
Chapter 10 

Signals for Membrane-Associated 
Transport in Eukaryotic Cells 

Heiner Niemann, Thomas Mayer, and Teruko Tamura 

1. INTRODUCTION 

The signals that target proteins of eukaryotic cells from the site of synthesis to 
their final destination have attracted much attention since Blobel and Dobberstein 
(1975a,b) proposed the classic signal hypothesis. Today, however, the picture is 
more complex than originally anticipated, and the sorting machinery of eu
karyotic cells is far from being understood at the molecular level. 

Each of the roughly 105 proteins synthesized in the cytosol of a mam
malian cell is synthesized on the same class of ribosomes. The messenger RNA 
(mRNA) binds via its 5' -cap-structure to the ribosome and translation is gener
ally initiated at the first AUG codon. The efficiency of translation of a given 
mRNA can be predicted to some extent by applying Kozak's rule, which stresses 
the role of the 6-nucleotides upstream from the AUG codon (emphasizing an A 
or G residue in position-3, C in positions-2 and -1, and a G immediately 
following the AUG codon) (Kozak, 1987). About 40 amino acids of a nascent 
polypeptide chain have to be synthesized before its N-terminal end leaves the 
ribosomes and can begin to interact with other proteins or itself to fold into a 
characteristic structure. 
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Such immediate folding of the polypeptide chain may cause difficulties in 
the translocation of this protein through membrane barriers that have to be passed 
by the peptide to reach its final destination in the cell. Therefore, folding may 
counteract specific targeting signals on the protein making specific factors (e. g. , 
heat-shock proteins) and energy in form of adenosine triphosphate (ATP) neces
sary to unfold the protein again into a translocation- and/or transport-competent 
structure. 

This chapter describes primarily the signals involved in the secretory and 
membrane-associated protein transport from the rough endoplasmic reticulum 
(RER) through the Golgi complex to further organelles. In general, we focus on 
the viral proteins that served as model compounds to study intracellular biosyn
thetic pathways. Recent studies show that the mechanisms behind protein trans
port into various organelles in mammalian and yeast cells are more closely 
related than had been originally expected. Consequently, this chapter also en
compasses data from yeast systems, where appropriate. In addition, the current 
view of transport into other cell organelles is briefly described to demonstrate 
similarities and differences in the mechanisms leading to recognition of the target 
organelle. 

2. MEMBRANE TRANSLOCATION MECHANISMS 

2.1. Import into the Nucleus 

The nuclear pore [90-110 A in diameter) (Peters, 1986) poses no barrier to 
small molecules and proteins. The passage oflarge molecules, however, depends 
on the presence of a signal sequence within the polypeptide chain. The signal 
sequences are not proteolytically removed upon translocation into the nucleus, 
and the position of the signal is variable. Precise signal sequences of several 
nuclear proteins are known and are listed in Table I. The signal of the T antigen 
of simian virus 40 (SV40) (PKK'2SKRKV) is probably the best defined. 

The nuclear import of a polypeptide can be separated into two distinct steps. 
After a fast binding step to the cytoplasmic face of the nuclear pore complex, an 
event that does not require energy and occurs also at low temperature, the 
polypeptide is translocated in an A TP-dependent process (Newmeyer and For
bes, 1988; Richardson et aL., 1988). In vitro, this second step can be inhibited by 
wheat germ agglutinin, which binds to glycosylated constituents of the pore 
complex but does not physically block the pore. Presumably this lectin, carrying 
two binding sites for terminal N-acetylglucosamine, crosslinks the pore proteins 
that carry O-glycosidically linked N-acetylglucosamine residues (Davis and 
Blobel, 1987; Park et aL., 1987), preventing expansion of the pore which is 
capable of extending its diameter to -200 A (Feldherr et aL., 1984). It is unclear 
whether the energy is needed for the release of the protein from the signal 
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receptor, for the expansion of the pore, or for driving the protein through the 
expanded pore. 

2.2. Mitochondrial Import 

The great majority of the polypeptides that are active in mitochondria are 
encoded by nuclear genes, and their synthesis is completed on free ribosomes in 
the cytoplasm before interaction with the mitochondrial membranes (for review, 
see Eiler and Schatz 1988; Roise and Schatz, 1988). As described for the trans
location into the nucleus, mitochondrial import also requires the presence of 
signal sequences that are generally present at the N-terminus of larger-sized 
precursor polypeptides. Precursor targeting sequences differ considerably in their 
structures. However, these sequences generally lack acidic amino acids; they 
have a high content of positively charged and of hydroxylated amino acids that 
could fold into amphiphilic structures in form of either a-helices or l3-sheets (von 
Heijne, 1986a; Vassarotti et ai., 1987b; Roise and Schatz, 1988). Artificial 
presequences containing the initiator methionine and the amino acids leucine, 
serine, and arginine were shown to target subunit IV of cytochrome oxidase into 
the correct intramitochondriallocation in vivo, provided that the arginine resi
dues were placed at the same side of the helix winding (Allison and Schatz, 
1986). However, a residual mitochondrial import (about 10% of the control) 
occurs apparently in a receptor-independent manner as well, as shown with 
protease-pretreated mitochondria (Zwizinski et ai., 1984; Ohba and Schatz, 
1987b). The targeting sequences must provide three essential features: (1) bind
ing to the receptor, (2) insertion into proteinaceous sites within the outer mito
chondrial membrane, and (3) response to the electrical potential of the inner 
mitochondrial membrane. CD (circular dichroism) measurements have indicated 
that the amphiphilic nature of the precursor becomes unmasked only when the 
protein unfolds (Endo and Schatz, 1988). Mitochondrial import takes place at the 
contact sites between the outer and the inner mitochondrial membrane (Schleyer 
and Neupert, 1985). The translocation process has been dissected into a series of 
distinct steps that differ slightly for polypeptides carrying an N-terminal cleava
ble signal sequence, such as FI-ATPase 13 and proteins that contain an internal 
noncleavable signal sequence such as the ADP/ATP carrier. Figure 1 describes 
the sequence of events in the import of a typical mitochondrial matrix protein. 

1. Proteins with an N-terminal cleavable signal are synthesized as higher-mo
lecular-weight precursors. They bind via the signal sequence to receptor 
proteins present at the cytoplasmic face of the outer mitochondrial membrane. 
The insertion of the presequence requires a potential across the inner mito
chondrial membrane and results in the exposure of the N-terminus into the 
matrix (Schleyer and Neupert, 1985; Vassarotti et aI., 1987a). 
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FIGURE 1. Steps of post-translational pro
tein transport into the mitochondrial matrix. 
CF, cellular factor; HSP70, heat-shock pro
tein 70; 1M, inner mitochondrial membrane; 
IMS, intermembrane space; MR, membrane 
receptor(s); MPP, mitochondrial processing 
peptidase; OM, outer mitochondrial mem
brane; PEP, processing enhancing protein. 
See text for further details. (From Hawlits
chek et al., 1988; Pelham, 1988a.) 
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2. At this stage, the protein is unfolded into a protease-sensitive conformation 
that makes the protein translocation competent. This process is the rate
limiting step for the import. It can be blocked by folate analogues or low 
temperature in vivo, while denaturing agents such as urea enhance the process 
in vitro (Eilers et at., 1988). Nucleotide triphosphates (NTP), such as hydro
lyzable ATP or GTP, are required and presumably used for this unfolding 
step (Pfanner et at., 1987; Chen and Douglas, 1987), since incompletely 
synthesized (and thus more translocation-competent) precursors show a de
creased requirement for NTP (Verner and Schatz, 1987). The requirement for 
NTP can also be bypassed when the conformation of a precursor protein is 
altered by acid-base pretreatment (Pfanner et aI., 1988). Furthermore, a 
deletion of sequences that catalyze tetramer formation of the FI-ATPase (3-
subunit leads to an ATP-independent import (Chen and Douglas, 1988). 



312 Heiner Niemann et aI. 

Deshaies et al. (1988) showed that a depletion of heat-shock proteins (hsp70) 
in yeast cells induced cytoplasmic accumulations of the precursor of the Fc 
ATPase j3-subunit. Hsp70 is believed to bind malfolded polypeptides and by 
consuming ATP to convert them into a translocation competent configuration 
(Pelham, 1988b). 

3. It is still unclear whether translocation of the unfolded polypeptide also re
quires A TP. Recent studies have indicated that the product of one of the yeast 
hsp70 genes is also transported into mitochondria. Therefore, it is tempting to 
speculate that hsp70 proteins might be involved in controlling refolding in the 
mitochondrial matrix. At any rate, translocation occurs independent of the 
presence of a membrane potential. During translocation, the signal sequence is 
recognized by a processing enhancing protein (PEP) (52,000 Mr) that is associ
ated partly with the inner mitochondrial membrane. This compound is about 
15-fold more abundant in mitochondria than the processing peptidase (57,000 
Mr) purified from Neurospora crassa as a soluble compound present in the mi
tochondrial matrix (Hawlitschek et al., 1988). The specificity of the protease 
for the vast number of signal sequences is best explained by the protein-protein 
interaction between the peptidase and the PEP-signal-complex, since the pro
tease alone had low processing activity (Hawlitschek et al., 1988). 

2.3. Signals for Peroxisomes 

The biogenesis of peroxisomes has unique features that distinguish it from 
the assembly of other organelles (Lazarow and Fujiki, 1985). Several core pro
teins and membrane proteins of peroxisomes are synthesized on free ribosomes 
in the cytoplasm, and their import into peroxisomes occurs post-translationally 
(Goldman and Blobel, 1978; Fujiki et al., 1984; Miura et al., 1984) without any 
detectable modification of the protein (Robbi and Lazarow, 1982; Fujiki et al., 
1984). A major breakthrough in the establishment of an in vitro import assay was 
achieved (Imanaka et al., 1987) by applying clofibrate, a hypolipidemic drug 
that induces peroxisome proliferation (Reddy et al., 1982) as well as perox
isome-specific mRNA (Reddy et al., 1986). The sorting signal of peroxisomal 
luciferase from firefly Photinus pyralis has been identified at the molecular level 
(Table I). Fusion proteins containing the 12 carboxy-terminal amino acids of 
luciferease (De Wet et al., 1987) fused in frame to the C-terminus of the 
cytoplasmic CAT protein were targeted into peroxisomes in mammalian cells 
(Gould et al., 1987), indicating a high degree of evolutionary conservation of the 
peroxisomal sorting mechanism. Again, the import requires ATP hydrolysis, as 
shown for the translocation of acetyl-CoA oxidase in an in vitro system (Imanaka. 
et al., 1987). This latter enzyme, which is amplified in peroxisomes of Candida 
tropicalis grown on fatty acid, contains two signal sequences (present within the 
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sequence from amino acids 1-118 and 309-427), each of which could target the 
cytoplasmic dihydrofolate reductase into peroxisomes (Small et al., 1988). 
These findings suggest that the targeting signal for peroxisomes does not neces
sarily have to be located at the C-terminus of a protein. The C-terminal domain 
(the last 38-amino acid residues) has also been proposed to contain the topogenic 
signal of the glycosomal phosphoglycerate kinase (Swinkels et al., 1988). 

3_ TRANSLOCATION ACROSS THE ENDOPLASMIC 
RETICULUM MEMBRANE 

The cellular translocation machinery controlling the insertion of nascent 
proteins into or across the membranes of the endoplasmic reticulum (ER) is 
shared by proteins with still different final destinations. The fate of a polypeptide 
that has penetrated the rough endoplasmic reticulum (RER) membrane depends 
on the presence or absence of further sorting signals. The absence of such signals 
leads to secretion of the protein from the cell or to the exposure of either end of 
the molecule at the plasma membrane in a specific orientation, depending on the 
nature of the stop transfer sequence(s) that anchor the protein in the membrane. 
Specific signals that have not yet been identified at the molecular level may result 
in a post-translational replacement of a hydrophobic anchor sequence by a 
glycophospholipid anchor in the RER. In addition, sorting signals determine 
whether a protein is transported into lysosomes or secretory storage vesicles or 
whether transport will be arrested in one of the compartments anywhere along the 
transport route from the RER through the Golgi to the plasma membrane. 

