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Tn mammalian cells, translation of secretory proteins
is initiated on cytoplasmic ribosomes, which are subse-
quently targeted to the endoplasmic reticulum (ER)
membrane by signal recognition particle (SRP) and the
ER membrane protein, SRP receptor (reviewed in Ref.
1). Nascent secretory proteins are then co-translational-
ly inserted into the ER and subjected to a battery of
covalent modifications, including signal peptide cleav-
age and core glycosylation on asparagine residues
(reviewed in Refs 2, 3). These events are summarized
in Fig. 1. Whereas much is known about the mecha-
nism of targeting secretory proteins to the ER, little is
known about how proteins are translocated across the
ER membrane. The number and arrangement of the
components in the putative 'translocation pore' are
unknown. Crosslinking experiments suggest that the
signal sequence of preprolactin interacts with at least
one protein of the ER membrane (signal sequence
receptor, SSR) during its passage across the lipid bilayeré.

Somewhat more is known about the enzymatic
properties of the ER membrane proteins that partici-
pate in the cleavage of signal peptides and in the
biosynthesis and transfer of core oligosaccharides,
since independent assays have been devised to moni-
tor their activities. However, little is known about the
organization of these proteins within the ER mem-
brane. Since protein translocation, core glycosylation
and signal sequence cleavage are kinetically coupled,
the molecules that catalyse
these events may be intimately
associated within the ER mem-

SENETIC DISSECTION of the
EARLY STAGES of PROTEIN
SECRETION in YEAST

RAYMOND ]. DESHAIES, FRANCOIS KEPES AND
PETER C. BOHNI

The earliest events in the export of secretory proteins from
eukaryotic cells are their insertion into and transport
across the membrane of the endoplasmic reticulum, fol-
lowed by signal peptide cleavage and transfer of core
oligosaccharides to specific asparagine residues. Much
bas been learned through reconstitution of these pro-
cesses in vitro using cell-free extracts prepared from mam-
malian and yeast cells. Now, a combination of genetic,
molecular and biochemical approaches are being
employed to study the early stages of protein secretion in
the yeast Saccharomyces cerevisiae.

S. cerevisiae®8. A translation extract supplemented
with mRNA encoding the precursor of the secreted
mating pheromone a-factor (prepro-o-factor) directs
the synthesis of an intact precursor that can insert

brane bilayer.

To understand further the
process of protein secretion in
eukaryotic cells, many cell biol-
ogists have turned their atten-
tion to the yeast Saccharo-
myces  cerevisiae. Genetic
screens and selections have
allowed the identification of a
large collection of genes
required for both post-trans-
lational modification and inter-
compartmental  transport  of
secretory proteins (reviewed in
Ref. 5). In this review, we focus

Cytoplasm

on genes required for the
translocation, signal peptide
processing and  asparagine-

linked core glycosylation of
secretory proteins in yeast. We
describe the progress that has
been made by applying genetics,
molecular biology and biochem-
istry to the study of these three
aspects of protein secretion.
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p((YI'EIN TRANSLOCATION INTO THE
YEAST ENDOPLASMIC RETICULUM
Recently, several groups
have  reconstituted protein
translocation in  vitro using
components extracted from
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FIGH

SECRETORY PROTEIN TRANSLOCATION AND POST-TRANSLATIONAL MODIFICATION. PRECURSORS OF
SECRETORY PROTEINS SYNTHESIZED IN THE CYTOPLASM ARE IMPORTED EITHER CO- OR POST-TRANS-
LATIONALLY INTO THE LUMEN OF THE ENDOPLASMIC RETICULUM (ER). AS THE TRANSLOCATING
POLYPEPTIDE EMERGES ON THE LUMINAL SIDE OF THE ER MEMBRANE, THE SIGNAL SEQUENCE IS
REMOVED BY SIGNAL PEPTIDASE, AND CORE OLIGOSACCHARIDES ARE TRANSFERRED TO ASPARAGINE
RESIDUES BY OLIGOSACCHARYLTRANSFERASE. THE MODIFIED POLYPEPTIDE THEN FOLDS INTO ITS
NATIVE CONFORMATION BEFORE IT IS TRANSPORTED TO THE GOLGI BODY.
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Co- or post-translationally into yeast microsomes,
become core glycosylated, and have its signal peptide
cleaved. Because prepro-o-factor can be translocated
post-translationally, it has been possible to show that
protein translocation into the yeast ER requires
nucleotide hydrolysis78. The reconstitution of protein
translocation with yeast extracts presents an opportu-
nity to combine biochemical analyses with genetic
approaches aimed at identifying genes whose products
participate in the reconstituted reaction. Several genes
that are required for import of secretory proteins into
the ER have recently been identified (Table 1).

