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ABSTRACT

Signal Recognition Particle Dependent Protein Targeting in
Saccharomyces cerevisiae

Stephen C. Ogg

As cells grow, they must accurately target proteins from the cytosol into

or across the membrane of the endoplasmic reticulum (ER). A mammalian

in vitro model system has identified two factors important for the targeting of

nascent proteins; the signal recognition particle (SRP), and the SRP receptor

(SR). In this work, we have identified and characterized the SR homolog in

the yeast Saccharomyces cerevisiae. Using a reverse genetic approach, we

identified and cloned genes encoding both subunits of the heterodimeric SR

(encoded by SRP101 and SRP102). Consistent with the notion that the

proteins encoded by these genes are important for protein targeting in yeast,

depletion of either one of these two gene products results in impaired

translocation into the ER. Like their mammalian counterparts, both yeast
subunits are localized to the ER and can be isolated as a heterodimeric

complex. Additionally, both subunits are predicted by sequence analogy to be

GTPases. Cells grown for long periods in the absence of either Srp101p or

Srp102p no longer show pronounced protein translocation defects. This

adaptation is a physiological process and is strain dependent.

In a separate approach, we investigated the SRP-ribosome interaction

in the yeast S. cerevisiae. Using the observation that cycloheximide can

suppress the temperature-sensitive defects of Sec65-1 (encoding the S.

cerevisiae SRP19 homologue) as a starting point, we propose that SRP cycles
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on and off translating ribosomes at a specific steps during translation

elongation cycle to inspect all nascent chains for the presence of a signal

sequence.

Cells deleted for either SR subunit have a reduced growth rate, and

introduction of a complementing plasmid into these strains does not result in

an increased growth rate. Unexpectedly, protein expressed from the plasmid

is correctly localized and forms a heterodimeric SR complex. The same

plasmid, however, when placed into a diploid cell heterozygous for the

deletion for one of the SR subunits, is able to complement the growth rate

after sporulation of the heterozygous diploid into a haploid strain containing

both the gene deletion and the plasmid. To explain this observation, we

postulate that preexisting SR is required for the conversion of newly

synthesized SR into functional SR.
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Chapter 1

Introduction



Background

To be eucaryotic means to be compartmentalized. Although

compartmentalization provides the answers to some of life's problems, it also

creates special problems itself. As permeability barriers, membranes prevent

the passage of hydrophilic molecules, yet subcellular organelles (bounded by

one or more membranes) must be provided with all the components

necessary for organellar function. Thus, the cell must have a means of

directing proteins to their correct subcellular address. Most proteins

synthesized in eucaryotic cells, however, begin their life as precursors on

ribosomes in the cytosol. How then do those proteins that need to gain access

to one of the other cellular compartments do so? Commonly, the cell uses

two mechanisms for achieving this goal. A protein can either enter the

secretory pathway in a co-translational mode and be targeted to an organelle

in a vesicle mediated manner, or it can be imported into an organelle directly

from the cytosol in a post-translational mode (e.g. mitochondria (Maccecchini

et al., 1979), chloroplasts (Dobberstein et al., 1977), peroxisomes (Goldman and

Blobel, 1978)). Proteins that are destined to enter the secretory pathway are

initially targeted to the endoplasmic reticulum (ER) by virtue of an amino

terminal signal sequence. ER targeting is a two step process achieved by

interaction of this signal sequence, with a cytosolic ER targeting factor, signal

recognition particle (SRP), and subsequent interaction of the SRP-ribosome

nascent chain complex with the SRP receptor (SR) in the membrane of the

ER. Once inside the ER, proteins may undergo N-linked core glycosylation,

oligomerization, and further maturation. The proteins may then travel in

membrane bound vesicles from the ER to the Golgi complex, where they can

undergo further carbohydrate modification and maturation. In the trans



Golgi network, lysosomal proteins are sorted and targeted to the lysosome,

while secretory proteins are delivered to the cell's surface.

The process of co-translational translocation; i.e. the process of selecting

a protein from the entire translational pool, and delivering the selected

protein to the membrane of the ER– is the subject of this thesis.

In the Beginning

In 1975, Blobel and Dobberstein introduced the signal sequence

hypothesis (Blobel and Dobberstein, 1975). They proposed that secretory

proteins whose biogenesis originates in the cytoplasm contain information in

the form of a hydrophobic “signal sequence" that is necessary and sufficient to

direct the protein into the secretory pathway. Although now taken for

granted, we still do not understand some of the basic questions of this

hypothesis. For instance, the signal sequence (~15-20 amino acids) usually

consists of a amino-terminal hydrophobic core flanked by charged residues.

How can the relatively low information content contained in these few

amino acids be sufficient to direct the targeting of the protein to the export

pathway?

In in vitro assays developed from mammalian cells, a cytoplasmic

particle (SRP) was identified that interacted with signal sequences and

promoted translocation of nascent secretory proteins into microsomal

vesicles derived from the ER membrane (Walter and Blobel, 1980). Purified

on the basis of promoting translocation activity into these microsomes, SRP

was shown to consist of six proteins (named according to their molecular

weight in kilodaltons: SRP9, SRP14, SRP19, SRP54, SRP68, and SRP72) and

one RNA molecule (7SL RNA) (Walter and Blobel, 1980; Walter and Blobel,



1982; Ullu et al., 1982). Extensive characterization of purified SRP in vitro led

to a model of its function (Walter et al., 1984; updated in Walter and Johnson,

1994). Scanning all ribosomes synthesizing polypeptides, SRP only interacts

productively with those ribosome-nascent chain complexes synthesizing

preproteins destined to be targeted to the ER membrane (Walter et al., 1981).

This “high affinity" binding occurs through an interaction between SRP and

the signal sequence of the nascent protein. Because signal sequences are

usually amino-terminal, they are the first feature to emerge from the

ribosome, providing a binding site for SRP prior to the nascent chain's

completion. In the presence of a signal sequence, SRP's affinity for the

ribosome increases by three orders of magnitude, and translational elongation

of the nascent protein is temporarily suspended (Walter and Blobel, 1981).

Another required component of translocation identified with the in vitro

assay was the SR (Gilmore et al., 1982; Meyer et al., 1982). Interaction of SRP

with SR (composed of a 69 kDa o-subunit (SRO) and a 30 kDa B-subunit (SRB))

(Tajima et al., 1986) in the membrane of the ER results in targeting of the

nascent chain-ribosome complex to the ER. Once targeted, the ribosome

nascent chain complex is released from the SRP/SR (Gilmore and Blobel,

1983) complex and becomes productively engaged with components forming

the translocation pore (translocon). Finally, SRP is released from the SRP

receptor and is free to perform another round of targeting. SRP thus

functionally couples protein translation in the cytosol to protein translocation

on the cytosolic face of the ER membrane.

Towards the Middle

The translocation problem in yeast was initially approached in the

same manner. Experiments to reconstitute yeast translocation in vitro



revealed differences from the hypothesis obtained from work in the

mammalian system. It seemed that, for at least some proteins, translocation

into the ER could be performed post-translationally (Hansen et al., 1986;

Rothblatt and Meyer, 1986; Waters et al., 1986). Prepro-o-factor and

carboxypeptidase Y could be fully translated, released from the ribosomes, and

post-translationally imported into yeast microsomes in an ATP dependent

manner (Hansen, et al., 1986; Rothblatt and Meyer, 1986; Waters, et al., 1986).

Cytosolic chaperones in the form of the Hsp70p's were also shown to

stimulate this post-translational translocation (Waters and Blobel, 1986;

Chirico et al., 1988; Deshaies et al., 1988). Invertase, however, could only be

translocated into yeast microsomes in a co-translational mode (Hansen and

Walter, 1988).

Genetic selections in S. cerevisiae designed to identify proteins

involved in translocation had failed to identify components of an SRP.

SEC61, SEC62, and SEC63 were identified and shown to be required for the

translocation of prepro-o-factor, carboxypeptidase Y and invertase (Deshaies

and Schekman, 1987, Rothblatt et al., 1989). The products encoded by these

genes have been shown to be integral membrane proteins of the ER (Deshaies

and Schekman, 1989; Deshaies and Schekman, 1990). In addition, genetic

schemes from E. coli had also identified a number of proteins important for

translocation into the periplasm (topologically equivalent to the mammalian

ER) (reviewed in Deshaies, et al., 1988; Bieker et al., 1990; Schatz and

Beckwith, 1990). Again none of these genetically identified components (SecY,

secE, secA, secB) resembled anything like an SRP constituent.

Balanced against mounting evidence that S. cerevisiae and E. coli have

a fundamentally different targeting pathway from mammalian cells, was

:
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evidence identifying SRP RNA homologs from yeast, archae, and procaryotic

species (Struck et al., 1988; Poritz et al., 1988b). These RNAs were identified

on the basis of a phylogenetically conserved stem-loop structure. In E. coli,

the 4.5S RNA (■■ s) is a minimal SRP RNA resembling only the most highly
conserved loop of the SRP RNA (Poritz, et al., 1988b). Structural SRP RNA

homologs from both Schizosaccharomyces pombe and Yarrowia lipolytica
have also been identified (Poritz et al., 1988a).

Most Recently

In the end, the route to identifying the SRP pathway in S. cerevisiae

was unexpected. Cloning of the mammalian SRP54 gene was underway

when I joined the laboratory. Experiments demonstrating that SRP54 was the

subunit responsible for signal sequence binding (Krieg et al., 1986; Kurzchalia

et al., 1986) had resulted in a flurry of activity in our lab as well as the lab of

Bernhard Dobberstein. Simultaneously, the two groups published the

sequence of the protein encoded by SRP54 (Bernstein et al., 1989; Römisch et

al., 1989). In this case the sequence revealed a plethora of information about

the protein's possible function. The amino terminal half of the protein

contained a GTPase domain, while the carboxy-terminal portion of the

protein was unusually-rich in methionine. Subsequent analysis has shown

that the methionine rich domain binds to signal sequences as well as to the

SRP RNA (Zopf et al., 1990; Römisch et al., 1990). Database searches to find

homologous proteins revealed that the GTPase domain of SRP54 diverged

enough from canonical GTPase sequences to be considered a separate sub

family in the ras superfamily. Unexpectedly, SRo, a known GTP-binding

protein (Connolly and Gilmore, 1989), was also found to belong to the same

sub-family of GTPases. In addition, two E. coli proteins, Ffh (fifty-four



homolog) and Fts) were found to be similar to SRP54 and SRo, respectively

(Bernstein et al., 1989; Römisch et al., 1989). This discovery opened the door

for our lab to identify and clone all of the components from an SRP

dependent targeting pathway in the yeast Saccharomyces cerevisiae (Hann et

al., 1989; Hann and Walter, 1991; Hann et al., 1992; Ogg et al., 1992; Ogg and
Walter, 1995b; Brown et al., 1994). We chose S. cerevisiae to characterize the

role of SRP in vivo for many reasons. It has well documented procedures to

take advantage of both biochemical and genetic approaches towards

understanding the role of SRP in vivo.

Conserved regions between SRP54 and Ffh, as well as regions

conserved between SRO, and Fts) were used to design degenerate primers, and

then used with the polymerase chain reaction (PCR) to identify the genes in S.

cerevisiae that were homologous to the mammalian SRP54 and SRo.

Chapter 2 contains the identification of the S. cerevisiae SRO homolog

(encoded by the SRP101 gene) using this technique (Ogg, et al., 1992).

Subsequent work by Byron Hann in our lab showed that the S. cerevisiae SRP

RNA homolog was the previously identified SCR1 RNA (Hann and Walter,

1991). Purification of a particle containing these two components led to the

cloning of the rest of the SRP subunits (Brown, et al., 1994). When I began
this work the degenerate primers used in identifying the S. cerevisiae SRP54

and SRo homologs had just been synthesized.

The goal of this thesis was to identify and characterize the yeast SRP

receptor. After the initial success of cloning the homolog to the SRo subunit
(Srp101p), several approaches were taken to identify the yeast SRB homolog. I
reasoned that suppression of a conditional allele of SRP101 would identify

components with which it interacted, leading to the identification of SRB, and

-



perhaps other interacting components. Attempts to obtain a temperature

sensitive allele of SRP101 by random chemical induced mutagenesis were

unsuccessful, and I resorted to a biochemical scheme in order to identify SRB.

I raised antibodies against Srp101p, and began using these antibodies in an

attempt to indirectly immunoprecipitate the yeast SRB homolog by virtue of

its interaction with Srp101p. These efforts were thwarted, however, by the

inability of our o-Srp101p antibodies, raised against SDS-denatured Srp101p,

to recognize the native form of Srp101p. At this point, I focused my attention

on an observation that was to become Chapter 4 of this work (see below). The

cloning of the yeast SRB homolog would have to wait for the yeast genome

sequencing project to progress. Recent identification of the mammalian SRB

gene (Miller et al., 1995) illustrates how far yeast genetics has come in the last

five years. Instead of a laborious reverse genetic approach employed for

identification of the yeast SRO, SRB was already in the sequence database, and

mapped to chromosome XI as an unidentified open reading frame, thanks to

the yeast genome sequencing project. Chapter 3 describes the cloning and

subsequent characterization of the yeast SRB, (encoded by SRP102) as well as

some characteristics of the whole yeast SR (Ogg and Walter, 1995b).

Recent convergence of the reverse genetic approach taken by our lab,

and a more traditional genetic approach (selecting for mutants) has allowed

the identification of one of the subunits of SRP. SEC65, originally isolated in

a selection for the mislocalization of a protein targeted to the ER (Stirling et

al., 1992), is also the homolog to the mammalian SRP19 (Stirling and Hewitt,

1992; Hann, et al., 1992). Chapter 4 describes how, using an observation

specific to Sec65p, we obtain in vivo evidence for an SRP sampling model

- -



during the initial selection of ribosomes from the cytoplasmic translational

pool (Ogg and Walter, 1995a).

A divergence from the characterization of the SRP-dependent protein

targeting pathway in yeast is presented in Chapter 5. I describe how an

unusual observation concerning the SR genes in yeast may lead to evidence

in favor of the hypothesis that cellular membranes are endowed with spatial,

temporal, and functional continuity.

- - -
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In mammalian cells, the signal recognition particle (SRP) receptor is required for the targeting
of nascent secretory proteins to the endoplasmic reticulum (ER) membrane. We have iden
tified the Saccharomyces cerevisiae homologue of the a-subunit of the SRP receptor (SRa)
and characterized its function in vivo. S. cerevisiae SRa is a 69-kDa peripheral membrane
protein that is 32% identical (54% chemically similar) to its mammalian homologue and,
like mammalian SRa, is predicted to contain a GTP binding domain. Yeast cells that contain
the SRa gene (SRP101) under control of the GAL1 promoter show impaired translocation
of soluble and membrane proteins across the ER membrane after depletion of SRa. The
degree of the translocation defect varies for different proteins. The defects are similar to
those observed in SRP deficient cells. Disruption of the SRP101 gene results in an approx
imately sixfold reduction in the growth rate of the cells. Disruption of the gene encoding
SRP RNA (SCR1) or both SCR1 and SRP101 resulted in an indistinguishable growth phe
notype, indicating that SRP receptor and SRP function in the same pathway. Taken together,
these results suggest that the components and the mechanism of the SRP-dependent protein
targeting pathway are evolutionarily conserved yet not essential for cell growth. Surpris
ingly, cells that are grown for a prolonged time in the absence of SRP or SRP receptor no
longer show pronounced protein translocation defects. This adaptation is a physiological
process and is not due to the accumulation of a suppressor mutation. The degree of this
adaptation is strain dependent.

INTRODUCTION

Mammalian signal recognition particle (SRP)' acts to
target ribosomes that synthesize secretory and mem
brane proteins to the endoplasmic reticulum (ER) mem
brane where they are translocated across the membrane
into the ER lumen. In vitro assays have allowed the
development of a detailed model describing the function
of SRP in mammalian cells (Walter and Lingappa, 1986,
for review). In brief, signal sequences that are expressed

'Abbreviations used bp, base pair, CPY, carboxypeptidase Y. DPAP
B. dipeptidylaminopeptidase-B, DTT, dithiothreitol, ER, endoplasmic
reticulum: HEPES, N-2-hydroxyethylpiperazine-N-ethanesulfonic
acid, kb, kilobase, PCR, polymerase chain reaction: SDS-PAGE, so
dium dodecyl sulfate-polyacrylamide gel electrophoresis, SRa, SRP
receptor o-subunit, SR3, SRP receptor 3-subunit. SRP, signal recog
nation particle: SRP54, 54-kDa subunit of SRP, Tris, tris
(hydroxymethyl)aminomethane.

c. 1992 by The American Society for Cell Biology

as part of a nascent protein chain emerging from the
ribosome bind to SRP in a binding site contained on
the 54-kDa SRP subunit (SRP54) (Krieg et al., 1986;
Kurzchalia et al., 1986). This interaction causes SRP to
bind tightly to the ribosome, effecting an elongation
arrest or pause in the translation of the nascent secretory
protein. Interaction of the engaged SRP with the SRP
receptor, a heterodimeric membrane protein, that is an
chored in the ER membrane (Gilmore et al., 1982a:
Meyer et al., 1982; Tajima et al., 1986) releases the
translational arrest and allows the ribosome that is syn
thesizing the protein chain to become bound to other
components in the ER membrane. These components,
collectively termed a “translocon,” allow the transfer
of the growing protein chain across the membrane, pre
sumably through a transient aqueous pore in the mem
brane (Gilmore and Blobel, 1985; Simon and Blobel,
1991). SRP and SRP receptor act catalytically in this
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process; they are not part of the ribosome-membrane
junction that mediates the transfer of the protein chain
across the lipid bilayer. Rather, they function to bring
the ribosome to the correct target membrane and are
then released from the ribosome (Gilmore and Blobel,
1983).

Interestingly, SRP54 and the a-subunit of the SRP
receptor (SRa) both contain a GTPase domain (G-do
main) (Bernstein et al., 1989; Connolly and Gilmore,
1989; Römisch et al., 1989). The G-domains of SRP54
and SRa are homologous to one another and define a
new family of GTPases. The 3-subunit of the SRP re
ceptor (SRB) also contains a GTPase domain, which is
structurally distinct from those of SRP54 and SRa
(Miller and Walter, unpublished data). The precise
mechanistic role of each of the three GTPase domains
that interact during the SRP-dependent protein targeting
reaction remains to be elucidated. Cycles of GTP hy
drolysis by SRP54 and SRP receptor may control the
assembly of the SRP-signal sequence-ribosome complex
and the assembly of components of the translocon.
Thus, GTP hydrolysis may enhance the fidelity of and
provide unidirectionality to the targeting reaction. Point
mutations in the GTP binding sites of SRP54 and SRa
block the translocation of proteins across the ER mem
brane (Rapiejko and Gilmore, 1992; Bernstein and Wal
ter, unpublished data), indicating that both GTP binding
sites are functionally important in the pathway.

Recently, components of a SRP have been identified
and characterized in Saccharomyces cerevisiae (Hann and
Walter, 1991; Hann et al., 1992; Stirling and Hewitt,
1992). The yeast SRP is a 16S cytoplasmic ribonucleo
protein that is important for the targeting of membrane
and secretory proteins to the ER membrane. S. cerevisiae
SRP is not essential for cell growth, although cells in
which SRP is genetically disrupted grow poorly. The
translocation of a number of soluble and membrane
proteins into the lumen of the ER is impaired in SRP
deficient cells. Surprisingly, different proteins show
translocation defects of varying severity. After SRP de
pletion, the membrane integration of dipeptidyl ami
nopeptidase B (DPAP-B) is inhibited by over 90%, the
translocation of preKAR2p is inhibited by ~50%, and
the translocation of preprocarboxypeptidase Y (pre
proCPY) is not affected. Thus, in the absence of SRP,
proteins are targeted via an SRP-independent pathway
to the ER membrane and are translocated in sufficient
amounts to sustain cell growth. Some proteins, however,
cannot efficiently use the SRP-independent pathway.

The approach that lead to the first identification of
the yeast SRP took advantage of the phylogenetic con
servation of the primary structure of the mammalian
SRP54 and its prokaryotic homologue, the product of
the ffh gene of Escherichia coli. Comparison of these
evolutionary distant sequences allowed the identifica
tion of conserved blocks of amino acids that were used
in a polymerase chain reaction (PCR)-based approach
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to isolate the gene (SRP54) encoding the corresponding
protein from S. cerevisiae (Hann et al., 1989). Here we
have used a similar method to identify an SRa homo
logue in S. cerevisiae.

MATERIALS AND METHODS

Strains, Antibodies, and General Methods
Yeast strains used in this study are listed in Table 1 Genetic techniques
were performed as described by Sherman et al. (1974), except where
noted. Anti-DPAP-B serum was kindly provided by Tom Stevens,
Institute of Molecular Biology, University of Oregon. Eugene; anti
KAR2p by Mark Rose, Biology Department. Princeton University.
Princeton, NJ, anti-invertase, anti-CPY, anti-Sec61p, and anti-prepro
a-factor by Randy Schekman. Division of Biochemistry and Molecular
Biology, University of California at Berkeley; and anti-FºxTPase by
M Yaffe. Department of Biology, University of California. San Diego.
Recombinant DNA techniques were performed as described in Man
iatis et al. (1982). Oligonucleotides were synthesized on a Milligen/
Biosearch Cyclone Plus DNA synthesizer (Milligen/Biosearch. Division
of Millipore, Novato, CA) and purified according to the manufacturer's
instructions. Sodium dodecyl sulfate-polyacrylamide gel electropho
resis (SDS-PAGE) was performed on 10–15% gradient gels and all
Western blots were visualized by enhanced chemiluminescence
(Amersham, Arlington Heights, IL) according to the instructions of
the manufacturer.

PCR and Cloning of SRP101
PCR was performed on S. cerevisiae genomic DNA as described (Saiki
et al., 1988; Hann et al., 1989, Kamb et al., 1989). The oligonucleotide
"A" had the sequence 5'-GGTGTNAA(T/C)GGNGTNGCNAA-3'
(20mer, 512-fold degenerate) and encoded the amino acid sequence
GVNGVGK. The reverse complement of oligonucleotide "B" with
the sequence 5'-CN(G/C)CNGCNC(G/T)(A/G)AANGT(A/G)TC-3'
(20mer, 4096-fold degenerate) encoded the amino acids DTFRAGA
(Hann et al., 1989). PCR products were separated on a 6% polyacryl
amide gel. A 110-base pair (bp) band was excised from the gel and
sequenced as described by Hann et al. (1989).

A genomic clone of the SRP101 gene was isolated by screening a
plasmid library of S. cerevisiae strain AB320 (Nasmyth and Tatchell,
1980) in the vector YEp13 using either the gel purified S. cerevisiae
PCR product or, in later rounds of screening, an oligonucleotide de
rived from the PCR sequence. The complete 4.6-kilobase (kb) genomic
insert together with flanking (pBR322 derived) vector sequences was
excised by digestion with EcoRI and Sal I and cloned into Bluescript
Il SK (+) and SK (-) (Stratagene, La Jolla, CA) to generate plasmids
pSRP101 (+) and pSRP101(-), respectively. A series of deletions from
the 5' end of the insert was generated using the method of Henikoff
(1984) (using the Stratagene Exo-Mung kit) for the psRP101(+) clone
(Henikoff, 1984); a series of deletions from the 3' end was generated
using the Kilo-sequencing method of Barnes (1987) for the pSRP101(–)
clone (Barnes, 1987). Dideoxysequencing using Sequenase (United
States Biochemicals, Cleveland, OH), "S-dATP, and electrolyte gra
dient gels (Sheen and Seed, 1988) was carried out on single stranded
phagemid DNA isolated according to Stratagene protocols. Gaps in
the sequence were filled by sequencing from synthetic oligonucleotide
primers. Base number 1 of the DNA sequence deposited in Genbank
(accession no. M77274) is the A of the presumptive initiating AUC
codon.

Gene Disruption and Rescue
We constructed a DNA fragment suitable for gene disruption of the
SRP101 locus by PCR. A 2320-bp DNA fragment of the ADE2 locus
(bases 273–2593 (Stotz and Linder, 1990) was amplified by PCR using
two primers that each contained 27 bases of ADE2 sequence at their
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3 ends (bases 273–300 and 2566–2593 of the ADE2 sequence (Stotz
and Linder, 1990) and 72 bases of SRP101 sequence at their 5 ends
(bases –1 to -72 and 1780–1846 of the SRP101 sequence [Figure 5A),
respectively. The resulting 2474-bp fragment was introduced into an
ade 2 diploid strain (strain W303) by one step gene replacement (Orr
Weaver et al., 1981) using the LOAc transformation procedure (Ito
et al., 1983). Yeast genomic DNA was prepared (Davis et al., 1980)
from Ade' transformants and was screened by PCR using oligonu
cleotides corresponding to bases -404 to -385 and 2136-2153 (Figure
5A, regions Y and Z) of the SRP101 locus. The ADE2 gene was found
to be correctly integrated at the SRP101 locus in 1 of 16 isolated Ade:
transformants.

Disruption of the SCR1 gene was performed exactly as in Hann and
Walter (1991), except that the W303 strain was used. The disruption
was confirmed by Southern hybridization as described (Hann and
Walter, 1991). Because loss of either SCR1 or SRP101 vields only rhoº
cells, a diploid heterozygote resulting from a cross of these two dele
tions is also rho and, consequently, unable to sporulate. Thus, we
could not construct a strain bearing the double deletion of SCR1 and
SRP101 by crossing strains bearing the single deletions. The double
deletion was therefore constructed by the following procedure. A rho
haploid strain (SOY60, but MATa) containing scr1-A2 (SCR1:HIS3)
was crossed with a rho' strain (SOY48) containing srp 101-A1 (SRP101:
ADE.2) complemented by plasmid pSO210 (see below). After selection
on His . Ade , Ura plates, diploids were scored for loss of pSO210
by growth on plates containing 5-fluoroorotic acid. The resulting dip
loid, heterozygous for both gene deletions, was sporulated and dis
sected by standard procedures.

Rescue of the haploid strain containing the SRP101 deletion (srp 101
A1) was performed by moving the complete genomic SRø insert of
plasmid pSRP101(+) on a 70-kb Pvu I fragment into the CEN6 ARS4
containing Pvu I fragment of plasmids prS316 and prS314 (Sikorski
and Heiter, 1989) to yield plasmids psoz10 and pSO220, respectively.
Plasmid pSO210 contains uRA3 as a selectable marker, and pSO220
contains TRP1 as a marker. These plasmids were transformed into
the SRP101/srp 101-A1 diploid strain SOY34 by selecting for Ura' or
Trp' transformants. Transformants were sporulated and tetrads dis
sected and tested by standard procedures (Sherman et al., 1974).

Preparation of Antibodies to SRa.
Antiserum was raised against a fusion protein expressed in E. coli,
containing glutathione-S-transferase from S. Japonicum as the N-ter
minal domain linked to a fragment of SRa. This fusion protein was
generated by a three step subcloning procedure. First, puC5A242
was generated by subcloning a 20-kb Xba I-HindIII fragment from
pSRP101(+) encoding the C-terminal 379 amino acids of SRP101 into
the Xbal-HindIII sites of puC18. Second, puCSRP101 was constructed
by subcloning a 740-bp PCR fragment encoding the first 242 amino
acids of SRP101 into the Bam HI-Xba I site of puC5A242. This regen
erated the entire coding sequence of SRP101 and removed all the
DNA sequence information upstream of the start codon Finally, sub
cloning a 950-bp Bam Hi-HpaI fragment from puCSRP101 into the
Bam HI-EcoRI site of p(SEX-3X created the fusion protein plasmid,
pCEXSRP101 (Smith and Johnson, 1988).

A 60-kDa fusion protein, containing amino acids 1–317 from SRa,
was overproduced in E. coli. The protein was insoluble and was there
fore solubilized in urea before further purification by differential cen
trifugation and preparative SDS-PAGE (Schloss et al., 1988). Poly
clonal rabbit antiserum against the SDS denatured fusion protein was
prepared by Caltag (South San Francisco, CA).

The antibodies were purified by affinity chromatography. The fusion
protein was coupled to CNBr activated Sepharose Cl-4B (Pharmacia,
Piscataway, NJ) at a concentration of 6 mg/ml according to the man
ufacturers instructions. Bound antibodies were eluted as described
(Walter and Blobel, 1983). Affinity purified antibodies were concen
trated by precipitation with ammonium sulfate, resuspended in phos
phate-buffered saline containing 50% glycerol and 0.02% NaN, at a
concentration of 4 mg/ml, and stored at -80°C.
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Cell Fractionation

Subcellular localization of SRø was performed essentially as in De
shales and Schekman (1990). Briefly, strain W303 was grown to 20
ODºº ■ ml, and cells were harvested by centrifugation in a clinical
centrifuge. After one wash in buffer A (100 mM tris(hy
droxymethyl)aminomethane (Tris-HCl, pH 9.4, 10 mM dithiothreitol
(DTT). 10 mM NaNs), cells were resuspended to a concentration of
20 ODeco cell equivalents per ml in buffer A and incubated for 10
min at 24°C. Cells were then pelleted and resuspended in spheroplast
buffer (25 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid
(HEPES/KOH. pH 7.5, 20 mM DTT, 5 mM MgCl, 10 mM NaNs)
containing 1.3 M sorbitol to a concentration of 50 OD, a cell equiv
alents/ml. After adding 25 U/OD.on of lyticase (Sigma Chemicals,
St. Louis, MO), cells were incubated with shaking at 30°C for 30 min.
Spheroplasts were centrifuged through a cushion consisting of sphe
roplast buffer without DTT containing 19 M sorbitol at 8000 x &
(7250 rpm) in a Beckman (Fullerton, CA) JS-13 rotor for 5 min at 4°C
Spheroplasts were resuspended in lysis buffer (200 mM sorbitol, 10
mM HEPES-KOH. pH 7.5, 100 mM NaCl, 5 mM MgCl, 1 mM EDTA,
1 mM phenylmethylsulfonyl fluoride, 2 ug/ml each of the protease
inhibitors pepstatin A. leupeptin, chymostatin, and antipain) to a con
centration of 100 OD, on cell equivalents/ml. Lysis of the cells was
achieved by gently vortexing (setting 3 on a scale of 1 to 10) the cell
suspension three times in the presence of three-fourths volume zir
conium oxide beads (Biospec Products, Bartlesville, OK). Each round
of lysis consisted of 15 s of vortexing followed by 30 s incubation at
4°C.