3.1. Features of Signals for ER Insertion 

Originally, signal sequences for the RER were detected as transient pre
dominantly hydrophobic sequences of 20-40 amino acids located at the N
terminus of secreted proteins (Blobel and Dobberstein 1975a). Later, membrane 
proteins were detected which contained either N-terminal, noncleaved signal 
sequences functioning simultaneously as membrane anchors, or that contained 
multiple permanent internal signal sequences. All these signal sequences varied 
considerably in primary sequence and length (Perlman and Halvorson, 1983; 
Watson, 1984; von Heijne, 1985a,b). Computer-assisted analyses of published 
signal sequences showed some common structural features with respect to hydro
phobicity, second structure, the position of charges, and to the cleavage site 
recognized by the signal peptidase (von Heijne, 1985, 1986). Three structurally 
distinct domains can be distinguished in nearly all signal sequences: 
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1. The N-terminal part of a signal sequence (the n region) is generally positively 
charged carrying a mean net charge of + 1.7 (von Heijne, 1985). 

2. The central core sequence (h region) involves 8-20 highly hydrophobic resi
dues. It is folded into an energetically favored a-helix or, if the length does 
not permit complete assembly as an a-helix, into partial a-helical and partial 
J3-sheet structures. Natural mutations of signal sequences that abolish the 
signal function commonly involve the replacement of a hydrophobic amino 
acid by a charged residue (Rapoport, 1986). 

3. Sequences flanking the core region at the carboxy-terminal end (c region) 
have mostly polar properties and J3-sheet structure. 

The fundamental structural similarities between signal sequences from orga
nisms widely separated on the evolutionary scale have inspired experiments 
demonstrating that sequences from one organism are functional when inserted 
into proteins from another. Thus, bacterial signal sequences were shown to be 
functional in vertebrate systems in vivo and in vitro (Garcia et ai., 1987; Lingap
pa et ai., 1984; Ibrahimi and Gentz, 1987; Muller et ai., 1982; Wiedman et ai., 
1984). Signals of influenza virus hemagglutinin (Jabbar and Nayak, 1987) and of 
human interferon (Hitzeman et ai., 1983) are functional in yeast; the rat pre
proinsulin signal functions in bacteria (Talmadge et ai., 1980). 

Several sets of experiments show that signal sequences derived from yeast 
mediate translocation into mammalian membranes. These studies involve signals 
from yeast invertase (Bergh et ai., 1987), a-factor (Julius et ai., 1984), and 
killer toxin (Bostian et ai., 1983). Recently, however, Bird et ai. (1987) reported 
that such functional equivalence of signal sequences does not apply to the signal 
of yeast carboxypeptidase Y. The yeast translocation machinery tolerates an h 
region of only five hydrophobic amino acids interrupted by two glycine residues. 
This N-terminal signal directs carboxypeptidase Y co-translationally, and to a 
minor extent also post-translationally, into the lumen of the yeast ER, where it is 
cleaved by the signal peptidase (Blachly-Dyson and Stevens, 1987; Johnson et 
ai., 1987). However, this sequence did not permit translocation of the enzyme in 
a mammalian cell-free system or in vivo unless the yeast signal was replaced by 
the signal from influenza virus hemagglutinin or either of the two glycine resi
dues was mutated into leucine to increase the hydrophobicity of the h region 
(Bird et ai., 1987). Similar observations have been made with synthetic signal 
peptides that displayed different activities in mammalian and plant in vitro 
secretion systems (Duong et ai., 1987). 

Experiments with the aim of further dissecting the functional significance of 
the n, h, and c regions of signal sequences are hampered by the important 
findings that 20% of random surrogate signal sequences replacing the normal 
signal sequence of yeast invertase could function as export signals (Kaiser et ai., 
1987). In addition, Zerial et ai. (1987) showed that foreign transmembrane 
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anchors or completely artificial uncharged peptide sequences placed into the 
position of the internal hydrophobic stretch of the transferrin receptor molecule 
(this sequence serves the dual function of a signal and anchor sequence) permit
ted efficient translocation and membrane binding. 

3.1.1. Classification of Integral Membrane Proteins 

Membrane proteins have been divided into four classes based on the nature 
of the signal sequence and additional topogenic sequences (Wiclmer and Lodish, 
1985; Garoff, 1985; von Heijne and Gavel, 1988): 

Class I proteins contain a cleavable signal sequence, according to this 
classification (Fig. 2). Proteins are believed to penetrate the membrane in form 
of hair pin loops. Proteolytic removal of the signal peptide causes the newly 
created N-termini to become oriented toward the lumen of the ER, while their C
termini are exposed on the cytoplasmic side. Most glycoproteins of enveloped 
viruses such as the G protein of vesicular stomatitis virus (VSV), the hemag
glutinin of influenza virus, the El and E2 proteins of Semliki Forest virus, the E2 
protein of coronaviruses, as well as growth factor receptors, histocompatibility 
antigens, and the membrane-bound immunoglobulins (Ig) belong to this class. 
Anchorage of these proteins is mediated by a C-terminally located stop transfer 
sequence. A deletion of the membrane anchor will result in secretion of the 
corresponding anchor-minus mutant into the lumen of the RER. 

Class 1/ proteins acquire the opposite orientation in the membrane and carry 
an uncleavable signal peptide that functions simultaneously as a membrane an
chor, since it cannot be cleaved off by the signal peptidase. In general proteins of 
this class, like those of class I, carry positively charged amino acids in the short 
N-terminal segments immediately preceding the actual signal sequence. The 

II III IV 

LUMEN 

CYTOPLASM 

FIGURE 2. Membrane topology of integral membrane proteins. 
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influenza virus neuraminidase (Blok et al., 1982), the hemagglutinin-neuramini
dase of paramyxovirus (Wilson et al., 1987; Hiebert et al., 1985), the asi
aloglycoprotein receptor (Spiess and Lodish, 1986; Holland and Drickamer, 
1986), and the invariant chain (loy-chain) (Upp and Dobberstein, 1986), are 
members of this group of membrane proteins. 

Class III membrane proteins are distinguished from class I and II proteins 
by the distribution of charged residues in the border regions flanking the hydro
phobic segment of the signal sequence. Thus, in class III proteins, the N-terminal 
translated domains generally lack positively charged residues. Adversely, such 
basic amino acids are found often in clusters, within the C-terminal sequence 
flanking the hydrophobic segment. The influenza virus M2 (Hull et al., 1988) 
and the human cytochrome P450 (Beaune et al., 1986) are prominent members 
of this class of proteins. 

Class IV membrane proteins contains multiple internal noncleaved signal 
sequences. The topology of these proteins is presumably determined by the 
nature of the first membrane-spanning domain carrying a signal character (Mayer 
et al., 1988). Prominent members of this group are bovine opsin (Friedlander 
and Blobel, 1985), the anion transporter of erythrocytes (Lopito and Lodish, 
1985), human B-cell CD20 receptor (Einfeld et al., 1988), and the El-g1ycopro
tein of coronaviruses (Niemann et al., 1984a; Armstrong et al., 1984). Depend
ing on the nature of the first membrane-spanning segment and the distribution of 
charged residues in its border regions, the N-terminus of a class IV protein can 
reside on either the cytoplasmic or the lumenal side of the ER membrane. 

3.2. Translocation Machinery of the Rough Endoplasmic Reticulum 

3.2.1. Signal-Recognition Particle 

The availability of in vitro systems based on dog pancreas microsomal 
membranes (Blobel and Dobberstein, 1975a,b) and reticulocyte or wheat germ 
lysates as cell-free protein synthesizing systems have provided excellent tools for 
dissection of the translocation process. Such studies have shown that membrane 
insertion of a protein requires the presence of a signal sequence that is recognized 
by a ribonucleoprotein complex (Walter et al., 1981; Walter and Blobel, 1981) 
termed the signal-recognition particle (SRP). The SRP has been purified to 
homogeneity from a salt extract of dog pancreas membranes (Walter and Blobel, 
1980). A similar SRP-like compound has been isolated and functionally charac
terized from wheat germ extracts (Prehn et al., 1987). 

The SRP is composed of six proteins, of 9000, 14,000, 19,000, 54,000, 
68,000, and 72,000 Mr, and a single RNA molecule of 300 nucleotides (7 SL 
RNA or SRP-RNA) (Fig. 3). While the 19- and 54-kDa proteins are present as 
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A1u segment S segment 
~----------------------'Irl --------------------------. 

a:l.nd:l.ng 

d.~ck:l.ng prot_i.n 

the 54 kd prate:!.n 

FIGURE 3. Structural arrangement and function of individual subunits of the signal-recognition 
particle. Cleavage site by micrococcal nuclease (MN) is indicated by the arrow head. See text for 
details. (Redrawn according to Siegel and Walter, 1988a,b.) 

monomers, the other four polypeptides form heterodimers involving the 19- and 
54-kDa species, and the 68- and 72-kDa polypeptides respectively (Scoulica et 
al., 1987). The 19-kDa subunit of SRP was cloned and sequenced (Lingelbach et 
al., 1988). 

About 100 nucleotides at the 5' -end and 45 nucleotides at the 3' -end of the 
SRP-RNA are homologous to human [3-Alu DNA, highly repetitive elements of 
the human genome (Ullu et al., 1982; Ullu and Tschudi, 1984). The secondary 
structure of the 7SL RNA has been established (Gundelfinger et al., 1984; 
Zwieb, 1985) revealing a rodlike structure flanked on each side by two stem-loop 
structures. The rod is formed by base pairing of nucleotides 48-118 and 233-
299. The Alu sequences form the two small stem-loop structures and are in
volved in the rod formation (Fig. 3). 

Alu-RNA synthesized in vitro was shown to bind to the 68-kDa peptide 
(Andrews and Kole, 1987). By contrast, this component is clearly associated 
with the core part of the SRP-RNA after partial digestion with micrococcal 
nuclease, which removes most of the Alu-specific sequences (Gundelfinger et 
at., 1983; Siegel and Walter, 1986). The binding sites of the 19- and the 68172-
kDa proteins on the SRP-RNA were recently determined by protein-RNA 
footprinting (Siegel and Walter, 1988b), revealing the structure shown in Fig. 3. 

Three different activities involving binding to the signal sequence, arrest of 
protein synthesis, and binding to the SRP receptor (docking protein) can be 
assigned to SRP in the wheat germ cell-free system: 
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1. Recognition of signal sequences and binding to ribosomes synthesizing se
cretory proteins: SRP binds via its 54-kDa subunit to signal sequences as 
shown by crosslinking of this protein to signal sequences (Krieg et al., 1986; 
Kurzchalia et al., 1986). Reconstituted SRP containing a 54-kDa moiety in 
which the free sulfhydryl groups were alkylated with N-ethylmaleimide failed 
to mediate all three features normally provided by a functional SRP (Siegel 
and Walter, 1988). 

2. Arrest of protein synthesis, a useful artifact observed in vitro: Block of 
polypeptide chain elongation was originally proved for preprolactin (Walter 
et al., 1981) and the light chain of IgG (Meyer et al., 1982). In both in
stances, peptides of about 70 amino acids in length could be isolated and 
chased into full-sized proteins upon addition of translocation-competent 
membranes. However, no arrested peptides could be demonstrated from most 
other proteins, even though the addition of SRP to translation assays lacking 
microsomal membranes induced a reduction in the formation of full-length 
precursors. Furthermore, under similar experimental conditions some pro
teins were shown not to be SRP arrested (Mueckler and Lodish, 1986), and 
the SRP-mediated arrest could not be demonstrated with reticulocyte and 
HeLa cell lysates (Meyer, 1985) or with SRP isolated from wheat germ 
(Prehn et al., 1987). Lipp et al. (1987) reported recently that SRP induced a 
block in chain elongation in a transient manner at multiple sites of the protein 
chain, leading to a set of lower-molecular-weight precursors, all of which 
could be chased into the full-length precursor by the addition of microsomal 
membranes. These findings are consistent with functional studies on recon
stituted SRP lacking the 9- and 14-kDa heterodimer. Such particles were still 
capable of promoting signal binding and translocation of the peptide across 
the RER membrane (Siegel and Walter, 1985). Similar properties were ob
served with SRP pretreated with micrococcal nuclease and thus lacked the 
Alu-like sequences in addition to the 9/14-kDa subunit (Siegel and Walter, 
1986). From these data, it may be concluded that the 91 14-kDa heterodimer 
causes the transient arrest of chain elongation, and that elongation arrest is not 
a prerequisite for membrane translocation. 