Isolation of translocation-defective mutants

To identify genes that potentially encode compo-
nents of the ER translocation machinery, a direct selec-
tion for temperature-sensitive translocation-defective
mutants of S. cerevisiae was developed?. The rationale
for this selection is shown in Fig. 2. HIS4 protein
(His4p), which converts histidinol to histidine, normal-
ly resides in the cytoplasm. A modified His4p deriva-
tive bearing an amino-terminal signal peptide is target-
ed to the ER lumen. Wild-type cells expressing the
ER-localized His4p chimera fail to grow on minimal
medium supplemented with histidinol, presumably
because the substrate cannot gain access to the lumi-
nal His4p (Fig. 2A). By selecting for mutants that can
grow on histidinol, recessive temperature-sensitive
lethal mutations that impede translocation of the
hybrid protein into the ER were obtained (Fig. 2B).
These mutations define two genes, SEC61 and SECG62,
that may encode components of the yeast secretory
protein translocation apparatus. Consistent with this
possibility, sec61 and sec62 strains accumulate
untranslocated precursors of several natural secretory
and vacuolar proteins?.

Evaluation of sec61 and sec62 cytosols and micro-
somes in the yeast in vitro protein translocation assay
should reveal whether these mutations affect soluble
or membrane-associated components of the transloca-
tion machinery. Preliminary data suggest that the
sec62 mutation compromises the translocation compe-
tence of yeast microsomal membranes (R. Deshaies,
unpublished). DNA sequence analysis of SEC61 and
SEC62 indicates that both genes encode polypeptides
with potential membrane-spanning domains (C.
Stirling and R. Deshaies, unpublished).

The role of 70 kDa stress proteins in protein
translocation into the yeast ER

o-Factor precursor synthesized in a wheat-germ
lysate is poorly assembled into yeast ER vesicles, but
uptake is stimulated approximately fivefold by a sol-
uble extract from yeast. Purification of this cytosolic
translocation-promoting activity yielded two related 70
kDa polypeptidesl®. These proteins cross-react with
antibodies raised against the Drosophila heat shock
protein HSP70 and bind ATP, suggesting that they are
members of the yeast HSP70 family. Comparison (by
two-dimensional gel electrophoresis) of the purified 70
kDa proteins with extracts of yeast cells lacking
individual members of the HSP70 family established
that the translocation-promoting polypeptides corre-
spond to the constitutively expressed SSA7 and SSA2
gene products?0.

SSAI and SSA2 are two members of a group of
four yeast genes (SSA7 — SSA4) that are 60-70% identi-
cal to Drosophila HSP70. Gene disruption experiments
suggest that the SSA proteins perform interchangeable
functions in vivoll. Although none of the SSA genes is
individually required for cell growth, ssal ssa2 cells are
temperature-sensitive for growth, and ssal ssa2 ssa4

TABLE 1. GENES INVOLVED IN PROTEIN TRANSLOCATION AND SIGNAL PEPTIDE CLEAVAGE

GENE MUTANT PHENOTYPE ESSENTIAL FOR PROPOSED REFS
VIABILITY? LOCATION
OF GENE PRODUCT
Protein translocation:
SEC61 Thermosensitive growth; accumulates yesd ER membraneb 9
untranslocated precursors of several
vacuolar and secreted proteins
SEC62 Thermosensitive growth; yes© ER membraned 9
accumulates untranslocated precursors of
several vacuolar and secreted proteins
SSA1-4 Accumulates cytoplasmically yese Cytoplasm 10-12
exposed precursors of the secreted pheromone
o-factor and the mitochondrial F; ATPase
B-subunit
Signal peptide cleavage:
SEC11 Accumulates glycosylated pre- yes ER membrane 16

proteins in the lumen of the ER

aC, Stirling and R. Schekman, unpublished data.