The supernatant fraction was transferred to a new tube, and the
beads were washed one time with one volume of lysis buffer. The
supernatant and wash fractions were combined and adjusted to a
final concentration of the cell lysate of 50 OD, on cell equivalents/ml.
The cell lysate was subjected to a low-speed centrifugation of 200
× 8 (1200 rpm) in a Beckman jS-13 rotor for 4 min at 4°C.

The resulting supernatant fraction was further fractionated by cen
trifugation in a Beckman TL100 ultracentrifuge at 96 600 x g (50 000
rpm) in a TLA100 rotor for 25 min at 4°C. Mock extraction of the
low-speed supernatant fraction was performed by addition of one
fifth of the final volume of lysis buffer, incubation at 4°C for 20 min,
and separation into pellet and supernatant fractions by centrifugation
at 96 600 x x as described above Extraction of the low-speed super
natant was performed by the addition of one fifth of the final volume
of either 8 Murea, 3 MKOAc, or 2.5% Triton X-100. Samples were
incubated for 20 min at 4°C and then separated into pellet and su
pernatant fractions by centrifugation at 96 600 x & Sodium carbonate
extraction was performed by the addition of the low-speed supernatant
to 100 volumes of ice-cold 100 mM Na,CO, (pH 115), incubation at
4°C for 30 min, and separation into pellet and supernatant fractions
by centrifugation at 103040 x 3 (50 000 rpm) in a Beckman TLA100.2
rotor.

Conditional Expression of SRP101
The plasmid pSC400 that contains SRP101 under the control of the
GAL1 promoter was produced by a two-step subcloning procedure.
A 26-kb Bamhil-HindIII fragment from puCSRP101 (containing the
entire coding sequence of SRP101 but lacking all of the 5 control
region; see above for construction details) was subcloned into the
Bamhil-HindIII site of pKS316 (Sikorski and Heiter, 1989), generating
plasmid pSC213. In a second step, a 685-bp Bam Hl fragment con
taining the GALI promoter was inserted into the BamHI site of psoz13,
generating the plasmid pSO400. The GALI shut-off, ”S-methionine
labeling, and denaturing immunoprecipitations were performed as
described in Hann and Walter (1991).

Protease Protection Assay and Pulse-Chase Analysis
Protease protections were performed essentially as described by De
shaies and Schekman (1990). S. cerevisiae strain SOY.46 and control
cells were metabolically labeled for 7 min with "S-methionine after
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Table 1. Yeast strains used in this study

Strain Genotype Reference

W303 ade 2-1/ade 2-1 trp 1-1/trp 1-1 leu.2-3. 112/leuz-3, 112 his3-11/his?-11 ura■ -1/ura■ -1 Deshaies and
can 1-100/can 1-100 MA ■ a/MAT& Schekman (1990)

SOY34 ade 2-1/ade 2-1 trp 1-1/trp 1-1 leu.2-3. 112/leu.2-3. 112 his 3-11/his 3-11 ura■ -1/ura■ -1 This study
can 1-100/can 1-100 SRP101/srplot::ADE2 (srplol-A1) MATa/MATo (see MATERIALS

AND METHODS)
SOY35 ade 2-1 trp 1-1 leu.2-3. 112 his3-11 ura■ -1 can 1-100 MATo SRP101 (Adeº) This study
SOY36 ade 2-1 trp 1-1 leu.2-3, 112 his3-11 ura■ -1 can 1-100 MATa srp 101-A1 (Ade') This study
SOY37 ade 2-1 trp 1-1 leu.2-3, 112 his3-11 ura■ -1 can 1-100 MATa srp 101-A1 (Ade') This study
SOY38 ade 2-1 trp 1-1 leu.2-3. 112 his3-11 ura■ -1 can 1-100 MATo SRP101 (Ade ) This study
SOY.46 ade 2-1 trp 1-1 leu.2-3. 112 his3-11 ura■ -1 can 1-100 MATo srploi-A1 (pso.400] This study
SOY.48 ade 2-1 trp 1-1 leu.2-3. 112 his3-11 ura■ -1 can 1-100 MATo srpio-A1 (psoz10 This study
SOY53 ade 2-1 trp 1-1 leu.2-3. 112 his 3-11 ura■ -1 can 1-100 MATa srploi-A1 (psoz20] This study
SOY60 ade 2-1 trp 1-1 leu.2-3. 112 his3-11 ura■ -1 can 1-100 scr1-A2 MATo This study
SOY61 ade 2-1 trp 1-1 leu.2-3, 112 his3-11 ura■ -1 can 1-100 srp 101-A1 MATo This study
SOY62 ade 2-1 trp 1-1 leu.2-3, 112 his3-11 ura■ -1 can 1-100 scr1-A2 srp 101-A1 MAT& This study
SOY64 ade 2-1/ade 2-1 trp 1-1/trp 1-1 leu.2-3. 112/leu2-3, 112 his3-11/his?-11 ura■ -1/ura■ -1 This study

can 1-100/can 1-100 srploi-A1/srp 101-A1 MATa/MATo [pso400]
SOY70 SOY46 (rho) This study
RSY457 sect5-1 ura■ -52 ade?-1 trn 1-A1 leu.2-3. 112 his3 MATo Stirling et al. (1992)
MYY1.47 mas 1-1 leu.2-3, 112 his 3 ura 3-52 MATa Witte et al. (1988)

repression of SRa synthesis for 20 h. Cell extracts were prepared as
described above. Extracts were digested with proteinase K (0.5 mg/
mi) for 20 min on ice and terminated by the addition of phenylmeth
ylsulfonyl fluoride to a final concentration of 10 mM. In the mock
digestion, proteinase K was preincubated with phenylmethylsulfonyl
fluoride for 20 min at 4°C and then added to the extracts. Samples
were precipitated by addition of an equal volume of 20% trichloroacetic
acid. Pellets derived from 1 OD, oo equivalents of cells were resus
pended in 40 ul of a solution of 3% SDS, 100 mM Tris base, 3 mM
DTT, incubated for 5 min at 100°C, frozen in liquid nitrogen, and
stored at -80°C. Subsequent denaturing immunoprecipitations and
pulse-chase analysis were performed as in Hann and Walter (1991).

Strain Constructions of SOY64 and SOY70
SOY64 was constructed by crossing SOY53 with SOY46 (see Table
1). Before the cross, SOY46 was repeatedly streaked over a 4-wk
period onto plates containing glucose to allow the cells to undergo
adaptation. Ura", Trp’, Ade' diploids were selected on Uraº, Ade,
Trp plates containing galactose as the carbon source, allowing SRa
expression from pSO400. Approximately 95% of these cells were rhoº,
whereas the remaining 5% were rho". One rho colony was chosen
for further strain construction. This colony was streaked onto rich
plates containing 2% galactose to allow loss of p50220. Single colonies
from this plate were tested for growth in the absence of Trp. Several
colonies were found that were Trp auxotrophs but still prototrophs
for Ura, suggesting that these cells had lost psoz20 but still retained
pSO400. These cells were designated strain SOY64. After sporulatuion,
tetrads were dissected onto Y EP plates containing 2% galactose and
2°o sucrose as the carbon sources. One tetrad was chosen in which
all four spores formed colonies with normal growth rates. Cells derived
from each spore were Trp and Ade, but Ura'. These cells were used
for the analysis shown in Figure 12A.

SOY70 was made by streaking out SOY46 onto a rich plate con
taining 2% glucose as well as 2 ug/ml of ethidium bromide. Individual
colonies were tested for growth on YEP glycerol/ethanol plates; SOY70
was unable to grow on carbon sources requiring respiration.
RESULTS
Yeast SRP101 Gene Encodes an SRa Homologue
Although the G-domains of mammalian SRa and
SRP54 are similar, sequence alignments reveal regions
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in which the G-domains of both proteins are more
closely related to their corresponding prokaryotic ho
mologues, Fts) and Ffh, than to one another. We there
fore used the alignment of all four G-domains to identify
short contiguous blocks of amino acid sequence that are
either highly conserved across all four sequences or that
are unique to the SRa/Fts) and SRP54/Ffh subfamilies
(Bernstein et al., 1989; Römisch et al., 1989). These se
quences allowed us to design oligonucleotide probes
that could be used in PCR to identify genes encoding
putative SRa homologues in yeast.

For this purpose, we synthesized two pools of de
generate oligonucleotides. One pool encoded a seven
amino acid stretch (designated A in Figure 1) that is
conserved between mammalian SRa and Fts Y but dis
tinct from eukaryotic SRP54 (both mammalian and
yeast) and Ffh. A second pool contained the reverse
complements of sequences encoding a seven amino acid
stretch (designated B in Figure 1) that is conserved be
tween SRa and Fts), as well as SRP54 from mammals
and yeast. We used PCR to amplify DNA products from
genomic DNA of both Schizosaccharomyces pombe and
S. cerevisiae using the two oligonucleotide pools as
primers. Because the spacing between regions A and B
is conserved between mammalian SRa and Ftsy, we
predicted that amplification of the desired yeast genes
would yield products of 110 bp. Indeed, both PCRs
yielded abundant products of the expected size as part
of a complex mixture. The 110-bp PCR products were
purified by gel electrophoresis and sequenced directly
as described (Hann et al., 1989) (see also MATERIALS
AND METHODS and Figure 1). The DNA amplified
from both yeast species predicted protein sequences in
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SRa (mam) GVNGVGK's T N la K is F w l l e N G F s v L I AA CDT FRAGA
SRow (Sc.) G V N G V G K S T N L s K L A F W L L Q N N F k V L I v A CD TF R s GA
SRa (Sp.) 1 A x W L L S N N F r i L v A A C

Flsy (Ec) G v N G v G K. T tig K L A r q i e Q q G k S v ml A A g DT F R A a A
-

- - -
- - - -

-

-

SRP54 (mam) G L Q G SG KT T T C S K L A y Y Y Q R K G w K to L i CA - DT F R A GA
SRP54 (S.c.) G L Q G SG KT T S C tº K L A v Y Y s k R G f K v g L V CA - DT F R A G A
SRP54 (Sp.) G L Q G SG KT T T C S K L A 1 h Y Q R R G 1 K s C L V a A - D T F R A G A
Ffh (E.c.) G L Q G a G KT T S v g K L g k f l r e Kh k K k v L V v s a D v y R p a A

Figure 1. PCR strategy for SRa cloning. The sequences (single letter amino acid code) of the relevant portions of the SRa and SRP54 protein
families are aligned. The amino acid sequences used to design the degenerate PCR oligonucleotides A and B are boxed. The amino acid sequences
that could be unambiguously determined from the PCR products are shaded: the S. cerevisiae sequence includes amino acids determined from
the genomic clone (outside the shaded area, see Figure 2). The x in the S. pombe sequence could not be determined. Capital letters indicate two
or more identical amino acid residues in a given position (SRø and SRP54 related sequences are treated independently in this analysis). The
nucleotide sequences that could be determined from the PCR fragments are: 5 AAAGCTAGCGTTTTGGTTACTCCAAAATAA TTTCAAGGTC
TTAATTGTTG CTTG 3 (S. cerevisiae) and 5' AAATCGCGTN TTGGCTTTTA TCTAACAACTTTCGAATCTTAGTTGCTGCC TGCGACA 3'
(S. pombe, N could not be determined unambiguously). The sequences of mammalian SRa (mam) and mammalian SRP54 (mam) are identical
in this region between different species (canine and human for SRa and canine and mouse for SRP54). The quest for a complete SRa gene
from S. pombe was not further pursued as part of this study.

the expected orientation and reading frame (shaded in
Figure 1) that were similar to the corresponding region
of mammalian SRa and Fts). Moreover, the amino acid
sequences were distinct from known sequences of
SRP54 in S. cerevisiae and S. pombe (Figure 1). This sug
gested that the amplified DNA segments were derived
from genes encoding protein homologues of SRa in both
yeast species.

We proceeded to isolate a genomic clone of the S.
cerevisiae gene using the 110-bp PCR product as a hy
bridization probe to screen a plasmid library. Sequence
analysis of the cloned S. cerevisiae gene revealed a 621
amino acid open reading frame (predicted molecular
mass of 69.25 kDa) with 44% sequence identity (67%
chemical similarity) to mammalian SRø in the G-domain
and 19% identity (41% chemical similarity) in the amino
terminal domain (Figure 2). We refer to the gene as
SRP101 and to its protein product as SRa.

Yeast SRa is a Peripheral Membrane Protein
To identify SRa in yeast cells, we raised rabbit antibodies
to a fusion protein containing a portion of SRø linked
to glutathione transferase (see MATERIALS AND
METHODS). The antibodies specifically recognized SRa
as a single protein of the predicted molecular mass in
lysates from wild-type cells but not in lysates from cells
in which the SRP101 gene had been genetically dis
rupted (srp101-A1 cells, see below) (Figure 3).

To characterize the intracellular localization of SRo,
we fractionated yeast cell homogenates by differential
centrifugation. Samples from each fraction were sub
jected to SDS-PAGE followed by Western blot analysis
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with anti-SRa and a control antibody to a known ER
membrane protein, Sec61p (Stirling et al., 1992) (Figure
4A). After low-speed centrifugation, SRa and Sec61p
were each equally distributed between the pellet fraction
(Figure 4A, lane 3) and the supernatant fraction (Figure
4A, lane 2). The presence of the two proteins in the
low-speed pellet is presumably due to incomplete cell
lysis. On further centrifugation at 100 000 × 8. SRa and
Sec61p were quantitatively recovered in the pellet frac
tion (Figure 4A, lane 5), suggesting that both proteins
were associated with intracellular membranes.

The physical association of SRa with intracellular
membranes was examined by extracting the low-speed
supernatant fraction with various reagents known to
perturb protein-membrane interactions. After centrif
ugation of the extracts at 100 000 × g. supernatant and
pellet fractions were subjected to SDS-PAGE and im
munoblotted with anti-SRa and anti-Sec61p (Figure 4B).
SRa remained associated with the membrane fraction
after treatment with 1.6 Murea (Figure 4B, lanes 3 and
4) or high salt (Figure 4B, lanes 5 and 6). In contrast,
when membranes were disrupted with non-ionic de
tergent, most of SRa was released into the 100 000 × g
supernatant fraction (compare lanes 7 and 8). The pres
ence of a portion of Sec61p in the 100 000 × & detergent
pellet may be due to its association with other proteins
in the ER that remain insoluble after detergent extrac
tion.

To test whether SRa is an integral membrane protein,
we diluted the low-speed supernatant with a large ex
cess of a solution of sodium carbonate at pH 11.5 and
centrifuged as above. Under alkaline conditions pe
ripheral, but not integral, membrane proteins are ex
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tracted from membranes (Fujiki et al., 1982). SRa was
quantitatively recovered in the supernatant fraction,
whereas Sec61p remained in the pellet fraction (Figure
4B, lanes 9 and 10). These extraction properties of SRa
are consistent with the view that yeast SRa, like its
mammalian homologue, is a peripheral ER membrane
protein. Mammalian SRa is thought to be anchored in
the ER membrane through an interaction with SR3,
which contains a bona fide transmembrane domain
(Miller, Tajima, Lauffer, and Walter, unpublished data).
Yeast SRa does not contain any obvious hydrophobic
amino acid stretches characteristic of transmembrane
regions. Moreover, in yeast cells in which the yeast SRa.
is overexpressed, a large portion of the protein is found
soluble in a high-speed supernatant, indicating that at
tachment sites to the membrane are limiting. From the
data shown, we can conclude that SRa is membrane
associated; however, due to the intrinsic limitations of
the fractionation scheme, we presently cannot conclude
with certainty that SRa is associated with the ER. At
tempts to show an ER localization of SRa in yeast cells
directly by immunofluorescence have been unsuccess
ful, presumably due to the low abundance of the pro
tein.

Yeast Cells Require SRP101 for Efficient Growth
To analyze the physiological role of SRa, we constructed
a strain in which the SRP101 gene was deleted using a
one-step gene replacement (Rothstein, 1983). The entire
coding region of SRP101 was replaced with a selectable
marker, the ADE2 gene (schematically shown in Figure
5A). In brief, we used a novel approach based on PCR
to construct a linear DNA fragment containing the ADE2
gene flanked by DNA sequences derived from the 5’
and 3’ flanking regions of the SRP101 locus (Figure 5A,
PCR step). This DNA was introduced into diploid
ade 2 cells (strain W303) by transformation and selection
of Ade" colonies (Figure 5A, gene replacement step).
Integration of the ADE2 gene at the SRP101 locus was
confirmed by PCR analysis (Figure 5B, compare lanes
1 and 2). For this analysis, oligonucleotides correspond
ing to regions Y and Z in Figure 5A, which lie outside
the regions of homology used for integration (W and X
in Figure 5A), were used in an amplification reaction of
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Figure 3. Characterization of
anti-SRa. Cell lysates (0.2
ODeco cell equivalents per lane)
were probed by Western blot
analysis using affinity purified
anti-SRa. Lane 1 contains lysate
from cells deleted for the
SRP101 gene (SOY36), and lane
2 contains lysate from wild
type cells (W303). The positions
of molecular weight standards
and SRG are indicated. 1 2

29 — .

genomic DNA from wild-type cells (W303) or from an
Ade" transformant (strain SOY34). As expected, am
plification of DNA containing the wild-type SRP101 lo
cus (Figure 5B, lanes 1 and 2) yielded a predicted 2.4-
kb PCR product. Integration of the ADE2 gene into the
SRP101 locus (srp 101-A1) was revealed by the presence
of a larger 3.0-kb PCR product (Figure 5B, lane 2). The
identity of these PCR products was confirmed by re
striction analysis. Sporulation of diploid SOY34
(SRP101/srp101-A1) cells produced tetrads containing
two to four viable spores. PCR analysis of the four col
onies produced from spores of a single tetrad confirmed
that the deletion allele srp 101-A1 cosegregated with the
ADE2 gene (Figure 5B).

All SRP101 spores were Ade, formed normal colonies
on plates, and grew in culture with a doubling time
similar to that of the parent W303 strain (~80 min). In

Figure 2. Alignment of the amino acid sequences of SRa homologues. The deduced amino acid sequence of mammalian SRa (canine; Lauffer
et al., 1985), S. cerevisiae SRa (this work), and Ftsy (E. coli, Gill et al., 1986) are aligned. Two or more identical amino acids at a single position
are shown in capital letters. Amino acids of similar chemical properties are boxed (Dayhoff et al., 1972) as described by Bernstein et al. (1989)
and Hann et al. (1989). Gaps are indicated with dashes. The positions of three regions matching GTP-binding consensus sequences are indicated
above the alignment by roman numerals (Dever et al., 1987). The amino acid sequence of the third conserved motif SKxD (box III) predicted
to contact the guanine ring of GTP differs by a conservative substitution in S. cerevisiae SRa from the consensus TKxD defined for all other
known members of the SRP54/SRa subfamily of GTPases. The beginning of the G-domain, as defined by Bernstein et al. (1989), is marked.
The primary structures of SRa homologues from two additional species are known but for clarity omitted from this alignment. These proteins
are the products of the Pila gene from Neisseria gonorrhoeae (Taha et al., 1991) and the SSO gene from Sulfolobus solfataricus (Ramirez and
Matheson, 1991). As for E. coli Fts) and eukaryotic SRa, the primary structures of these proteins are very similar in the G-domain but diverge
in N-terminal regions.
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Figure 4. Subcellular localization of SRa (A) Wild-type cell extracts
were fractionated as detailed in MATERIALS AND METHODS. Cell
fractions were analyzed by Western blot using affinity purified anti
SRa and anti-Sec61p. Each lane contains 0.2 OD, a cell equivalents
of the fraction: lane 1, cell lysate; lane 2, low-speed supernatant, lane
3, low-speed pellet, lane 4, high-speed supernatant, lane 5, high
speed pellet. (B) A portion of the low-speed supernatant (as shown
in lane 3 of A) was diluted with lysis buffer (lanes 1 and 2) or adjusted
to final concentrations of 1.6 M urea (lanes 3 and 4). 0.6 M KOAc
(lanes 5 and 6), 0.5% Triton X-100 (lanes 7 and 8), or 0.1 M Na:COs,
pH 11.5 (lanes 9 and 10). The samples were centrifuged at 100 000
x & and the supernatant fractions (lanes 1, 3, 5, 7, and 9) and pellet
fractions (lanes 2, 4, 6, 8, and 10) were analyzed by Western blot
using affinity purified anti-SRa and anti-Sec61p. Only the relevant
portions of each immunoblot are shown. SRø was frequently observed
as a doublet, presumably due to some proteolysis that occurred during
cell fractionation. Note that no doublet was observed when cell extracts
were prepared rapidly and under denaturing conditions (see Fig
ure 3).

contrast, all srp 101-A1 spores were Ade", formed un
usually small colonies on plates, were unable to grow
on carbon sources requiring respiration, and grew about
sixfold slower in liquid culture when compared with an
isogenic SRP101 rho strain (Figure 5C).

To show that the genomic clone of SRP101 is func
tional in vivo, we transformed the SOY34 (SRP101/
srp101-A1) cells with a centromeric yeast vector carrying
both the URA3 and SRP101 genes (pSO210; see MA
TERIALS AND METHODS). Ura' transformants were
sporulated and dissected. We recovered Ade Ura" col
onies with wild-type growth rates indicating that the
srp101-A1 allele was complemented by the plasmid car
rying the cloned SRP101 gene. As expected, every Ade'
spore that grew at the wild-type rate was also Ura".
Southern analysis revealed that SRP101 is present in
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Figure 5. Gene disruption of SRP101. (A) The gene disruption pro
cedure is depicted (see MATERIALS AND METHODS). Oligonucle
otides composed of sequences from both the ADE2 gene and sequences
from regions W and X of the SRP101 gene were used in a PCR reaction
to generate a DNA fragment (PCR fragment) containing the ADE2
gene of S. cerevisiae flanked at either end by sequences from the 5’
and 3' untranslated regions of the SRP101 locus. Upon transformation,
the end sequences directed the integration of the linear DNA fragment
into the SRP101 gene (one-step gene replacement). PCR confirming
the gene disruption was performed on yeast genomic DNA using the
oligonucleotides corresponding to regions Y and Z. (B) PCR reactions
confirming the gene disruption were performed on genomic DNA
from the wild-type parent strain (lane 1), SOY34, the diploid trans
formant heterozygous for SRP101, and the srplul:ADE2 gene disrup
tion (srn 101-A1 lane 2) or cells derived from the surviving spores of
a single tetrad that are either Ade' (lanes 5 and 6) or Ade (lanes 3
and 4) The PCR products were separated on a 1% agarose gel and
visualized by ethidium bromide staining (C) Growth rates in YEPD
medium of strains in which the chromosomal copies of SRP101, SCR1
(see MATERIALS AND METHODS), or both SCR1 and SRP101 have
been disrupted.
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single copy in the haploid yeast genome. Taken together,
these results indicate that SRa is encoded by a single
gene that is important but not essential for cell growth.
Low stringency Southern blots, however, performed
with a probe derived from the SRP54 gene encoding a
structurally related protein failed to detect any SRP101
sequences. Likewise, no SRP54 sequences were detected
using SRP101 sequences as a probe. Thus, it remains
possible that other distantly related homologues of the
SRa/SRP54 subfamily of GTPases exist in yeast.

If SRP and SRa function in sequential steps of a com
mon protein targeting pathway, then the absence of
both SRP and SRa should be no more detrimental to
cell growth than the absence of either component alone.
To test this directly, we constructed strain SOY60 in
which the SRP RNA gene was deleted (scr1-A2) and
strain SOY62 in which the genes encoding SRP RNA
and SRa were both deleted (srp 101-A1/scr1-A2). SOY60
and SOY62 were both constructed in the same strain
background (W303) used elsewhere in this study. The
results depicted in Figure 5C show that cells bearing
the double gene deletion grow with a doubling time
that is comparable with that of cells bearing either gene
deletion alone.

Conditional Expression of SRa.
To characterize the molecular nature of the defects in
SRa deficient cells, we constructed a strain (SOY46) that
allows the conditional expression of SRa. SOY.46 is a
haploid strain bearing the srp 101-A1 deletion allele that
is complemented by a plasmid (pSO400) containing
SRP101 under control of the GAL1 promoter. SOY46
cells grew as well as wild-type cells when galactose was
used as a carbon source (Figure 6A, early time points).
Under these conditions, the level of SRa was ~50-fold
higher than found in wild-type cells, as estimated from
an immunoblot analysis using anti-SRa antibodies (Fig
ure 6B, compare lanes 1 and 7). The level of SRa de
creased rapidly, when SOY46 cells were switched to
growth medium containing glucose. After 16 h of
growth on glucose containing medium, the amount of
SR6 was approximately equal to the amount found in
wild-type cells (Figure 6B, compare lanes 4 and 7). By
19 h, SRa had fallen below wild-type levels and by 32
h was barely detectable by immunoblot analysis (Figure
6B, lanes 5 and 6; also see Figure 11B, lane 1). Concom
itant with the drop of SRa levels, SOYA6 cells began to
grow at a slower rate (Figure 6A), rapidly approaching
the growth rate of srp 101-A1 cells with a doubling time
of ~ 10 h.

Yeast SRa is Required for Efficient Protein
Translocation Across the ER Membrane

To test whether yeast SRa performs a function in fa
cilitating protein translocation similar to that of its
mammalian homologue, we depleted cells of SRa and
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Figure 6. Growth curves and immunoblot analysis of SRa depletion.
(A) The growth curves of SOY48 (SRP101 expressed from its own
promoter, labeled wt) and SOY46 (SRP101 expressed from the GAL1
promoter) are shown. At time 0, the carbon source was changed from
galactose to glucose as detailed in Hann and Walter (1991). (B) Cellular
SRa was monitored by Western blot analysis. Lanes 1–6 contain cell
lysates prepared from SOY46 cells and lanes 7 and 8 contain lysate
prepared from SOY.48 cells at the indicated times after switch to glu
cose medium. The position of SRa is indicated.

monitored the maturation of several newly synthesized
soluble and membrane proteins known to be translo
cated across the ER membrane. SOY46 cells were pulse
labeled for 7 min with *S-methionine at various time
points after the repression of SRa synthesis. Cell extracts
were prepared from the labeled cells, and individual
proteins were immunoprecipitated with specific anti
bodies and analyzed by SDS-PAGE. This allowed us to
monitor the efficiency with which different proteins
were translocated into the ER. For all substrates ana
lyzed, translocation across the ER is accompanied by
well-characterized modifications (signal sequence
cleavage and/or glycosylation) that alter their gel mo
bility.

Figure 7 shows the results of such an analysis at time
points during the course of SRa depletion. Under these
conditions, four of the five proteins analyzed showed
an accumulation of cytoplasmic precursor forms, indi
cating that protein translocation was perturbed as a
consequence of the reduced SRa level. The degree to
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which translocation was affected, however, varied
among the different proteins. KAR2p, a soluble ER res
ident protein, and DPAP-B, a vacuolar integral mem
brane protein, showed the greatest defect. In the case
of KAR2p, the translocation defect is inferred from the
accumulation of a more slowly migrating band repre
senting preKAR2p, which contains the uncleaved signal
sequence (Figure 7B, lanes 2 and 3, preKAR2p); in the
case of DPAP-B, the defect is inferred from the accu
mulation of a faster migrating band representing un
glycosylated DPAP-B (Figure 7A, lanes 2 and 3,
preDPAP-B). At the later time point, 20 or 21 h after
repressing the synthesis of SRa, about one half of the
KAR2p or DPAP-B synthesized remained untranslo
cated. The translocation of invertase and prepro-a-factor
were affected to a lesser extent, but for both proteins
significant amounts of precursor forms (Figure 7, C,
lanes 2 and 3, prelnv, and D, lanes 2 and 3, pp., F)
accumulated after repression of SRa synthesis. In con
trast to the four translocation substrates discussed above,
CPY showed no detectable translocation defect on SRa
depletion as indicated by the absence of a band mi
grating in the position of its cytoplasmic unglycosylated
prepro-form (Figure 7E, ppCPY). No effect was ob
served on the translocation of any of the four substrates
when an isogenic strain carrying SRP101 controlled by
its own promoter was switched from galactose to glucose
(Figure 7, A, B, D, and E, wt lanes).

Note that translocation defects were already apparent
at the first timepoint in the analysis shown in Figure 7,
which was taken 10 h after switch of the SOY46 cells
from galactose to glucose, yet at this time the intracel
lular SRa level as judged by Western analysis was still
above that found in wild-type cells (Figure 6B). This
apparent paradox can be reconciled if we assume that
in SOY46 cells (which overproduce SRø from the GALI
promoter) only a portion of the Skº is properly assem
bled at the membrane and functional, whereas another
portion remains unassembled and nonfunctional. As
discussed above, fractionation of SOYA6 cells grown on
galactose indicated that a large portion of SRa remained

Figure 7. Precursor protein accumulation on depletion of SRø.
SOY 46 cells (GALl promoter regulated SRP101) and SOY 48 cells (wild
type SRP101) were grown as described in Figure 6A. Before (0 hl and
at the indicated times after changing the carbon source from galactose
to glucose cells were pulse labeled for 7 min with "S-methionine.
Cell extracts were prepared and immunoprecipitations were performed
using antibodies against the following proteins. (A) Dipeptidyl ami
nopeptidase-B mature DPAP-B and the nonglycosylated precursor
pre■ ) PAP-B are indicated (B) KAR2p; mature KAR2p and precursor
preKAR2p (containing the uncleaved signal sequence) are indicated.
(C) Invertase; cytoplasmic cytolnv, precursor prelnv (containing the
uncleaved signal sequence and lacking carbohydrate attachment), core
glycosylated ER form glnv (ER) and secreted outer chain glycosylated
glnv (sec) forms are indicated (D) o-Factor: precursor pp-e F and core
glycosylated gp-o F forms are indicated. (E) Carboxypeptidase Y. ER
glycosylated pland Golgi modified p2 forms are indicated, as well
as the predicted location of preproCPY ppCPY.
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Figure 8. Accessibility of accumulated preKAR2p to protease. SOY 46
cells (GALl promoter regulated SRP101) and SOY 48 cells (wild-type
SRP101) were grown as described in Figure 6 and pulse labeled at 20
h after the shift from galactose to glucose Extracts were prepared
under nondenaturing conditions (see MATERIALS AND METHODS)
from SRa depleted (lanes 1–4) and wild-type cells (lanes 5–8) and
either digested with 0.5 mg/ml proteinase K (PK) or mock digested
in the presence (lanes 3, 4, 7, and 8) or absence (lanes 1, 2, 5, and 6)
of 0.5% Triton X-100. After inactivation of the protease, immuno
precipitations were performed with anti-KAR2p antibodies, followed
by SDS-PAGE. The position of mature KAR2p and preKAR2p are
indicated A protected fragment of KAR2p (indicated with an arrow)
migrates slightly faster than the mature form of KAR2p.