3. Promotion of membrane translocation by binding to the SRP receptor (dock
ing protein). The SRP-controlled targeting of polypeptides into microsomal 
membranes has been exclusively observed for chains that are still associated 
with the ribosome (Mueckler and Lodish, 1986; Perara et al., 1986). Arrested 
preprolactin fragments or fragments obtained by short-term translation and 
subsequent inhibition of protein synthesis are still covalently linked to trans
fer RNA (tRNA) and can thus be precipitated by cetyltrimethylam
moniumbromide (Cetavlon) (Hobden and Cundliffe, 1978). Siegel and Wal
ter (1988) demonstrated that such peptides could subsequently be targeted 
into microsomal membranes by the post-translational addition of SRP. By 
contrast, reconstituted SRP, carrying an alkylated 68172-kDa heterodimer, 
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failed to mediate membrane association of the truncated peptides. These data 
strongly support the hypothesis that the 68/72-kDa subunit of SRP interacts 
with the SRP receptor at the cytoplasmic face of the RER. 

3.2.2_ SRP Receptor (Docking Protein) and Signal-Sequence Receptor 

The SRP receptor (69,684 Mr) comprises an integral membrane protein of 
the ER that, in conjunction with SRP, ensures correct and efficient insertion of 
polypeptides carrying appropriate signal sequences into the membranes. The 
receptor was purified from pancreatic membranes (Gilmore et at., 1982; Siegel 
and Walter, 1985) and its primary sequence has been established by sequencing 
cDNA clones from a pancreatic library (Lauffer et ai., 1985). The polypeptide is 
anchored with its hydrophobic N-terminus in the ER membrane, while most of 
the protein is exposed at the cytoplasmic face of the ER (Fig. 4). 

What is the fate of the polypeptide after binding of the peptide-SRP
ribosome complex to the SRP receptor? The translocation process itself is still a 
black box. Wiedman and co-workers (1987) have used a crosslinking approach 
to follow the fate of the preprolactin signal sequence. The label was introduced 
into the nascent peptide chain via Lys-tRNA carrying the photoactive crosslinker 
at the E-amino group of the amino acid (Kurzchalia et at., 1986). With this 
approach, a signal sequence receptor (SSR) constituting an integral membrane 
glycoprotein of the RER ('""35,000 Mr) was identified (Wiedmann et at., 1987). 
Crosslinking of the signal sequence to SSR was strictly dependent on a previous 
interaction of the peptide-SRP-ribosome-complex with the SRP receptor and 
occurred only after the release of SRP from the signal sequence and from the 
ribosome. Therefore, the SRP receptor and SSR act sequentially in the SRP
dependent translocation process of nascent proteins (Walter, 1987). The role of 
SSR in the translocation process is not understood at the molecular level. SSR 
could mediate the interaction of the signal sequence with the lipids, it could 
mediate the transfer or open a channel through which the protein traverses the 
membrane, or it could be part of a channel itself. There is increasing evidence 
that translocation does not proceed directly through the hydrophobic interior of 
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FIGURE 4. SRP-dependent translocation of protein across the membrane of the RER. 
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the lipid bilayer but involves a proteinaceous pore. Gilmore and Blobel (1985) 
showed that translocation of secretory proteins across the microsomal membrane 
occurs through an environment that is accessible to aqueous perturbants, such as 
4 M urea. Partially translocated peptides created in vitro by oligonucleotide
mediated hybrid arrest could be extracted from the membranes either with 4 M 
urea or at alkaline pH. In addition, proteins containing up to 8-arginine residues 
within the minimum length of 12 amino acids required to span a membrane, have 
been found to become translocated across the microsomal membranes (Garcia et 
at., 1988). Translocation of such domains through a merely lipid-containing 
environment could only be achieved at a significant energy cost. 

The formation of a functional ribosome membrane junction requires the 
participation of a GTP-binding protein, as shown by binding studies of in vitro
assembled polysomes to canine microsomal membranes that had been depleted 
of ATG and GTP (Connolly and Gilmore, 1986). Ribonucleotides were not 
required for an initiallow-salt-insensitive binding of the ribosome to the mem
brane. However, without GTP, the nascent secretory chains were readily ex
tractable with either EDTA or 0.5 M potassium acetate and were sensitive to 
protease digestion. By contrast, the nascent peptides became resistant to ex
traction or protease when GTP or hydrolysis-resistant GTP analogues were add
ed. GDP, a competitive inhibitory ligand of GTP-binding proteins (Yamanaka et 
at., 1986), could inhibit the GTP-mediated conversion into the tightly bound 
complex and subsequent translocation (Connolly and Gilmore, 1986). 

3.3. Co-Translational versus Post-Translational Translocation 

The experimental tools used to uncouple translocation from translation in
volve the in vitro synthesis of capped RNA from suitable transcription vectors 
using bacteriophage SP6 or T7 polymerases (Krieg and Melton, 1984) or 
Escherichia coli polymerase (Stueber et at., 1984) and subsequent translation of 
the RNA in one of the in vitro translation systems. RNA encoding the full-sized 
protein of interest are obtained by linearizing the templates downstream from the 
coding region. The ribosomes will dissociate from the RNA at the termination 
codon. Alternatively, the DNA template can be linearized with restriction nu
cleases that cleave anywhere within the coding region. In this instance, transla
tion in one of the in vitro translation systems yields an arrested fragment of the 
desired length in form of a peptidyl-RNA that remains attached to the ribosome 
(Perara et at., 1986). For establishing SRP requirement, translation reactions are 
performed in wheat germ extract, and SRP (isolated from canine pancreatic 
membranes by salt extraction) may be added exogeneously (Walter and Blobel, 
1980). 

The lack of further protein synthesis can be ensured at any time point by the 
addition of aurintricarboxylic acid (ATA) (to inhibit initiation) or emetine (to 
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block elongation) or by the addition of cycloheximide. At this stage, a fraction of 
the translation mixture can be treated with puromycin to release the peptide from 
the ribosome. Microsomal membranes can be added before and after translation. 
In addition, preparations of hsp70 and ATP may be included to test the needs for 
post-translational unfolding (Chirico et al., 1988). Finally, the translocation 
competence of the individual peptides can be assessed by a combination of the 
following criteria: 

1. Protection against exogeneously added proteases that do not penetrate the 
microsomal membrane unless detergent is added (Blobel and Dobberstein, 
1975a). 

2. Removal of a cleavable signal sequence indicating lumenal· exposure of the 
cleavage site. 

3. Glycosylation of potential N-glycosylation sites [NH2-Asn-X-Ser(Tbr)
COOH, in which X may be any amino acid with the exception of proline]. En 
bloc transfer of G1c3Man9G1cNAc2-0Iigosaccharides onto asparagine resi
dues within these tripeptides consensus sequences will increase the molecular 
weight of the translocated peptides by -3000 kDa per added carbohydrate 
side chain. A subsequent treatment with endo-~-N-acetylglucosaminidase H 
in the presence of detergent will result in cleavage of the chitobiose linkage 
and thus lead to a protein retaining only one N-acetylglucosamine residue per 
side chain. Alternatively, glycosylation can be stepwise inhibited by the 
addition of acceptor peptides that freely pass through the membrane and 
compete as substrates for the oligosaccharidyltransferase. Upon glycosyla
tion, however, they become trapped in the lumen of the RER (Bause et al., 
1986). 

4. Co-sedimentation of the newly synthesized peptides with the microsomal 
membrane fraction on sucrose gradients at pH 7 or pH 11.5 (Gilmore and 
Blobel, 1985). Nonintegral proteins remain in the supernatant at either pH, 
whereas integral proteins and secretory proteins sediment together with the 
membranes through a sucrose cushion at neutral pH. At pH 11.5, secretory 
proteins are released from the interior of the vesicles, while integral mem
brane proteins remain associated with the membranes and are thus found in 
the pellet fraction (Fujiki et al., 1982). 

Studies based on such experimental approach have shown that with the 
exception of short peptides in the size range of about 70 amino acids, which 
apparently can be translocated through the membrane in an SRP-independent 
manner and after release from the ribosome (Watts et al., 1983; Zimmermann 
and Meyer, 1986; Muller and Zimmermann, 1988; Schlenstedt and Zimmer
mann, 1987), most other proteins make use of the translocation machinery in
volving SRP and the SRP receptor. 
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Several reports have clearly demonstrated that translocation across the ER 
membrane, although SRP dependent, does not have to be co-translational, in the 
sense that it depends on further chain elongation (reviewed by Zimmermann and 
Meyer, 1986; Perara et al., 1986). Thus, the driving force for translocation 
through the membrane cannot rely on energy from the ribosome and protein 
synthesis. 

Even larger segments of proteins, such as the amino-terminal 340 amino 
acids from the human glucose transporter (Mueckler and Lodish, 1986), the 
immunoglobulin light chain (Ainger and Meyer, 1986), human placental lac
togen (Caulfield et al., 1986), or the influenza virus hemagglutinin (Chao et al., 
1987), have been reported to be translocated in the absence of ongoing protein 
synthesis. Several groups have shown that prepro-a-factor, a secretory polypep
tide containing 165 amino acids, was translocated across yeast microsomal mem
branes post-translationally in a ribosome independent manner (Hansen et al., 
1986; Rothblatt and Meyer, 1986; Rothblatt et al., 1987; Waters and Blobel, 
1986), while translocation of the same protein was ribosome dependent with 
canine microsomal membranes (Hansen etal., 1986). Recently, Wiedmann and 
co-workers (1988) reported that the transport of cytochrome P450, an integral 
membrane protein, occurred co- and post-translationally across Candida rnaltosa 
membranes, whereas it was exclusively cotranslationally with dog pancreas 
membranes. 

Hansen and Walter (1988) showed that preprocarboxypeptidase Y and a 
truncated form of preinvertase, in contrast to intact invertase, were post-transla
tionally translocated across microsomal membranes from Saccharomyces cere
visiae after release from ribosomes. Although continuous attachment of the 
peptide to the ribosome accelerated the translocation process about fivefold, 
these data demonstrate that the translocation machinery of the yeast ER, like 
those of mitochondria, chloroplasts, and the bacterial plasma' membrane, is 
principally capable of sorting polypeptides from a ribosome-free soluble pool. 
The notion that translocation of other arrested fragments requires the presence of 
a signal sequence and the attachment to ribosomes may then indicate that SRP 
and the ribosome serve basic functions in maintaining a translocation-competent 
conformation. At physiological SRP concentrations (10 oM), the affinity of SRP 
for presecretory proteins appeared to depend on the length of the nascent pre
prolactin chain and to drop drastically when the peptide was longer than 140 
amino acids (Siegel and Walter, 1988a). By contrast, high concentrations of SRP 
(270 oM) were able to target all sequences (Siegel and Walter 1988a). 

Differences have been reported concerning the requirement for NTP in the 
post-translational translocation of different proteins, however. Arrested frag
ments, comprising the 156 N-terminal residues of opsin, were presented to 
microsomal membranes attached to ribosomes. Post-translational membrane in
tegration and concomitant N-glycosylation was only obtained when GTP or 
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(although acting less efficiently) nonhydrolyzable GTP analogues were included. 
By contrast, ATP did not show a promoting activity (Hoffman and Gilmore, 
1988; Connolly and Gilmore, 1986). It was concluded that a G protein played an 
essential role in the integration process of proteins into the membranes of the ER. 

By contrast, the SRP-independent post-translational translocation of pre
promellitin was shown to be ATP dependent (MOller and Zimmermann, 1988). 
In addition, charged amino acids within the N-terminal domain had to be coun
terbalanced by amino acids of the opposite charge at the carboxy-terminal, and a 
disturbance of this ratio resulted in different levels of A TP requirement. MOller 
and Zimmermann (1988) suggest that this energy was required for maintaining a 
translocation-competent conformation mediated by a cellular factor. 

It is intriguing to speculate that indeed for small peptides and perhaps for 
large molecules under certain conditions, functions generally provided by SRP 
and the ribosome might in part be taken over by other soluble cellular proteins 
known to have unfolding activities. Such antifolding activities as prerequisites of 
membrane translocation have been demonstrated for the secA protein (Baker et 
al., 1987) and secB protein of E. coli (Collier et al., 1988). 