bThe DNA sequence of SECG61 predicts a protein with multiple transmembrane domains (C. Stirling and R. Schekman,

unpublished data).
CR. Deshaies and R. Schekman (unpublished).

dThe DNA sequence of SEC62 predicts a protein with two transmembrane domains (R. Deshaies and R. Schekman, unpub-

lished data).
essal-, ssaZ, ssa4 strains are inviable.
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spores are inviable. SSA1 protein (Ssalp) expressed
from a galactose-inducible promoter rescues the lethal
phenotype of ssal ssa2 ssa4 cells on galactose-based
medium; when glucose is added to repress transcrip-
tion from this promoter, the levels of Ssalp decline,
and the cells eventually stop growing!l. Depletion of
Ssalp in vivo results in pleiotropic defects in trans-
membrane protein transport; precursors of the secretory
protein a-factor, the vacuolar protein carboxypep-
tidase Y, and the mitochondrial F;ATPase B-subunit
accumulate in an unprocessed, untranslocated form!2.
These results suggest that SSA proteins participate in
the import of precursor proteins into both the ER
lumen and the mitochondrial matrix.

How do the SSA proteins promote translocation of
precursor proteins across organellar membranes? A
clue to the mechanism of action of SSA proteins comes
from work showing that their effect can be mimicked
by treating the o-factor precursor with urea before
adding yeast membranes!0. Although the effect of urea
on the structure of the precursor is unclear, this result
suggests that o-factor precursor must be unfolded
before it is translocated into the ER. Perhaps the SSA
proteins use energy derived from ATP hydrolysis to
inhibit folding of nascent chains into a translocation-
incompetent form, or to unfold precursor molecules
before membrane insertion. Besides the SSA proteins,
one or more soluble proteins are required for maximal
import of wheat-germ-synthesized prepro-a-factor into
yeast microsomes!012, Although the function of these
proteins is unknown, they may either target secretory
proteins to the ER membrane, or facilitate the inter-
action or dissociation of SSA proteins and secretory
precursors.

SIGNAL PEPTIDE PROCESSING IN YEAST

Arrival of newly synthesized proteins in the lumen
of the ER or the matrix of mitochondria is accom-
panied by removal of the amino-terminal targeting
peptides. This task is performed by endopeptidases
with high cleavage specificities.

Genetic evaluation of signal peptidase function

Removal of a protein's signal peptide can be
blocked by either amino acid substitutions at the
cleavage site or by short deletions that span the cleav-
age site. Secretory proteins with mutated cleavage sites
accumulate as core-glycosylated precursors in the ER
lumen3-15. Although prevention of signal peptide pro-
cessing does not impair translocation into the ER, fur-
ther transport from the ER lumen to subsequent com-
partments is dramatically delayed. This transport
retardation may be due to an association between the
mutant protein and the ER membrane via the unpro-
cessed signal peptide!4.