SRP Receptor in Yeast

The accumulation of preKAR2p in the cytoplasm
could be explained in two ways. First, cellular depletion
of SRa could cause a kinetic delay in the targeting of
preKAR2p to the ER membrane. The precursor observed
after the pulse labeling would then represent an inter
mediate in the translocation process and would be ex
pected eventually to reach the lumen of the ER. Alter
natively, the depletion of SRa could impair the efficiency
of targeting rather than the rate of the process, allowing
only a portion of the nascent preproteins to become
productively engaged with the translocation machinery.
To distinguish between these possibilities, we performed
a pulse-chase analysis. Both control and SOY.46 cells
were pulse labeled for 2 min with "S-methionine 20 h
after repressing the synthesis of SRø, followed by ad
dition of a large excess of nonradioactive methionine.
The forms of KAR2p were examined by immunopre
cipitation at timepoints during a 16-min chase period.
The results are presented in Figure 9. From the quan
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Figure 9. Pulse-chase of preKAR2p after SRa depletion. Twenty
hours after switch from galactose to glucose medium. SOY 48 cells
(wild-type SRP101) and SO) 46 cells (CALI promoter regulated SRP101)
were pulse labeled for 2 min with "S-methionine and chased for 0.
1, 2, 4, 8, or 16 min after the addition of excess unlabeled methionine.
(A) Extracts prepared from each time point were subjected to im
munoprecipitation with anti-KAR2p antibodies, followed by SDS
PAGE and autoradiography. The position of mature KAR2p and
preKAR2p are indicated. (B) The data in A were quantitated using a
Phosphorimager (Molecular Dynamics. Sunnyvale, CA). Note that
the percent translocation, as calculated from the ratio of preKAR2
and KAR2, was less in this experiment than during the corresponding
SRa depletion experiments shown in Figure 7. This is due to the
longer pulse time used in Figure 7, which allowed more preKAR2p
to accumulate.
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:in a cytoplasmic supernatant. Accordingly, upon SRa
depletion, only a portion of the SRa remaining in the
cells as detected in Figure 6B may be functional. Alter
natively, SRa expression from SOY.46 cells could be
nonuniform during the depletion experiment, giving rise
to cell populations that are heterogeneous with respect
to their levels of SRa. At the 10-h timepoint then, there
could exist a population of cells that contain higher than
wild-type levels of SRa and show no translocation de
fect, in addition to a population of cells that contain
lower than wild-type levels of SRø and show a defect
in protein translocation. The Western blot shown in
Figure 6B would not distinguish these two populations.

The data presented suggest that the SRa facilitates
protein translocation across the membrane of the ER.
Because translocation was assayed indirectly in the ex
periments shown in Figure 7, we used a protease pro
tection assay to ask whether the precursor proteins de
tected were retained in the cytoplasm or had, in fact,
entered the ER. To this end, control cells or SOY.46 cells
(taken 20 h after SRa synthesis had been repressed),
were pulse labeled, and crude cell extracts were pre
pared. The extracts were treated with proteinase K.
PreKAR2p that was present in SOYA6 cell extracts (Fig
ure 8, lane 1, preKAR2p) but not in the control cell
extracts (Figure 8, lane 5) was completely digested by
proteinase K (Figure 8, lane 2). In contrast, mature
KAR2p was resistant to proteolysis (Figure 8, lanes 2
and 6, KAR2p), presumably because it was sequestered
within ER membrane vesicles. When membrane vesicles
in the extract were disrupted with detergent, KAR2p
became accessible to protease and was digested under
these conditions (Figure 8, lanes 4 and 8). Thus, we
conclude that preKAR2p accumulated in the cytoplasm
in SRa depleted cells.
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Figure 10. Precursor proteins do not accumulate in SRa (srn 101-A1)
or SRP RNA (scr1-A2) deletion strains. Strains (SOY 60, SOY61,
SOY62) containing the indicated chromosomal gene deletions and a
wild-type strain were pulse labeled for 7 min with "S-methionine.
Cell extracts were prepared and immunoprecipitations were performed
using antibodies against KAR2p and DPAP-B Precursor and mature
forms of each protein are indicated. Sec65-1 cells were similarly labeled
and immunoprecipitated to provide markers for the gel mobility of
preKAR2p and preLPAP-B.

titative analysis of the data (Figure 9B), it is apparent
that most of the accumulated preKAR2p did not chase
into the mature form during the chase period. These
data suggest that the translocation defect observed after
removal of SRa is not due to a kinetic delay but rep
resents a reduction of the efficiency with which pre
proteins can be translocated. This analysis identifies two
distinct pools of KAR2p: one portion that was translo
cated and processed to mature KAR2p during the time
of the pulse and one portion, the accumulated pre
KAR2p, that was rendered translocation incompetent.

Cells can Adapt to the Absence of SRa and SRP
The defects in protein translocation demonstrated in
Figures 7–9 were observed in cells in which SRa was
progressively depleted after repression of its synthesis.
To determine the effects of long-term SRa depletion,
we performed similar experiments to monitor translo
cation defects in srp 101-A1 mutant cells. Surprisingly,
we detected no translocation defects in srp101-A1 cells
when *S-methionine pulse-labeled extracts were im
munoprecipitated with anti-KAR2 and anti-DPAP-B
antibodies (Figure 10, lane 4). This result was unex
pected because the corresponding experiment per
formed with yeast SRP, a component of the same path
way, showed only minor amelioration of translocation
defects in deletion strains (Hann and Walter, 1991). Be
cause a different strain (TR1) was used in the previous
study, we repeated the experiment with cells containing
a deletion of the SRP RNA gene, SCR1, in the W303
strain background used in this study (SOY60). In these
cells and in cells containing the double deletion scr1
A2 and srplol-A1 (SOY62), translocation defects of both
KAR2p and DPAP-B are barely detectable (Figure 10,
lanes 3 and 5).

Thus, it appears that W303 cells are capable of adapt
ing efficiently to the absence of SRa. Translocation de
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fects were observed when SRa was depleted from cells
rapidly after shutoff of its synthesis yet were not ap
parent when cells bearing the genetic disruption of SRa
were grown for a prolonged time in the absence of SR&.
To show this adaptation directly, we grew SOY46
(SRP101 under control of the GAL1 promoter) for an
extended time on plates containing glucose, i.e., under
conditions that repress SRa synthesis from the GAL1
promoter. Analogous to the phenotype of srp 101-A1
cells, neither preL)PAP-B nor preKAR2p were detected
above the level found in wild-type control cells (Figure
1 1A). Thus, the translocation defects that are maximal
between 10 and 20 h after shutoff of SRa synthesis
(Figure 7, A and B, lanes 2 and 3) are no longer apparent
after growth in the absence of SRa for a prolonged time.
This reduction in the translocation defects was not due
to increased SRa levels. Western blot analysis confirmed
that the intracellular SRa level remained depressed even
after prolonged growth on glucose plates (Figure 11B,
lane 3).

Curiously, although cells grown for prolonged time
in the absence of SRa are able to diminish their apparent
protein translocation defects, they do not increase their
growth rate as a result of this adaptation (compare Fig
ure 6A and 5C).

To distinguish whether the adaptation was due to the
accumulation of a simple suppressor mutation or was
due to a reversible physiological change on SRa deple
tion, we performed a back cross experiment. Haploid
SOY46 cells were grown on glucose plates to allow ad
aptation to occur. These cells were then mated with the
strain SOY33 that, like SOY46, contains the chromo
somal srp 101-A1 deletion but a different plasmid
(pSO220) bearing SRP101 under control of its own pro

A T. B 7.
+ +3
3 – 3 =
7 : 7 :

preKAR2p — ºkaser 2--- sRa– º

DPAP-B
-TN—e- tº

prepPAP-B – tº
1 2 3 4

Figure 11. Precursor proteins do not accumulate after extended de
pletion of SRa. After prolonged growth in glucose medium. SOY.48
cells (wild-type SRP101) and SOY46 cells (GALl promoter regulated
SRP101) were assayed for both levels of SRa protein and precursor
protein accumulation. Before the assay, cells were maintained for ~ 10
wk on glucose Ura plates. (A) Cells were pulse labeled with *S-
methionine for 7 min. Cell extracts were prepared and immunopre
cipitations performed using antibodies against KAR2p and DPAP-B.
The positions of both precursor and mature forms of each protein are
indicated. (B) Cellular SRa levels in SOY46 and SOY48 cells were
monitored by Western blot as described in Figure 3. The position of
SRa is indicated.
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Figure 12. Genetic suppression or loss of respiratory function are not the cause of adaptation. Cells were pulse labeled with *S-methionine
for 7 min. Cell extracts were prepared and immunoprecipitations performed using antibodies against KAR2p. The positions of both precursor
and mature forms of KAR2p are indicated. (A) Cells from the four spores of a single tetrad (labeled spore 1 through spore 4) after sporulation
of SOY64 were pulse labeled at the indicated times after repression of expression of SRa. (B) SOY70 cells were pulse labeled at the indicated
times after repression of SRa synthesis.

moter. In contrast to the SOYA6 cells used in the mating,
SOY53 cells had never been depleted of SRa, were not
adapted, and were still rho'. Once mating had occurred,
cells (SOY64; see MATERIALS AND METHODS) were
isolated from the resulting diploid strain (homozygous
for the srp101-A1 deletion and containing the plasmids
pSC)220 and pSC400) that had lost pSC)220 and thus
only contained SRP101 under control of the GAL1 pro
moter. After sporulation and tetrad dissection, cells were
maintained on galactose-containing media allowing
expression of SRa. If adaptation results from a sup
pressor mutation, then we would predict that the
adapted phenotype would segregate two-to-two when
four spores from a single tetrad are analyzed. If, on the
other hand, adaptation is a reversible event, we would
expect that none of the four spores from a single tetrad
would show the adapted phenotype. We assessed the
adaptation of cells derived from the four spores obtained
from a single tetrad by repressing the expression of SRa.
after shift to glucose-containing media. As shown in
Figure 12A, the amount of preKAR2p that accumulated
in cells derived from each spore at different timepoints
after repression of SRa synthesis was identical. Thus,
we conclude that adaptation is not due to a single sup
pressor mutation but is caused by a reversible alteration
of cellular physiology.

Accumulation of Mitochondrial Precursors
We previously observed that cells in which SRP was
genetically disrupted rapidly lost the ability to grow on
fermentable carbon sources (Felici et al., 1989; Hann
and Walter, 1991). Furthermore, we showed that mi
tochondrial precursor proteins accumulate in SRP-de
pleted cells (Hann and Walter, 1991). We thus asked
whether similar phenotypes would be observed in SRa
deficient cells. Similar to the results obtained for SRP
mutant cells, we found that all strains containing dele
tions of SRP101 were rhoº, indicating that mitochon
drial function in these cells was impaired. As shown in
Figure 13, at late timepoints during the SRa depletion,
we observed a defect in the import of the 3-subunit of
the F-ATPase (FIB) into the mitochondrial matrix space.

Vol. 3, August 1992

As with KAR2p and DPAP-B, no import defect was
observed in srp 101-A1 cells.

To test whether the loss of respiratory function causes
adaptation, we constructed strain SOY70, which is rho
(see MATERIALS AND METHODS) and allows regu
lated expression of SRa from the GAL1 promoter. As
shown in Figure 12B, preKAR2p accumulated after
repression of SRa synthesis in SOY70 cells, indicative
of the nonadapted phenotype. Thus, we conclude that
the acquisition of the rho phenotype, which occurs
after growth of cells in the absence of SRa, is not the
cause for the observed adaptation.

DISCUSSION

We have isolated a gene from S. cerevisiae that encodes
a homologue of the mammalian SRa protein. Several
lines of evidence suggest that the yeast SRa not only
shares structural similarities with its mammalian coun
terpart but also serves an analogous function. First and
most important, yeast cells in which SRa has been de
pleted show defects in the translocation of proteins
across the ER membrane. Second, the growth defects
of srp 101-A1 cells and the severity to which different
proteins are compromised in their translocation across
the ER in SRa deficient cells resemble that of cells in
which SRP has been disrupted (Hann and Walter, 1991).

sº
* §

0 10 21 0 21 (h)i
pre-F.BATPase — *** -

FBATPase —ZT* -º-, -- ºr

1 2 3 4 5 6

Figure 13. Mitochondrial precursor accumulation on SRa depletion.
SOY46 (GAL1 promoter regulated SRP101), SOY48 (wild-type SRP101),
and MYY1.47 (mas 1-1) cells were grown and labeled as described in
Figure 7. Cell extracts were subjected to immunoprecipitation with
antibodies to the 3-subunit of the F, ATPase, followed by SDS-PAGE.
Precursor (pre-FigATPase) and mature (F9ATPase) forms are indi
cated.
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Furthermore, cells lacking both SRP and SRa show a
growth defect indistinguishable from cells in which ei
ther component alone was deleted. This suggests that
yeast SRa and SRP function in the same pathway. Third,
its subcellular localization is consistent with the notion
that yeast SRa, like its mammalian homologue, is a pe
ripheral ER membrane protein. Taken together, these
findings suggest that the mechanism and the compo
nents mediating SRP/SRP receptor dependent protein
targeting are evolutionarily conserved.

Structural Features of Yeast SRa
Mammalian SRa is attached to the ER membrane pre
sumably through an interaction with SR3 that, based
on its primary structure, is a bona fide integral mem
brane protein (Miller, Tajima, Lauffer, and Walter, un
published data). Based on proteolytic dissection studies,
this interaction is thought to be mediated by regions of
SRa that are located proximal to its N-terminus (Lauffer
et al., 1985). Sequence comparison of yeast and mam
malian SRa reveals a striking similarity that extends
across the entire coding sequence. This extensive ho
mology and the similarity in the extraction conditions
that allow the release of yeast and mammalian SRa
from the membrane suggest that yeast SRo may also
be complexed to a putative yeast SRB chain in the ER
membrane. Thus, in cells overproducing SRa, only a
portion of the protein may assemble into a functional
heterodimeric SRP receptor. Oligomeric assembly in the
ER membrane may be limited by the number of avail
able SRB chains. The sequence similarity between yeast
and mammalian SRa is strongest in the G-domain and
includes the consensus sequences that, as predicted from
the known x-ray structures of H-ras and EF-Tu, form
loops on the surface of the domain that contact the
bound GTP (Bourne et al., 1991). The strong phylogentic
sequence conservations in the G-domain reaffirm the
notion that the GTPase function of SRa is important
for its biological activity.

Role of SRa in Elongation Arrest Release
SRa was originally purified from mammalian cells (Gil
more et al., 1982b) based on its activity to release the
SRP mediated translation arrest of presecretory proteins
(Walter and Blobel, 1981). These in vitro studies led to
the notion that SRa is required for releasing SRP-in
duced translational arrest. In the absence of SRa, protein
synthesis would not proceed beyond a short “arrested
fragment" of the presecretory protein. To date, such a
tight arrest has only been observed in in vitro assays
composed of heterologous components, e.g., mamma
lian SRP and a wheat germ translation system. In assays
composed of exclusively mammalian components, the
SRP-induced elongation arrest is transient, thus causing
a kinetic delay in protein elongation (Wolin and Walter,
1989). We previously have speculated that the effects
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of SRP on presecretory protein synthesis may help to
maintain proteins in a translocation competent state
and/or may provide a potential regulatory point to
couple translation to the secretory needs of the cell.

In the experiments described here, presecretory pro
tein synthesis is not detectably reduced as compared
with overall protein synthesis when SRa is depleted
from cells. We therefore conclude that the lack of SRP
receptor in vivo does not lead to a tight elongation arrest
that is not released in the absence of SRa. In future
studies, it will be interesting to measure directly the
elongation rates of presecretory protein synthesis in
SRa-depleted cells to test whether yeast SRP causes
elongation pausing in vivo as observed in the mam
malian in vitro system. Interestingly, in a different yeast,
Yarrowia lipolytica, it recently was shown that mutations
in SRP RNA can cause an inhibition of the translation
of a secretory protein (He et al., 1992; Yaver et al., 1992).

Functional Role of Yeast SRa in ER Targeting
From previous studies of SRP, we concluded that in
yeast, protein targeting to the ER can occur by redundant
pathways (Hann and Walter, 1991). The data presented
here for the SRP receptor confirm this notion. In the
absence of SRP and SRP receptor, proteins must be tar
geted to and translocated across the ER membrane by
alternative SRP and SRP receptor independent targeting
pathways. Although the translocation of some proteins
is severely impaired on disruption of the SRP/SRP re
ceptor dependent targeting pathway, the mutant cells
are viable. Thus, every protein that has to cross the ER
membrane during its biogenesis and that is essential for
cell viability can use an alternate targeting pathway suf
ficiently well to sustain cell growth.

Most of the proteins analyzed were impaired in their
translocation across the ER membrane in SRP and/or
SRP receptor depleted cells. We consider it likely that
these proteins are cotranslationally targeted by SRP and
SRP receptor to the ER membrane in wild-type cells
and that they become rerouted into alternative targeting
pathways only in the mutant cells lacking SRP and/or
SRP receptor function. Some preproteins, e.g., pre
proCPY, that can be targeted as efficiently in the absence
of SRP as in its presence may have evolved signal se
quences that do not interact efficiently with SRP. Thus,
preproCPY may not use the SRP dependent targeting
pathway even in wild-type cells (Bird et al., 1987; Hann
and Walter, 1991).

The molecular details of alternative targeting path
ways in these mutant cells are presently unclear. There
are two conceptually distinct but not mutually exclusive
possibilities. First, SRP/SRP receptor independent tar
geting could occur posttranslationally; precursor pro
teins are released from ribosomes and maintained sol
uble and translocation competent by interactions with
cytosolic chaperonins and other putative targeting fac
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tors. The folding characteristics of a particular preprotein
may thus determine how efficiently it can be maintained
in a translocation competent form. This could explain
why translocation defects observed in SRP and SRP
receptor deficient cells vary in magnitude for different
proteins. Consistent with this hypothesis, in vitro studies
have shown that some fully synthesized precursor pro
teins can be translocated efficiently across yeast micro
somal membranes. Prepro-a-factor, for example, can
be efficiently translocated posttranslationally in vitro
and shows only minor translocation defects in SRP and
SRP receptor depleted cells in vivo.

According to a second hypothesis, SRP/SRP receptor
independent targeting could occur cotranslationally; ri
bosomes synthesizing precursor proteins engage with
the ER membrane independent of SRP and SRP receptor
but before termination of protein synthesis. If cotrans
lational targeting is obligate for a given precursor pro
tein, then the kinetics of its elongation would affect the
efficiency of its membrane translocation. If elongation
is slow, for example, then a longer time window would
be available for the nascent precursor protein to engage
with the ER membrane before it is completed and re
leased from the ribosome.

The pulse-chase data in Figure 9 show that in SRa
depleted cells, the accumulated pool of cytosolic
preKAR2p molecules is not translocation competent.
Although we cannot rule out that some of these
preKAR2p molecules are translocated very slowly, such
slow kinetics could not account for the rapid appearance
of translocated KAR2p at the earliest time point. Similar
kinetic data were previously obtained in SRP-depleted
cells (Hann and Walter, 1991). These data are consistent
with either model outlined above. The observed trans
location of preKAR2p may occur by a rapid posttrans
lational mechanism, and a factor mediating this reaction
may be limiting. Therefore, only a portion of the pre
cursor proteins would be able to interact with this factor
and be translocated. The other portion would be rapidly
rendered translocation incompetent. Alternatively, it is
possible that preKAR2p requires cotranslational target
ing and cannot be maintained translocation competent
if released from the ribosome. In this case, the trans
located portion of the KAR2p molecules would be syn
thesized exclusively by ribosomes that are engaged with
the ER membrane during KAR2p synthesis.

Growth and translocation defects of SRa-depleted
cells resemble those observed in SRP-depleted cells
(Hann and Walter, 1991). After shutoff of SRa or SRP54
synthesis, the translocation of KAR2p and DPAP-B was
severely impaired, the translocation of invertase and
pro-a-factor showed intermediate defects, and the
translocation of preproCPY was not affected. There are
some quantitative differences in the relative magnitudes
of the translocation defects. The translocation of DPAP
B, for example, was impaired to >90% in SRP-depleted
cells (Hann and Walter, 1991), yet only impaired to

Vol. 3, August 1992

SRP Receptor in Yeast

~50% in SRa-depleted cells (Figure 7). Most likely these
differences arose because different strains were used in
these studies.

Cells that have been grown in the absence of SRP or
SRP receptor for a prolonged time “adapt" to the lack
of these components. In the W303 strain used in this
study, the adaptation results in almost undetectable
translocation defects among the preproteins examined.
In the TR1 strain used previously (Hann and Walter,
1991), a similar adaptation was observed that was less
pronounced. SRa-depleted cells in which translocation
defects are no longer detectable grow with a sixfold
increased doubling time, indicating that the adaptation
process cannot restore cell physiology to a wild-type
state. The molecular nature of the adaptation process
is presently unknown. From the presented data, we can
rule out, however, that the adaptation is a direct con
sequence of a suppressor mutation or of the rho phe
notype that cells acquire after growth in the absence of
SRC. According to the two models discussed above,
translocation in adapted cells could be enhanced either
because limiting components mediating alternate tar
geting pathways are induced and/or because the rate
of protein elongation is reduced. The latter possibility
would provide a plausible mechanism by which trans
location can be improved but cell growth remains im
paired. More efficient protein translocation would be
obtained at the expense of efficient protein synthesis.
Further studies of the molecular nature of the adaptation
process are required to distinguish between these pos
sibilities and may provide valuable information as to
the mechanism of SRP/SRP receptor independent pro
tein targeting. From the available data, it is still con
ceivable that the efficiency of protein translocation only
appears to be improved in adapted cells. Cells may have
improved a “housekeeping" pathway that allows mis
localized precursor proteins to be degraded more rap
idly. This would change the precursor to product ratio
that presently is the only measure for translocation ef
ficiency.

Surprisingly, the import of the 3-subunit of the F
ATPase (FIB) into mitochondria was impaired in SRa
depleted cells. A similar phenotype was observed in
SRP-depleted cells. As discussed previously (Hann and
Walter, 1991), the impaired mitochondrial import could
be an indirect consequence of cumulative defects in cells
after disruption of the SRP/SRP receptor dependent
targeting pathway. Alternatively, it remains possible
that SRP and SRa are directly involved in mitochondrial
protein import. Models entertaining this latter notion
would need to explain, however, how SRa, which is
thought to be restricted in its intracellular localization
to the ER membrane, could also participate in mito
chondrial import. At present, the available data do not
allow us to distinguish conclusively between different
possibilities. On SRa or SRP depletion, cells rapidly ac
quired a rho phenotype (see RESULTS; Felici et al.,
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1989; Hann and Walter, 1991). This loss of mitochon
drial function could be a direct consequence of the im
paired protein import.
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Chapter 3

Saccharomyces Cerevisiae Signal Recognition Particle
Receptor Consists of Two Interacting Subunits, Both of

which Are GTPases
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ABSTRACT

Database searches revealed an open reading frame on chromosome XI

of the yeast Saccharomyces cerevisiae that is homologous to the mammalian

SRP receptor beta subunit (SRB). The yeast SRB gene (SRP102) encodes a 30

kDa protein with similarity to GTPases, and is important for nascent secretory

protein translocation into the endoplasmic reticulum (ER). Deletion of

SRP102 results in slow growing cells that are only marginally compromised

in their ability to translocate proteins into the ER. This phenotype is identical

to that of other SRP pathway gene disruptions. Deletion of the SR3 gene in

combination with the gene for the SRP receptor alpha subunit (SRO.; SRP101)

results in cells that grow slowly, but no worse than either single gene deletion

alone. A point mutation in one of the conserved GTP binding residues (K51I)

results in temperature sensitive growth of the cells, and accumulation of

precursors to secretory proteins at the non-permissive temperature. Taken

together, these results suggest that the yeast SRB functions as a GTPase in the

SRP dependent targeting and translocation of nascent secretory proteins into
the ER.

In cells deleted for SRB, SRO, is not found in its normal membrane

containing fraction, instead it behaves as a cytosolic protein. This suggests a

possible role of SRB in the anchoring of SRo in the ER membrane. Further,

SRo can be coimmunoprecipitated with SRB from detergent solubilized

membranes using antibodies directed against an epitope tagged SRB.

Consistent with the notion that SRB is required for proper SRO membrane

association, the membrane localization of SRo is perturbed in the

temperature sensitive allele of SRP102, SRP102-K51.I. Further, the growth

defect of SRP102-K51I can be suppressed by overexpression of SRo. These

:
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biochemical and genetic data support the notion that the yeast SRP receptor,

like its mammalian counterpart, consists of two directly interacting subunits.
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INTRODUCTION

Localization of proteins to their correct subcellular compartments is

required for eucaryotic cells to maintain the high degree of order compatible
with life. From studies of a mammalian in vitro system, a model was

proposed whereby protein translocation across the ER membrane occurrs in a

strictly co-translational manner (Walter et al., 1984). Secretory protein

synthesis initiates on cytoplasmic ribosomes, and terminates only after those

ribosomes have been targeted to the endoplasmic reticulum (ER). After

targeting, the ribosome-nascent chain is assembled into a complex capable of

translocating the nascent protein across the ER membrane concomitant with

the completion of its synthesis. A small ribonucleoprotein, signal recognition

particle (SRP) initially selects ribosomes for targeting if they are synthesizing

nascent polypeptides containing signal sequences. These signal sequences, as

they emerge from the ribosome, bind tightly to SRP effecting an elongation

arrest or transient pause in the translation of the nascent secretory protein

(Walter and Johnson, 1994). Targeting of this complex to the ER occurs via an

interaction between SRP and its receptor (SR) (Meyer et al., 1982; Gilmore et

al., 1982b; Gilmore et al., 1982a), a heterodimeric protein anchored in the ER

membrane. While this interaction results in localization of the nascent

protein to the ER, it also releases the SRP induced translational arrest and
allows the nascent chain/ribosome complex to dissociate from SRP/SR dimer

and assemble with other components required for translocation in the ER

membrane (known as a translocon). The translocon is a proteinaceous

structure through which the nascent polypeptide can cross the hydrophobic

environment of the lipid bilayer (Gilmore and Blobel, 1983; Simon and

Blobel, 1992; Górlich and Rapoport, 1993; Crowley et al., 1994). SRP and SR are

40



required for the initial targeting of the ribosome/nascent chain to the ER, and

for proper ribosome/ transloconjunction formation. Thus, SRP and SR act as

a system that couples cytoplasmic translation to the translocation of proteins

across the lipid bilayer of the ER membrane.

Studies in yeast suggest that there are at least two pathways by which a

protein can be targeted to the ER membrane (Hann and Walter, 1991; Ogg et

al., 1992). In addition to an SRP dependent pathway, some proteins can also

become translocated in the abence of SRP. Two pieces of evidence led us to

this conclusion. A number of integral membrane and soluble proteins have

been assayed for their ability to acheive proper localization in yeast cells

expressing condtional alleles of SRP genes. Different proteins are blocked in

ER translocation to different degrees. Some proteins, such as

predipeptidylaminopeptidase-B (DPAP-B), and preKar2p are rather dependent

on the presence of components of the SRP dependent pathway for

translocation into the ER,while other proteins, such as

preprocarboxypeptidase Y (CPY) and prepro-o-factor, can attain their proper

localization even in the absence of components of the SRP dependent

pathway. In addition, yeast cells deleted for any of the known componenets

of the SRP dependent targeting pathway can survive, and therefore must be

able to transleoate all essential proteins via an SRP independent targeting

pathway.

Both SRP and SR are multisubunit complexes: SRP consists of six

protein subunits and a small RNA component (Walter and Blobel, 1980;

Walter and Blobel, 1982); SR is a heterodimeric ER membrane protein

consisting of a 69 kDa, peripheral membrane protein (SRO), and a 30kDa,

integral membrane protein (SRB) (Tajima et al., 1986). Much is known of one

ºr -ºr "
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SRP subunit, SRP54. It contains both the signal sequence binding activity of

SRP, interacts with the SRP RNA, and mediates binding of SRP to SR (Brown

et al., 1994; Krieg et al., 1986; Kurzchalia et al., 1986). In addition, SRP54

contains a functional GTPase domain (Miller et al., 1993). Although SR is less

well characterized than SRP54 functionally, both subunits of SR contain

GTPase domains (Miller et al., 1995; Connolly and Gilmore, 1986). The

GTPase domains of SRP54 and SRO are related, defining a subfamily in the

GTPase superfamily (Bourne et al., 1991; Bernstein et al., 1989; Römisch et al.,

1989). That these two proteins are similar and interact with each other may

reflect evolutionary divergence from an originally homotypic interaction.

Work in our laboratory has sought to elucidate the relative contributions of

each of these GTPases in protein targeting to the ER membrane. A model has

been proposed for the cycle of GTP binding and hydrolysis of SRP54 (Miller, et

al., 1993). As SRP binds to the signal sequence of a nascent secretory protein,

SRP54 becomes stabilized in a nucleotide free state. Targeting of this complex

to the ER membrane, and interaction of SRP with its receptor effects GTP

binding to SRP54. Change in conformation of SRP54 to its GTP-bound state

results in release of the signal sequence from SRP. The ribosome/nascent

chain complex is thus free to interact with components of the translocon.
SRP remains associated with SR after release of the ribosome/nascent chain

complex. Hydrolysis of GTP contained either in SRP54 or SRa results in

dissociation of SRP from SR and is thus able to reenter the cytoplasm and

target another nascent secretory protein to the ER membrane. Recent results

indicate that SRP54 and SRO act as GAPs for each other while they are in the
GTP bound state.
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In previous work, we showed that yeast contains a homologue of SRo.

encoded by the SRP101 gene. Recently, the B subunit of the mammalian SR

was characterized (Miller, et al., 1995). Here we present the first

characterization on the SRB subunit of the yeast SR, encoded by the SRP102

gene. Although the precise role of SRB remains enigmatic, we show that at
least one role for SRB is to anchor SRO to the membrane of the ER. Like its

mammalian homologue, the sequence of the yeast SRB predicts an integral

membrane GTPase, related to Sar1p. Extensive site directed mutagenesis of

residues in the highly conserved GTP binding domains of SRB was

performed. With one exception, these mutations are silent when placed in

vivo. The high frequency of silent mutations suggests that the effects of

mutations in SRB cannot be readily predicted by analogy to other GTPases.