Recently, new direct evidence came from three laboratories demonstrating 
that the 70-kDa heat-shock proteins stimulate post-translational protein trans
location across microsomal membranes in vitro. Zimmermann et al. (1988) 
showed that the procoat protein of the bacteriophage M13, as synthesized in a 
bacterial cell-free extract, was post-translationally translocated into canine mi
crosomal membranes in the presence of purified compounds classified as mem
bers of the hsp70 family together with a cytosolic factor. This latter soluble 
component was also present in reticulocyte lysate and acted synergistically with 
hsp70 in the presence of A TP. These findings indicate that indeed heat shock 
proteins can confer translocation competence to folded proteins. However, a still 
undefined cytosolic cofactor and ATP (or through the action of nucleoside di
phosphate kinases other NTPs) enhance this activity. 

Chirico et al. (1988) demonstrated that yeast cytosol contains at least two 
distinct activities capable of mediating post-translational translocation of pre
pro-a-factor across yeast microsomal membranes. The two activities showed 
different sensitivity toward N-ethylmaleimide. The resistent activity co-purified 
with the constitutively expressed SSAI and SSA2 gene products, both of which 
are closely related to one another. Again, these peptides were found to be 
members of the 70-kDa heat-shock proteins and to show immunological cross
reactivity with hsp 70 from Drosophila. The 70-kDa protein bound specifically 
to ATP. Post-translational translocation of yeast prepro-a factor synthesized in 
wheat germ extract through yeast microsomal membranes was stimulated 
eightfold in the presence of the 70-kDa proteins. 

Deshaies et al. (1988) studied the in vivo role of the SSA1-gene product in 
yeast mutants carrying chromosomal defects of the SSA1, SSA2, and the SSA4 
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genes. The SSAI gene was expressed in these cells by introducing a centromeric 
plasmid that contained a single copy of the SSA 1 gene under control of the yeast 
GALl promoter. This promoter remains repressed when cells are grown in 
medium containing glucose, while expression can be induced by growing cells in 
galactose medium. A sixfold overexpression of the SSAI gene was obtained in 
galactose-containing medium. Shifting the cells to glucose medium to shut off 
the GALl promoter resulted in simultaneous cytoplasmic accumulations of pre
pro-a factor and, interestingly, of the l3-subunit of the mitochondrial F1ATPase. 
This observation indicates that targeting of prepro-a-factor to the RER as well as 
targeting of the 13 subunit into mitochondria required the presence of functional 
SSAI protein. Thus, this finding stresses that initial steps in the translocation of 
proteins across membranes of the ER and of mitochondria may rely on the 
presence of the same cytoplasmic factors and heat-shock proteins, which are 
required to establish a translocation-competent configuration of some proteins 
for translocation through RER membranes. 

3.4. Co- Translocational Events in the ER Lumen 

3.4.1. Removal of Cleavable Signal Sequences 

The signal peptidase has been purified from canine pancreatic membranes 
(Evans et al., 1986) and from hen oviduct (Baker et al., 1986). The peptidase 
exists in a complex of six proteins with molecular masses of 12, 18,21,22,23, 
and 25 kDa. The 22- and the 23-kDa species were shown to be glycoproteins 
carrying endoglycosidase-H-sensitive carbohydrate side chains. Phospholipids 
are required for biological activity (Jackson and White, 1981). So far, the cata
lytic subunit has not yet been defined. Prokaryotic signal sequences are pro
cessed correctly by the eukaryotic signal peptidase, which appears to have a 
substrate specificity similar to that of the E. coli signal peptidase I (Garcia et al., 
1987). The latter peptidase is a single-chain integral transmembrane protein (37 
kDa) of the bacterial plasma membrane, exposing both the N- and C-terminus 
into the periplasm and a cytoplasmic loop that constitutes a translocation poison 
sequence when attached to normally functional N- or C-terminal signal se
quences (von Heijne et al., 1988). 

The substrate specificity of the eukaryotic signal peptidase was recently 
probed using mutants of the human pre(4pro)apolipoprotein A-II, as obtained by 
site-directed mutagenesis (Folz et al., 1988). This study and the work of others 
quoted therein support the (-3, -1) -rule by von Heijne (1983, 1984), termed 
A-X-B rule by Perlman and Halvorson (1983). According to this rule, an ideal 
cleavage site following the hydrophobic signal sequence should contain a l3-turn 
located 5-6 residues toward the N-terminus and small uncharged amino acids 
(Ala, Gly, Ser, Thr, Cys) in position -1 and with somewhat less stringency in 
position - 3. 



Membrane-Associated Transport 315 

A variation of the position of a signal sequence within a protein by extend
ing the amino-terminal sequences does not influence its function and cleavability 
as shown for the gag-fms fusion protein of the Susan McDonough strain of 
feline sarcoma virus (SM-FeSV). In this instance, the signal sequence ofv-fms is 
preceded by the 55-kDa truncated gag sequences fused in frame to the NH2-side 
of the fms sequence. As observed with the cellular proto-oncogene c-fms, which 
encodes the receptor for colony-stimulating factor 1 (CSFl) of macrophages, the 
fms-specific signal sequence is cleaved in the gag-fms fusion protein, thereby 
releasing the gag-specific sequence together with the fms-encoded signal se
quence (Wheeler et al., 1986). Internal signal sequences, contained within the 6 
kDa polypeptides, have been reported for the EI protein of Semliki Forest virus 
(Garoff et al., 1980) and Sindbis virus (Rice and Strauss, 1981), respectively. 
Internal signal sequences have also been reported for the V3 protein of West Nile 
virus (Wengler et al .• 1985) and for the G2 protein of Uukuniemi virus (Ronn
holm and Pettersson, 1987). Similar observations were made by Rottier et al. 
(1987), who analyzed the effect of internalizing the signal sequence of vesicular 
stomatitis virus both in vivo and in vitro. Again, artificial presequences had no 
effect on the cleavability in vivo. 

3.4.2. N-Glycosylation: A Game Involving Giving, Taking, and Giving 

The biosynthetic pathway describing the steps from single sugar nucleotides 
to a dolichol-linked precursor carrying mannose-rich side chains that are trans
ferred en bloc onto nascent peptides in the RER and subsequently converted into 
complex-type carbohydrates as present on mature glycoproteins has been studied 
in great detail (for reviews, see Kornfeld and Kornfeld, 1985; Datema et al .• 
1987; Lennarz, 1988). Another pathway that begins only post-translationally in 
the cis-cisternae of the Golgi has been established for the stepwise acquisition of 
O-glycosidically linked side chains. However, no universal answer can be given 
to the question of why the eukaryotic cell spends such enormous genetically and 
energetically costly efforts to maintain these complex biosynthetic pathways. 

Because each of these processing steps of the two pathways (Fig. 5) takes 
place in defined intracellular compartments that harbor the corresponding pro
cessing enzymes (Roth, 1987), the presence of a particular sugar is direct evi
dence that the protein has previously passed through the corresponding compart
ment. However, the absence of particular sugar constituents does not allow 
conclusions on the intracellular transport route a protein has taken. 

3.5. Post-Translocational Glypiation and Acylation 

Inositol-containing glycophospholipids of the general structure lipid-phos
phate-inositol-glycan have been detected in a wide variety of biological species, 
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FIGURE S. N- and O-glycosylation as markers of intracellular transport of integral and secretory 
proteins in mammalian cells. Roman numerals indicate reactions catalyzed by trimming enzymes or 
sugar transferases.during transport from the rough endoplasmic reticulum (RER) through the Golgi into 
the trans-Golgi network (TON) .• , N-Acetylglucosamine; e, mannose; &, glucose; 0, galactose; 0, 
sialic acid;!:", fucose; 0, N-acetylgalactosarnine. Dotted lines coarsely define the subcompartrnents in 
which specific modifications take place. (For subcellular localization of the individual enzymes, see 
Roth, 1987.) 

including bacteria, yeast, protozoa, and mammalia, but have not as yet been 
reported as membrane anchors for viral glycoproteins (for review, see Cross, 
1987). The attachment of glycophospholipids involves a still undefmed reaction 
mechanism (endopeptidase-transamidase), by which a hydrophobic stretch of 
amino acids is removed and the newly created C-terminus of the peptide becomes 
covalantly linked to the amino group of the terminal ethanolamine residue. So far 
there is no identifiable signal or consensus sequence for this glypiation reaction. 
The reaction occurs shortly after translation in the RER (Conzelmann et at., 
1988), and the complete structure of the VSG-glycophospholipid anchor has 
been elucidated (Schmitz et at., 1987). One can only speculate about the biolog-
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ical function of this type of membrane anchor. The detection of phospholipases 
that specifically cleave the inositol phosphodiester linkage to yield diacylglycerol 
and the peptide-ethanolamine-glycan supported specUlations that this mode of 
membrane anchoring provided a mechanism by which mammalian or protozoan 
cells could quickly and specifically change their surface features. Other hypoth
eses are related to the potential role of diacylglycerol as second messengers either 
in the activation of protein kinase C, or after conversion by diacylglycerol kinase 
into phosphotidic acid (Molenaar et al., 1986). 

Direct acylation has been reported for a large number of viral glycoproteins 
which, typically, exhibit fusion activity (Schmidt, 1983). Acylation of viral 
glycoproteins occurs within the carboxy-terminal domain reaching into the 
cytoplasm and can occur already in the RER (Repp et al., 1985; Berger and 
Schmidt, 1985). In all instances in which the acylated amino acid has been 
identified, cysteine residues were found to be the recipient residues, and the bond 
formed was a thioester bond (Rose et al., 1984). The physiological significance 
of acylation of viral glycoproteins remains to be shown. Acylation of glycopro
teins does not appear to have any targeting function, glycoproteins that lack fatty 
acid are glycosylated and transported to the plasma membrane normally (Rose et 
ai., 1984). In addition, virus particles that contain nonacylated glycoproteins are 
infectious. 

4. VIRAL PROTEINS ASSOCIATED WITH THE RER 

The El9 protein of adenoviruses is a glycoprotein residing in the RER of 
infected cells. It never appears in the virus particle and it is not required for 
propagation of the virus in vitro. It has been shown to abrogate the transport of 
class I histocompatibility antigens by forming complexes with them in the ER 
(Severinsson and Petersen, 1985). This mechanism might be designed to deplete 
the surface of the infected cell of HLA antigens in order to prevent attack by 
cytotoxic T cells. 

The E19 protein is a class I glycoprotein carrying two N-glycosylation sites 
(substituted with high-mannose-type oligosaccharides) within its aminoterminal 
domain. It is retained at the membrane via a membrane-anchor sequence. It has a 
C-terminal tail of 15 residues exposed into the cytosole (Wold et al., 1985), and 
it shows the ER-specific transport properties also in cells that do not express class 
I antigens (Paabo et al., 1987). The retention signal has been assigned to a short 
linear sequence, presumably involving the last three amino acid residues 
(-KMP-COOH), which are identical in adenoviruses type 2,3, and 5. Shorten
ing of the tail domain of the E19 protein by eight residues allowed the protein to 
exit from the ER while an extension by 5 amino acids altered the intracellular 
distribution (Paabo et ai., 1987). Alterations of the C-terminus diminished the 



328 Heiner Niemann et al. 

affinity for class I antigens, whereas only shortening of the tail altered the 
transport properties. This observation suggests that the C-terminal domain plays 
a critical role both in establishing a conformation that allows for interaction with 
class I proteins and other unknown cellular factors involved in retaining the E19 
proteins in the RER. 

The glycoprotein VP7 of human rotavirus plays a role in the morphogenesis 
of virus particles which bud into the lumen of the RER and transiently acquire a 
lipid membrane. The VP7 gene is potentially bicistronic, containing a second 
AUG codon in frame separated from the first by 87 nucleotides. Each of the 
corresponding methionine residues precedes a hydrophobic sequence (HI and 
H2) that could act as a signal for membrane translocation. It has been suggested 
(Poruchynsky et ai., 1985) that the hydrophobic sequence H2 contributed a 
positive signal for the retention of VP7 in the RER. However, recent in vitro 
transcription/translation studies show that even though both AUG codons are 
used, albeit the second at a much lower rate than the first, both primary transla
tion products were processed by the signal peptidase into peptides of identical 
size (Stirzaker et ai., 1987). Determination of the N-terminal amino acid of the 
mature protein demonstrated that proteolytic cleavage occurred between Alaso 
and Glns1 and thus removed HI as well as H2. Therefore, the specific signal that 
makes VP7 a resident RER protein has yet to be characterized. 