Since transport of mutant proteins that retain their
signal peptide is delayed, but not blocked, precursors
eventually reach their final destinations!5. These obser-
vations suggest that mutations in yeast signal peptidase
should result in a dramatically reduced rate of secre-
tion of proteins that have cleavable signal peptides.
The temperature-sensitive lethal sec71 mutant fulfills
this prediction. At the restrictive temperature of 37°C,
sec1l cells externalize secretory glycoproteins at a
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PREDICTED TOPOLOGY OF A SIGNAL PEPTIDE-CONTAINING HIS4
HYBRID PROTEIN IN WILD-TYPE AND TRANSLOCATION-DEFECTIVE
MUTANT YEAST CELLS. CHO, ASPARAGINE-LINKED CARBOHYDRATE;
BLACK RECTANGLE, THE SIGNAL SEQUENCE; FOLDED BLACK TRACE, THE
CATALYTIC DOMAIN OF THE HIS4 FUSION PROTEIN. X, A MUTATION
THAT EITHER INACTIVATES A CELLULAR COMPONENT (CYTOSOLIC OR
MEMBRANE-BOUND) REQUIRED FOR PROTEIN TRANSLOCATION, OR
ABROGATES THE FUNCTION OF THE SIGNAL SEQUENCE.
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severely reduced rate. Pulse-labelling experiments
indicate that newly synthesized secretory proteins
accumulate as core-glycosylated, signal sequence-
containing precursors in the ER lumen of sec11 cellsié.
Many yeast plasma membrane proteins lack cleavable
amino-terminal signal sequences; it is not yet known
whether efficient transport of these membrane proteins
to the cell surface requires SEC11 function.

Gene disruption experiments indicate that the
SEC11 locus is essential for yeast cell growthl6. The
DNA sequence of the SEC11 gene predicts an open
reading frame encoding an 18.8 kDa protein contain-
ing one potential asparagine-linked glycosylation site
and an amino-terminal hydrophobic sequence reminis-
cent of a signal peptidels. The predicted SEC17
polypeptide (Secl1p) shares features with signal pepti-
dase subunits isolated from either hen oviduct or dog
pancreas microsomes. The molecular mass of Secllip
is similar to the molecular masses of the glycosylated
subunits of the vertebrate enzymes: hen oviduct signal
peptidase activity copurifies with a 19 kDa unglycosy-
lated protein and a 22-24 kDa glycoprotein; canine
signal peptidase preparations contain six polypeptides,
including two glycoproteins with molecular masses of
23 kDa and 22 kDa. Enzymatic removal of the carbo-
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BIOSYNTHESIS OF THE DOLICHOL-LINKED OLIGOSACCHARIDE, TRANSFER ONTO A PROTEIN AND PROCESSING OF THE OLIGOSACCHARYL UNIT.
N, N-ACETYLGLUCOSAMINE; M OR m, MANNOSE: G, GLUCOSE; TR, TRANSFERASE. LOWER CASE 'mM' INDICATES A MANNOSE ORIGINATING FROM
MANNOSE-P-DOL. THE TYPES OF 0.1 —X LINKAGE ARE SIMPLY INDICATED BY 'X'. THE ONLY HEXOSE IN [-LINKAGE IS THE FIRST MANNOSE ADDED,
AS SHOWN. THE MONOSACCHARIDE DONORS ARE SUGAR-NUCLEOTIDES THAT ARE PRODUCED BY THE FOLLOWING REACTIONS. NOTE THAT THE

HEXOSES-0-PHOSPHATE ARE INTERCONVERTED BY ISOMERASES:

Glc-6-P - Glc-1-P
Fru-6-P - GlcNAc-
Man-6-P - Man-1-P

hydrates on either the avian or canine glycoprotein
subunits reveals a common polypeptide backbone
with a molecular mass of 19 kDal7.18. A ¢cDNA encod-
ing the glycoprotein subunit of canine signal peptidase
has been cloned and sequenced!. Although the pre-
dicted amino acid sequence is not homologous to that
of Secllp, the two proteins have a strikingly similar
arrangement of hydrophilic and hydrophobic domains.

Interestingly, both canine and avian signal pepti-
dases appear to be multisubunit complexes, in contrast

UDP-Glc
UDP-GIlcNAc
GDP-Man
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to the two prokaryotic single subunit enzymes, leader
peptidase and lipoprotein signal peptidase (reviewed
in Ref. 20). Despite these structural differences
between prokaryotic leader peptidase and canine sig-
nal peptidase, the substrate specificities are remarkably
similar, since either enzyme can cleave prokaryotic or
eukaryotic substrates at the correct peptide bond
in vitro. This conservation of processing function has
led to the suggestion that some of the proteins associ-
ated with the vertebrate peptidases may perform other
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