MATERIALS AND METHODS

strains, antibodies, materials, and general methods

Yeast strains are listed in Table I. Genetic techniques are performed as

described previously, except where noted (Sherman and Lawrence, 1974).

Yeast transformation was performed by the lithium acetate procedure (Ito et

al., 1983). Yeast DNA for Southern analysis was prepared according to Davis

et al. (1980). Recombinant DNA techniques, and Southern blots were

performed as described by Sambrook et al. (1989). Western blots were

visualized using enhnced chemiluminescence (“ECL", Amersham, Arlington

Heights, IL) as described by the manufacturer. Oligonucleotides were

synthesized on a Milligen/Biosearch Cyclone Plus DNA synthesizer

(Milligen/Biosearch, Division of Millipore, Novato, CA) and purified

according to the manufacturer's instructions. Sodium dodecyl sulfate
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1
YeastStrainsandplasmidsUsedinThisStudy

StrainGenotypeReference
W303ade2-1/ade2-1trp1-1/trp1-1leu2-3,112/leu2-3,112

his3-11/his3-11DeshaiesandSchekman,1991

ura,3–1/ura,3–1
can1-100/can1-100MATa/MATo.

SOY133W303SRP102/srplo2::HIS3
Thisstudy(seemethods)

SOY.162W303MATosrplo2::HIS3ThisstudySOY246SOY162[pSO462]ThisstudySOY283SOY162[pSO460)ThisstudySOY219SOY162[psC457]ThisstudySOY223SOY162[psC459]ThisstudySOY201SOY162[psC454)ThisstudySOY264SOY162[pSO462][pSO211]
ThisstudySOY268SOY162[psC462][pSO400]

Thisstudy
PlasmidMarkersBackbonereference

pSO452UIRA3,SRP102,CEN6/ARSH4pRS316SikorskiandHeiter,T559TpSO454TRP1,SRP102,CEN6/ARSH4pRS314SikorskiandHeiter,1989
pSO457TRP1,SRP102-myc,REP3(2p)YEplac112GeitzandSugino,1988pSO459TRP1,SRP102-HA,CEN6/ARSH4pRS314SikorskiandHeiter,1989

pSO460URA3,pCAL-SRP102-myc,CEN4/ARS1YCp50Roseetal.,1987

pSO462TRP1,srp■
O2(K5II)-HA,CEN6/ARSH4pRS314SikorskiandHeiter,1989pSO211UIRA3,SRP101,CEN6/ARSH4pRS316SikorskiandHeiter,1989pSO400UIRA3,p.GAL.1/10-SRP101,CEN6/ARSH4pRS316SikorskiandHeiter,1989
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polyacrylamide gel electrophoresis was performed on 10%-15% gradient gels.

Both high and low copy yeast shuttle vectors used are as described

(Christianson et al., 1992; Sikorski and Heiter, 1989) unless otherwise

indicated. Chemicals are from Sigma Chemicals (St. Louis, MO) unless

otherwise noted. The plasmid library used for cloning SRP102 was obtained

from the ATCC (catalog # 37415). Anti-Kar2p serum was prepared in our

laboratory using Kar2p overexpressed in E. coli from a clone kindly provided

by Joe Vogel and Mark Rose (Rose et al., 1989). One-half a microliter of anti

Kar2p serum was used per OD600 in non-native immunoprecipitations.

Fluorochrome coupled anti-rabbit and anti-mouse secondary antibodies are

from Jakson Immuno Research (West Grove, PE). Anti-SRO, is used as

described in Ogg et al. (1992). Monoclonal 12CA5 (anti-HA) and 9E10 (anti

myc) were purchased from BAbCo (Berkeley, CA), and used at a dilution of

1:10,000 on Western blots. DNA sequencing was performed using an ABS

A220 fluorescent DNA sequencer and cycle sequencing.

Cloning of SRP102

Initial attempts to clone SRP102 using PCR from genomic DNA, and

the known sequence to design oligonucleotides resulted in the clones having

multiple sequence errors, presumably from inaccurate PCR. Therefore a

genomic clone of SRP102 was isolated by screening a plasmid library prepared

from S. Cerevisiae strain GRF88 in the vector YCp50 using one of the PCR

obtained clones as a probe to screen the library (Rose et al., 1987). pSC440, one

of the plasmids obtained in the initial PCR attempt to clone SRP102 was

random primed using the “Ready To Go" DNA labeling kit according to the

manufacturer's instructions (Pharmacia, Piscataway, NJ). pSC440 was

constructed by ligating the Hind III/Xba I restricted PCR product from a

*
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reaction using genomic DNA prepared from strain W303 and

oligonucleotides oSRP102-1

(5'-CTAGAAAGCTTCTTTTTTCATCTAGTGGCGG-3'; corresponding to nt

-175 to nt -156 where the A of the presumed initiation codon is nt 1 and 733 is

the T in the ochre stop codon) and oSRP102-2

(5'-CTTTCTCTGCGTACGGAATC-3; corresponding to nt 821 to nt 802, again

from the presumed A of the initiation codon) into pbluescript II SK (+)

(Strtagene, LaJolla, CA) that had been restricted with Hind III and Xba I. Three

plasmids were isolated (designated pSC451a,b, and c) that contained identical

inserts, and the 2966 bp Eco RI fragment predicted to contain SRP102 was

subcloned into the Eco RI sites of pKS314, pKS316, and pKS426 yielding

plasmids pSO454, pSO452, and pSO453 repsectively. Both strands of the insert
in pSO452 were sequenced from nt -175 (using oSRP102-1 as a sequencing

primer) through nt 821 (using oSRP102-2 as a sequencing primer) and this
sequence agreed with the published genomic sequence. Confirmation that

these plasmids contained a functional open reading frame was obtained by
complementation of the SRP102 gene disruption.

Gene Disruption

We generated a null allele of SRP102 in a two step fashion. First we

used PCR to generate DNA fragments corresponding to the 5' and 3’ flanking

regions of SRP102 and cloned these in a three piece ligation into pbluescript II
SK (+) (Stratagene, LaJolla, CA) generating pSO445. Briefly, the 5’ flanking

fragment was generated using W303 genomic DNA as the template and
oSRP102-1 (see above for sequence) plus oSRP102-7

(5'-TCCCCCGGGGGATGCCTTTTGCACTGC-3', corresponding to nt 81 to nt

64) to polymerize a 256 nt fragment corresponding to nt -175 to nt 81 of
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SRP102. The 3’ flanking fragment was generated in a similar manner except
that oSRP102-2 (see above for sequence) and oSRP102-8

(5'-TCCCCCGGGTCACTGCAAGACCACCATC-3', corresponding to nt 476 to

nt 494) were used as primers during PCR. This generated a 345 nt fragment

corresponding to nt 476 to nt 821 of the SRP102 gene. Note that the coding

sequence ends at 733. Thus the 3’ flanking fragment also contains coding

sequences for the ultimate 85 amino acids (out of 244). These two PCR

products were digested with SmaI and HindIII (5' flanking region fragment)

or SmaI and Xbal (3’ flanking region fragment) purified by agarose gel

electrophoresis and ligated into Xbal and HindIII restricted pbluescript II SK

(+) to generate pSO445. In a second step, the S. cerevisiae HIS3 gene was

obtained by restriction digest of pKS303 with SspI. The 1621 nt fragment

carrying the HIS3 gene was ligated into pSC445 that had been digested with

SmaI, generating pSO446, now carrying the HIS3 gene between the 5' and 3'

flanking regions of SRP102. A linear fragment carrying the SRP102 disruption

allele was generated by digesting pSO446 with Xbal and Sall and agarose gel

purifying the 2.1 Kb fragment. The diploid yeast strain W303 was transformed

to Hist prototrophy using this 2.1 Kb Xbal/Sal■ fragment, giving rise to strain

SOY133. Transformants were induced to sporulate in liquid sporulation

media and asci were dissected into tetrads. Genomic DNAs prepared from the

heterozygous diploid (SOY133), wild type parent (W303), and representative

spores from a single tetrad were used as template in PCR using primers

oSRP102-13 (5'-CTGAGCTCTTTAGAATTAGTT-3; corresponding to nt -446

to nt -426 of the SRP102 sequence) and oSRP102-10

(5'-GATCATATAACTGCTGGAAC-3'; corresponding to nt 993 to nt 974 of the

SRP102 sequence). PCR products from these reactions were separated using

agarose gel electrophoresis and stained with ethidium bromide. When DNAs
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from the wild type parent and the His spores were used as template in the

PCR, the expected -1.42 Kb fragment was seen. Use of the DNA isolated from

the Hist spores gave rise to a single expected -2.65 Kb fragment. Only when

DNA prepared from the heterozygous diploid was used as template in the

reaction were both the 142 Kb and the 2.65 Kb fragments seen.

Plasmid and Strain Construction

In order to construct a plasmid containing SRP102 under control of the

GAL1/10 promoter, we used PCR in order to produce a fragment

corresponding to the SRP102 coding sequences and subcloned this fragment

into pIS210 (Tim Stearns, Department of Biology, Stanford University, Palo

Alto, CA). The PCR used pSC451 as template and oligonucleotides oSRP102-2

(see above for sequence) and oSRP102-14 (5'-CGGATCC ATG CTTAGT AAT

ACA CTTATT-3"; corresponding to a BamhI site and nt +1 to nt +21) as

primers, followed by restriction digest of the expected 821 nt fragment with

BamhI and Xbal, in order to generate the fragment containing the SRP102

coding sequence. This fragment was purified by agarose gel electrophoresis

and ligated into pIS210 that had been digested with BamhI and Xbal,

generating pSO460. This plasmid was transformed into SOY133 and the

resulting Urat prototrophs were induced to sporulate. Asci were dissected

into tetrads and allowed to germinate at room temperature on YEP plates

containing 2% galactose and 2% sucrose as carbon sources. Colonies that were

both Urat and Hist were chosen for further study. The fact that Hist, Urat

colonies arose that grew with wild type rates supports our assignment of the

initiation codon, as Srpl02p expressed from pSO460 starts at this codon.

Additionally, these Hist, Urat colonies were incapable of growing for more

than a few generations on plates containing 2% glucose as the sole carbon

-- - *
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source, indicating that we had indeed placed SRP102 under conditional
control.

In order to generate the strains we used in our fractionation and

immunofluorescence studies we placed plasmids containing Srp102p

(pSO454, no epitope tag), or Srp102p-HA (pSO459) or Srp102p-myc (pSO457)

into SOY133 and induced the diploid transformants to sporulate. Spores

giving rise to colonies that were both Hist (SRP102::HIS3) and Trp"

(containing a plasmid) and that grew at wild type rates were chosen for

further study and these strains were designated as indicated in Table I. We

constructed pSC457 in the following manner; a PCR product from a reaction

using oligos oSRP102-13 (see above for sequence) and oSRP102-12

(5'-GAACCCATGGCAGTTTTTCATCTATCCA-3'; corresponding to nt 732 to

nt 715) as primers was digested with EcoRI and NcoI and ligated into pCS118

(kind gift of Caroline Shamu, UCSF) that had been digested with EcoRI and

NcoI. pCS118 contains a 400 bp insert harboring the myc tag, stop codons in

all three reading frames, and an actin transcriptional terminator on an NCoI—

Sph■ fragment inserted into YEplac112 (Geitz and Sugino, 1988). Thus pSO457

contains the SRP102 coding sequence fused at the C-terminus to the myc tag,

followed by an actin terminator, all in the YEplac112 (TRP1, 2p.) backbone. A

similar strategy was used to construct pSO459. pSF19 (kind gift of Peter

Sorger, MIT, Boston, MA) containing the HA epitope, stop codons, and the

actin terminator on an Nco■ —Xbal fragment in pRS314 was digested with

Asp718 and NcoI. A PCR product from a reaction using oSRP102-11

(5'-GGGGTACCGGTCCCGGTACGACTGG-3; corresponding to nt -487 to nt

-471) and oSRP102-12 (see above for sequence) was digested with Asp718 and
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NcoI and ligated into the Asp718/NcoI digested pSF19 to give pSO459. This

plasmid contains SRP102-HA in the pKS314 backbone (TRP1, CEN/ARS).

Site directed mutagenesis

Site directed mutagenesis was performed by the method of Kunkel

(Kunkel, 1985; Kunkel et al., 1987). Single stranded uracil rich DNA used for

template was prepared from the phagemid pSC459 (containing SRP102-HA).

Plasmids that were recovered from a mutagenesis reaction and subsequently

confirmed to have incorporated the desired mutation, are designated with the

wild type amino acid in single letter code, position of the amino acid changed,

and the name of the new amino acid in single letter code (e.g. S49A signifies

that a serine at position 49 has been changed to an alanine). Every mutation

was confirmed by sequencing both strands of the plasmid recovered. The

following is a compilation of each of the mutations obtained and the

corresponding oligonucleotide that was used to produce that mutation. Wild

type sequences are in normal type and the codon changed is in bold.

Nucleotide(s) that are non-complementary to the rescued strand of pSO459
are shown underlined.

S49A OSRP102-25 5'-CGTTTTTCC AGC ATTTTGAGG-3'

K51I OSRP102-16 5'-G CAA GCTCGTAATTCC AGA ATTTTG-3'

T52N OSRP102-17 5'-CGT AAG CAA GCTATTTTTTCC AGA-3'

T66A OSRP102-22 5'-GA AACAAC AGCTGG TCTTAC-3'

G90L OSRP102-18 5'-CTTGAC ATG CAA TGG GAA GTC-3'

H91L OSRP102-20 5'-CAA CTTGACCAA GCCTGG GAA GT-3'

- -**
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N154I OSRP102-19 5'-C GCTTTT AAT GCA TGC AAT TAAG-3'

E157Q OSRP102-15 5'-GTGAACAATTG GCTTTT ATT GC-3'

S220A OSRP102-23 5'-GC AACTACAGCTGCTTC C-3'

K51A, T52A OSRP102–21

5'-CGT AAG CAA GCT AGC AGCTCC AGA ATTTTG-3'

K51I, H91L OSRP102-20+OSRP102-16 See above

N154A, E157A OSRP102-24

5'-GC AGT GAA CAA AGC GCT TTT AGC GCA TGC AAT TAAG-3'

AS49 OSRP102-26 5'-CTCGTTTTTCC AGC AGC AGC ACC TGC AATG-3'

Cell fractionation

Cell fractionation was performed essentially as described in Ogg et al.

(1992) with the following modifications. Zymolyase-100T (ICN Biomedicals,

Costa Mesa, CA) instead of lyticase was used at 5pg/OD600 to convert cells

into spheroplasts. Only PMSF and leupeptin were included as protease
inhibitors.

Immunofluorescence

Immunofluorescence was performed essentially as described (Pringle et

al., 1989). Anti-HA, and anti-myc antibodies were used at dilutions of 1:200 to

1:2000. Anti-Kar2p antibodies were used at a dilution of 1:10,000. Bound

primary antibodies were decorated with either fluorescein isothyocyanate
(FITC)-conjugated donkey anti-mouse IgG, or tetramethyl rhodamine

isothiocyanate (TRITC)-conjugated donkey ant-rabbit IgG (Jackson

ºr -**
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Immunoresearch, West Grove, PA) diluted 1:50. Slides were mounted in 90%

glycerol containing 1 mg/ml p-phenylenediamine, pH 9.0 and containing 1

mg/ml 4, 6-diamino-2-phenylindole (DAPI). Cells were examined at X1000

magnification on a Zeiss Axioskop microscope. Images were recorded on
Kodak TMAX 400 black-and-white film with a Zeiss MC 80 camera and

controller.

Immunoprecipitations

Denaturing immunoprecipitaitons were performed as decribed (Ogg, et

al., 1992). Non-denaturing immunoprecipitations were performed from

detergent solubilized membranes in the following manner. Cells were grown

to 0.5 OD600/ml in synthetic complete medium lacking amino acids used for

the maintaince of a plasmid containing SRP102-HA. Typically 30 total OD600

were harvested at a time. After pelleting in a clinical centrifuge and washing

with 50mM NaCl, 20mM NaN3, cells were resuspended in buffer A (Tris-SO4

pH 9.4, 10mM DTT) at 10 OD600/ml and incubated at room temperature for 20

min. Conversion of the cells to spheroplasts was then acheived by harvesting

the cells in a clinical centrifuge, and resusupending them in spheroplast

media (50mM Tris-Cl pH 7.5, 1.2M Sorbitol, 5mM MgCl2, 5m M DTT, 10mM

NaN3) at 20 OD600/ml. We used 5 pig/OD600 Zymolyase 100-T (ICN

Biomedicals, Costa Mesa, CA) to digest the cell walls during a 30 min

incubation at 30°C. Efficiency of spherplasting was monitored by phase

contrast microscopy. Spheroplasts were recovered by centrifugation through

a cushion (twice the volume of the spheroplasting cells) of spherplast media

containing 1.9M sorbitol but no DTT at 7,800 Xg for 5 min (7,000 rpm in a

Beckman JS-13 rotor). All subsequent steps were performed at 4°C.

Spherplasts were resuspended in lysis buffer, LB (200mM Sorbitol, 25m M

-
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NaPi pH 7.5, 150mM NaCl, 5m M MgCl2, 1mM PMSF, 0.5 pg/ml of leupeptin,

1mM EDTA) at 100 OD600/ml. Cells were lysed by addition of 3/4 volme of

Zirconium beads (BioSpec Products, Bartlesville, OK) and vortexing gently

(setting 3 on a scale of 1 to 10) for 4 rounds of lysis. Each round consisted of 15

s of vortexing followed by a 15 S cooling period in an ice-water bath. Lysate
was removed from the beads which were washed once with ice cold LB. The

lysate and bead wash were combined and the unbroken cells and nuclei were

removed by centrifugation at 370 X g (1,200 rpm in a JS-13) for 4 min. This

step was critical, longer centrifugation resulted in loss of most of the ER as

judged by the pelleting of an ER marker, Srp101p. The low speed supernatant,

containing crude membranes was transferred to TLA100.1 polycarbonate tubes

and membranes were pelleted by centrifugation at 43,630 X g for 12 min

(35,000 rpm) in the Beckman TLA100.1 rotor in a Beckman TL100 tabletop

ultracentrifuge. The membrane pellet was washed (30 OD600/ml) with LB.

This was acheived by first resuspending the pellet in a minimal volume of LB

(20–40 pul), followed by dilution to the appropriate volume with LB. Again the

membranes were pelleted by centrifugation in the TL100 as above. The final

membrane pellet was resuspended in LB + 10% glycerol (GLB) to 50 OD600/ml

using the same technique as described above to ensure even membrane

resuspension. Membranes were solubilized by addition of 1/10th volume of
10% Triton X-100 (Calbiochem, La Jolla, CA) and incubation at 4°C for 20 min.

Following incubation, the detergent solubilized membranes were cleared by

centrifugation at 100,000 Xg in the TL 100 (60,000 rpm in the TLA100.1) for 25

min. The resulting lysate was frozen in liquid nitrogen and stored at -80° C.

Immunoprecipitation were performed by diluting 2 OD600 units (40 pul)

of the above lysate into 560 pil of GLBT (GLB containing 1% Triton X-100).
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Non-specific binding of proteins in the lystate to Sepharose was removed by

addition of 30 pil of a 50% slurry of Sepharose CL-4B (Pharmacia, Uppsala,

Sweden), and rotation for 30 min at 4°C. Sepharose beads were removed by

centrifugation in a Beckman microfuge and transfer of the lysate to a new

tube. Antibody-Sepharose bead compexes (10 pul; corresponding to 3 pil of the

12CA5 ascites fluid) were added and the tube was mixed by rotation at 4°C for

15 min. We found that with the 12CA5 antibody, longer incubation times of

the antibody-bead complex resulted in lower recovery of Srp101p in the

immunoprecipitation. The 12CA5 antibody used in the native

immunoprecipitations was covalently attached to a Sepharose matrix by

using the Affinica antibody coupling kit (Schleicher and Schuell, Keene, NH)

and the manufacturers instructions. Following extensive washing the

antibody bead complex was stored as a 50% slurry in PBS containing 10mM

NaN3.

RESULTS

Disruption and Cloning of SRP102

Database searches revealed an open reading frame encoding a putative

GTPase of unknown function on S. cerevisiae chromosome XI (YKL154w)

with significant structural similarity to mammalian SRB (Miller, et al., 1995).

Data presented below confirm that this gene indeed encodes the yeast

homolog of mammalian SRB and plays an essential role in the SRP

dependent protein targeting pathway to the ER membrane. Henceforth, we

refer to this gene encoding the B-subunit of the SRP receptor as SRP102,

consistent with the designation of gene encoding the o-subunit of the SRP
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receptor as SRP101 (Ogg, et al., 1992). By convention, we shall refer to the

corresponding gene products as Srp102p and Srp101p, respectively.

As the first step towards a functional characterization of SRP102, we

examined the phenotype of a gene deletion. To this end, we replaced the

central portion of SRP102 with the selectable marker gene HIS3 (see Methods

and Fig. 1A). In brief, sequences flanking SRP102 were cloned in tandem

such that they were separated by a unique restriction site into which the HIS3

gene was then inserted. Using this DNA insert, the genomic copy of SRP102

was disrupted in the diploid histidine auxotroph strain W303. Hist colonies

bearing the SRP102 gene disruption were isolated, yielding strain SOY133.

Southern blot analysis of genomic DNA of SOY133 cells confirmed that

the HIS3 gene was inserted into the genomic SRP102 locus (Figure 1B). In

EcoRI-digested DNA isolated from the wildtype strain, a fragment of the

predicted size (2966 bp) was detected with a radioactive probe corresponding to

the SRP102 gene (Fig. 1B, lane 1, marked with an open arrow). The insertion

of HIS3 into one of the two genomic copies of SRP102 resulted in an

additional band migrating at about 4200 bp (Fig. 1B, lane 2, closed arrow),

consistent with the insertion of the 1621 bp HIS3 gene and the removal of 395

bp of the SRP102 gene.

Tetrad analysis, following sporulation of SOY133 cells, resulted in four

viable spores two of which grew at nearly wild type rates while the other two

grew with a much reduced rate (Fig. 1C). In each of 7 tetrads analyzed, the

growth defect, the Hist phenotype, and the srpl02::HIS3 gene disruption (as

monitored by PCR analysis; see Methods) segregated 2:2 from the SRP102
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Figure 1.

Gene disruption of SRP102. (A) Cartoon of the genomic region around

SRP102. Scale is in kilobases. Insertion of the HIS3 gene used for the

disruption is shown as well as the EcoRI sites used to estimate fragment size

in the Southern blot. (B) Southern blot analysis showing genomic DNA from

the parent diploid (lane 1) or transformants (lane 2) containing the srpl02::

HIS3 disruption. DNA was digested with EcoRI. Fragments corresponding to

the wild type gene are marked with an open arrowhead, those corresponding

to the disrupted gene are marked with a closed arrowhead. (C) Tetrads from

the strain SOY133 (SRP102/srpl02::HIS3) dissected onto YEPD medium and

incubated at 24°C for 10 days.
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wildtype allele. Thus, we conclude that the loss of SRP102 was directly

responsible for the growth defect.

To allow further experimental manipulation, we used a PCR-generated

probe to isolate a plasmid carrying the functional SRP102 gene (see Methods).

The 2966 bp EcoRI fragment containing the entire open reading frame and

flanking sequences (Fig. 1A) was subcloned into a yeast shuttle vector pKS316

(UIRA3) yielding plasmid pSC452. To show that the information contained in

this sequence was sufficient to complement the SrplC2::HIS3 gene disruption,

plasmid pSC452 was transformed into strain SOY133 (SRP102/srplO2::HIS3).

After sporulation, asci were dissected, and the colonies resulting from

germination of each of the four spores were analyzed. All cells derived from

the spores of 12 analyzed tetrads which contained the srplO2::HIS3 gene

disruption (as detected by the Hist phenotype) and which grew at wildtype

rates also contained plasmid pSC452 (as detected by the Urat phenotype).

This confirms that pSO452 is required for cells to grow at wildtype rates and

thus contains all the information necessary for the functional expression of
SRP102.

The slow growth phenotype of cells bearing the srplO2::HIS3 gene

disruption closely resembles that of cells in which SRP101 or any of the seven

known genes encoding SRP subunits are disrupted (Hann and Walter, 1991;

Brown, et al., 1994; Ogg, et al., 1992). Furthermore, srpl02::HIS3 mutant

cells—like yeast cells depleted of any SRP component or Srp101p—are rho

and thus require a fermentable carbon source for growth (Hann and Walter,

1991; Brown, et al., 1994; Ogg, et al., 1992). Finally, yeast cells in which both

SRP101 and SRP102, or SRP54 and SRP102 are disrupted have a growth defect

indistinguishable from cells bearing any single gene disruption (not shown),
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suggesting that these genes operate in the same pathway. Taken together

with the significant sequence similarities between Srp102p and mammalian

SRB, these results suggest that Srp102p is an essential component of the SRP

dependent protein targeting pathway in S. cerevisiae.

SRP102 is important for translocation of proteins into the ER.

To show directly that Srp102p plays a role in the SRP-dependent

protein translocation pathway, we asked if protein translocation defects can be

detected upon Srp102p inactivation. To this end, we used a temperature

sensitive allele of SRP102 srpl02(K51I) that was isolated by site directed

mutagenesis (see below). Haploid cells (strain SOY246) containing the

chromosomal srpl02::HIS3 gene disruption and bearing plasmid pSC462 that

encodes the srpl02(K511) mutant allele were shifted from the permissive (24

°C) to the restrictive temperature (37 °C). The growth curve indicates that

within two hours after the temperature shift, the strain carrying the

srp102(K511) allele decreases its growth rate by about seven-fold (Fig. 2A).
This difference in doubling time (2.5 hours versus 17.5 hours, respectively)

closely resembles the difference between the wildtype and the isogenic

srplO2::HIS3 deletion strain, indicating that Srp102(K51I)p is inactivated upon

temperature shift.

To monitor the effect of Srp102p inactivation on protein translocation,

we pulse-labeled SOY246 cells with [35S]-methionine at different time points
after shift to the restrictive temperature. Lysates from labeled cells were

analyzed by immunoprecipitation with antibodies raised against proteins that
are known to be translocated across the ER membrane. Using antibodies

specific for Kar2p, an ER lumenal protein, the accumulation of the

59



Figure 2

Srp102p is important for secretion. (A) Growth curves comparing the growth

of a wild type strain (SOY223, srpl02::HIS3, pSC459; open squares) to a strain

containing the srp■ )2(K51I) ts allele of SRP102 (SOY246, srplo2::HIS3, pSO462;

closed circles). At time zero (arrow) a culture in mid logarithmic growth of

each of the strains was shifted from 24 °C to 37 °C. Cell growth was

monitored by change in the OD600 of the culture. (B) Immunoprecipitation,

cells grown as in A were labeled with Tran(3°S)]abel for 7 min and harvested

at the times indicated after a shift from 24 °C to 37 °C and processed for

immunoprecipitation. Lysates at each of the time points indicated were

immunoprecipitated with anti-Kar2p and subjected to SDS-PAGE followed by

fluorography. Position of both mature and precursor forms of Kar2p are

indicated. (C) Western blot, 0.5 OD600 cell equivalents (normalized to

equivalent cpm) of the lysate prepared in B were subjected to SDS-PAGE, and

subsequent transfer to nitrocellulose. Srp102p-HA, or Srp102(K51I)p-HA was

detected with the anti-HA monoclonal antibody and visualized by enhanced
chemiluminescence.
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untranslocated precursor form, preKar2p, was detected (Figure 2B, lanes 7

10). The slower mobility of preKar2p in SDS-PAGE results from the presence

of its signal sequence, which is normally cleaved upon entry into the ER.

Significant amounts of Kar2p are apparent at the earliest time point taken

after placing the cells at the restrictive temperature (2 hour time point in Fig.

2B, lane 7). In similar experiments, we have detected a similar fraction of

preKar2p accumulation as early as 30 minutes after the temperature shift. As

expected, no preKar2p was detected in the control strain carrying the wildtype

allele of SRP102 (Fig. 2B, lanes 1 - 5). Note that at later time points after the

temperature shift, the translocation defect of Kar2p is diminished (Fig. 2B,

lanes 8 - 10). This “adaptation" of cells in response to the loss of the SRP

dependent targeting pathway was previously observed after shut-off of the

synthesis of SRP components and Srp101p (Ogg, et al., 1992). Adaptation is a

physiological change in the cells that either improves the efficiency of the

alternative targeting pathway or helps degrade cytosolic precursor molecules

more efficiently.

The severity of translocation defects varies widely for different proteins

in strains from which Srp101p and/ or SRP components are depleted (Hann

and Walter, 1991; Ogg, et al., 1992). We obtained similar results when

radiolabeled extracts of temperature shifted SOY246 cells were analyzed for

translocation defects of two additional proteins, dipeptidyl aminopeptidase B

(DPAP-B), a vacuolar membrane protein, and carboxypeptidase Y (CPY), a

soluble vacuolar protein (not shown). The membrane integration of DPAP-B,

like Kar2p, was significantly affected as Srp102p was rendered non-functional

upon temperature shift, whereas the translocation of CPY was completely

unaffected. These results closely mimic those obtained upon depletion of
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other gene products that function in the SRP-dependent protein targeting

pathway and lend further support to the notion that Srp102p functions as an

essential subunit of the SRP receptor in the same pathway.

We monitored the fate of the mutant Srplo2(K51I)p by Western

blotting to determine of the loss of Srp102p activity is due to the degradation

of the protein at the restrictive temperature. To this end, we took advantage

of an HA-epitope tag (see below) that was added to the C-terminal end of

Srp102p during construction of the mutant allele. Western blot analysis of

lysates made from wildtype control and SOY246 cells during a time course

after the temperature shift shows that the steady state level of Srp102(K51I)p

does not change significantly during the duration of the 10 hour time course.

This result suggests that the temperature sensitivity of protein translocation

in SOY246 cells is not due to destabilization and subsequent degradation of

Srp102(K51I)p at the restrictive temperature.

As an independent means to deplete cells of Srp102p, we placed SRP102

under the control of the GAL1/GAL10 promoter to regulate its expression.