Human hepatitis B virus gives rise to synthesis of two core proteins, the 
major core protein (21 kDa), and a precore protein (25 kDa) which contains the 
entire sequence of the major core protein. This latter protein is translated from a 
separate mRNA containing additional 5' -sequences that are absent in the mRNA 
that encodes the major core protein (Enders et ai., 1985). The amino-terminal 
precore sequence comprises 29 amino acids that exhibit the typical features of a 
signal sequence for translocation through the RER membrane. In particular, it 
contains a positively charged amino acid followed by a cluster of 10 hydrophobic 
residues. Garcia et ai. (1988) used in vitro transcription/translation to assess the 
biological significance of the precore signal sequence. Their data show that the 
signal sequence is indeed efficiently engaged in targeting all the nascent peptides 
into the microsomal membranes. However, only 30% of the newly synthesized 
molecules were translocated completely into the lumen of the ER resulting in a 
secretory peptide of 22 kDa. For the rest of the molecules, the translocation 
process was aborted irreversibly after proteolytic removal of the signal sequence 
and the protein was directed back into the cytosolic compartment. 

These findings are in agreement with the observation that fragments of the 
core protein (HBV e antigen) containing the same N-terminus as the 22-kDa 
species are detected in the serum of infected patients (Ou et ai., 1986). A 
secretion of N-terminal pieces of the core protein was also detected upon ex
pression of the entire core gene in mammalian cells (McLachlan et al., 1987) or 
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Xenopus oocytes (Standring et al., 1988). Although the precore protein does not 
belong to the resident ER proteins this aborted translocation process restricts its 
intracellular distribution. This in tum might provide a hitherto unnoticed mode 
by which processes can be controlled at the cytoplasmic face of the ER mem
brane during virus assembly. 

5. FROM THE RER TO THE GOLGI 

5.1. Role of Carbohydrates 

A biantennary oligosaccharide side chain containing 11 monomeric residues 
interlinked to one another to form the structure shown in Fig. 5 represents only 
one out of many theoretically possible combinations of these monomers. Al
though nature only allows a small number of such structures to occur, it is clear 
that a tremendous quantity of information could be stored in the structure of 
carbohydrate side chains. However, with the exception of the lysosomal man
nose 6-phosphate marker no direct access has been found to decipher the code of 
the carbohydrate language. Structural analyses of oligosaccharides derived from 
single glycosylation sites of the influenza virus hemagglutinin have demonstrated 
a wide structural heterogeneity (Niemann et at., 1985; Keil et ai., 1987). There
fore, the presence of a heterologous pattern of oligo saccharides at particular 
attachment sites reflects the accessibility of this site for the modifying enzymes, 
rather than suggesting specific signals for the individual structures. 

Numerous reports have documented the role of the carbohydrates in the 
folding process of particular proteins that occurs before and during transport of 
the protein from the RER to its final destination (Kornfeld and Kornfeld, 1985; 
Datema et at., 1987). The complete absence of N-linked carbohydrate side 
chains as induced by mutation of the N-glycosylation site or by tunicamycin, but 
also the introduction of minor structural changes within the oligosaccharides, as 
mediated by the application of trimming inhibitors, may have unpredictable 
consequences for particular features of viral glycoproteins. Such alterations may 
involve the stability against proteases (Schwarz et ai., 1976; Bosch et at., 1982), 
incorrect formation of intermolecular disulfide bonding (Machamer and Rose 
1988b), intracellular transport (Gibson et at., 1979; Repp et at., 1985; Schle
singer et at., 1985; Machamer and Rose, 1988a), proteolytic processing (Datema 
et at., (1984), masking of potential epitopes (Kaluza et at., 1980; Repp et at., 
1986; Ploegh et at., 1987), and failure to establish the functional conformation 
(Hadwiger et at., 1986). It is clear that no generalizations can be made, since 
each glycoprotein has its very own demands for carbohydrates (Datema et at., 
1987). 
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S.2. Folding and Oligomerization, Thresholds of Transport 

Most viral envelope glycoproteins exist as oligomers, and their biological 
functions are intimately dependent on their quarternary structure. In the last few 
years, the VSV G protein and the influenza virus hemagglutinin served as model 
compounds to estimate the contribution of initial folding and subsequent assem
bly of subunits into oligomers on the rate and efficiency by which the proteins are 
transported from the RER to the Golgi complex. Both class I glycoproteins form 
homotrimers that are transported to the plasma membrane, where they are se
questered into budding virus (Doms et al., 1988; Copeland et al., 1986). These 
studies have indicated that the correct folding soon after translocation is a prereq
uisite for oligomerization, which in tum is a requirement for export from the 
RER. The assembly of prefolded monomers apparently occurs with a high 
fidelity given the low concentration of viral glycoproteins in the RER membrane. 

Doms et al. (1987) showed that the mutant G protein of VSV ts045 carrying a 
single-point mutation in the ectodomain (Gallione and Rose, 1985), accumulated 
in aggregates at the nonpermissive temperature (39°C) thus preventing exit from 
the RER. Upon downshift to permissive temperature (32°C) these aggregates as
sembled in an A TP-dependent manner. The oligomerization of wild-type G pro
tein was determined to occur in the RER with t1/ 2 of 6-8 min. No monomers were 
detected in the Golgi indicating that the formation of trimers is indeed a prerequi
site to pass the quality control mechanism that allows exit from the RER. 

However, trimerization alone is apparently not sufficient for transport of 
VSV G protein from the ER to the Golgi. Various mutations introduced into the 
C-terminal tail (29 amino acids in length) showed no effect on the rate of 
trimerization, but caused a significant delay in transport of the mutant G pro
teins. In particular, a mutant in which the C-terminal domain was replaced by 12 
foreign amino acids trimerized as rapidly as wild-type G protein, but it never left 
the RER (Doms et al., 1988). In a recent study, Guan et al. (1988) showed that 
these specific transport properties could be transplanted onto human chorionic 
gonadotropin-a. The membrane anchor plus the foreign C-terminal tail were 
fused in frame to the carboxy-terminus of the hormone to create a membrane
anchored fusion protein. Sedimentation studies indicated that the latter behaved 
(like the wild-type hormone) as a monomer on sucrose gradients. However, the 
transport of the fusion protein in transfected COS-cells was arrested in the RER. 
These important findings indicate the RER-specific retention signals for trans
membrane proteins can principally reside on the cytoplasmic side of the ER 
membrane and that such retention signals can be uncoupled from signals medi
ated by the folding of ihe ectodomain. Furthermore, the knowledge about such 
transport retarding or accelerating signals may help identify escort proteins in
volved in regulating vesicular traffic between the RER and the Golgi complex. 

Under normal growth conditions, trimerization of the influenza virus 
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hemagglutinin occurs 7-10 min after synthesis, presumably close to the budding 
compartments of the RER. These compartments have been identified by electron 
microscopy as in part rough, in part smooth cisternae of the ER, from which 
transitory vesicles emerge (Gething et al., 1986). Prior to trimerization the 
hemagglutinin undergoes extensive folding and the intrachain disulfide bonds are 
formed (Copeland et al., 1988). Trimerization does not require ATP as deter
mined in ATP-depleted cells in vivo or as studied by in vitro transcription/transla
tion in the presence of microsomal membranes. Attempts to form heterotrimers 
from HA subunits of various HA subtypes failed. However, the formation of 
mixed trimers containing HA monomers stemming from the same HA subtype 
has been observed (Boulay et al., 1988). These findings indicate that trimeriza
tion is highly sensitive to subtle changes of particular amino acids which are 
involved in the noncovalent interaction between the subunits and requires more 
than just the conserved location of disulfide bonds, the presence of conserved 
carbohydrate side chains and a cleavable fusion peptide (Boulay et al., 1988). 

As observed for the VSV G protein, no monomers were detected in the 
Golgi. Most of the known hemagglutinin mutants that exhibited retarded trans
port kinetics between the RER and the Golgi complex contained mutations 
located in the ultimate vicinity of the membrane anchor domain (Scholtissek et 
al., 1984; Doyle et al., 1985, 1986; Roth et al., 1986). 

Gething et al. (1986) showed that an HA mutant with alterations in the 
cytoplasmic tail failed to trimerize, while a second mutant, carrying a mutation at 
the base of the fibrous stalk, formed trimers that failed to fold into the native 
configuration. Such malfolded HA proteins were found in association with a 
cellular protein of 77 kDa (Dip or hsp78) (Gething et al., 1986). Kozutsumi et al. 
(1988) recently showed that synthesis of this cellular protein was induced by the 
presence of malfolded proteins in the ER. 

Studies on the role of individual domains of glycoproteins in the con
secutive events of folding, oligomerization, and transport are most conveniently 
performed on isolated cDNA genes that can easily be manipulated in vitro. 
Unfortunately, the two model glycoproteins described here, the G protein of 
VSV and the influenza virus hemagglutinin, are derived from negative-stranded 
RNA viruses, making it difficult to reimplant the information of the manipulated 
DNA gene into the viral genome. In addition, studies from Scholtissek's group 
have indicated that temperature-sensitive transport properties of the influenza 
virus hemagglutinin could also be repaired by interaction of the hemagglutinin 
with other virus-encoded proteins (Miicke and Scholtissek, 1987). Transport of 
the mutant hemagglutinin was determined to be related to the loss of a glycosyla
tion site, due to a mutation of Thr(480) to lie. Revertants exhibiting normal 
transport properties were isolated. Sequencing revealed that some of these were 
structurally identical to the mutant HA. Miicke and Scholtissek attributed the 
restoration of normal transport properties to an extragenic suppressor mutation 
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involving another, yet undefined, viral protein that normally comigrates with the 
HA-trimers in virus-infected cells. Clearly, these studies should be comple
mented by co-expression experiments involving individual viral genes in addi
tion to the HA gene. 

5.3. Resident Proteins of the RER 

The export of different secretory and membrane-associated proteins from 
the RER to the Golgi occurs at quite different rates and some proteins including 
soluble proteins present in the lumen seem not leave the RER at all. The primary 
sequences of three resident proteins, the disulfide isomerase (Freedman 1984; 
Edman et al., 1985) and the glucose-regulated proteins grp78 (Munro and Pel
ham, 1986) and grp94 (Kulomaa et al., 1986; Sorger and Pelham, 1987) have 
been established. The three proteins share a common C-terminal motive, KDEL. 
Attachment of this sequence to the C-terminus of foreign secretory proteins 
conferred retention of the fusion proteins in the RER, as shown for the chicken 
lysozyme (Munro and Pelham, 1987). The C-terminallocation of this retention 
signal is critical, since extension by additional random amino acids again re
sulted in secretion (Munro and Pelham, 1987). 

A similar sequence, HDEL, has recently been identified as a functional ER
retention signal in Saccharomyces cerevisiae, indicating that yeast relies on a 
similar sorting machinery. This yeast-specific signal, however, was not an effi
cient retention signal in mammalian cells (Pelham et ai., 1988). 

Grp78 has previously been recognized as the IgG heavy-chain binding 
protein, Bip, known to associate posttranslationally with the CHI domain until 
the heavy chain assembles with the light chain (Haas and Wabl, 1983; Hen
dershot et al., 1987). Recently a more general function of grp78 and grp94 have 
been detected: Apparently synthesis of both proteins is induced severalfold in 
response stress conditions that specifically lead to the production of malfolded 
transport-incompetent proteins in the RER (Gething et al., 1986; Lee, 1987; 
Pelham 1988a,b; Kassenbrock et al., 1988; Kozutsumi et al., 1988). 

Kassenbrock et al., (1988) showed that aberrantly glycosylated invertase or 
incorrectly disulfide-bonded prolactin formed tight complexes with grp78. How
ever, such complexes were formed only with completed chains and not with 
nascent chains, indicating that grp78 does not participate in the folding process 
of a protein but acts as a quality-control substance that discriminates between 
correctly folded and malfolded proteins after the folding of peptides has taken 
place. 

Direct evidence of a transcriptional activation of the grp78 gene was re
ported by Kozutsumi et al. (1988). The authors showed by Northern blot analy
ses that the synthesis of ER-specific transport mutants of the influenza virus 
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hemagglutinin resulted in enhanced levels of grp78 RNA. Only mutants that 
gave rise to malfolded proteins in the RER (either because they were incapable of 
forming correct intrachain disulfide bonds due to a substitution of Cys(67) by Ser 
or because they contained a six-residue extension at the C-terminal tail of the HA 
molecule), induced an enhanced transcription of grp78 mRNA. By contrast, 
neither wild-type hemagglutinin nor a mutant accumulating in a post-Golgi com
partment showed similar effects. 

