may pinpoint the role of wild-type BiP in retention and
degradation of N123-paf. Finally the use of vps mutants (defective in vacuolar
targeting) may allow us to identify the intracellular site of degradation of

N123-paf

Wh r h mponen f _the ER-1o-nucl ignal tran ion

pathway?

A method to select for mutants defective in the transcriptional
induction of BiP in response to ER signals would allow proteins all along the
retrograde communication pathway fiom the ER lumen to the nucleus to be
cloned and identified. While specific transcription factors involved in the
activation of BiP transcription have been identified in yeast cell lysates, they
have yet to be cloned [104, 108]. Most importantly, the following scheme would
allow us to identify novel proteins involved in transmitting the signal across
the ER membrane, and consequently allow the initial characterization of a

novel signal transduction pathway.
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The basis of the selection for mutants which fail to transcriptionally
induce BiP in response to ER signals is based on the published observation that
deletion of the carboxy terminal HDEL tetrapeptide in a KAR2 construct
containing the wild-type promoter results in a corresponding transcriptional
induction of this construct to maintain the level of BiP within the ER [105].
The important characteristic of this strain is that the loss of the HDEL-deleted
BiP via secretion results in a strain whose retrograde communication pathway
is constitutively activated to maintain BiP levels. The next step would be to
transform this strain with a wild-type copy of the KAR2 gene on a centromeric
plasmid containing the URA3 gene as a selectable marker. The presence of
wild-type BiP should turn off the constitutive activation of the retrograde
communication pathway (a result that could be documented by Northern
analysis). Cells would then be mutagenized by standard techniques and
-screened for temperature sensitive mutants that fail to grow on 5-FOA plates,
which selects against URA3 containing plasmids. Mutant cells that cannot
increase the level of transcription from the remaining KAR2 gene containing
the HDEL deletion should be unable to lose their copy of the wild-type KAR2
gene on the URA3 plasmid and hence, would fail to grow on 5-FOA plates. It is
anticipated that mutations exhibiting this phenotype could occur in any of the

components of the signaling pathway.
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