Srp102p was depleted by switching cells from galactose (where SRP102 is

expressed) to glucose (where SRP102 is repressed) containing media. We

monitored growth and protein translocation as described above. As Srp102p
was depleted, cells showed a five-fold decrease in their growth rate, and

precursors of Kar2p and DPAP-B, but not CPY, accumulated to similar degrees

as described above and shown previously in analogous experiments for the

depletion of the other known components that function in the SRP

dependent protein targeting pathway (not shown).
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SrplO2p is localized to the endoplasmic reticulum

To characterize the cellular disposition of Srp102p, we constructed two

alleles in which the wildtype SRP102 gene is appended with sequences

encoding epitopes which can be recognized by the well characterized

monoclonal antibodies recognizing either a 12 amino acid sequence derived

from influenza virus hemagglutinin ("HA epitope") (Field et al., 1988) or an

11 amino acid sequence derived from the mammalian c-myc protein (“myc

epitope") (Evan et al., 1985). Both epitope tagged versions, Srp102p-HA and

Srp102p-myc are fully functional as judged by their ability to complement the

growth defect of cells in which SRP102 is disrupted (not shown). In control

Western blots (Figure 3), probed with the 12CA5 antibody (o-HA), a single

band of approximately 30 kDa is recognized in lanes containing lysates made

from cells expressing Srp102p-HA (lane 1) but not lysates made from cells

containing either the wild type allele (lane 3) or from cells expressing

Srp102p-myc (lane 2). An identical set of lanes was probed with the 9E10

antibody (o-myc) and only the lane containing the lysate derived from the

strain expressing Srp102-myc shows immunoreactivity (Figure 3, compare
lane 5 with lanes 4 and 6).

If Srpl02p is indeed the yeast homolog of mammalian SRB, it should be

an integral membrane protein of the yeast ER. To test this prediction, we

fractionated lysates prepared from cells expressing Srp102p-HA by differential

centrifugation. After low speed centrifugation, Srp102p-HA present in the

total extract (Figure 4, lane 1) partitioned about equally between the pellet (Fig.

4, lane 3) and the supernatant fractions (Fig. 4, lane 2). Presence of Srp102p in

the low speed pellet is presumably due to incomplete cell lysis. Further
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Figure 3

Characterization of epitope tagged SRP102p and antibodies against the

epitope. Western blot showing that anti-HA recognizes only a single band in

lysates made from cells containing Srp102p-HA as the only copy of Srp102p

(compare lane 1 with lanes 2 and 3) and anti-myc recognizes a single band in

lysates made from cells containing Srp102p-myc as the only copy of Srp102p

(compare lane 5 with lanes 4 and 6). Each lane contains 0.5 OD600 cell

equivalents of protein as judged by Ponceau S staining. Lanes 1 and 4 contain

lysate from SOY223 (srpló2::HIS3, pSO459), lanes 2 and 5 from SOY219

(srplO2::HIS3, pSO457), and lanes 3 and 6 from SOY201 (srpl02::HIS3, pSO454).

The left panel was probed with the anti-HA monoclonal antibody 12CA5, and

the right panel was probed with the 9E10 anti-myc monoclonal antibody.
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Figure 4

Subcellular localization of Srp102p. Extracts from SOY223 (srp102::HIS3,

pSO459) were fractionated as detailed in Materials and Methods. Equivalent

amounts (0.5 OD600) of each fraction were analyzed by Western blot using

anti-HA monoclonal antibodies, affinity purified anti-Srp101p antibodies, or

anti-Sec61p antibodies. Lane 1, cell lysate; lane 2, low-speed supernatant; lane

3, low-speed pellet; lanes 4 through 13 contain the supernatant (lanes 4, 6, 8,

10, and 12) or the pellet (lanes 5, 7, 9, 11, and 13) after a portion of the low

speed supernatant was diluted with lysis buffer (lanes 4 and 5, mock) or

adjusted to a final concentrations of 600 mM potassium acetate (lanes 6 and 7,
KOAc), 1.6M urea (lanes 8 and 9, Urea), 0.5% Triton X-100 (lanes 10 and 11,

TX-100), or 0.1 M Na2CO3 (lanes 12 and 13, pH 11.5) and centrifuged at 100,000

X g. Only the relevant portion of the blot is shown. For comparison, the

same fractions were also blotted with anti-Srp101p, a peripheral membrane

protein, and anti-Sec61p, a previously characterized integral membrane

protein of the ER. - -- -
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fractionation of the low speed supernatant at 100,000 x gay resulted in

complete sedimentation of Srp102p (Fig. 4, lanes 4 and 5), suggesting

thatsrp102p is associated with a particulate fraction, possibly containing

membrane vesicles. The association of Srp102p with this fraction was further

characterized by treatment of the low speed supernatant with reagents known

to perturb protein-protein or protein-membrane interactions, prior to

centrifugation at 100,000 x gav. Treatment with 500 mM potassium acetate

(Fig. 4, lanes 6 and 7), 1.6 M urea (Fig. 4, lanes 8 and 9), or sodium carbonate at

pH 11.5 (Fig. 4, lanes 12 and 13) did not solubilize Srp102p which, under all

conditions, was recovered in the membrane fraction. In contrast, treatment

of the low speed supernatant with 0.5% Triton X-100 resulted in

solubilization of roughly 50% of Srp102-HA, which was recovered in the high

speed supernatant fraction (Fig. 4, compare lanes 10 and 11). As controls for

these experiments, we also probed the Western blot with antibodies to Sec61p,

a bona fide yeast ER integral membrane protein, and Srp101p, thought to be

peripherally associated with the ER membrane (Ogg, et al., 1992). Srp102p-HA

co-fractionated under all conditions with Sec61p. In particular, both Srp102p

and Sec61p were recovered in the pellet fraction after alkali treatment,

whereas Srp101p was completely extracted and recovered in the supernatant

fraction (Fig. 4, compare lanes 12 and 13). Thus, we conclude that Srp102p

HA, and by extension Srp102p, is an integral membrane protein. This is

consistent with the predictions from its amino acid sequence that shows a

stretch of 19 hydrophobic amino acids forming a putative transmembrane

domain near its amino-terminus (Miller, et al., 1995).

To assess the intracellular localization of Srp102p in more detail, we

visualized the distribution of the epitope-tagged forms of the protein by
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Figure 5

Immunofluorescent localization of Srp102p to the ER. Cells containing either

pSO454 (Srp102p lacking an epitope tag, SOY201, panels A through F, and M,

N, O), pSO459 (Srp102p-HA, SOY223, panels G, H, I) or pSO457 (Srp102p-myc,

SOY219, panels J, K, L) were fixed with formaldehyde and probed with anti

HA (panels A, B, C, G, H, I), anti-myc antibodies (panels D, E, F, J, K, L), or

anti-Kar2p (panels M, N, O) followed by secondary decoration with FITC

conjugated donkey anti-mouse IgG or TRITC-conjugated donkey anti-rabbit

IgG. The bar is 20 microns. The images in panels H and K are exposed for

equivalent amounts of time (15s), and the images in B and E are exposed for
twice the length of time as those images shown in H and K. Phase contrast

images are shown in panels A, B, G, J, and M, fluorescein fluorescence is

shown in panels B, E, H, and K, rhodamine fluorescence is shown in panel N,

and DAPI staining of the nuclei is shown in panels C, F, I, L, and O.
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indirect immunofluorescent microscopy. Cells expressing Srp102p-HA at

roughly wild type levels from a CEN/ARS plasmid (Fig. 5, panels G - I) or

overexpressing Srp102p-myc on a 2p plasmid (Fig. 5 panels, J - L) were

analyzed. Following formaldehyde fixation, cell remnants were incubated

with the appropriate primary and FITC-conjugated secondary antibodies (Fig.

5, panels B, E, H, and K); nuclei and mitochondria were visualized with the

DNA binding dye DAPI (Fig. 5, panels C, F, I, and L). Anti-HA antibodies

detected the characteristic yeast ER staining pattern, consisting of a distinct

perinuclear ring, with fine strands of staining passing through the cytoplasm

connecting the perinuclear ER to ER cisternae underlying the plasma

membrane. This pattern was indistinguishable from that obtained in control

samples stained with anti-Kar2p antibodies (Fig. 5, panel N). Overproduction

of Srp102p-myc from the 21 plasmid resulted in a more intense, but

qualitatively identical pattern. In this case, however, staining was variable;

some cells in every field stained very brightly, while others stained less

brightly or not at all. We attribute this to variation in the copy number of the

2p plasmid in the population. Wildtype cells not expressing either epitope

tagged version of Srp102p showed negligible staining (Fig. 5, panels B and E).

Taken together, the results from the fractionation experiments and the results

from the immunofluorescence microscopy authenticate our conjecture that

Srp102p is an integral ER membrane protein.

Srp101p and Srp102p form a stable complex in the ER.

Mammalian SRo and SRB are subunits of a heterodimeric complex

(Tajima, et al., 1986). To test whether the yeast homologues Srp101p and

Srp102p are likewise associated, we immunoprecipitated Srp102p-HA with
anti-HA antibodies from extracts prepared by detergent solubilization of yeast
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microsomal membranes under nondenaturing conditions. Anti-HA

antibodies were coupled to protein A-Sepharose beads to allow the isolation

of immunecomplexes. Immunecomplexes were subsequently solubilized in

SDS sample buffer and subjected to SDS-PAGE followed by Western blot

analysis. The blots were probed with affinity-purified polyclonal antibody

directed against Srp101p. The results show Srp101p was recovered in the

eluate fraction from the protein A-Sepharose beads when cells expressed

Srp102p-HA (Fig. 6, lane 4), but was found exclusively in the supernatant

fraction when cells expressed untagged Srp102p (Fig. 6, lanes 1 and 2) or when

a peptide containing the HA epitope was added to compete for binding of the

anti-HA antibody to Srp102p-HA (Fig. 6, lanes 5 and 6). These biochemical

data strongly suggest that Srp101p and Srp102p directly interact to form a

complex.

In vivo evidence for an interaction between Srp101p and Srp102p was

obtained by genetic means. To this end, we used cells expressing the

temperature sensitive srp102(K511) allele. As temperature sensitive

mutations can often be suppressed by the overproduction of interacting

proteins, we asked directly whether overexpression of Srp101p could suppress

the growth defect induced at the restrictive temperature. We transformed

cells expressing Srp102(K51I)p either with pSO400 containing Srp101p under

control of the GAL1/10 promoter, or pSO211, a plasmid that contains Srp101p

under the control of its own promoter. Each of these strains grew at wildtype

rates at the permissive temperature utilizing either dextrose or galactose as

the carbon source (Fig. 7, plates A and B). As expected, at the restrictive

temperature neither plasmid suppressed the growth defect when cells were

grown on glucose-containing medium (Fig. 7, plate C). In contrast, pSC400,
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Figure 6

Srp101p and Srp102p form a complex in detergent solubilized membranes.

Crude cellular membranes were prepared from SOY201 (srp102::HIS3, pSO454)

or SOY223 (srp102::HIS3, pSO459) as described in the materials and methods.

Detergent solubilized membranes were immunoprecipitated with anti-HA

either in the absence (lanes 1 through 4) or the presence (lanes 5 and 6) of

excess HA peptide (NH2-YPYDVPDYA-COOH). Immunoprecipitated proteins

were eluted from protein A Sepharose beads, subjected to SDS-PAGE and

analyzed by Western blot using affinity purified anti-Srp101p antibodies.

Immunoprecipitations were performed from solubilized membranes from

SOY201 (lanes 1 and 2, no tag), SOY223 (lanes 3 through 6, SrplC2p-HA).

Eluates from each of the immunoprecipitations are in lanes 2, 4, and 6;

supernatants are in lanes 1, 3, and 5. Lane 7 contains 2 OD600 cell equivalents
of solubilized membranes from SOY223 as a marker for the amount of

Srp101p that is in each of the immunoprecipitations.
r --
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Figure 7

Overexpression of Srp101p can suppress the temperature sensitive growth

defect of SRP102-K51I. SOY246 cells transformed with either pSO400 (SRP101

under control of the GAL promoter) or pSO211 (SRP101 under control of its

own promoter) were plated onto synthetic plates lacking tryptophan and

uracil and containing 2% galactose or 2% glucose as the sole carbon source.

(A) plate containing 2% glucose incubated at 24 °C for three days. (B) plate
containing 2% galactose incubated at 24 °C for three days. (C) plate containing

2% glucose incubated at 37 °C for three days. (D) plate containing 2%

galactose incubated at 37 °C for three days.
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but not pSC211, suppressed the growth defect when cells were grown on

galactose-containing medium (Fig. 7, plate D). Under the galactose induced

conditions, Srp101p was about 50-fold overexpressed as estimated by

immunoblot (Ogg, et al., 1992). Significanly, pSC400 failed to suppress the

growth defect of cells containing a complete deletion of SRP102 rather than

the SRP102(K51I) allele (not shown).

Srp102p is required for the association of Srp101p with membranes.

Biochemical fractionation experiments have suggested that

mammalian SRB anchors the SRP receptor in the ER membrane and that

SRo's association with the membrane is mediated through interactions with

SRB. This model predicts that in the absence of SRB, SRO should not be stably

associated with the ER membrane. Because yeast cells are viable in the

absence of Srp102p, this prediction can be tested directly. To this end, we

compared the membrane association Srp101p in wildtype and in isogenic

SOY162 cells in which SRP102 is disrupted. Cell extracts were fractionated by

differential centrifugation followed by Western blot analysis with antibodies

against Srp101p. In extracts prepared from SOY162 cells, Srp101p was

quantitativley recovered in the supernatant fraction from the high speed

(100,000 x gav) centrifugation step (Fig. 8, compare lanes 4 and 5). In contrast

and as expected, Srp101p was exclusively recovered in the microsomal pellet

fraction, when extracts from wildtype control cells were analyzed.

To gain insight into the defect resulting in the temperature sensitivity

of strains harboring the srpl02(K51I) mutation, we asked whether either

Srp101p and the mutant Srp102(K51I)p are properly membrane associated. To

this end, we fractionated extracts prepared from the mutant cells.

r - ".
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Figure 8

Srp101p is mislocalized in the SRP102 gene disruption. Lysates from SRP102

(W3030, top panel) or srpl02::HIS3 (SOY162, bottom panel) were subjected to
fractionation as detailed in materials and methods. Cell fractions were

analyzed by Western blot using affinity purified anti-Srp101p. Each lane

contains 0.5 OD600 cell equivalents of the fraction: lane 1, total cell lysate; lane

2, low-speed supernatant; lane 3, low-speed pellet; lane 4, high-speed

supernatant; lane 5, high-speed pellet. Srp101p detected in strain SOY162

appears as a fuzzier band than that which is detected in W3030, we attribute

this to increased susceptibility to proteolysis during the fractionation of

Srp101p due to the lack of Srp102p with which it can complex.

r --
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Figure 9

The SR complex is compromised in cells bearing srp102(K51I). Cells bearing

wildtype Srp102p-HA (SOY223), or Srp102(K51I)p-HA (SOY246) were subjected

to fractionation as detailed in materials and methods. Equivalent amounts of

each fraction were subjected to SDS-PAGE followed by Western blot analysis.

Srp101p was detected with affinity purified anti-Srp101p antibodies, while

Srp102p was detected using the anti-HA monocloal anitibody. Each panel
contains the fractions loaded in the same manner. Lane 1, “T”, total cell

lysate; lane 2, "LS", low-speed supernatant; lane 3, “LP", low-speed pellet; lane

4, “HS", high-speed supernatant; lane 5, “HP", high-speed pellet; lane 6, "DE",

detergent extract; lane 7, "DP", detergent pellet. A, fractions from SOY223

(Srp102p) cells grown at 24°C. B., fractions from SOY223 (Srp102p) cells after

shift to 37 °C for three hours. C, fractions from SOY246 (Srp102(K51I)p) grown

at 24°C. D, fractions from SOY246 (Srp102(K51Dp) after shift to 37 °C for three
hours.
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Interestingly, we found that Srp101p's membrane association is significantly

perturbed in extracts prepared from cells expressing Srp102(K51I)p-HA (Fig.

9A and 9B). Only about half of the Srp101p found in the low speed

supernatant is recovered in a high speed pellet fraction in the mutant cells

(Fig. 9B, compare lanes 4 and 5), whereas Srp101p is almost quantitatively

recovered in the high speed pellet fraction when extracts prepared from

control cells are fractionated (Fig. 9A, compare lanes 4 and 5). Moreover,

Srp101p found in the high speed membrane fraction isolated from the

mutant cells is insoluble in 1% Triton X-100 (Fig 9B, lanes 6 and 7), whereas

SrplO1p is soluble under these conditions in the control extracts (Fig 9A, lanes

6 and 7). These results suggest that this mutation in Srp102p (K51I) alters the

way in which Srp101p and Srp102p interact. From these studies we conclude

that the interaction between Srp101p and Srp102p is perturbed in cells that

express mutant Srp102(K51I)p. Similar results were obtained when cells were

preincubated for three hours at the nonpermissive temperature before they

were harvested. This suggests that the defects exhibited by the srpl02(K511)

mutation may be exacerbated in vitro such that differences in extracts of

between cells grown at the permissive and non-permissive temperature are

not apparent.

Mutations in the putative GTP binding site of Srp102p.

To address whether the predicted GTP binding site of Srp102p is

important for its function, we began a mutational analysis. We chose to
construct different site-directed mutations in amino acid residues that

comprise the GTP binding site and that are highly conserved between Srp102p
and other well characterized GTPases, such as ras and ARF (Bobak et al., 1989;

Ruta et al., 1986). Our choice of most of the mutations was based on reported
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Table II

Phenotypes of each of the mutations in vivo, and some of the predicted

molecular effects of the mutations. Each of the mutations is listed along with

the phenotype when the mutation is the only copy of Srp102p in the cell.

Some mutations were chosen on the basis of their predicted molecular

phenotypes in other GTPases. These are shown and the reference for each is

given.

- *
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TableII
Phenotypes
ofSRP102mutations
invivo,andsomeofthepredictedmoleculareffectsof

themutations.
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bindingsitewhenknown
S49AG-1NoneReduction
in
GTPaseactivity(Barbacid,1987)K51IG-1tS

ReducedaffinityforbothGDP&GTP(Paietal.,1990)

T52NG-1ts
-

PreventGTPdependentT66AG-2NoneinteractionwithGAP(Sigal
etal.,1986)

G90LG-3None

H91LG-3NoneReduction
in
GTPaseactivity(Jonaketal.,1994)

GDP/GTPexchange
N154IG-4Noneimpaired
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etal.,1994)Bypassrequirement
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&
Jacquet,

1988)

P46A,Q47A,N48A,AS49G-1NoneK51A,T52AG-1NoneN154A,E157AG-4NoneK51I,H91LG-1,G-2null
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effects of corresponding mutations in other GTPases. Table II lists nine single

amino acid changes and four multiple amino acid changes that were

introduced into Srp102p, primarily into regions comprising the GTP binding

site. These regions are known from X-ray crystallographic analyses of ras, Gos

and EF-Tu to form loops on the surface of the GTPase fold that contact the

bound nucleotide directly (Pai et al., 1989; Pai et al., 1990; Jurnak, 1985;

Lambright et al., 1994).

After confirming each mutation by sequencing the relevant portion of

Srpl02p, we transformed dipoid SOY133 (SRP102/srp102::HIS3) cells with a

plasmid containing the mutant form of Srp102p. To assess the phenotype of

each mutation, the diploid cells were sporulated, and the resulting haploid

strains bearing the SRP102 gene deletion and the mutant form of SRP102 on

the plasmid were characterized. Table II lists the growth phenotype of each

mutation, as well as the phenotype of the corresponding mutation in other

GTPases, if known. Very much to our surprise, in 10 out of 13 cases cells

carrying the mutant allele as the only copy of SRP102 grew with wildtype

rates. In contrast, two mutations in loop 1, which is predicted to straddle the

B-Y-phosphate bond of the bound GTP, are temperature sensitive for growth.

This includes the K51I mutation that was characterized by the experiments

described above and the T52N mutation in the adjacent residue.

Interestingly, combination of the K51I mutations with the silent H91L

mutation results in a synthetic, severe defect that is indistinguishable from a

complete SRP102 gene disruption (Table II). Taken together, these results

indicate that a surprisingly high number of individual amino acids can be

changed in the GTP binding site of Srp102p without impairing its function.
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Discussion

The recent explosion of information resulting from the yeast genome

sequencing project allowed us to identify a putative yeast homolog of the

mammalian SRP receptor B subunit (Miller, et al., 1995). We undertook a

molecular genetic approach to elucidate the role of this protein in vivo in the

yeast Saccharomyces cerevisiae. We have shown that this protein is the yeast

homolog of mammalian SRB. Many lines of evidence lead to this conclusion.

First, the conservation of structural similarity. Both primary sequence

elements and subunit interactions are highly conserved (Fig. 6). Second,

disruption of the gene (SRP102) leads to an identical phenotype as that seen in

cells in which any of the known SRP genes, or the SRP receptor o subunit

gene are deleted (Fig. 1, Hann and Walter, 1991; Ogg, et al., 1992; Brown, et al.,

1994). Similarly, a yeast strain in which both subunits of the SRP receptor

have been deleted have identical growth defects to strains containing each

single gene deletion separately. Third, we have demonstrated the importance

of Srp102p for proper SRP dependent translocation of proteins into the ER

(Fig. 2). Lastly, both by subcellular fractionation and immunofluorescence, we

have localized Srp102p to the ER (Fig. 4 and Fig. 5). Therefore we conclude

that SRP102 is the yeast homolog of the mammalian SRP receptor B subunit,

and that in yeast the gene product functions in the SRP dependent

translocation of proteins across the ER membrane.

Structure of the yeast SR

Recently, the mammalian SRB has been shown to be an integral

membrane protein of the ER that mediates the attachment of the o subunit, a

peripheral membrane protein, to the ER membrane (Miller, et al., 1995). In
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yeast, it appears that this structure is reproduced. We have shown that

Srp102p and Srp101p form a complex that is stable in detergent solubilized

membranes (Fig. 6). Additionally, Srp102p is required for the association of

Srp101p with a microsome containing fraction. A complete gene disruption

of Srp102p causes Srp101p to behave as a cytosolic protein (Fig. 8), while a

more subtle mutation in Srp102p, one that causes cells to become temperature

sensitive for growth, results in a defective interaction between Srp101p and

Srp102p (Fig. 9). In vivo evidence of interaction between Srplò1p and

Srplo2p was obtained by showing that the overexpression of Srp101p could

suppress the growth defect of the ts allelle of Srp102p (Fig. 7). We have only

preliminarily explored the possibility that this complex contains other

components. Negative results using two distinctly tagged SRP102 genes in

coimmunoprecipitation studies suggests that Srp102p does not interact with

itself. Coimmunoprecipitation studies from cells containing 39S labeled
proteins suggests that, in addition to Srp101p and Srp102p, there are other

components of this complex. We asked directly whether Sec61p was a stable

component of this complex by Western blot analysis. Although we can detect

Sec61p in the detergent extract, and the supernatant from the

immunoprecipitation, none of the protein is present in the eluate from the

immunoprecipitation containing the coimmunoprecipitated species. Because

of the GTPase motifs present in Srp102p, we speculate that it may interact

with other proteins dependent on its nucleotide bound state. Therefore our

coimmunoprecipitation studies may not have identified proteins that are

associated with this complex in regulated manner.

A complex involving proteins in addition to Srp101p and Srp102p,

either transiently, or permanenetly is not surprising, however, given that
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during the purification of the mammalian SR, other proteins are copurified

(Tajima, et al., 1986). Mp30, one such component, has long been known to be

associated with the SR, but as yet remains molecularly uncharacterized. In

addition, models of translocation predict that the SR must interact with SRP,

and may also interact with downstream components of the translocon,

and/or the SRP-targeted ribosome. These interactions are likely to be

regulated, and it is the means of this regulation which now poses the

interesting questions to answer in future studies of SRP102. The easiest mode

of regulation to imagine is one involving the GTPase cycle of Srp102p itself,

either alone, or coupled to the GTPase cycles of Srp101p an/or Srp54p.

Does Srp102p act as a molecular switch?

Surprisingly, many of the site directed mutations we made in the

GTPase consensus motifs were silent when placed in vivo (see Table II).

Because the GTPase consensus motifs are very highly conserved, and the

mammalian SRP receptor B subunit has been shown to bind GTP in vitro

(Miller, et al., 1995), we expect that the yeast homolog also acts as a GTPase.

The lack of a growth defect when many of these mutated forms of Srp102p are

placed in the cell may be due to several possibilities. Although we do not

favor this hypothesis, we must entertain the idea that the residues we have

mutated, and therefore the GTPase function, is not important for the function

of Srp102p. Two things argue against this possibility, first of all, two of the

mutations we made did have an impact on the function of Srp102p (see table

II). Second, and more importantly, the H91L mutation is silent when it is the

only mutation in SRP102, yet it acts to exacerbate the phenotype of the K51I

allele when placed in combination with this mutation. This suggests that

even though it is silent when alone, it is altering the GTPase function of

É
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Srp102p slightly and our assay (growth) is not sensitive enough to distinguish

between wildtype function of Srp102p and Srp102(H91L)p. These results

suggest that the observed defects result from impaired GTPase function. We

conclude, therefore, that Srp102p's GTPase function is flexible, and the

mutations we have chosen do not sufficiently alter this activity to affect

growth. Becausee of the this unexpected behavior, predicting the phenotype

of mutations in Srp102p based on the phenotype of mutations in Sar1p, a

closely related member of the GTPase superfamily, is of little informative

value. We have undertaken an approach utilizing random mutagenesis of

SRP102, and subsequent selection of mutations displaying a phenotype in
vivo.
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Chapter 4

Signal Recognition Particle Samples Nascent Chains for
the Presence of Signal Sequences by Interacting with

Ribosomes at a Discrete Step during Translation
Elongation
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ABSTRACT

The signal recognition particle (SRP) binds to ribosomes that synthesize

nascent chains bearing signal sequences and catalyzes their targeting to the

endoplasmic reticulum membrane. In S. cerevisiae, a ts mutation in the

SEC65 gene, encoding an SRP subunit, results in lowered levels of SRP.

Growth and protein translocation defects induced by this mutation can be

suppressed specifically by sublethal doses of cycloheximide but not

anisomycin, each inhibitors of different steps of translation elongation.

Cycloheximide also suppresses protein translocation defects caused by

depletion of a different SRP subunit. We propose that reduced elongation

rates in the presence of cycloheximide allow otherwise insufficient SRP to

interact efficiently with ribosomes. These results are consistent with a

sampling model in which SRP cycles on and off translating ribosomes at

specific steps during the elongation cycle to inspect all nascent chains for the

presence of signal sequences.
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INTRODUCTION

The signal recognition particle (SRP) is a cytosolic ribonucleoprotein

that selects ribosomes synthesizing membrane and secretory proteins and

targets these ribosome-nascent chain complexes to the endoplasmic reticulum

(ER) membrane (for review see Walter and Johnson, 1994). Selection

involves the binding of SRP to signal sequences as they emerge as part of the

nascent chain from the ribosome. As a consequence of this interaction, SRP

binds more tightly to the ribosome/nascent chain complex, and the

elongation of the nascent protein chain pauses (“elongation arrest"),

suggesting that SRP interacts directly with the ribosome (Wolin and Walter,

1989) Upon targeting of the SRP/ribosome/nascent chain complex to the ER

membrane, the interaction of the SRP with the SRP receptor, an ER

membrane protein, displaces SRP in a GTP-dependent reaction from both the

signal sequence and the ribosome (Connolly et al., 1991; Miller et al., 1993).

Released from SRP, the ribosome engages with the protein translocation

apparatus in the ER membrane, translation resumes and, concomitant with

its synthesis, the nascent protein chain is translocated across or, in the case of

an integral membrane protein, integrated into the ER membrane. Thus, SRP

can be viewed as an adapter between the protein translation machinery in the

cytosol and protein translocation machinery in the ER membrane that

ensures that selection and targeting of ribosomes synthesizing signal

sequence-bearing nascent chains occurs in a co-translational manner.

Much of this model describing SRP function was derived from

biochemical studies of mammalian SRP. Recently, structurally similar SRP

and SRP receptor homologs from the yeast Saccharomyces cerevisiae have
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been identified and shown to function in protein translocation in vivo

(Brown et al., 1994; Hann et al., 1989; Ogg et al., 1992; Stirling and Hewitt,

1992). Deletion of the genes encoding any SRP or SRP receptor component

leads to identical phenotypes: slow cell growth and inefficient protein

translocation across the ER membrane. In the absence of SRP, the efficiency

with which proteins are translocated across the ER differs between individual

proteins: the translocation of some proteins is severely impaired, while some
others are not affected at all (Hann and Walter, 1991). Because of this

observation and because yeast cells can grow, albeit slowly, in the absence of

SRP, there must be an alternative, SRP-independent route by which proteins
can be translocated across the ER membrane in cells lacking SRP. In vitro

studies have shown that protein translocation across ER-derived membranes

can occur post-translationally (Hansen et al., 1986; Rothblatt and Meyer, 1986;

Waters and Blobel, 1986), and hence it is plausible that in yeast, SRP

dependent co-translational and SRP-independent post-translational pathways

coexist that are, at least in part, functionally redundant.

SRP homologs have been identified in all cells analyzed to date,

including bacteria, archae and eucaryotes. In E. coli, the SRP consists of a

single protein subunit, Ffh, that is homologous to the eucaryotic Srp54

protein, the SRP subunit that binds to signal sequences, and a small RNA, 4.5

S RNA, that shares a structurally similar domain with eucaryotic SRP RNA.

There is increasing evidence that these structurally related bacterial RNPs

function like their eucaryotic counterparts in signal sequence recognition and

protein targeting (Wolin, 1994). As in S. cerevisiae, an SRP-independent

targeting pathway can operate in E. coli, but in contrast to yeast, this pathway
cannot sustain life in the absence of the SRP.
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The evolutionary conservation of SRP suggests that its function must

be important. One explanation is that the co-translational nature of the signal

recognition event by SRP guarantees that nascent chains are targeted to the

appropriate membrane early during their synthesis, i.e. before too much of

the protein has been synthesized. This may assure targeting of short nascent

chains that can be efficiently translocated before they—after further

elongation—may have had the opportunity to misfold or aggregate into a

translocation-incompetent state in the cytosol. Here we present evidence that

the function of SRP early in the synthesis of a protein is assured through a

mechanism where the ribosome plays a direct role in the signal recognition

event. In particular, we show that the interaction of SRP with the ribosome is

obligatory for SRP function in vivo. Furthermore, our data suggest that the

SRP/ribosome interaction is restricted to a defined state in the elongation

cycle of the ribosome. Taken together, our results point at a much more

intimate and exquisitely regulated interaction between SRP and ribosomes

than previously appreciated.