The detection of soluble resident RER proteins lacking a hydrophobic mem
brane-anchor sequence raised the question of how these proteins are retained 
from the pool of secretory proteins in the ER. While the required presence of a 
linear C-terminal sequence suggests the interaction with a KDEL receptor in the 
RER, several lines of evidence argue against such a direct retention mechanism. 
First, no such interaction has been demonstrated in vitro (Munro and Pelham, 
1987). Second, the presence or absence of KDEL did not affect the diffusion rate 
of grp78 within the ER lumen of injected Xenopus oocytes (Ceriotti and Colman, 
1988). Third, fusion of KDEL to the C-terminus of cathepsin D, a lysomal 
enzyme that undergoes mannose 6-phosphorylation by a sequence of reactions 
occurring in the Golgi complex (Kornfeld and Kornfeld, 1985; von Figura and 
Hasilik, 1986) led to the expected retention of cathepsin D in the ER but did not 
prevent phosphorylation of its carbohydrates (Pelham, 1988b). Fourth, an inver
tase fusion protein containing the retention signal showed processing of the 
oligomannosidic side chains which are typically induced by Golgi resident outer 
chain mannosidases (Pelham et al., 1988). From these data it may be concluded 
that the signal-mediated ER-accumulations are achieved by a continuous and 
efficient retrieval of the corresponding proteins from a post ER compartment, 
presumably involving the cis-Golgi (Pelham, 1988b). 

Presumably, elucidation of the retrieval or retention mechanism will be 
facilitated by the characterization of yeast mutants that are deficient in this 
sorting mechanism. Pelham et al. (1988) isolated 60 mutant strains of Saccharo
myces cerevisiae that failed to retain an invertase-FEHDEL fusion protein in the 
ER. Eight of these mutants were determined to be alleles of the same erd I-gene 
(Pelham et al., 1988). 

An example for a receptor-mediated RER retention of a polypeptide has 
been reported for the compartmentalization of mouse liver j3-g1ucuronidase 
(Medda et al., 1987). Most of the total glucuronidase is generally found not in 
lysosomes but in the RER and here in complexes with one to four molecules of 
egasyn, an esterase that is specifically inhibited by organophosphorous com
pounds (Medda and Swank, 1985). Identical inhibitory compounds induce a 
rapid secretion of j3-g1ucuronidase from the RER indicating that the esterase 
active site of egasyn is involved in binding j3-glucuronidase (Medda et al., 
1987). 
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5.4. Vesicles as Carriers of Bulk Flow 

Wieland et 01. (1987) have demonstrated that the secretion of small peptides 
from the RER through the Golgi complex into the medium occurs with a tll2 of 
about 10 min. In these experiments, tripeptides containing a potential N
glycosylation site of the structure N-acyl-Asn-[125]-Tyr-Thr were added ex
ogenously to CHO or HepG2 cells. The amino-terminus of the peptide was 
blocked (a precondition required by the specificity of the oligosaccharidyl trans
ferase) by acyl substituents of various lengths and the carboxyl group of Thr was 
converted into the amide. Iodinated tripeptides were readily taken up by the cells 
and those carrying short acyl groups (Cl-Cg) were efficiently N-glycosylated. 
Peptides subsequently recovered at various times from the supernatant carried 
processed oligosaccharides of the complex type, indicating that they had been 
secreted by the normal export route through the Golgi (Fig. 5). The half-time for 
secretion of these peptides was much shorter than observed for secretory proteins 
in the same cells, suggesting that no specific transport signals are required for a 
protein to migrate from the RER to the Golgi, through the individual stacks and 
from here to the plasma membrane. 

There is increasing evidence that the transport of newly synthesized proteins 
from the RER via the Golgi to the cell surface involves the movement of carrier 
vesicles (Lodish, 1988). First reports on vesicular transport from the part rough, 
part smooth regions of the ER to the Golgi used electron microscopy to demon
strate the presence of 6O-nm vesicles (for review, see Farquhar, 1985). Studies 
on the transport properties of Semliki Forest virus glycoproteins at low tem
perature (16°C) showed that the viral polypeptides accumulated in smooth
walled vesicles at the cis-side of the Golgi (Saraste and Kuismanen, 1984). Serial 
sections of uninfected sac( -) cells showed the truly vesicular nature of such 
transport organelles (Tooze et 01., 1988). The cytoplasmic face of these vesicles 
is coated by a structurally organized coat that fails to label with clathrin-specific 
antibodies. It is unknown whether the coat protein(s) on transient vesicles be
tween the RER and the Golgi are identical to those present on vesicles that 
mediate the traffic between the individual Golgi stacks. 

Transitory vesicles have recently been isolated and biochemically charac
terized. Lodish et 01. (1987) studied the secretion of acantitrypsin in HepG2 
cells by a combination of pulse-chase and cell-fractionation experiments. A 
vesicle fraction, lighter than the RER or Golgi fractions, was separated on 
shallow D20-sucrose gradients. The presence of acantitrypsin in such vesicles 
was transient and was only detected after a short chase period. Proteins known to 
be secreted from hepatoma cells at different rates entered the light vesicles in 
proportion to these specific rates. The carbohydrate structures of aI-antitrypsin 
from these vesicles (predominantly MangGlcNAc2) reflected a pattern charac-
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teristic for processing by RER exoglycosidases and showed that the protein had 
not been a substrate for mannosidase I, an enzyme located in the medial Golgi. 

Several groups have reported the development of in vitro systems that allow 
studies on the transfer of proteins from the RER to the Golgi. Haselbeck and 
Schekman (1986) employed donor microsomal membranes from a yeast strain 
carrying mutations in two genes (sec 18; mnnl): Owing to a temperature-sensitive 
transport block between the RER and the Golgi complex, this strain accumulated 
invertase in the RER at nonpermissive temperature. In addition, the donor cells 
were deficient in a Golgi specific a-(1,3)-mannosyltransferase. A Golgi-en
riched fraction from an invertase-deficient (aSUC2; mnnl wild-type) strain was 
used to provide the recipient membranes. Transfer of prelabeled invertase from 
the donor membranes into acceptor membranes was judged by incorporation of 
outer chain mannose residues. This transfer was sensitive to temperature and 
detergent and required the presence of ATP, GDP-mannose, and magnesium, as 
well as divalent manganese cations. The invertase was shown to remain associ
ated with the membrane throughout the experiment. Apparently, the transfer was 
specified by proteins residing at the cytoplasmic face of the donor membranes, 
since transfer could be abolished by pretreatment of donor, but not of recipient 
membranes, with N-ethylmaleimide or trypsin. 

A similar approach, based on a mammalian cell system, was taken by Balch 
et ai., (1987). For the preparation of RER donor membranes, mutant CHO cells 
that lack a functional a-mannosidase I were infected with the temperature-sen
sitive mutant ts045 of vesicular stomatitis virus. Because of the mannosidase I 
deficiency, these donor cells are not capable of catalyzing trimming of the 
oligosaccharides beyond the Man8GlcNAc2 state (Fig. 5). Infected donor cells 
were incubated at nonpermissive temperature to allow for the temperature-sen
sitive accumulations of VSV G protein in the ER. The recipient Golgi fraction 
was isolated from a noninfected mutant CHO cell line that contained a functional 
a-mannosidase I but carried a defect in GlcNAc-transferase I, mitigating against 
further processing of the MansGlcNAc2-oligosaccharides into complex-type car
bohydrates. The transfer of the G protein was assayed by estimating the trimming 
of the oligosaccharides of prelabeled G protein. Again, this transfer required the 
presence of ATP and of one or more cytosolic factors. 

The reconstitution of a cell-free transfer system involving transition vesicles 
was reported by Nowack et ai. (1987). In their system, Golgi-specific acceptor 
membranes from rat liver cells were immobilized on nitrocellulose. Transfer of 
radiolabeled proteins from donor microsomal membranes was dependent on the 
presence of cytosolic factors and an A TP-regenerating system. GTP also stimu
lated the transfer. By contrast, no transfer of radiolabeled material was observed, 
when both RER or both Golgi membranes were used simultaneously as donor 
and acceptor membranes in the same experiment. 
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6. VESICULAR TRAFFIC THROUGH THE GOLGI COMPLEX 
INVOLVES G PROTEINS 

The Golgi complex consists of a series of defined subcompartmentary 
cisternae coarsely divided into cis-, medial-, and trans-Golgi, as obtained by 
Golgi subfractionation (Saraste et al., 1986) and by the distribution of specific 
marker enzymes acting on transitory proteins at early, intermediate, and late 
stages (Roth, 1987). However, the precise number of Golgi subcompartments is 
not clear; morphologic and cytochemical studies indicate that there might be 
many more than three subcompartments (Farquhar, 1985; Griffiths and Simons, 
1986). Proteins that pass the individual Golgi stacks include (1) membrane 
proteins and proteins that are constitutively secreted, (2) proteins that carry 
signals for the transport into lysosomes, and (3) proteins that are destined for 
secretory granules and are subsequently released via the regulated pathway. 

Vesicles that are coated with a pentagonal-hexagonal basketwork of 
clathrin have been identified previously as carriers in receptor-mediated endo
cytosis (Goldstein et al., 1979) and more recently as transport vesicles budding 
from the trans side of the Golgi stack (Orci et al., 1984, 1985; Griffiths et al., 
1985). Such vesicles are believed to be involved in the formation of secretory 
granules (Orci et al., 1985) or in transport to lysosomes (Novikoff et al., 1977). 
The finding that clathrin-coated vesicles were devoid of VSV G protein suggests 
that these vesicles are not involved in the constitutive transport to the plasma 
membrane. In addition, little if any clathrin has been detected in association with 
the RER or the internal cisternae of the Golgi (Griffiths et al., 1985). 

A new type of coated vesicles was recently proposed as carriers of con
stitutively transported material. Orci et al. (1986) described that isolated Golgi 
membranes formed numerous coated vesicles upon incubation with ATP and a 
cytosolic protein fraction. Under similar conditions, transport of VSV G protein 
was observed from donor membranes lacking N-acetylglucosaminyl transferase I 
(of the medial-Golgi compartment, Dunphy et al., 1985) into acceptor mem
branes derived from cells containing the transferase (Orci et al., 1986). The 
concentration of G protein present in the vesicles corresponded to that of the 
neighboring cisternae. The coat of these vesicles differed morphologically and 
immunocytochemically from the clathrin coat (Orci et al., 1986). Taken to
gether, these data suggest that these newly detected coated vesicles are responsi
ble for constitutive transport of proteins through the subcompartments of the 
Golgi. 

CHO (clone 1021) cells that lack permease (permitting entry of eMP-sialic 
acid into the Golgi) are incapable of synthesizing sialylated glycoproteins and 
glycolipids, even though they contain the normal set of sialyl transferases in the 
trans-Golgi (Briles et al., 1977). Rothman (1987) used donor Golgi membranes 
from VSV-infected clone 1021 cells to study in vitro sialylation of the G protein 
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upon incubation with acceptor membranes from normal CHO cells. Again, trans
port-coupled sialylation of VSV G protein was found to be dependent on the 
presence of ATP and a cytosolic protein fraction. In addition, a N-ethylmale
imide-sensitive factor, extractable from Golgi membranes, and long-chain acyl 
coenzyme A were identified as cofactors (Rothman, 1987). Glick and Rothman 
(1987) proposed the requirement for acyl-CoASH and the Golgi membrane
derived factor for efficient vesicular transport. The authors found that these two 
activities were able to restore transport between Golgi donor and acceptor mem
brane fractions that had previously been inactivated by N-ethylmaleimide. This 
finding suggests that an ATP-consuming round of acylation/deacylation which 
apparently, however, does not involve acylation of the transported VSV G pro
tein itself, might participate in driving vesicular protein transport from one Golgi 
cisterna to another (Glick and Rothman, 1987). 