RESULTS

SEC65 encodes the yeast homologue of mammalian SRP19, an essential

component of SRP (Stirling and Hewitt, 1992). The gene was identified

genetically and cloned by complementation of the recessive secó5-1 mutation

which renders yeast cells ts for growth (Stirling et al., 1992). We mapped the

mutation responsible for the ts phenotype to a C to T transition that results in

a change of proline-152 (CCA) to leucine (CTA) (see Experimental

Procedures). As previously shown, this mutation causes Sec65p to be unstable
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at the nonpermissive temperature, causing SRP in these cells to be partially

disrupted (Hann et al., 1992). Surprisingly, yeast cells bearing the secó5-1

mutation not only growth arrest, but die when incubated at the

nonpermissive temperature. In contrast, cells bearing a complete disruption

of SEC65 are viable, although—like cells in which genes encoding other SRP

components are disrupted— they have growth and protein translocation

defects. Thus, it seems a paradox that Sec65-1 cells are conditionally lethal, yet

cells bearing the SEC65 gene disruption are viable.

To test whether the ts phenotype of secó5-1 cells is related to SRP

function or is due to some indirect interference of mutant Sec65p with some

essential cellular process, we constructed strain SOY288 (see Table 1) bearing

both a disruption of the gene encoding SRP RNA (scr14) and the secó5-1

mutation (see Experimental Procedures). Growth analyses showed that

SOY288 cells were not ts: cells grew at the rate characteristic for SRP-depleted

cells at both 24°C and 37°C, the permissive and nonpermissive temperatures

for sec65-1 (Figure 1). Transformation with a plasmid bearing the wildtype

SCR1 gene complemented the growth defects and restored the ts phenotype.

We infer from these data that the ts phenotype of the secoS-1 mutation is

manifested only in cells that contain SRP; i.e., cells that lack SRP are immune

to the detrimental effects of the secó5-1 mutation at the nonpermissive

temperature. This result suggests that the temperature-induced disruption of

the mutant SRP directly causes cell death.

A possible explanation for the paradox described above is that yeast

cells are sensitive to the kinetics with which SRP is lost; as SRP levels drop

suddenly when secó5-1 cells are shifted to the nonpermissive temperature,

cells might not have enough time to switch over to an SRP-independent

103



Figure 1

Intact SRP is required for sec65-1 cells to manifest the ts defect. Cells with the

indicated relevant genotype (SOY288 (scr1::HIS3, secó5-1) and BHY132

(scr1::HIS3, SEC65)) were streaked onto YEPD plates and incubated at the

indicated temperatures (left and middle plates). Both strains were

transformed with pSCR1, a plasmid containing the wild type SCR1 sequence,

streaked onto a YEPD plate and incubated at 37 °C (right plate).
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mode of protein targeting. This failure to adapt would result in cell death.

This model suggests that it might be possible to suppress the ts phenotype of

the secó5-1 mutation if i) SRP-independent targeting were enhanced, ii) SRP

levels at the nonpermissive temperature were stabilized or iii) an insufficient

SRP concentration present in secó5-1 cells at the nonpermissive temperature
could be made to suffice.

To explore these possibilities, we pursued the observation—first made

by David Feldheim and Randy Schekman—that sublethal concentrations of

cycloheximide, an inhibitor of translation elongation, can suppress the ts

growth defect of secoS-1 cells. To demonstrate suppression, a lawn of secó5-1

cells was plated on YEPD plates and filter disks soaked either in water (Fig. 2A,

“-CHX") or in a cycloheximide solution (Fig. 2A, "+CHX") were placed in the

center of the plates. When plates were incubated at 37°C, a distinct ring of cell

growth was observed surrounding the filter disk that contained

cycloheximide (Fig. 2A, bottom right), whereas no cells grew on the plate

containing the disk soaked in water (Fig. 2A, bottom left). The diameter of

this ring was dependent on the amount of cycloheximide added to the filter

disk: higher amounts produced a ring with a larger diameter, whereas lower

amounts produced a ring with a smaller diameter (not shown). The most

plausible interpretation of these results is that, during the incubation time,

cycloheximide diffuses from the disk and forms a radially symmetric

concentration gradient. Within a narrow concentration range, cycloheximide

suppresses the growth defect of Sec65-1 cells at the nonpermissive

temperature resulting in a ring of cell growth. To quantitate this result, we

measured the growth rate of secó5-1 cells in liquid culture at different

cycloheximide concentrations at 24 °C and 37 °C (Fig. 2B). In agreement with

the plate assay, addition of low concentrations of cycloheximide resulted in
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Figure 2

Cycloheximide, but not anisomycin, suppresses the ts defect of sec65-1 cells.
(A) Cells (RSY457, sec65-1) were plated on YEPD plates. Filter disks containing

6 nmoles of cycloheximide (in water), were placed in the center of each plate

(“+CHX”). Filter disks containing only water serve as the control (“-CHX").

Plates were incubated at the indicated temperatures for three days. (B, C) Cells

were grown in liquid YEPD medium containing the indicated amount of

cycloheximide at 24 °C (open squares) or 37 °C (closed circles). Growth rates
were determined by measuring the OD600 of the cultures. Each data point

represents the average of two experiments. Panel B shows the growth rates for
strain RSY457 (Sec65-1, CYH2), and panel C for strain SOY.158 (Sec65-1, cyh2).

(D) RSY457 (Sec65-1) cells were grown in the presence of anisomycin at 24 °C

(open squares) or 37 °C (closed circles).
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Figure 3

Cycloheximide suppresses the protein translocation defect of secó5-1 cells.

RSY457 (Sec65-1) cells growing at the indicated temperatures in the presence

(lanes 2 and 4) or absence (lanes 1 and 3) of 0.4 plM cycloheximide were pulse
labeled with [35S]-methionine for 7 min. Cell extracts were

immunoprecipitated with antibodies against either Kar2p or DPAP-B. The

precursor and mature forms of each of the immunoprecipitated proteins are

indicated. Immunoprecipitated proteins were visualized by autoradiography

following SDS-PAGE . :
3
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cell growth at the nonpermissive temperature. The growth rate was maximal

at 0.4 puM cycloheximide and, at this concentration, was identical at the

permissive and nonpermissive temperature. Cycloheximide concentrations

in excess of 0.4 pm inhibited the growth rate equally at either temperature,

presumably because the rate of translation became limiting for cell growth.

Sec65-1 cells show marked protein translocation defects upon shift to the

nonpermissive temperature (Stirling and Hewitt, 1992; Stirling et al., 1992).

To ask whether cycloheximide suppresses the protein translocation defects in

addition to the growth defect, we pulse-labeled secó5-1 cells with [35S]-

methionine, either at 24 °C or 37 °C, and in the presence or absence of 0.4 plM

cycloheximide. Using antibodies that recognize Kar2p or DPAP-B, two

proteins that use the SRP-dependent protein targeting pathway to the ER

membrane, we performed immunoprecipitation reactions from extracts of

the radiolabeled cells. Accumulated precursor forms of both Kar2p and DPAP

B were significantly increased when secó5-1 cells were shifted to the

nonpermissive temperature (Fig. 3, compare lane 3 to lane 1). Translocation

defects in Kar2p are indicated by the accumulation of a slower migrating band,

preKar2p, containing an uncleaved signal sequence, whereas translocation

defects of DPAP-B results in the accumulation of a faster migrating band,

preDPAP-B, lacking N-linked glycosylation. The addition of 0.4 pm

cycloheximide completely abolished precursor accumulation of both Kar2p

and DPAP-B at the nonpermissive temperature. Thus, both cell growth and

protein translocation defects manifested in Sec65-1 cells at the nonpermissive

temperature are suppressed by cycloheximide.

Cycloheximide is a well characterized inhibitor of eucaryotic protein

translation elongation (Gale et al., 1981). We therefore sought to ascertain that

:
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suppression resulted from direct effects of cycloheximide on protein

synthesis, rather than from pleiotropic effects of the drug on an unrelated

target. To this end, we isolated mutations in ribosomal protein L29, encoded

by CYH2, which render cells resistant to higher levels of cycloheximide
(Stöcklein and Piepersberg, 1980). Such mutants arise spontaneously and can

be readily selected by growing cells on plates containing cycloheximide. This

allowed us to isolate cyh2 mutant cells in the same strain background bearing

the sec65-1 mutation. Cycloheximide resistant colonies were isolated from :strain RSY457 (Sec65-1). One of these colonies was designated as strain SOY158

and chosen for further study. To confirm that the cycloheximide-resistance of
these cells was due to a mutation in CYH2, cells from strain SOY158 were

crossed to strain 5114-2 bearing the cyh2 mutation. The resulting diploid

strain was resistant to cycloheximide and, after sporulation, the

cycloheximide resistance phenotype segregated 4:0 in 20 tetrads analyzed,

indicating that the cycloheximide resistance phenotype was due to a mutation
in CYH2. Like the parent strain, SOY158 cells were ts for growth. Growth of 3
RSY457 (Sec65-1, CYH2) cells at the permissive temperature was inhibited by

50% at 0.2 pm cycloheximide, whereas growth of SOY.158 (Sec65-1, cyh2) cells

was inhibited by 50% at 50 p.m cycloheximide (compare Fig 2B and 2C). We

therefore conclude that SOY.158 cells bear both the Sec65-1 and the cyh2

mutations.

To test whether cycloheximide would suppress the temperature

sensitive growth defect of SOY158 cells, we grew the cells in liquid culture at

either the permissive or nonpermissive temperature in the presence of

increasing concentrations of cycloheximide. As shown in Figure 2C,

cycloheximide suppressed their growth defect at the nonpermissive
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temperature; however, suppression required 250-fold higher levels of

cycloheximide (100 p.M) than that required to suppress the growth defect of

secó5-1 cells (Fig. 2B). This difference correlated directly with the resistance of

SOY158 cells to 250-fold higher level of cycloheximide when grown at the

permissive temperature.

These results strongly suggest that the effects of cycloheximide on

translating ribosomes are directly responsible for the suppression of the

defects caused by the Sec65-1 mutation. Furthermore, the defects caused by the

secó5-1 mutation must result from a loss of SRP, because they are only

manifested in cells that initially harbor intact SRP. We can explain these

results with the following model: In the presence of limiting concentrations

of cycloheximide, nascent polypeptide chains emerge more slowly from the

ribosome. This results in a longer time window during which the signal

peptide of a nascent polypeptide chain can be recognized by SRP co

translationally. Given this model, the cycloheximide-induced reduction of

the elongation rate would allow a smaller, and otherwise insufficient amount

of SRP, to perform its normal function.

We examined the fate of Sec65p in secó5-1 cells to ask directly whether

a small amount of Sec65p still remained after incubation at the

nonpermissive temperature. To this end, we probed Western blots of lysates

identical to those used for Figure 3 with antibodies specific for Sec65p. When

shifted to 37 °C, Sec65p levels fall to roughly 10% of those seen in cells grown

at 24 °C in the absence of cycloheximide (Fig. 4A, compare lane 3 with lane 1).

Growth in the presence of cycloheximide at 37 °C further reduced the level of

Sec65p to roughly 5% of that seen in cells grown in the absence of

cycloheximide (Fig. 4A, compare lanes 4 and 6, with lane 1. Lane 6 contains 10

:
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Figure 4

Cycloheximide does not stabilize Sec65p or increase the efficiency of protein

translocation into the ER. (A) Lysates made from cells grown as in Figure 3

were subjected to Western blot analysis. Lanes 1 - 4 contain 0.5 OD600 cell

equivalents of lysate. Lanes 5 and 6 are duplicates of lanes 3 and 4, except that

5.0 OD600 cell equivalents of lysate were loaded. The position of Sec65p is

indicated with an arrow. (B) RSY457 (Sec65-1) cells were shifted from 24 °C to

37 °C for 30 min prior to pulse labeling for 1 min with [35S]-methionine.
Concomitant with the addition of nonradiolabeled methionine in a 1000 fold

molar excess, cycloheximide was added to cells as indicated. Cells were

incubated for 0 or 32 minutes, and then processed for immunoprecipitation

using anti-Kar2p. Kar2p and preKar2p were separated by SDS-PAGE followed

by quantitation on a Phosphorimager.
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times the amount of cell extract as lane 4). This reduced level of Sec65p in
cycloheximide-treated cells grown at 37 °C was the same whether the cells

were tested at 30 minutes, or 1.5 hour after a shift to 37 °C (not shown). These

results show that a small amount of Sec65p remains in cells, even after

prolonged incubation at the nonpermissive temperature, and thus are

consistent with the model presented above. The data also rule out the

alternative possibility that Sec65p is somehow stabilized by cycloheximide at

the nonpermissive temperature.

According to another possible mechanism of suppression,

cycloheximide treatment might cause detrimental precursor proteins to be

degraded or would induce an SRP-independent, post-translational

translocation pathway. To test these possibilities, we accumulated

radiolabeled precursor proteins by shifting secó5-1 cells to 37 °C followed by

pulse-labeling with [35S]-methionine. After the addition of a large excess of
unlabeled methionine, the incubation was continued at 37 °C either in the

presence or absence of cycloheximide, and the fate of labeled preKar2p was

monitored. Aliquots of the cell culture were removed at the intervals

indicated in Figure 4B and immunoprecipited with antibodies to Kar2p. As

demonstrated by the results shown in Figure 4B, preKar2p was stable

throughout the duration of a 32 minute chase period regardless of the

presence or absence of cycloheximide. Because the time needed for

cycloheximide to exert its effect is no longer than 10 minutes (conditions

under which the experiment in Figure 3 was performed), we know that the

temperature-induced protein translocation defect can be suppressed by

cycloheximide during the first third of the chase period shown in Figure 4B.

Thus, we can conclude that the suppression of the translocation defect shown

:
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Figure 5

Protein translocation defects caused by SRP-depletion is suppressed by

cycloheximide. BHY104 cells containing SRP54 under the control of the

GAL10 promoter were shifted from galactose to glucose to repress the

expression of Srp54p. At the indicated time points after repression of Srp54p

samples were incubated in the presence (bottom panels in A and B) or absence

(top panels in A and B) of cycloheximide for 5 min. Cells were pulse labeled

with Trans-[35S]-label for 15 min, followed by a 2 min chase period to

complete processing of all Kar2p chains. Kar2p and preKar2p were visualized

as in Fig. 3. Higher levels of Kar2p at later time points are due to the

induction of the heat shock response upon accumulation of cytoplasmic

precursors (Arnold and Wittrup, 1994). (A) Portions of the radiolabeled

extracts were subjected to Western blot analysis with anti-Srp54p antibodies.

Each lane contains 0.5 OD600 cell equivalents of lysate and contained

equivalent amounts of protein as judged by Ponceau S staining. (B)

Immunoprecipitations were performed using anti-Kar2p antibodies. (C)

Quantification of the data in (B) was performed on a Phosphorimager.

Squares: – CHX; circles: + CHX. (D) In a similar, but separate experiment,

cycloheximide (squares) and anisomycin (circles) were titrated after cells were

grown for 11 h in glucose medium to deplete Srp54p . After incubation of the

cells for 5 min with the indicated amount of each drug, cells were processed as

above, and the ratio of preKar2p to Kar2p was determined. The concentration

range of each drug was chosen based on the data in Fig. 2.40% preKar2p

accumulated in the absence of drug compared to only 25% at the

corresponding time point in Panel C. This is due to variation between

separate experiments.
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in Figure 3 was not simply due to precursor degradation, nor was it caused by

the precursors being translocated in a post-translational manner.

To test the validity of our model, we used an independent approach—
not involving the secó5-1 mutation—to reduce the amount of functional SRP

in cells and then monitored the effects of cycloheximide on the efficiency of

protein translocation. Strain BHY104 contains SRP54 under the control of the

GAL1 promoter, and SRP can be depleted from these cells by switching the

carbon source from galactose- to glucose-containing media (Fig. 5A). As

shown previously, precursors of normally translocated proteins accumulate

as the concentration of SRP becomes limiting in these cells (Hann and

Walter, 1991). Thus, monitoring the efficiency of protein translocation at

different times after repression of Srp54p synthesis—i.e., in cells containing

decreasing concentrations of SRP–allowed us to test directly whether a

reduction of the elongation rate by cycloheximide would allow a limiting

concentration of SRP to work more efficiently. To perform this experiment,

aliquots were taken from a culture of BHY104 cells at different times after

repression of SRP54 and incubated both in the presence and absence of

cycloheximide for 5 minutes. [35S]-methionine was then added to pulse-label

newly synthesized proteins. We examined the accumulation of preKar2p in

cells labeled in the absence or presence of cycloheximide after

immunoprecipitation.

Pulse-labeling in the absence of cycloheximide gave the expected results

(Fig. 5B, top panel, and Fig. 5C, squares). PreKar2p started to accumulate at 9

hours after SRP54 expression was repressed and reached a plateau at 13 hours

at about 40% of the total immunoprecipitated Kar2p species. In contrast, in

the presence of cycloheximide, the accumulation of preKar2p was

:
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significantly delayed (Fig. 5B, bottom panel, and 5C, circles), indicating that

cycloheximide allowed the limiting concentration of SRP in these cells to
work more efficiently. As shown in the Western blot analysis in Figure 5A,

the delay of preKar2p accumulation was not due to differences in Srp54p

levels in the untreated and cycloheximide-treated samples. While the

preKar2p accumulation in the presence of cycloheximide was significantly

reduced at the 9 to 13 hour time points, it eventually reached the same

plateau as in the absence of cycloheximide. This result is expected, because

cells must switch from an SRP-dependent mode of protein translocation to an

SRP-independent mode when SRP is depleted. From the data shown in

Figure 5C, we surmise that between 9 and 11 hours after repression of Srp54p

synthesis, the levels of functional SRP become limiting but are still high
:

enough to afford efficient protein translocation, if the rate of protein

elongation is reduced by cycloheximide. At the later time points, however, an

increasing fraction of Kar2p becomes targeted through the SRP-independent

pathway and, because the level of functional SRP becomes too low, efficient 3
co-translational SRP-dependent protein translocation can no longer be

reinstated even if the elongation rate is reduced by the addition of

cycloheximide. Consistent with this interpretation, the growth and protein

translocation defects in strains deleted for SRP54 or SEC65 cannot be abrogated

by the addition of cycloheximide (not shown).

To determine the concentration of cycloheximide that would give the

greatest difference of precursor accumulation, we performed a titration

experiment with cells taken from a fixed time point (11 hours after shift to

glucose) in the SRP-depletion experiment. The results show that increasing

amounts of cycloheximide progressively improved translocation efficiency
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(Fig. 5D, squares), indicating that the more protein elongation is slowed, the

more efficiently protein translocation occurs in the presence of a fixed

concentration of SRP. The optimum cycloheximide concentration was found

to be 1.6 p.M. The difference between this concentration and the one required

to suppress the growth defect of Sec65-1 cells (0.4 pm) may be due to

differences in the strain background between RSY457 (Sec65-1) and BHY104

(p.GALSRP54) cells. Alternatively, the optimal concentration of cycloheximide

that allows efficient Kar2p translocation in a 5 min pulse (conditions in Fig. 5)

may not allow sustained growth of yeast in liquid culture (conditions in Fig.

2).

According to our model, the nascent protein chain has to emerge from

the ribosome more slowly to allow a reduced concentration of SRP to target

the nascent chains co-translationally. If this is the case, then inhibiting

protein synthesis initiation should not suppress the Sec65-1 induced growth

defects, because—while reducing the flux of newly synthesized protein—this

would not reduce the rate with which they emerge from the ribosome. To

reduce translation initiation, we expressed dominant, constituitively active

alleles of GCN2 in either secó5-1 or wildtype cells. Gcn2p is a protein kinase

that inactivates initiation factor eIF-20, by phosphorylation, and cells

expressing dominant alleles of GCN2 grow at reduced rates because of

limiting concentrations of active eIF-20. The severity of the growth defect

correlates with the degree to which the mutations in GCN2 activate its kinase

activity (Dever et al., 1992). We expressed the wild type and three

constitutively active alleles of GCN2 (in increasing strengths: GCN20-516,

GCN20-518, GCN20-515) in either secó5-1 or wildtype cells. Figure 6A depicts

plates on which either secó5-1 or wild type cells were grown at 24 °C or 37 °C.
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The particular allele of GCN2 that was present in the cells in each quadrant of
the plates is indicated below. To quantitate the severity of the growth defect
produced by the different GCN20 alleles, we measured the growth rates of
cells in liquid culture under the conditions shown in Figure 6A.

None of the GCN2 alleles suppressed the sec65-1 growth defect at the

nonpermissive temperature (Fig. 6A), even though the growth of sec65-1 cells
expressing the GCN20-515 allele was more than 4-fold reduced compared to
cells bearing the wildtype GCN2. This is a similar fold reduction in growth

rate to that caused by the presence of 0.4 p.m. cycloheximide (compare Figure

6B with Figure 2B) which caused suppression. Thus, a reduction of the

overall protein synthesis rate is not sufficient to suppress the secó5-1 growth
defect, rather a reduction in the rate of protein elongation is required.

To determine whether defects in cells containing limiting amounts of

SRP can be suppressed by slowing translation elongation at any point in the

elongation cycle, we tested an additional drug, anisomycin, which inhibits the

transpeptidylation reaction (Gale et al., 1981). Surprisingly, in contrast to

cycloheximide, anisomycin was unable to suppress the growth defect of
secó5-1 cells at 37 °C (Fig 2, panel D, closed circles). Similarly, anisomycin was

unable to suppress the translocation defect at early times after Srp54p

depletion (Fig. 5D, circles). Anisomycin was able, however, to enter yeast cells

efficiently and inhibit growth of Sec65-1 cells at the permissive temperature

(Fig 2, panel D, squares).

These results raised the possibility that the different effects of

cycloheximide, anisomycin and the GCN20 mutation could, in principle,
result from differential effects of these three inhibitors on the translation of
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Figure 6

Inhibition of translation initiation does not suppress the growth defect of

sect,5–1 cells. (A) RSY457 or W303-1A cells (either secó5-1 or SEC65) were

transformed with plasmids containing the indicated dominant allele of

GCN2. These cells were grown on media selecting for the plasmid at either 24

°C or 37 °C. The cartoon illustrates which quadrant of each plate contains cells

harboring the indicated allele of GCN2. (B) The growth rates of the strains
used in (A) were determined. The average of two separate experiments is

shown. i
3
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individual mRNAs. Translation of a subset of proteins could, for example, be

irreversibly blocked in one case but not another, and the different effects

leading to the suppression of the translocation defect under conditions of

limiting SRP might then result from the different spectrum of proteins

synthesized. To test for this possibility directly, we determined the effects of

cycloheximide, anisomycin and the GCN20-515 mutation on the overall

pattern of protein synthesized. To this end, we monitored the rate of

incorporation of [35S]-methionine into protein in the absence or in the
presence of the three inhibitors under conditions that were shown in Figures

2 and 6 to slow cell growth to approximately similar extents (Fig. 7A).

Incorporation of [35S]-methionine was linear over the course of the 3 min
experiment, and its rate was decreased by about 25% in the presence of the

inhibitors. We chose a late time point (130 s) from this labeling reaction to

analyze the pattern of newly synthesized proteins in the presence of the three

inhibitors. Total labeled cell protein was fractionated by SDS-PAGE, and the

lanes were scanned along their lengths with a Phosphorimager (Fig. 7B). In

each case, the upper trace represents the profile of proteins synthesized in the

absence of inhibitor, while the lower trace represents the profile of proteins

synthesized in the presence of inhibitor. These results show that all three

inhibitors diminish uniformly the incorporation of [35S]-methionine across

the entire spectrum of the labeled protein species. From these data, we

conclude that the observed differences between the inhibitors most likely

result because they affect different steps of protein translation and not because

they have differential effects on the translation of individual mRNAs.

i
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Figure 7

Translation elongation and initiation inhibitors affect the same spectrum of

proteins. (A) Incorporation of [35S]-methionine at 24 °C is plotted as a
function of time. Sec65-1 cells were pulse-labeled in the absence (open

squares) or presence (open circles) of either cycloheximide ("+CHX") or

anisomycin ("+ANM"). At the indicated times after [35S]-methionine
addition, hot TCA-precipitable counts in aliquots containing equal OD600 cell

equivalents were measured by scintillation counting. W303 cells containing a

plasmid bearing wild-type GCN2 (open squares), or the dominant allele

GCN20-515 (open circles) were treated identically (“GCN20-515"). (B) Aliquots
(0.1 OD600 cell equivalents/lane) from lysates prepared at the 130 s time point

from the labeling reaction shown in (A) were subjected to SDS-PAGE,

followed by scanning of the lanes with a Phosphorimager (Molecular

Dynamics, Sunnyvale, CA). The positions of molecular weight markers are

indicated below each panel. In each panel the top trace is that obtained in the

absence of inhibitor, while the bottom trace is obtained from cell lysate labeled

in the presence of either cycloheximide ("+CHX"), anisomycin ("+ANM"), or

the dominant negative allele of GCN2 (“GCN20-515").
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Figure 8

Model for SRP interaction in the translational cycle.

Translation is shown as a cycle of translational elongation preceded by

initiation (blocked by GCN20 alleles) and followed by termination.

Translational elongation is simplified in this cartoon as consisting of three

steps: aminoacyl-tRNA binding to the ribosomal A-site (A),

transpeptidylation (B), and translocation of the peptidyl-tRNA from the A

site to the P-site (C). SRP interacts with the ribosome-nascent chain complex

after the anisomycin block but before the cycloheximide block. This model is

adapted from the hybrid sites model of translational elongation as proposed

by Moazed and Noller, 1989. .
:
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DISCUSSION

We have shown that growth and protein translocation defects induced

in yeast cells containing limiting concentrations of SRP can be suppressed by

slowing protein elongation with low concentrations of cycloheximide. Two

independent means of lowering SRP levels were used: shifting secó5-1 cells to

the nonpermissive temperature and depleting Srp54p after transcriptional

repression. Cycloheximide ameliorates growth and translocation defects in

both cases, but not after prolonged Srp54p depletion or in cells bearing

complete SRP gene disruptions, indicating that some residual SRP must be

present in cells for cycloheximide to exert this effect. Furthermore,

cycloheximide resistant cells harboring a mutation in ribosomal protein L29

(encoded by CYH2) require significantly higher concentrations of

cycloheximide to affect suppression, thereby demonstrating that suppression

is mediated directly through cycloheximide's effects on the ribosome.

These observations strongly support a model in which cycloheximide

causes nascent polypeptide chains to emerge more slowly from the ribosome,

creating a longer time window during which the signal peptide of a nascent

polypeptide chain can be recognized by SRP and targeted to the ER membrane

co-translationally. Thus, the cycloheximide-induced reduction of the

elongation rate allows a limiting amount of SRP to perform its normal
function.

Consistent with this model, we found that inhibition of translation

initiation (experimentally induced by the introduction of the GCN20

mutations, Fig. 6) does not cause suppression. Unexpectedly, another well

characterized inhibitor of translation elongation, anisomycin, also failed to

.
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cause suppression, indicating that slowing down the rate of protein
elongation per se is not sufficient to suppress defects caused by low levels of
SRP. Anisomycin blocks transpeptidylation, while cycloheximide blocks
translocation, which is the eEF2-catalyzed movement of peptidyl-tRNA from

the A-site to the P-site (Fig. 8C). These data suggest that SRP can interact

productively with ribosomes and signal sequence-bearing nascent chains only
at a specific step(s) in the elongation cycle, which is the step at which
ribosomes accumulate in the presence of cycloheximide.

The notion of an intimate, elongation step-specific interaction of SRP

and the ribosome suggests a mechanism that can explain how SRP selects
signal sequence bearing ribosomes from the total ribosomal pool. Estimation
of the concentration of SRP mammalian cells, yeast (Hann and Walter,

unpublished) and E. coli (Jensen and Pedersen, 1994) suggest that there is one
SRP for every ten to one hundred translating ribosomes. SRP has to scan

every nascent chain for the presence of a signal sequence, yet—based on the
estimated SRP levels—only a small fraction of the translating ribosomes can

have an SRP associated at any one time. Based on the results presented here,

SRP can interact with ribosomes only during a specific step in the translation

cycle. This is consistent with a “sampling" mechanism in which SRP is

constantly cycling on and off the ribosome, as opposed to a “scanning"

mechanism in which SRP would remain ribosome associated. We propose

that SRP binds to the translating ribosome when it has just completed the

transpeptidylation reaction, but before it has undergone translocation of the

peptidyl-tRNA from the A site to the P site. While bound, the SRP checks

whether the emerging nascent protein contains a signal sequence. If this is the

case, SRP targets the ribosome to the ER membrane; if no signal sequence is

.
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found, SRP dissociates, and the ribosome continues through the elongation

cycle. According to this mechanism, a substoichiometric concentration of SRP

would suffice to monitor each ribosome for the presence of a signal sequence.

Because SRP can recognize signal sequences on nascent chains of different

lengths, we surmise that sampling need not occur during every elongation

cycle (Siegel and Walter, 1988).

Concomitant with a tighter association of SRP to the ribosome,

elongation pausing is observed upon binding of SRP to a signal sequence
(Walter and Blobel, 1981). This suggests that SRP dissociation is obligatory for

the ribosome to resume elongation. According to this model, it should be

possible to isolate SRP mutants that inhibit protein synthesis because they
bind inappropriately tightly to ribosomes.

The definition of the point of action of SRP during the translation

elongation cycle is in agreement with results obtained in procaryotic cells. In
E. coli, the SRP RNA homolog 4.5S RNA and the Srp54p homolog Ffh are

essential for cell growth (Brown and Fournier, 1984; Phillips and Silhavy,

1992). Prior to results suggesting its SRP-like role in protein secretion, 4.5S

RNA was proposed to be directly involved in translation (Brown, 1987;

Brown and Fournier, 1984). In particular, suppressor mutations were isolated

in components of the translation apparatus that allowed cells to grow even

though they contained sublethal levels of 4.5S RNA. Suppressor mutations

were found in elongation factor G (EF-G, the procaryotic homolog of eEF-2),

in 23S ribosomal RNA in the region defining the EF-G binding site, and in

tRNA synthetases, resulting in higher levels of some uncharged tRNAs

(Brown, 1987; Brown, 1989). Intriguingly, these mutations are predicted to

impair the translation cycle at the translocation step of peptidyl-tRNA from

.
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the A to the P site. EF-G mutants and mutations in the ribosomal EF-G

binding site would impair translocation directly, whereas uncharged tRNAs

might bind to the tRNA exit site ("E-site") on the ribosome, thereby backing

up the ribosome to prevent translocation. These mutations suppressed defects

caused by lowering the concentration of 4.5S RNA, but no mutations could be

isolated that would allow cells to live in its absence. Brown (1989) concluded

that 4.5S RNA participates in an event required for ribosomal translocation.

The results presented here and the increasing evidence pointing at an

SRP-like role for the Ffh/4.5S RNP, suggest a different interpretation for these
data. We surmise that the lowered levels of 4.5S RNA resulted in lowered

levels of functional SRP in E. coli, strictly analogous to the experimental

scenarios described here in yeast. Mutations that slow the translocation step

would therefore suppress the defects caused by reduced SRP levels, because of

an increase in the time window in which SRP can productively recognize a

signal sequence. Our data are in agreement with evidence suggesting that the

E. coli Ffh/4.5S RNP indeed functions as a procaryotic SRP.

■
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EXPERIMENTAL PROCEDURES

Strains, Plasmids, Antibodies and General Methods

Yeast strains used in this study are listed in Table 1. Anti-DPAP-B

serum was kindly provided by Tom Stevens, University of Oregon; anti

Sec65p is described in Brown et al. (1994); anti-Srp54p is described in Hann

and Walter (1991); anti-Kar2p was produced in our laboratory from protein

overexpressed in E. coli from a clone kindly provided by Joe Vogel and Mark

Rose (Princeton U.). SDS-PAGE was performed on 10-15% gradient gels, and

Western blots were visualized by enhanced chemiluminescence ("ECL",

Amersham Corporation, Arlington Heights, Ill) according to the instructions

of the manufacturer. Plasmid pSCR1 was constructed by ligating the SCR1

containing Kpn I to Hind III fragment from pSR6.21 into the Kpn I-Hind III

sites of pKS316 (Felici, et al., 1989).

Strain SOY288, containing both the sec65-1 and the scr1-A2 mutations

was constructed by mating strain RSY457 to strain BHY133. Sporulation of the

resulting diploid followed by tetrad dissection allowed the identification of

tetrads that contained colonies resulting from two of the four spores with the

SEC65, SCR1 genotype. These colonies were identified, because they were not

ts and grew at wild type rates. We therefore reasoned that colonies resulting

from the other two spores must contain both the secó5-1 and scr1-A2

mutations. Presence of scr1-A2 was confirmed by the slow growth phenotype
of the cells. Confirmation that these cells also contained the secó5-1 mutation

was achieved by transformation of the cells with a plasmid (pSCR1) bearing

wild type SCR1 resulting in the recovery of the ts phenotype as shown in

Figure 1.

.
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Table
I
YeastStrains

StrainGenotypeSourceRSY457MATasecó5-1,ura■ -52,ade2-1,trp1-A1,leu2-3-112,his3Stirling
etal.(1992)W303-1AMATaura■ -1,ade2-1,trp1-1,leu2-3-112,his3-11can1-100R.

Rothstein,Columbia
U.

CSY186MATotrp1,lys2,his3,ura■ ,ade2,secó5::HIS3StirlingandHewitt(1992)BHY104MATotrp1,lys2,his3,ura■ ,ade2,srp54-A1,(pCALSRP54)HannandWalter(1991)
BHY133MATotrp1,lys2,his3,urad,ade2,scr1::HIS3[rho-/Brownetal.(1994)

SOY.158MATasecó5-1cyh2,ura■ -52,ade2-1,trp1-A1,leu2-3-112,his3ThisStudySOY288MATosect5-1scr1-A2,his3,uraš,trp1ThisStudy

5114–2MAToleu2-3-112,ura■ -52,trp1-289,his?,hom3,can1,cyh2,gal1N.
Hollingswort,SUNY,

Stonybrook



Strain SOY.158, containing both secó5-1 and cyh2 mutations was

constructed in the following manner: RSY457 cells were plated onto YEPD

plates containing 10 mg/ml of cycloheximide. From approximately 108 cells,

we recovered 3 cycloheximide -resistant colonies. One of these colonies was

designated SOY158. That the cycloheximide -resistant phenotype resulted

from a mutation at the CYH2 locus was confirmed by crossing strains SOY158

and 5114-2. The resulting diploid was able to grow on cycloheximide plates,

indicating that whatever mutation had occurred did not complement the

cyh2 mutation of 5114-2. Colonies resulting from the sporulation and

subsequent tetrad dissection (20 tetrads analyzed) of the diploid strain SOY158

x 5114-2 were all resistant to high concentrations of cycloheximide.

Sequencing of the secó5-1 allele

Plasmid p■ DY32, was constructed by PCR using oligonucleotides

complementary to bases -336 to -354 on the N-terminal end of the SEC65 gene

and +1051 to +1068 on the C-terminal side, and pCS52 as template DNA

(Stirling and Hewitt, 1992). The PCR product was ligated into the Sma I site of

pRS314 (Sikorski and Heiter, 1989). We recovered the secó5-1 allele from

RSY457 by gap repair (Orr-Weaver et al., 1988). Towards this end, p■ DY32,

containing the entire coding sequence of SEC65, as well as TRP1, CEN and

ARS sequences, was digested with the restriction enzymes Nhel and Ndel,

which cut at two unique sites to remove a portion of the SEC65 gene. The gap

begins 63 nt upstream of the A of the initiating codon and continues through

the last nucleotide of codon 207, removing a fragment that encodes 207 of the

273 amino acids of the SEC65 gene. The resulting vector fragment was

transformed into strain RSY457 (Sec65-1). Eight Trpit colonies failed to grow at

i
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37 °C, indicating that they were not able to complement the sec65-1

temperature sensitive growth defect. Plasmids were isolated from two of

these colonies, amplified in bacteria and shown to contain the entire SEC65

gene. The plasmids were transformed into strain CSY186 (Sec65::HIS3). Trp"

transformants were tested for their ability to complement the growth defect of

the deletion allele. Deletion of any of the components of the SRP pathway

results in a 3- to 5-fold reduction in the growth rate of the cells containing the

deletion. Two plasmids, pSO438-1 and pSC438-2, restored temperature

sensitive growth to cells containing the sec65 deletion (CSY186) but failed to

complement the temperature sensitive growth of the original secó5-1

mutation (RSY457). Thus, we concluded that the plasmids contain the

mutation which causes the Sec65-1 temperature sensitive growth. Because the

secó5-1 allele had been repaired to a gapped plasmid, the mutation must occur

within the boundaries of the gap. The DNA sequences of pSO438-1, pSO438-2,

and p■ DY32 were determined between these two restriction sites on both

strands. Both pSO438-1 and pSC438-2 contained the same single base change

when compared to the sequence of p■ DY32. This difference was a C to T

transition at position 795 of the coding strand. This occurs in the 2nd position

of codon 152 and is predicted to change a Proline codon (CCA) in the wild type
allele of SEC65 to a Leucine codon (CTA) in the Sec65-1 mutant allele.

Ethylmethanesulfonate, the mutagen used in the selection that yielded

secó5-1, is known to produce this type of mutation.
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Cell labeling and Immunoprecipitations

Radiolabeling and immunoprecipitations were performed as described

in Ogg et al. 1992. The pulse chase experiment shown in Fig. 4 was performed

by pulse labeling cells for 2 min at 30 °C with 60 gCi/OD600 Tran [35S]-label
(ICN Biomedicals, Costa Mesa, CA) followed by the addition of a 1000-fold

molar excess of non-radiolabeled methionine, and cycloheximide at 0.4 plM to

one of two aliquots. The tubes were incubated at 30 °C for the duration of the

32 minute chase period. Aliquots containing 5 OD600 cell equivalents were

processed for immunoprecipitation at both the 0 and 32 minute time points.

Following immunoprecipitation with anti-Kar2p antibodies,

immunoprecipitated proteins were visualized and quantified by SDS-PAGE

followed by analysis with a Phosphorimager (Molecular Dynamics,

Sunnyvale, CA).

Quantitation of the rate of [35S]-methionine incorporation was

performed by labeling secó5-1 cells for 200 s at 24 °C with 30 p.Gi/OD600 Tran

[35S]-label, in the presence of a 50-fold excess of non-radioactive methionine

to prevent depletion of methionine during the experiment. Analysis of the

media after removal of the cells confirmed that during the time course of this

experiment, the external pool of [35S]-methionine remained unchanged. A

logarithmically growing culture of Sec65-1 cells was split into three portions,

ANM (10 p.M), and CHX (0.4 pm) were each added to a separate portion, while
the third served as a control. These cultures were incubated at 24 °C for 10

min prior to initiating the labeling experiment. In addition, cells containing

either wild-type GCN2 or GCN20-515 on a plasmid were subjected to the same
analysis. At different time points, aliquots of cells were plunged into ice-cold

10% TCA and lysed immediately in the presence of 2/3 volumes of zirconium
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beads (Biospec Products, Bartelseville, OK) using a benchtop vortex. The
lysates were incubated at 100 °C for 10 min in 10% TCA to discharge any
methionyl-tRNAs containing [35S]-methionine. After TCA precipitation,
proteins were solubilized in SDS sample buffer and subjected scintillation

counting or SDS-PAGE analysis.

Growth of cells on cycloheximide and anisomycin

Sterile filter disks containing 6 nmoles of cycloheximide in distilled

water were placed on YEPD plates. In liquid culture, YEPD was supplemented
with the indicated concentration of cycloheximide or anisomycin .

Cycloheximide was prepared as a 100 mM stock solution in distilled water and

sterilized by passage through a 0.2 micron filter. Anisomycin was prepared in
a similar manner as a 7.5 mM stock solution in 70% ethanol.

ACKNOWLEDGMENTS

We thank the members of the laboratory for critical reading of the

manuscript, and Jeff Cox and Jeremy Brown for kindly providing the

plasmids pSCR1, and p■ DY32 respectively. We thank Tom Stevens, Joe Vogel,

Mark Rose, and Nancy Hollingsworth for strains and antibodies. We also

thank David Feldheim and Randy Schekman for communicating the initial

observation on which this work is based. This work was supported by an

HHMI predoctoral fellowship to S.C.O. and grants from the NIH to P.W.

:

141



REFERENCES

Arnold, C. E., and Wittrup, K. D. (1994). The stress response to loss of signal

recognition particle function in S. cerevisiae. J. Biol. Chem. 269, 30412-8.

Brown, J. D., Hann, B. C., Medzihradszky, K. F., Niwa, M., Burlingame, A. L.,

and Walter, P. (1994). Subunits of the Saccharomyces cerevisiae signal

recognition particle required for its functional expression. EMBO J. 13,4390
4400.

Brown, S. (1987). Mutations in the gene for EF-G reduce the requirement for

4.5S RNA in the growth of E. coli. Cell 49, 825-33.

Brown, S. (1989). Time of action of 4.5 S RNA in Escherichia coli translation. J.

Mol. Biol. 209, 79–90.

Brown, S., and Fournier, M. J. (1984). The 4.5S RNA Gene of Escherichia coli

is Essential for Cell Growth. J. Mol. Biol. 178,533–550.

Connolly, T., Rapiejko, P. J., and Gilmore, R. (1991). Requirement of GTP

Hydrolysis for Dissociation of the Signal Recognition Particle from Its

Receptor. Science 252, 1171-3.

Dever, T. E., Feng, L., Wek, R. C., Cigan, A. M., Donahue, T. F., and

Hinnebusch, A. G. (1992). Phosphorylation of Initiation Factor 20 by protein

kinase GCN2 mediates gene-specific translational control of GCN4 in yeast.

Cell 68,585–596.

Gale, E. F., Cundliffe, E., Reynolds, P. E., Richmond, M. H., and Waring, M. J.

(1981). The Molecular Basis of Antibiotic Action, 2nd Edition (London: J.

Wiley & Sons).

i
:

142



Hann, B., Stirling, C., J., and Walter, P. (1992). SEC65 gene product is a subunit

of the yeast signal recognition particle required for its integrity. Nature 356,
532–533.

Hann, B. C., Poritz, M. A., and Walter, P. (1989). Saccharomyces cerevisiae and

Schizosaccharomyces pombe Contain a Homologue to the 54-kD Subunit of

The Signal Recognition Particle That in S. cerevisiae Is Essential for Growth. J.

Cell Biol. 109, 3223-3230.

Hann, B. C., and Walter, P. (1991). The Signal Recognition Particle in S.

cerevisiae. Cell 67, 131-144.

Hansen, W., Garcia, P. D., and Walter, P. (1986). In vitro protein translocation

across the yeast endoplasmic reticulum: ATP-dependent post-translational

translocation of the prepro-0 factor. Cell 45, 397-406.

Jensen, C. G., and Pedersen, S. (1994). Concentrations of 4.5S RNA and Ffh

protein in Escherchia coli: the stability of Ffh protein is dependent on the

concentraion of 4.5S RNA. J. Bact. 176, 7148-7154.

Miller, J. D., Wilhelm, H., Gierasch, L., Gilmore, R., and Walter, P. (1993). GTP

binding and hydrolysis by the signal recognition particle during initiation of

protein translocation. Nature 366, 351-354.

Moazed, D., and Noller, H. F. (1989). Intermediate states in the movement of

transfer RNA in the ribosome. Nature 342, 142-148.

Ogg, S., Poritz, M., and Walter, P. (1992). The signal recognition particle

receptor is important for growth and protein secretion in Saccharomyces
cerevisiae. Mol. Biol. Cell 3, 895–911.

143



C. •' º
º

º --aº- º
assº º

treear. * * *



Orr-Weaver, T. L., Nicolas, A., and Szostak, J. W. (1988). Gene conversion

adjacent to regions of double-strand break repair. Mol. Cell. Biol. 8,5292-5298.

Phillips, G. J., and Silhavy, T. J. (1992). The E. coliffh gene is necessary for

viability and efficient protein export. Nature 359, 744-746.

Rothblatt, J. A., and Meyer, D. I. (1986). Secretion in yeast: Translocation and

glycosylation of prepro-O factor in vitro can occur via ATP-dependent post
translational mechanism. EMBO J. 5, 1031-1036.

Siegel, V., and Walter, P. (1988). The affinity of signal recognition particle for

presecretory proteins is dependent on nascent chain length. EMBO J. 7, 1769
1775.

Stirling, C. J., and Hewitt, E. W. (1992). The Saccharomyces cerevisiae SEC65

gene encodes a component of the yeast signal recognition particle with

homology to human SRP19. Nature 356,534-537.

Stirling, C. J., Rothblatt, J., Hosobuchi, M., Deshaies, R., and Schekman, R.

(1992). Protein translocation mutants defective in the insertion of integral

membrane proteins into the endoplasmic reticulum. Mol. Biol. Cell 3, 129
142.

Stöcklein, W., and Piepersberg, W. (1980). Altered ribosomal protein L29 in a

cycloheximide-resistant strain of Saccharomyces cerevisiae. Curr. Gen. 1, 177
183.

Walter, P., and Johnson, A. E. (1994). Signal Sequence Recognition and

Protein Targeting to the Endoplasmic Reticulum Membrane. Ann. Rev. Cell

Biol.10, 87–119.

144



*a, *=:*
*. ****

º -ii-sº
cº- --"* ***** *

º ** laserº"
h sºrt …assrºº

■ º. ..º-anº- º

gºtºº

gºumºrºzºº

º
ºarse-vi■ uº
sº t º

*** **
º º

*— sº
ºrgº º sº

rºar: ***" "



Waters, G., and Blobel, G. (1986). Secretory protein translocation in a yeast cell

free system can occur post-translationally and requires ATP hydrolysis. J. Cell

Biol. 102, 1543–1550.

Wolin, S. L. (1994). From the elephant to E. coli. SRP-dependent protein

targeting. Cell 77, 787-790.

Wolin, S. L., and Walter, P. (1989). Signal recognition particle mediates a

transient elongation arrest of preprolactin in reticulocyte lysate. J. Cell Biol.

109,2617–2622.

145



Chapter 5

Maternal Inheritance of Signal Recognition Particle
Receptor Required for its Continued Function

:

146



*º-
****
-in-a-

-
...reº.

º ***-ºra

**** asrº
: ºarse : insº

T. arººnassur alsº
sºmeº

ressuanº

º ºf
º arºstrº-zºº
* gº”{ **** º
sº º

****
* ****

rººm º "



ABSTRACT

Yeast strains deleted for SR components display the characteristic

reduced growth rate of SRP gene deletions in yeast. Transformation of a

haploid strain with a plasmid containing the wildtype gene for which the

strain was deleted, however, does not result in an increase in the growth

defect. Transformation of the same plasmid into a diploid strain that is

heterozygous for an SR gene deletion followed by meiosis of the strain and

tetrad analysis results in a different answer—the growth rate of the haploid

deletion that has also inherited the plasmid remains wildtype. Thus, the

plasmid contains all the sequences necessary for functional complementation.

In contrast, the reduced growth rate of a haploid SRP deletion strain can be

directly compensated by transformation with a plasmid containing the

wildtype SRP gene. We term this inability of the SR deletion strains to be

complemented “Isrf-]" for loss of SRP receptor function, and show that it is

inherited in a non-Mendelian fashion. Both subunits of the SR display this

unusual phenotype. Unexpectedly, strains that are Isrf-] still express and

correctly localize plasmid expressed SR protein, although this protein fails to

increase the growth rate of the Isrf-] strain. Further, protein expressed from a

plasmid is capable of forming a stable SR complex composed of both Srp101p

and Srp102p. This complex is indistinguishable from the wildtype complex.
Cells rarely switch from Isrf-] to Isrft], we estimate the frequency to be less

than 1 in 106. Interestingly, the transfer of cytosol from a [srft] strain to a [srf-]

strain in a setting that prevents nuclear (and presumably ER) fusion also fails

to increase the growth rate of the Isrf-] cells.
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INTRODUCTION

A cell's ability to live is compromised if the cell is unable to define and

continuously maintain its boundaries. So far, we have examined one

means— the SRP dependent translocation pathway into the ER membrane—

that the cell uses to maintain order. From mammalian in vitro studies, the

signal recognition particle (SRP) and SRP receptor (SR) have been identified

as required components for the targeting of nascent proteins to the

membrane of the endoplasmic reticulum (ER) membrane (for review see

Walter and Johnson, 1994). Briefly, SRP binds to those ribosomes

synthesizing nascent proteins destined for entry into the secretory pathway.

This binding prevents further translation of the nascent protein until SRP

can target the ribosome-nascent chain complex to the ER membrane by virtue

of an interaction between SRP and its membrane bound receptor, the SRP

receptor. Once targeting has occurred, the ribosome/nascent chain complex

dissociates from the SRP/SR complex and is recruited into a translocon

(assembly of membrane components required to translocate the nascent

protein into the lumen of the ER). After delivering the ribosome-nascent

chain complex to the translocon, in a reaction that is dependent on GTP, the

SRP/SR complex dissociates into its constituents, thereby restoring SRP and

SR to their proper states to initiate another round of targeting.

This pathway is conserved in the yeast Saccharomyces cerevisiae, and

subunits of the yeast SRP homologue as well as the SR homologue have

recently been identified and cloned (see Chapters 2, 3, and Hann and Walter,

1991; Brown et al., 1994). Mammalian SR was originally purified by its affinity

for SRP, and consists of an ER membrane protein containing two subunits

148



(SRo; 69 kDa, and SRB, 30 kDa) (Tajima et al., 1986). A PCR-based approach

allowed us to isolate SRP101, the gene encoding the yeast SRO, homologue

(Ogg et al., 1992), while information from the yeast genome sequencing

project allowed us to identify and subsequently characterize SRP102, the gene

encoding the yeast SRB homologue (chapter three). Both subunits have been
localized to the ER membrane, and have been shown to form a heterodimer

in yeast (chapter 3). SRB contains a 19 a.a. hydrophobic stretch predicted to

span the membrane near its amino terminus, and is required for SRO's
association with the membrane.

This chapter diverges from further characterization of the SRP pathway

in Saccharomyces cerevisiae. In this Chapter, I describe a genetic

phenomenon unique to the signal recognition particle receptor (SR). I

pursued the observation that the compromised growth rate of a haploid
strain deleted for SRO could not be augmented by transformation with a

plasmid containing the wildtype SRO gene. I show here that this phenotype is

specific for the SR, and is inherited in a non-Mendelian fashion. In addition,
I demonstrate that the inability to complement is not due to a plasmid defect

or a defect in the expression or localization of the SR subunits. We

hypothesize that preexisting SR is required for the activation of newly made
SR. That is, functional SR must be extant in the membrane for newly

synthesized SR to become functional in the membrane. I believe that this

phenomenon is providing information to us about the ability of a cell's ER
membrane to be properly maintained in a spatial and temporal fashion.

:

149



ºrans
**

******
*.***

* ** * * *
º sº sº

■Histºre ºutsº

■ º
-
---i-aº -j-sºus º

fººtº __nº,

sº

* *
***** sº

º º º- .

ºrs” rºº
* *
*ºmº sº
seasºn-º-

grºs’ -** *



MATERIALS AND METHODS

Strains, Plasmids, Antibodies and General Methods

Yeast strains used in this study are listed in Table 1. Genetic techniques

were performed as described except where noted (Sherman and Lawrence,

1974). Recombinant DNA techniques were performed as described (Sambrook

et al., 1989). SDS-PAGE was performed on 10-15% gradient gels, and Western

blots were visualized by enhanced chemiluminescence ("ECL", Amersham

Corporation, Arlington Heights, Ill) according to the instructions of the

manufacturer. Plasmid rescue into E. coli was performed according to

Guthrie and Fink (1991).

Growth rate Calculations

To calculate the growth rates of strains depicted in Figures 1 and 2, a
fresh culture was started at time zero. This culture was inoculated with

previously grown stationary phase cultures to an OD600 of less than 0.1 OD600

per milliliter. The OD600 was monitored as a function of time. To include

only data from the exponential portion of the growth of each of the cultures,

the OD was never allowed to exceed 0.7 OD600. The data were plotted on a

semi-log plot and the slope of the best fit least squares regression line through

the data was taken as a measure of the growth rate of the culture.

Cell Fractionation and Immunoprecipitation

Subcellular fractionation and coimmunoprecipitation are performed as in

Chapter 3.
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Switch Estimate

Given that the wildtype doubling time is approximately 2 hours, and

that the Isrf-] cells grow 5 times slower than wildtype cells, a single mutant

cell will take ~50 hours to become 50% of the population of the culture. If a

single cell mutated to wild type growth rate out of the 106 initially inoculated

into the culture, then calculating the amount of time needed for the progeny

of this cell to populate 50% of the culture is a matter of solving the following

two simultaneous equations ((2) and (3)). The doubling time of a culture is

given by:

...,..., In 2 (time difference)

(1) doubling time = ( # of cells at time #)# of cells at time 1

for each population of cells we can substitute the known factors into equation

(1) to give

for the 1 newly mutant cell, with a wildtype growth rate:

In 2(time difference)

(2) 2 = in■ 1/2 of the # of cells at time º1

(3) for the 106 [srf-] cells 10 = ln2(time difference)

-

in■ 1/2 of the # of cells at time *106

Because the two populations exist in the same culture, we know that the

lifetime (or time difference) of the culture will be equal, and we have set the

"# of cells at time 2" to be equal. Solving equation (2) for the "time

difference" gives us

(4) time difference = 2.885ln(1/2 of the # of cells at time?)
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and substituting this expression for "time difference" into equation (3) gives

5 10 = ln2(2.885ln(1/2 of the # of cells at time 2)
(5)

-

(e of the # of cells at time º106

We can now solve this equation for the expression "1/2 of the # of cells at

time 2" which gives

(6) 1/2 of the # of cells at time 2 = 3.16 X 107 cells

Substituting 3.16 X 107 back into (4) for "1/2 of the # of cells at time 2" allows
us to solve for the amount of time that we need to grow the culture before

plating out a portion to check the growth rate of individual cells.

(7) time difference = 2.885ln(3.16 X 107)

(8) time difference = 49.8 hours

Thus, if a mutation occurred just after diluting the cells into fresh media, it

would take 49.8 hours of exponential growth in order to populate 50% of the

culture with cells growing at the wildtype rate. While growing the cells for

this experiment, fresh media was added to keep the OD600 below 1.0 OD600 per

milliliter, and thus keep the cells growing exponentially.

Cytoduction

Isogenic [srf-] strain SOY324 and Isrft] strains SOY100 were transformed

with a fragment from pmR868 (a kind gift of Dr. Mark Rose, Princeton

University) to Leut prototrophy, giving rise to Isrf-] strain SOY327, and [srf?]

strain SOY328, respectively. Additionally W303-1B was also transformed to

Leu- with this fragment, giving rise to strain SOY326. This fragment

contains LEU2 flanked by the 5' and 3’ flanking sequences of KAR3, required
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for karyogamy. Strains containing the kar3::LEU2 gene disruption form

diploids at a much reduced rate compared to the wildtype. Disruption of the

KAR3 gene in these strains was confirmed by the fact that matings between

these strains produced no diploids. Strain SOY328 was further converted to

[rho-) by growth on ethidium bromide (Guthrie and Fink, 1991). Of the

colonies that grew after mating, eight (of eight tested) were shown to be

haploid based on their inability to sporulate, and their ability to mate with a

partner containing a wildtype KAR3 allele. Cytoductants were selected on

casamino acid plates supplemented with tryptophan (operationally, these are

Adeº, Ura"), and containing ethanol and glycerol as the carbon source.

Growth on these plates required the cytosol from the [rho+] strain to have

transferred to the [srf-] (and therefore [rho") strain, in order for the cell to |
grow on ethanol and glycerol, and it also required the nucleus (and plasmid)

from the Isrf-] strain in order to grow in the absence of adenine and uracil. l

RESULTS |

In previous work (see Chapter 2) we demonstrated that a plasmid

bearing the SRP101 gene (pSO211) was functional in vivo, and that this

plasmid contained all the necessary information to restore wildtype growth to

cells that contained the SRP101 gene deletion (Ogg, et al., 1992). To show this,

we transformed pSO211 (URA3, SRP101) into diploid strain SOY34,

heterozygous for the SRP101 gene deletion. Following meiosis and tetrad

analysis, we recovered haploid cells that contained both the deletion marker

(ADE2) and the marker for the complementing plasmid (LIRA3). Colonies

arising from these cells grew at the rate characteristic of wild type cells (the

SRP101 deletion phenotype is slow growth, see chapter 2, Fig. 5). Every spore

which gave rise to a colony growing at wild type rates and containing the
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Figure 1

SRP pathway knockouts show differential effects upon reintroduction of a

plasmid bearing the wildtype gene. (A) Growth rates of strains derived from

each of the four spores of a single tetrad from strain SOY34 bearing pSO211.

The top panel shows the growth rates of the four strains in which each spore

has inherited pSC211. The growth rates of the same four strains after selection

on 5-FOA for the loss of plasmid pSC211 is shown in the middle panel. The

two spores which have inherited the srpl01::ADE2 gene disruption, now

grow with a much reduced growth rate. Upon retransformation with pSO211,

the growth rates of the four strains are shown in the bottom panel. The

growth rates of the two gene disruption strains are only modestly increased.

The growth rates are calculated from cultures grown at 30 °C in YEPD, and are

shown in doublings per hour. (B) A similar analysis as in (A), for the SRP54

gene. Again the top panel shows the growth rates of cultures derived from

the four spores after dissection of WBY6 containing plasmid pSRP54SC.

Selection for cells which have lost plasmid pSRP54SC on 5-FOA results in

strains having the growth curves shown in the middle panel. We see again

the slow growth characteristic in cells deleted for an SRP component in those

strains which have received the gene deletion during meiosis. In contrast to

(A), upon reintroduction of pSRP54SC, cultures deleted for SRP54, revert back

to a near wildtype growth rates (lower panel). The modest reduction is due to

the fact that the cells are rho after being SRP-.
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SRP101 gene deletion also contained the plasmid bearing the wildtype copy of

SRP101 (pSO211). From these data, we concluded that pSO211 contained all

the necessary information for SRP101 function in vivo. We were thus

surprised, when the same plasmid pSC211, bearing the wildtype SRP101 gene,

was transformed into haploid strain SOY36 (containing the SRP101 gene

deletion), and transformants grew at the characteristic rate of the SRP101

deletion strain (SOY36).

To document this phenomenon, and extend the result, we returned to

strain SOY34 (SRP101/srpl01::ADE2) containing plasmid pSC211. Tetrad

analysis of the colonies arising after sporulation and tetrad dissection again

gave similar results to those previously published (Ogg et al., 1992). Every

spore that contained the marker for the SRP101 gene disruption (ADE2), and

growing at wildtype rates also contained the plasmid (pSO211). Figure 1A (top

panel) shows the growth rates of each colony from a representative tetrad

derived from such an analysis. Each of the four spores grew at roughly

equivalent rates, similar to each of the haploid parent strains (W303-1A, and

W303-1B, see (Ogg, et al., 1992)). Two of the four strains were Adet, indicating

that these colonies arose from the spores that had inherited the SRP101 gene

deletion during meiosis. In addition, in this particular case, each of the four

spores is also Urat, confirming that each of the spores had also received

pSO211. We conclude therefore, that plasmid pSC211 is capable of expressing

functional Srp101p and that the presence of this plasmid prevents the slow

growth phenotype of cells bearing the SRP101 gene deletion.

Each of the four strains in top panel of figure 1A was cured of pSO211

by growth on media containing 5-fluoroorotic acid (5-FOA). Only those cells

that have lost pSO211 and are therefore Ura will propagate. This treatment
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gives rise to the four strains shown in the middle panel of figure 1A. These
strains are genotypically identical to those in figure 1A, except that they do not
carry pSO211. Two of these strains continue to grow at wildtype rates, while
the other two have dramatically reduced growth rates. As expected, the two

strains that grow slowly after loss of pSO211 also contain the SRP101 gene
deletion (i.e., they are Adet). This result is consistent with the notion that

SrplO1p is important for normal cell growth. Removal of pSO211 has
resulted in the cells' inability to maintain the growth rate observed for

wildtype cells. We use this difference in growth rate as a measure of whether
or not the strain contains functional SRP receptor. Because strains that

contain gene deletions in both SRP54 and SRP102 grow at the same rate as

strains containing either gene deletion alone, we conclude that the impaired

growth rate of gene deletions in SR components is directly due to the loss of
SR function.