GTP-binding proteins have been shown to be involved in the translocation 
of proteins through the RER membrane (Connolly and Gilmore, 1986). Melan
~on et al. (1987) recently provided direct evidence that GTP-binding proteins 
playa role in the constitutive vesicular transport of proteins through the Golgi. 
The authors used activators of mammalian GTP-binding proteins such as GTP'YS 
and aluminum tetrafluoride (ALF 4) - in a cell-free system. The presence of such 
irreversible activators led to an enhanced formation of non-clathrin-coated vesi
cles that failed to bind to or fuse with recipient Golgi membranes. The inhibition 
of vesicular transport by GTP'YS required the presence of stoichiometric amounts 
of an additional cytosolic inhibitory component with GTP'YS-binding properties. 
This factor specifically and irreversibly poisoned acceptor membranes and pre
vented subsequent fusion of non-clathrin-coated vesicles derived from the do
nor-membrane fraction. It is unclear whether the putative GTP-binding protein 
plays a regulatory role in the shutdown of constitutive transport during mitosis. It 
has been proposed that breakdown of the Golgi stack during mitosis could be 
caused by a continuous budding of Golgi vesicles while vesicle fusion is stopped 
(Warren, 1985). 

Yeast mutants are prepared with relative ease as compared to mammalian 
cell mutants. The analysis of thermosensitive alleles, carrying mutations in one 
or more of the roughly 25 genes whose products play essential roles in the 
transport from the RER to the plasma membrane, has shed further light on the 
involvement of GTP-binding proteins directing intracellular vesicle-mediated 
transport. 

Yeast strains carrying a temperature-sensitive mutation in the YPTI gene 
cannot undergo mitosis at the nonpermissive temperature and show phenotypic 
alterations involving the accumulation of membranes and vesicles that seem to be 
derived from the Golgi (Segev and Botstein, 1987). Under nonpermissive condi
tions, such cells showed a partial defect in Golgi-specific glycosylation and 
secreted invertase at a much reduced rate. The YPTI gene product, a 23-kDa 
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protein highly homologous to the ras protein, apparently plays a role in targeting 
vesicle transfer through the Golgi complex. Interestingly, antibodies against 
YPTI recognized a mammalian homologue in mouse fibroblasts with a Golgi
specific intracellular localization (Haubruck et al., 1987; Segev et al., 1988). 

While the YPTI protein seems to be important for the intercisternal traffic 
to and within the Golgi complex, another GTP-binding protein, the SEC4 gene 
product has been reported to playa role at later stages of secretion (Goud et al., 
1988). The SEC4 protein is a 23.5-kDa ras-related polypeptide that contains four 
conserved domains thought to participate collectively in GTP binding. The nas
cent protein is quite hydrophilic, as demonstrated by partitioning into the aque
ous phase following solubilization with Triton X-114. However, SEC4 protein 
binds rapidly to membranes of secretory vesicles and the plasma membrane and 
later behaves as an integral membrane protein that is nonextractable with 6 M 
urea or by treatment with alkali. This membrane binding is presumably made 
possible by conformational changes or by a covalent modification other than 
acylation. At the restrictive temperature, the mutant SEC4 protein failed to bind 
GTP and associated with secretory vesicles that accumulated under such condi
tions (Goud et al., 1988). It was suggested that the SEC4 protein functions on the 
surface of such secretory vesicles by transducing a signal needed to target the 
vesicle from the Golgi to the plasma membrane. 

6.1. trans-Golgi Network 

The joint transport route of secretory, membrane, and lysosomal proteins 
leads from the RER to the terminal trans-most cisternae of the Golgi complex. 
From here, proteins are sequestered into different vesicular structures that are in 
general characterized by a low pH. Maintenance of the high H + concentration is 
achieved by a membrane-associated ATP-driven proton pump (Rudnick, 1986). 

Packaging of prohormones into clathrin-coated vesicles occurs from the 
trans cisternae of the Golgi (Orci et al., 1987a). Such vesicles subsequently 
transform into mature noncoated secretory granules. Concomitant with this ma
turation, the vesicular interior becomes acidified to a pH of -5.7 (Orci et al., 
1987a), and proteolytic removal of the prosequence takes place. Such acidic 
compartments can be visualized by the application of DAMP (3-[2,4,-dinitro
anilino]-3'amino-N-methyldipropylamine) and gold-labeled antibodies detecting 
the dinitrophenol groups in the base (for review, see Anderson and Orci, 1988). 

By contrast, markers of the constitutive pathway, such as the influenza virus 
hemagglutinin, comigrate with the hormones into the trans-most Golgi cisternae, 
but at this stage become condensed into clear 100- to 300-nm vesicles. These 
vesicles fail to label with endocytotic markers and are believed to represent the 
bulk carriers of constitutively secreted proteins (Orci et al., 1987b). The mo
lecular principles of such sorting mechanisms which distinguish between regu
lated and constitutive proteins are not understood. 
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6.2. Sorting Signals for Lysosomes 

It has been well established that lysosomal enzymes generally receive a first 
targeting signal for their final destination already in the Goigi complex in a two
step reaction (von Figura and Hasilik, 1986; Kornfeld, 1986). In a first step 
which presumably takes place in the cis-Golgi, N-acetylglucosamine I-phos
phate is attached to the 6-hydroxy position of one or more mannose residues of N -
linked carbohydrate side chains. Subsequently N-acetylglucosamine is released, 
thereby leaving the lysosomal recognition marker mannose 6-phosphate on the 
lysosomal enzymes. The sequences of the 46-kDa cation-dependent mannose 6-
phosphate receptor (CD-MPR) and of the 215-kDa cation-independent receptor 
(CI-MPR) have been determined (Dahms et at., 1987; Pohlmann et at., 1987; 
Oshima et at., 1988). Both receptor molecules are class I membrane glycopro
teins and require two phosphomannosyl residues in monoester linkage for high
affinity binding (Hoflack et at., 1987). 

The CI-MPR (Oshima et at., 1988) is highly related (99.4% homology at 
the amino acid level) to the insulin-like growth factor II receptor from HepG2 
hepatoma cells (Morgan et at., 1987). However, mannose 6-phosphate failed to 
inhibit binding of insulin-like growth factor II, indicating that the binding sites 
for the hormone and for lysosomal enzymes carrying mannose 6-phosphate 
markers are different (Morgan et at., 1987). The ectodomain of the CI-MPR is 
composed of 15 homologous repeats (134-167 amino acids in length), each of 
which is strikingly homologous to a nonrepetitive region within the ectodomain 
of the 46-kDa CD-MRP. 

At first glance, no homology is found between the C-terminal regions of the 
two receptors. Both domains, however, contain clusters of negatively charged 
amino acids (EESEERDDH275 in the 46-kDa CD-MPR, DDSDEDLLHT2491 in 
the CI-MPR) at the C-terminus. It will be interesting to see whether these 
sequences provide targeting signals for the receptor molecules. 

Several studies have addressed the question of where the receptors exhibit 
their biological function of sorting lysosomal enzymes from the bulk of secretory 
or plasma membrane proteins. Quite different results have been published, but 
all data indicated that the MPR was absent from mature lysosomes. Brown and 
Farquhar (1987) studied the intracellular distribution of CI-MPR in various cell 
types and found that it is variable, ranging from a predominantly cis-Golgi
specific distribution in rat clone 9-cells to a more trans-Goigi distribution in 
CHO cells. Griffiths et at. (1988) have analyzed the distribution of the CI-MPR 
in NRK cells by immunogold labeling. In agreement with previous data (Will
ingham et at., 1981), no MPR was detected in mature lysosomes and low levels 
of receptor were present in the Golgi, the trans-Goigi network, and the plasma 
membrane. The bulk of CI-MPR was localized to an acidic prelysosomal com
partment, that also contained lysosomal enzymes and the lysosomal membrane 
glycoprotein Igp120. This compartment was clearly distinct from the trans-Golgi 
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network, as demonstrated by double labeling with antibodies against the G 
protein of vesicular stomatitis which forms specific aggregates in this vesicular 
network at 20°C (Griffiths et al., 1985). Presumably this newly detected pre
lysosomal compartment serves as a place of transshipment where lysosomal 
enzymes are released from the CI-MPR because of the acidic pH of the milieu 
and because endocytotic vesicles discharge their contents. 

A small percentage (less than 10% of the total number of receptors) of both 
types of mannose 6-phosphate receptors are found at the plasma membrane and 
are believed to function in retrieval of secreted lysosomal enzymes back into the 
lysosomes. Both receptors are recycled with similar kinetics (i.e. t112 3 hr) 
between the plasma membrane and the trans-most cisternae of the Golgi contain
ing sialyltransferase activity (Duncan and Kornfeld, 1988). However, Stein et al. 
(1987) suggested that the 46-kDa CD-MPR does not participate in this retrieval 
process, as antibodies blocking the ligand binding site of the small receptor had 
no effect on the uptake of lysosomal enzymes. Furthermore, cells that solely 
expressed the 46-kDa CD-MPR failed to internalize exogenous lysosomal en
zymes (Mainferme et al., 1985; Stein et al., 1987). 

Another unsolved question concerns the signals that direct lysosomal pro
teins that never acquire the mannose 6-phosphate marker with high fidelity into 
lysosomes. No such targeting signals have been defined for mammalian en
zymes. Valls et al. (1987) selected a large number of yeast mutants that secreted 
the vacuolar carboxypeptidase Y into the medium due to mutations in the corre
sponding carboxypeptidase Y gene. All such mutations mapped within the N
terminal propeptide sequence, suggesting that this region of the molecule pro
vides the sorting signal into the yeast vacuole. However, no experiments have 
been reported, in which the putative targeting signal was shown to be functional 
upon transplantation onto foreign proteins. 

7. THE GOLGI COMPLEX AS A MATURATION SITE OF 
ENVELOPED VIRUSES 

7.1. Role of Gl and G2 of Uukuniemi Virus 

The family Bunyaviridae comprises enveloped viruses that contain a seg
mented RNA genome of negative polarity. The Uukuniemi virus is probably the 
best characterized member of this family. Its helical nucleocapsid consists of 
three RNA segments (L, M, and S), the nucleoprotein (25,000 Mr ), and a few 
copies of the putative RNA polymerase, designated L protein (=200,000 Mr) 
(Ranki and Pettersson, 1975). The viral envelope contains two glycoproteins, Gl 
(=75,000 Mr) and G2 (=65,000 Mr), generated by co-translational cleavage of a 
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1I0-kDa precursor, plIO (Ulmanen et aI., 1981). The plIO species can only be 
obtained in vitro by translation of mRNA corresponding to the M segment 
(Ulmanen etai., 1981). The oligosaccharide side chains ofGl are mainly of the 
endo H-resistant complex type, while those of G2 are predominantly of the 
mannose-rich type (Pesonen et ai., 1982). Recently, the sequences ofGl and G2 
have been established from cloned cDNA (Ronnholm and Pettersson, 1987). The 
presence of a single open reading frame, comprising 1008 amino acid residues, 
verified previous observations that Gland G2 arise from a single polypeptide by 
co-translational proteolytic cleavage. The mature forms of Gland G2 show all 
the features of class I integral membrane proteins. Although the precise mem
brane integration process has not been investigated, one may speculate that it 
parallels the mechanism previously reported for alphaviruses (Garoff et ai., 
1980; Rice and Strauss, 1981) or flaviviruses (Wengler et ai., 1985). This 
assumption is based on similarities in the gene arrangement between these vi
ruses (NH2-GI-G2-COOH) and on the presence of a putative internal signal 
sequence between Gl and G2. Indeed, co-translocational cleavage between Gl 
and G2 and at the C-terminal side of the G2-specific signal sequence could 
release a small peptide (81 amino acids long) which is reminiscent of the 6-kDa 
protein of alphaviruses. 

Uukuniemi virus, like other bunyaviruses, has the property of budding at 
smooth membranes of the Golgi complex (Bishop and Shope, 1979). This specif
ic maturation site is probably determined by the transport properties of the two 
viral glycoproteins, as deduced from the following lines of evidence: 

1. In Uukuniemi virus-infected cells both Gland G2 and, at later stages also the 
N protein, accumulate in the Golgi region which subsequently undergoes 
expansion and vacuolization (Kuismanen et ai., 1984). 

2. Similar accumulations of Gland G2 are observed in hamster kidney and in 
chick embryo cells infected with a temperature-sensitive mutant, tsl2, of 
Uukuniemi virus. At the restrictive temperature (39°C), N protein failed to 
accumulate in the Golgi. In contrast to the situation in wild-type infected 
cells, Gl and G2 were retained in the Golgi and could not be chased to the 
plasma membrane, even when cells were incubated for 6 hr (at nonpermissive 
temperature) in the presence of cycloheximide (Gahmberg et ai., 1986). 