Reintroduction of pSO211 into each of the four strains in the middle

panel of figure 1A gave rise to the four strains used in the bottom panel of

figure 1A. These four strains are genotypically identical to the four strains

shown in the top panel of figure 1A. Surprisingly, the growth rate of the two

strains bearing the SRP101 gene deletion is only slightly enhanced by the

presence of pSO211. In addition, we observed that the growth rates of

haploid cells bearing the SRP101 gene deletion and transformed with an

SRP101 containing plasmid varied considerably among individual isolates.

In some isolates (see Figure 2 for the variability) the growth rate was

unchanged upon reintroduction of the plasmid, in others, we saw an increase

in growth rate to approximately 1/4 to 1/3 or even 1/2 of that seen in Isrft)

cells. From this result, we conclude that pSO211 cannot complement the gene
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deletion when introduced into the haploid SRP101 deletion bearing strain

(SOY36). This completely unexpected result suggests that reintroduction of

SRP101 after the cells have expressed the SRP101 phenotype (i.e., they obtain

a slow growth rate) can only partially restore the growth rates of these cells to

wildtype rates. We refer to this phenotype as [srf-] for SRP receptor function.

Cells containing the SRP101 gene deletion and growing slowly are [srf-] while

cells that contain the SRP101 gene deletion, but are growing with wildtype

rates are [srft]. Because it is inherited in a non-Mendelian fashion (see

below), we denote this phenotype in square brackets.

We were curious about this phenotype due to the fact that a similar

analysis using the gene for one of the SRP subunits, SRP54, gave a different

result. The impaired growth rate of a haploid strain bearing the SRP54 gene

deletion could be abrogated by reintroduction of a plasmid containing the

wildtype SRP54 gene (figure 1B). In an analogous manner to the analysis in

figure 1A, strain WBY6, heterozygous for the SRP54 gene deletion and

containing plasmid pSRP54SC, was sporulated and the resulting tetrads were

subjected to growth rate analysis. In cases where all four of the haploid spores

inherited the pSRP54SC, all four resulting strains grew with wildtype rates

(Figure 1B, top panel). Again, only one representative tetrad is shown for

clarity. Once again, we used media containing 5-FOA to obtain plasmid free
strains and in each case, strains that contained the SRP54 deletion, converted

to the slow growth rate typical of SRP gene deletions (Figure 1B, middle

panel). Unlike our results in Figure 1A, reintroduction of pSRP54SC changed

the slow growth rate of the srp54A cells into a growth rate that resembled wild

type growth rate (Figure 1B, bottom panel). The growth rate returns to about

85% of the rate for wild type cells. One consequence of an SRP component
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Table II

The Isrfl phenotype is inherited in a non-Mendelian manner. After

backcrossing the Isrf-] strain SOY324 to W303-1A, diploids were selected and

forced to undergo meiosis. Tetrad analysis revealed four types of spores.

Type I had inherited a wildtype SRP102 gene and plasmid pSC459

(phenotypically Adeº, Urat). Type II had also inherited the wildtype SRP102

gene, but had not received plasmid pSC459 during meiosis (phenotypically

Adeº, Ura-). Type III had inherited the srp102::HIS3 gene disruption, and

pSO459 (phenotypically Adet, Urat), while type IV had also inherited the

gene disruption, but not the plasmid (phenotypically Adet, Ura").

Importantly, in all cases where the disruption was inherited along with

pSO459 (type IIII), the cells grew with near wildtype rates. In spores of type IV,

however, growing in the absence of the plasmid, the growth rate was the

characteristic SRP101 null phenotype (slow). In this table, I have inferred

growth rate from colony size. Upon inspection of the tetrad dissection plates,

big colonies were scored as having a fast growth rate and small colonies as

having a slow growth rate.
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Isrf]is
inherited
ina

non-Mendelianmanner
#oftetradswiththefollowing

Ofsporesthatcontainsrp101::ADE2,whichalsogrowthcontaintheplasmidpSC459,Growth
of
characteristics

andwhataretheirgrowth
CrossDiploid(fast
:

slow)characteristics
SOY324[srf-]X4:010(33%)|36UratandgrowquicklyW303-1AWt3:113(43%)

0
Uratandgrowslowly(N=30)227(23%)|0Uraandgrowquickly24UraandgrowslowlySOY100[srft|X4:07

(39%)|22UratandgrowquicklyW303–1AWt3:18
(44%)
||0
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deletion is that the cells become rho- and therefore grow slightly slower on

media containing glucose as the carbon source than an otherwise isogenic but

rhot strain (Ogg, et al., 1992; Hann and Walter, 1991). The rho phenotype is

due to loss of the ability of the cells to respire and, therefore, would not be

expected to be complemented by the pSRP54SC.

To show that the Isrf-] phenotype is inherited in a non-Mendelian

fashion, we crossed two genotypically identical strains (one Isrf-] and one

Isrf?]) back to the wildtype parent strain (W303-1A). Each of the resulting

diploid strains grew with a wildtype rate (indicated by a "wt" in Table II),

verifying that the Isrf-] phenotype is recessive to the wildtype. Sporulation of

these diploids, now heterozygous for the SRP101 gene deletion and

containing pSO211, resulted in similar segregation pattern of the gene

deletion and growth rates, independent of whether the original haploid

SRP101 gene deletion, from which the diploid was derived, had come from a

[srf-] or [srft] strain. When all four spores of a single tetrad inherit the

plasmid (pSO211), each spore grows with wildtype rates (Table II, both [srf-]

and Isrf?]). The plasmid is still required to promote wildtype growth, because

spores that inherit the gene deletion without a complementing plasmid grow

with the characteristic [srf-] rate, and every spore that inherited the SRP101

gene deletion and that grew with wildtype growth rate, also contained

pSO211. These results suggest that although one of the two haploids

contributing to the diploid was [srf-] (i.e., was slow growing), there is no

genetic memory of this phenotype. Once the cell is [srf?], the phenotype can

be complemented by the plasmid. Thus the Isrf-] phenotype is inherited in a
non-Mendelian fashion.
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Figure 2

SRB shares the Isrf-l phenotype with SRo. The growth rates of eight

independent isolates carrying the srp102::HIS3 gene disruption were

measured before (white bars) and after transformation with either a vector

(pKS314, striped bars) alone or a plasmid containing the wildtype SRP102 gene

(pSO459, black bars). For comparison, the growth rate of a wildtype strain is

shown (stippled bar). Growth rates are calculated for cultures grown at 30 °C

in minimal complete media (gene disruption alone, and wildtype control), or

minimal media lacking uracil (selecting for either pKS314, or pSO459).
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We next asked whether SRB, the other subunit of the SRP receptor,

encoded in yeast by the SRP102 gene (see Chapter 3) would also exhibit the

Isrf-] phenotype. Instead of tetrad analysis as in figure 1, we started with eight

haploid strains bearing the SRP102 gene deletion (Srp102::HIS3). These eight

strains are derived from tetrad dissection following meiosis of strain SOY134,

heterozygous for the SRP102 gene deletion. Each of the strains grows slowly

(Figure 2, white bars). The growth rates of transformants of each of these

strains with either pKS314 (CEN, TRP1) (Figure 2, striped bars) or pSO459

(CEN, TRP1, SRP102) (Figure 2, black bars) suggests that the Isrf-] phenotype is

shared by both known components of the SRP receptor. Although the growth

rates are enhanced due to introduction of pSO459, in some cases, an equal

enhancement is shown upon introduction of pKS314. In no case does

reintroduction of SRP102 cause cells to grow as well as wildtype cells (Figure

2, stippled bar). From these data, in conjunction with those presented in

figure 1, we conclude that the [Srf-] phenotype is uniquely due to loss of the

SRP receptor subunit genes. Because loss of SRP or SRP receptor components

results in equal translocation defects, yet the loss of SRP components can be

restored upon reintroduction of the deleted gene, we also conclude that the

Isrf-] phenotype seen due to the loss of SRP receptor function is not solely the

result of impaired translocation in these cells.

We wanted to be sure that what we were observing was not due to

some trivial explanation such as damaged plasmids or impaired expression of

the protein from the plasmid. To show that the plasmid could function, even

though the growth defect in Isrf-] strains could not be complemented, we

isolated plasmids from several [srf strains. Our goal was the reintroduction

of these plasmids into diploid strains heterozygous for one or the other SRP
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Table III

The plasmids in Isrf–l strains are not defective. SR encoding plasmids were

isolated from several [srf-] or [srft] strains. Plasmids were rescued into E. coli

and transformed from this stock into the heterozygous diploid disruption of

the appropriate gene. In every case, and notably, when a plasmid was isolated

from a [srf-] strain, it could still functionally complement after rescue and

transformation into the appropriate heterozygous diploid prior to meiosis.
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TableIIISRencodingplasmidsarenotdefective

plasmidcanconferreintroducedwildtypegrowthonPlasmidPlasmidintodiploidsporesreceivingthe

encodes:isolatedfromstrain:
l

strain:deletion?Srp101p(SRo)|pSO211[srf--)SOY34
+

Srp101p(SRo)|pSO211[srf–]SOY34
+

Srp101p(SRo)|pSO408[srf–]SOY34
+

Srp101p(SRo)|pSRP101(21)|[srf–SOY34
+

Srp101p(SRO)|pSO475[srf–]SOY34
+

Srp102p(SRB)|pSO454[srf--]SOY134
+

Srp102p(SRB)|pSO454[srf–SOY134
+
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receptor subunits. Tetrad analysis of the meiotic products from these diploids

should then tell us whether the plasmids are capable of functional SRP

receptor expression. Table III shows the results of several such experiments.

From these results we conclude that the plasmid can be functional. In

addition, these results rule out the possibility that pSO211 is unique in its

inability to complement the SRP101 gene deletion, because we have isolated 4

different plasmids from the srp101::ADE2 [srf-) strains and one plasmid from

a srpl02::HIS3 Isrf-] strain. As can be seen in Table III, any plasmid isolated

from a [srf-] strain could functionally complement the relevant gene deletion,

if it was first transformed into the heterozygous diploid. In this manner, the

complementing plasmid arrived in the haploid strain via meiosis rather than

via direct transformation into the deletion strain. In every case, plasmids

isolated from Isrf-] strains complemented with a similar frequency as those

isolated from a [srft] strain. This suggests a simple model to explain the Isrf-]

phenotype. Functional SR must be present to convert newly synthesized, but

non-functional SR into functional SR (Figure 4).

Other simple explanations for the Isrf-] phenotype are that i.)

reintroduction of the plasmid does not result in renewed expression of the SR

protein, or ii.) new protein expressed from the reintroduced plasmid cannot

be properly localized. We have previously used subcellular fractionation as a

means to determine the cellular disposition of both Srp101p and Srp102p. In

this case, we performed subcellular localization by differential fractionation

on congenic pairs of strains deleted for the SRP102 gene, one [srf?] (SOY223),

and the other [srf-] (SOY319). The plasmid that is reintroduced contains

SRP102 with the well characterized “HA" epitope appended at its C-terminus

to allow the expressed protein to be detected on a Western blot (see Chapter 3
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Figure 3

SR is expressed, properly localized, and forms a complex in Isrf-l strains. (A)

Subcellular fractionation. Extracts from SOY223 [Srft] or SOY319 [srf-] were

fractionated as detailed in Materials and Methods. Equivalent amounts (0.5

OD600) of each fraction were analyzed by Western blot using anti-HA (against

Srp102p-HA) monoclonal antibodies, or affinity purified anti-Srp101p

antibodies. Lane 1, total cell lysate; lane 2, low-speed supernatant; lane 3, low

speed pellet; lanes 4 through 13 contain the supernatant (lanes 4, 6, 8, 10, and

12) or the pellet (lanes 5, 7, 9, 11, and 13) after a portion of the low speed

supernatant was diluted with lysis buffer (lanes 4 and 5, mock) or adjusted to

a final concentrations of 600 mM potassium acetate (lanes 6 and 7, KOAc),

1.6M urea (lanes 8 and 9, Urea), 0.5% Triton X-100 (lanes 10 and 11, TX-100), or

0.1M Na2CO3 (lanes 12 and 13, pH 11.5) and centrifuged at 100,000 Xg. Only

the relevant portion of each blot is shown. The localization of both Srp101p

and Srp102p was identical, independent of whether the fractionation was

performed on a [Srf-l or a [Srft] strain. (B) Coimmunoprecipitation. Crude

microsomal membranes were prepared from SOY223 Isrf?] (lanes 4-6) or

SOY319 [srf-] (lanes 1-3) as described in the Materials and Methods. Detergent

solubilized membranes were immunoprecipitated with anti-HA.

Immunoprecipitated proteins were eluted from protein A Sepharose beads,

subjected to SDS-PAGE and analyzed by Western blot using affinity purified

anti-Srp101p, or monoclonal anti-HA antibodies. Eluates from each of the

immunoprecipitations are in lanes 3 and 6; supernatants are in lanes 2 and 5.

Lanes 1 and 4 contain 2 OD600 cell equivalents of solubilized membranes from

SOY223 (lane 4) or SOY319 (lane 1) as a marker for the amount of Srpl01p and

Srp102p that are in each of the starting material. SRo and SRB are indicated
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with arrows. Antibody chains that were eluted after immunoprecipitation,

and detected by the secondary antibodies used during the Western blot are

indicated with filled (IgG light chain) or open circles (IgG heavy chain).
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for characterization). Each fraction is then analyzed by Western blot for the

presence of endogenous Srp101p and Srp102p-HA expressed from the

plasmid. As expected and described previously, Srp101p fractionates as a

peripheral membrane protein and Srp102p fractionates as an integral

membrane protein. Roughly equivalent amounts of both Srp102p and

Srp101p are present in the total cell lysate from either [srf?] or [srf-] strains

(compare Fig. 3A, lanes 1 top panel to bottom panel), suggesting that pSO459

can supply the missing Srp102p, and that the biochemical defect causing the

[srf-] phenotype is not at the level of protein expression. Importantly, the

pattern of fractionation is identical between the Isrft) and the Isrf-] strain (Fig.

3A lanes 1-13, compare the two strains within each panel). This suggests that

in Isrf-] strains, to a first approximation, the Srp102p that is being expressed

from the reintroduced plasmid is properly localized and able to recruit

Srp101p to the membrane.

We have previously shown that Srp101p and Srp102p are found

associated with one another in the ER membrane (see Chapter 3). The two

proteins can be coimmunoprecipitated from native detergent extracts of yeast

microsomes. Given the apparently normal expression and localization of

Srp102p in Isrf-] strain SOY319, we asked whether Srp101p and Srpl02p could

be coimmunoprecipitated from this strain. Fig 3B shows that Srp101p and

Srp102p are associated in the Isrf-] strain (SOY319). We immunoprecipitated

Srp102p-HA with anti-HA antibodies from extracts prepared by detergent

solubilization of yeast microsomal membranes under non-denaturing

conditions. Anti-HA antibodies were coupled to protein A-Sepharose beads

to allow the isolation of immune complexes. Immune complexes were

subsequently solubilized in SDS sample buffer and subjected to SDS-PAGE
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Table IV

Estimate of Switch Frequency. Two independent cultures of [srf-] strain

SOY319 were grown exponentially for 50 hours. At time = Oh and at time =

50h, aliquots of each of the cultures were diluted and plated at a density of

approximately 500 colonies per plate. Three plates at each time point from

each culture were utilized to get an accurate count. Colony size was used as

an indicator of the [srf state. Small colonies were considered Isrf-], while big

colonies would have been considered [srft]. In no cases after 50 hours of

growth do we observe switching of a [srf-] cell to a [srft] cell. After growth of

the cultures, we noticed some variation in the size of colony formed on a

plate. About 10% of the colonies were of intermediate size (90% small),

restreaking 30 of these intermediate colonies gave rise to streaks containing
both small and medium sized colonies, therefore we conclude that the

original 10% growing into medium sized colonies are still considered to be

[srf-].
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TableIVSwitchEstimate

CultureNumber
ofcellsplated
|

Number
ofcellsNumber
ofcellsplated||Number
ofcells

attime=0hgrowingfastattime=0hattime=50hgrowingfastattime=

50h1
plate
1

3670plate
1

5120plate
24290plate
28320plate

33960
plate
362502

plate
1

555()
plate
1

5930plate
25090plate
26570plate
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followed by Western blot analysis. The blots were probed with affinity

purified polyclonal antibody directed against Srp101p and monoclonal

anti-HA antibodies. As a control we used a congenic [srft] strain. Starting

from equivalent amounts of solubilized yeast microsomal membranes,

roughly equivalent amounts of Srp101p are precipitated from both the Isrf?]

and the Isrf-] strains (Fig. 3B, compare lane 3 to lane 6). Taken together, the

data in Figure 3 and Table III suggest that the Isrf-] phenotype is not caused by

such trivialities such as altered expression, or mislocalization of Srp102p.

Unexpectedly, even in Isrf-] strains we find apparently normal complex

formation between Srp101p and Srp102p, suggesting that both Srp101p and

Srp102p are able to interact in a functional manner, even though the complex

has minimal restorative properties on growth.

We wanted to know how stable the Isrf-] phenotype was. To assess this

directly, we grew [srf-] cells for many generations in liquid culture and then

plated out these cells and asked what size colony they formed. We reasoned

that if a cell had mutated to restore its growth rate to near wildtype levels, this

change would be reflected in the cell's ability to form a large sized colony. To

put a limit on the stability of this phenotype, we grew a culture containing

[srf-] cells until it reached mid log phase. At this point, 106 cells were diluted

into fresh media and kept in log phase for 50 hours (see Materials and

Methods for the calculation). We know that at time zero these 106 cells still

remain [srf-], because a sample plating at the time of dilution results in all of

the plated cells giving the characteristic [srf-] sized (small) colonies (Table IV).
If, however, we assume that at the time we diluted these cells into fresh

media (time = 0), one of the cells had undergone a mutation such that now it

175



Table V

Transfer of cytosol from a [srf?] cell to a [srf-l cell does not convert a [srf-] cell

to Isrf?]. Strains SOY327 [srf-] and SOY328 [srft] were each mated to strain

SOY326 (wt). Each of these strains also contain disruptions of the KAR3 gene.

This mutation does not prevent the plasma membranes of mating pairs from

fusing, but blocks nuclear fusion, thus preventing the formation of diploids.
Because the [srf-] strain is also [rhol, and the [srft] strain has been rendered

[rho") (while the wildtype is [rhot]), the rare cytoductant that results from the

failed mating can be selected. Cytoductants were selected on plates containing

only ethanol and glycerol as carbon sources and lacking adenine and uracil, in

order to select for the SRP101 disruption, and the plasmid containing

wildtype SRP101 gene from the Isrf-] strain (pSO211), and cytosol from the

[srft] strain.
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Table V cytosol does not contain a factor that complements the
[srf– phenotype

Mating cytoductant colony size
small
small
small
small
small
small
small
small
Wt

Wt
Wt
Wt
Wt
Wt
Wt
Wt

SOY326 X SOY327 [srf-]

SOY326 X SOY328 [srf?]
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was growing with a near wildtype doubling time, we can calculate the time it

should take for the offspring of that single cell to reach 50% of the population
in the culture (time = 50 h, see methods). The results of this experiment are

shown in Table IV. Even after prolonged exponential growth in liquid

culture, none of the cells plated from any of the cultures examined had

regained the ability to grow with near wildtype rates (i.e., all of the plated

colonies grew with reduced rates, and were therefore [srf-]). Thus, we can

conclude that the frequency of switching from Isrf-] to Isrft] is less than one in
106 cells.

Earlier, we postulated that the Isrf-] phenotype is due to a requirement

for functional SRP receptor in the ER in order to promote the proper

maturation of newly synthesized—but inactive—SRP receptor into functional

SRP receptor. In [srf-] cells, there is no preexisting SRP receptor to promote

this conversion, thus, transformation of an SR encoding plasmid into a [srf-]

strain does not result in complementation of the growth phenotype. We

wanted to know if we could provide functional SR to the [srf–] cells via an

alternative method. We asked if we could provide functional SRP receptor in

trans with the following genetic experiment. We selected cytoductants from a

cross consisting of a [srf-] strain to a wildtype strain. We reasoned that the

ER/cytosol from the wildtype strain would provide functional SRP receptor

to the plasmid expressed (but non-functional) SRP receptor in the Isrf-] strain.

As a control we performed the same cross with a [srft] strain. To select

cytoductants, all strains were deleted for the KAR3 gene so that the cells

would mate, but mating would not result in the production of diploids. We

selected the SRP101 gene deletion and plasmid from the Isrf-] or [srft] strain,

and the cytoplasm from the wildtype strain. From a single mating, eight
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Figure 4

A model to explain the Isrf-l phenotype. In the wildtype (“[srf?]") situation,

extant functional SR (SRactive) is required in a positive feedback loop to
catalyze the formation of newly synthesized SR (SRinactive) into SRactive. In

the Isrf-) situation, however, the continuity of the ER has been disrupted by

deleting a component of the SR. In this scenario SRactive is lacking. Thus,
providing new SRinactive does not restore the growth of the cells.
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[Srf–

inactive active

gene E- SR E- SR

[Srf--]

inactive active

gene E-> SR E- SR
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cytoductants were isolated from each cross. All 16 were verified to be haploid,

contain the SRP101 gene deletion, and plasmid expressing Srp101p.

Cytoductants derived from the cross between the wildtype and Isrf-] strains

still grow with the characteristic [srf-] growth rate (Table V, “small"), even

though these cells now contain cytosol from a wildtype strain (presumably

containing functional SR). Two important conclusions can be drawn from

this result. It suggests that the cytosol of a wildtype strain does not contain an

activity capable of complementing the [Srf-) phenotype. In addition, we have

uncoupled the [srf-] phenotype from the rho phenotype. Because these

strains were selected for their ability to grow on a carbon source containing

only ethanol and glycerol, functional mitochondria can be maintained in

these cells. Thus, the inability of the SR encoding plasmid to complement the

SR gene deletion is not due to the loss of mitochondrial function.
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Table
I

YeastStrainsUsedinThisStudyStrainGenotype

W303MAToura■ -1,ade2-1,trpl-1,leu.2–3–112,his3-11can1-100DeshaiesandSchekman(1990)

SOY223MATasrplo2::HIS3,pSO459Isrf–ThisstudySOY319MATasrplo2::HIS3,pSO459Isrf-chapter
3

SOY100MATosrplol:ADE2pSO211Isrf-chapter
2

SOY34MATo:/MATaSRP101/SRP101::ADE2chapter
2

SOY36MATosrplot::ADE2chapter
2

SOY134MAToyMATaSRP102/SRP102::HIS3chapter
3SOY324MATosrplol:ADE2pSO211Isrf–ThisstudySOY326MATakar3::LEUI2ThisstudySOY327SOY324kar3::LEUI2ThisstudySOY328SOY100kar3:LEU2[rho–ThisstudyWBY6MATC/MATaSRP54/SRP54:TRP1psRP54ThisstudySOY.162srplo2::HIS3ThisstudySOY163srp102::HIS3ThisstudySOY167srp102::HIS3ThisstudySOY168srplo2::HIS3ThisstudySOY170srpið2::HIS3ThisstudySOY172srplo2::HIS3Thisstudy

3.





SOY175SOY177

srp102;:HIS3srp102;:HIS3

ThisstudyThisstudy
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DISCUSSION

An epigenetic event confers a heritable phenotype that is not dictated

solely on the basis of genotype. In this case, the heritable phenotype is the

inability to reestablish growth in the presence of the wildtype protein. Other

known examples of epigenetic inheritance include transcriptional silencing of

the mating type cassettes (Pillus and Rine, 1989), as well as at chromosome

telomeres in Saccharomyces cerevisiae (Gottschling et al., 1990), position effect

variegation in Drosophila melanogaster (reviewed in Henikoff, 1990), and X

chromosome inactivation (reviewed in Lyon, 1992). We have established

that complementation of the SRP receptor in the yeast Saccharomyces

cerevisiae with a plasmid encoding the wildtype gene also falls into this

category. We have described the phenomenon and now we are in a position

to elucidate the proteins responsible for the phenotype.

Why are components of the SR only partially able to function when

they are provided with seemingly wildtype constituents? Clearly something

changes within the cells after they have been deprived of the SR. Whatever

this change is, it must be epigenetic, as the entire system can be “reset" to the

ground state simply by going through the diploid phase. We speculate that

the difference between [Srft] and [srf-] cells is that the [srf-] cells were at one

point in their life, devoid of functional SR. As previously described, our

model (Figure 4) interprets this and provides a satisfying hypothesis: active

SR provides a “templating" function upon which newly synthesized—but
inactive—SR can assemble into functional, active SR.

Alternatively, in the absence of any one of the components of the SRP

dependent protein translocation pathway, other components may be down
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regulated such that the alternative translocation pathway may assume the

duties of translocation in the cell. That is, components needed for the SRP

dependent translocation pathway may be coordinately regulated. Let's

assume that this is the situation that exists upon deletion of one of the

components of the SR. Reintroduction of one component of the SRP

pathway, as a protein expressed from a plasmid, may not result in the other

components becoming up-regulated. We would then have a situation where

we have seemingly functional SR, but some other —as yet unknown—

component of the pathway has become rate-limiting for growth and is not up

regulated in response to the return of the SR. This is not the case for deletion

of SRP components, however, and this fact argues that the Isrf] phenotype

may be unrelated to adaptation (see below). In the case of an SRP deletion, we

would envisage that the cell would be capable of restoring the SRP dependent

translocation pathway upon restoration of the deleted component.

We already know of one thing that changes when the cells are deleted

of SRP pathway components. In Chapter 2, I described “adaptation” as the

ability of a cell that is missing part of the SRP pathway to change the way it

translocates proteins. As a response to loss of the SRP pathway, cells can

either upregulate limiting components of the alternative, SRP-independent

translocation pathway, or increase a pathway for degrading the accumulated

precursor proteins. This description arose from the observation that cells

harboring an Srpl01 gene deletion did not accumulate precursors to many of

the proteins known to enter the secretory pathway. Depletion of Srp101p,

under the control of a regulatable promoter, however, resulted in a much

greater defect in translocation. Adaptation, like the Isrf] phenotype is also an

epigenetic state, not caused by mutation of any genes. Because there are two
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translocation pathways into the yeast ER, it seems logical to propose that in

the absence of the SRP dependent pathway (SRP101 deletion) proteins can be

shunted into the alternative translocation pathway. Perhaps adaptation and

the Isrf phenotype are linked. Can we use this model to account for the Isrf-]

phenotype?

Our cytoduction experiment implies that not only is the cytosol devoid

of a component that can complement the Isrf-] phenotype, but during the

aborted mating, ER from one mating partner does not mix with ER from the

other mating partner. If it did, we would expect that SRactive would be
transferred to the cytoductant, and the [Srf-) phenotype would be

complemented. It is interesting, therefore to note the cytological defect of the

kar3 disruption. In matings where both partners are kar3 deletions, the

plasma membranes fuse, but the nuclei fail to congress (Kurihara et al., 1994).

Because in yeast, the ER is closely juxtaposed to the nucleus, it is tempting to

speculate that in the kar3 deletion we have prevented the ER from fusing.

Perhaps if we would try the same experiment with a different KAR gene (one

that would prevent diploid formation, but allow the congression of the

nuclei, see (Kurihara et al., 1994)) we could complement the Isrf-] phenotype.

As permeability barriers, membranes must be continuously

maintained for the cell to remain in homeostasis. In addition, membranous

organelles within the cell must be defined. If the organelles are defined by

their steady state constituents, and these constituents in turn are targeted to

the organelle through the action of a set of proteins, then it follows that the

set of proteins required to target an organelle's components are ultimately

responsible for defining the organelle. For example, in the present case, we

have evidence that in the absence of the SR, the ER membrane becomes
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undefined. So much so, that even after we restore SR expression it doesn't

restore the growth of the cell. Because the SR is one of the steady state

components of the ER, it may be the loss of the SR that causes loss of ER

definition. Alternatively, we could say that the SR is required for the proper

maintenance of the ER. This idea was first postulated by George Palade, who
said:

“Therefore, it can be logically postulated that

membranes act as their own templates by the

interplay of specific signals and specific signal

receptors. Cellular membranes are endowed with

spatial, temporal, and functional continuity."
(Palade, 1977)

Spatial continuity is provided by the physical chemistry of the lipid bilayers.
There are no discontinuities of membranes within the cell. Each membrane

is continuous with itself. Temporal continuity is also a property of cellular

membranes. Each daughter cell inherits from its mother, a complete set of

cellular membranes. There are no membrane bound organelles which are

regenerated after each round of cell division. Spatial and temporal continuity

must exist to ensure functional continuity. With respect to the present

situation, we infer that SR is required to ensure the functional continuity of

the ER. The permeability barriers maintained throughout a cell's life are

capable of being transmitted without interruption through many cellular

generations.
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Perspectives

In this thesis I describe the initial cloning and characterization of the yeast

SRP receptor (Chapters 2 and 3). In addition, I describe some vignettes which

began as intriguing, but unexplained observations (Chapters 4 and 5). I began

this thesis with the intention of following a straight scientific line from point

A (entering graduate school) to point B (graduating from graduate school)

along a route that would be easy to follow. I reasoned that I would make the

knockout of the SRP101 gene, followed by random mutagenesis, followed by

suppressor analysis. The suppressor analysis would lead to the identification
of the SRB, which I would characterize and then mutate, to dissect the

contribution of the suspected SRB-GTPase to translocation. What actually

happened was something quite different. Finally, six years later, I am almost

to point B, but the route has been a circuitous one. Several unexpected

findings contributed to my wandering off the straight and narrow path. One

unanticipated finding is described in chapter two, and is the phenomenon I

call “adaptation". Another observation that required some amount of detour,

finally became chapter four. Initially, we only knew that cycloheximide

would suppress the growth defect of Sec65-1 cells. Visually, this was an

impressive result, certainly worth pursuing (see Chapter 4, Figure 2). Yet

another unexpected observation was that haploid yeast cells containing SR

deletion could not be complemented by reintroduction of the deleted

component. Again, this observation was expanded and strengthened, until it

too became a chapter in this thesis (Chapter 5). Although the circuitous route

may not have been the fastest, it was the most satisfying. We have learned

many things about the SRP-dependent protein targeting pathway as a result of
these several detours. None of which would have been uncovered if I had
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worn blinders and forged ahead with my original plans. I believe that this

work strengthens the case for the SRP pathway in yeast, as well as providing

fertile ground for new experiments. Many questions remain unanswered,

most importantly, how do three interacting GTPases (Srp54p, Srp101p, and

SrplO2p) contribute to targeting and translocation. Although the next

experiments are clear, the challenge now is to decipher the meaning behind
the observations that we already have that may tell us something about how

the cell functions.
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