3. Transport of Gl and G2 from the RER to the Golgi requires the presence of 
carbohydrate side chains. In tunicamycin-treated infected cells, the non
glycosylated proteins accumulate in the RER. Under these conditions, the N 
protein also associates with the RER (Kuismanen et ai., 1984). 

It will be interesting to learn whether Gland G2 will accumulate indepen
dently from one another in the Golgi complex when expressed separately from 
the individual gene segments, and what structural entities cause transport arrest 
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in the Golgi. With the gene at hand answers to these questions will be available 
in the near future. 

7.2. Role of the El Glycoprotein of Coronavimses 

Coronaviruses (for reviews, see Wege et al., 1982, Sturman and Holmes 
1985; Holmes, 1985) can cause a wide spectrum of acute infections involving 
infections of the respiratory tract (in humans and chickens), hepatitis (in mice), 
or infections of the gastrointestinal (GI) tract (in newborn cattle, swine, and 
humans). In addition, coronavirus mouse hepatitis virus (MHV) gives rise to 
persistent infections both in vitro and in vivo (demyelinating panencephalitis), 
which may be facilitated to some extent by the intracellular maturation of the 
virus particles. 

Coronaviruses use a unique replication strategy involving the formation of a 
nested set of 3'-co-terminal mRNA molecules (Holmes, 1985; Makino et al., 
1986). Replication takes place exclusively in the cytoplasm and can be demon
strated in enucleated cells (Wilhelmsen et al., 1981). Virus assembly occurs at 
membranes ofthe smooth and rough ER (Becker et al., 1967; Tooze et al., 1984). 
Particles contain a single-stranded RNA genome of positive polarity (5.5 X 

106 Mr) and three structural proteins designated N (50,000 Mr), El (26,000 Mr), 
and E2 (180,000 Mr) (Sturman and Holmes, 1983). 

Glycoprotein E2 forms the viral spikes required for attachment of the virus 
particle to host-cell receptors. Furthermore, E2 is transported to the plasma 
membrane and causes cell fusion by which the infection is spread into neighbor
ing tissue. E2 is a class I glycoprotein (Schmidt et aI., 1987), it is acylated and 
carries predominantly N-linked glycans (Niemann and Klenk, 1981). Depending 
on the infected cell type, E2 is proteolytically processed into two 90-kOa sub
units to a variable extent (Sturman et al., 1985). Although, similar to myxo
viruses, proteolytic cleavage of E2 activates its fusion capacity (Storz et aI., 
1981; Sturman et al., 1985), no hydrophobic region becomes exposed at the 
newly formed N-terminus of the E2 subunit (Schmidt et al., 1987; Luytjes et al., 
1987). 

The El-glycoprotein of coronaviruses differs from all other viral glycopro
teins in its biosynthetic and structural features. El is a class IV integral mem
brane glycoprotein spanning the viral membrane three times (Niemann et al., 
1984a; Armstrong et al., 1984). El is translated on membrane-associated poly-

FIGURE 6. Intracellular maturation of coronavirus MHV-A59 in infected 3T3 (17Cll)-cells. Cells 
were infected at 50 PFU/cell and fixed in situ after the time indicated. (A) At 8 hr postinfection, virus 
particles bud preferentially into smooth walled vesicles close to the Golgi. (B) At 16 hr post
infection, virus particles are seen in the RER, inclusions of the nuclear membrane (NM) and in coated 
peripheral loops (CV) of the Golgi, the latter seldom found intact at this late stage of infection. 
(Electron microscopy by C. B. Boschek.) 
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somes (Niemann et al., 1982) and assembles in microsomal membranes at the 
co-translational level (Rottier et al., 1985). The protein is transported from the 
RER rapidly into budding compartments and transient vesicles, where it accumu
lates and where first formation of progeny virus is observed (Becker et al., 1967; 
Tooze et al., 1984) (Fig. 6). We have previously constructed a complete El 
cDNA clone (Niemann et al., 1984a) and established the primary sequence 
(Armstrong et ai., 1984). Three functional domains of the El protein can be 
distinguished (Fig. 7 A). 

With the exception of TGEV (Laude et al., 1987) all other coronaviruses 
contain El proteins which lack N-terminal cleavable signal sequences. The hy
drophilic ectodomain of El from MHV (28 amino acid residues) carries a cluster 
of hydroxyamino acids and up to three O-glycosidically linked oligosaccharide 
side chains (Niemann and Klenk, 1981; Holmes et ai., 1981; Niemann et al., 
1984b) and exhibit blood group M activity (Niemann et al., 1984b).O-Glycosyl
ation occurs post-translationally, presumably when the virus particles are trans
ported through peripheral loops of the Golgi cisternae (Niemann et ai., 1982; 
Tooze et ai., 1988). Recently Tooze et al. (1988) suggested that transfer of the 
internal N-acetylgalactosamine occurred within the transient elements, i.e., prior 
to the cis-Golgi, where the N-acetylgalactosaminyl transferase has been localized 
by means of Helix pomatia lectin (Roth, 1984). In addition, cell fractionation 
experiments and metabolic labeling of monensine-treated infected 3T3 17Cll 
cells had shown that, as with other O-glycosylated viral proteins (Johnson and 
Spear, 1983), the first step of O-glycosylation occurs in the Golgi (Niemann et 
al., 1982). 

The ectodomain of other coronaviruses, such as avian infectious bronchitis 
virus (IBV) and TGEV, contains attachment sites for asparagine.-linked oligosac
charides (Stem et al., 1982; Laude et al., 1987). 

All coronaviral E 1 proteins contain three internal membrane-spanning do
mains, designated MSD-I, -II, and -III, which share a higher degree of sequence 
homology than the extra-membranal domains. In vitro transcription/translation 
experiments have been performed to elucidate the role of each of the individual 
MSDs in the integration process into microsomal membranes (Mayer et al., 
1988). The data indicate that MSD-I and MSD-I1I function independently as 
signal sequences and simultaneously as stop-transfer sequences in a co-transla
tional manner (Fig. 7B).Each of the domains was capable of trans locating a short 
N-terminal sequence across the membrane as indicated by glycosylation of a 
newly introduced N-glycosylation site (Mayer et ai., 1988). MSD-II of IBV 
alone also functions in membrane insertion in vivo, however, the mutant protein 
(lacking MSD-I and MSD-I1I) was not stably integrated in the membrane and 
could be extracted at pH 1l.5 (C. Machamer, personal communication). The 
observation that various parts of MSD-II can be deleted without altering the 
overall topology of El further suggests that MSD-II does not constitute a to
pogenic signal (Mayer et al., 1988). 
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FIGURE 7. Hydropathy plot and membrane integration of glycoprotein El of coronavirus MHV
A59, a class IV integral membrane glycoprotein. (A) Hydropathy plot of the El polypeptide accord
ing to the program of Kyte and Doolittle (1982). The positions of restriction sites used to study in 
vitro membrane integration are indicated. Restriction sites marked with an asterisk were introduced 
by site directed mutagenesis. (B) Postulated membrane assembly of the El protein. Topogenic 
hydrophilic segments are indicated by solid bars. (According to Mayer et al., 1988.) 
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The C-tenninal tail of the El molecule interacts with the viral nucleocapsid 
as demonstrated by co-sedimentation of isolated El protein with purified nu
cleocapsid on sucrose gradients (Stunnan et ai., 1980). Therefore, the El protein 
functions as a matrix protein during budding of virus particles. In MHV -infected 
sac( -) cells, Tooze et ai. (1985) observed an unusual association of RER cister
nae into laminated structures in which the lipid bilayers of two cisternae were 
closely and unifonnly aligned. The fonnation of these structures was coincident 
with the accumulation of El in the RER. The authors suggested that this lamina
tion was caused by a crosslinking of the two membranes competing for the same 
nucleocapsid structures. 

Deletions within the C-tenninal domain do not affect the membrane orienta
tion of molecules retaining all three MSDs (Mayer et ai., 1988). Interestingly, a 
species lacking the three MSDs can post-translationally associate with mem
branes and fonn tight complexes that are not dissociated at pH 11.5. However, 
this domain did not contain a signal sequence, since it was incapable of trans
locating N-tenninal or C-tenninal sequences across the membrane. These find
ings may reflect the natural role of this domain of El, i.e., to bind post-transla
tionally to the nucleocapsid and condense it into budding virus particles (Mayer 
et ai., 1988). 

Several groups have reported that the intracellular distribution of the El 
protein detennines the site of virus maturation. This conclusion was based on the 
following lines of evidence: 

1. In the infected cell, El accumulates in perinuclear compartments into which 
virus particle fonnation occurs. Virus budding never takes place at the plasma 
membrane probably because it does not contain El (Holmes et ai., 1981; 
Tooze et ai., 1984). At early stages after virus infection, El accumulates in 
and particles mature at membranes of smooth-walled transitory vesicles, as
sumed to mediate traffic between the RER and the Golgi. As a result of the 
pileup of El in these membranes, El accumulates at later stages also in the 
RER and virus budding occurs concomitantly also into this compartment 
(Tooze et ai., 1984). 

2. The El-gene has been expressed in the absence of other coronaviral proteins 
in order to detennine whether the protein by itself carried a specific retention 
signal or whether it was merely trapped in the budding compartments due to 
an interaction with other viral components (Niemann et ai., 1987; Rottier et 
ai., 1987; Machamer and Rose, 1987). These studies clearly demonstrated 
that the E,1 was specifically retained in perinuclear membranes that were co
labeled with wheat genn agglutinin used as Golgi-specific marker (Fig. 8). 
The retention signal was functional also in secretory AtT20 cells which se
crete adrenocorticotropic honnone (ACTH). No El was detected in secretory 
vesicles containing ACTH (Mayer et ai., 1988). This finding is in agreement 
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FIGURE 9. Transport properties of EI mutants (from coronavirus IBV) lacking individual internal 
membrane spanning domains as indicated. COS-I cells grown on coversJips were transfected with 
DNA encoding the wild-type EI or mutant el proteins, or a hybrid protein 023 (known to be 
transported to the plasma membrane). Cells were fIXed, permeabilized, and 44 hr after transfection, 
subjected to indirect immunofluorescence using affinity-purified anti-EI antibodies as primary anti
body. Bar = 10 f.Lm. (From Machamer and Rose, 1987.) 
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with a previous report showing that sorting of coronaviruses from ACTH 
occurs at the exit of the trans-Golgi network (Tooze et ai., 1987). 

The ectodomain of El has no influence on the Golgi-specific retention 
signal, as evidenced by deletions or alterations of the glycosylation sites (Mayer 
et ai., 1988). Machamer and Rose (1987) demonstrated that the complete dele
tion of MSD-II and MSD-III from the El protein of IBV did not alter the 
transport properties of the protein, while, conversely, a deletion of MSD-I and 
MSD-II resulted in transport to the plasma membrane (Fig. 9). These findings 
suggested that MSD-I alone contained the Golgi-specific retention signal. How
ever, more recent unpublished data, obtained with mutant proteins containing 
only MSD-II, indicated that these proteins were also retained intracellularly in 
fairly large yet undefined vesicles close to the Golgi complex (C. Machamer, 
personal communication). Furthermore, several fusion proteins containing 
MSD-I, MSD-I together with MSD-II, or all three MSDs were not transported to 
the Golgi but accumulated within the RER or vesicular structures in the vicinity 
of the Golgi (C. Machamer, unpublished observations; Mayer et aI., 1988). 
These findings suggest that the retention signal of the El protein does not merely 
involve a linear sequence but might be contained in the quaternary structure of 
the El protein. 

8. CONCLUDING REMARKS 

The search for transport signals was initially inspired by the idea that specif
ic linear amino acid sequences direct proteins to corresponding target organelles. 
Indeed, the existence of such targeting sequences which could be transplanted 
onto other proteins were detected for several organelles. Ironically, further elu
cidation of the RER translocation system that originally provided the grounds for 
the signal theory, led to the surprising realization that the characteristics of signal 
sequences are not as closely related as was originally anticipated. Random se
quences could replace the signal, provided that the charge distribution in the 
vicinity was not altered. In addition, the process that was first considered to 
occur exclusively co-translationally was found under certain conditions to take 
place at the post-translational stage as well. This finding shed additional light on 
the role of a class of stress proteins that apparently constitute a quality-control 
device by which the cell distinguishes malfolded proteins from correctly folded 
proteins. Such proteins were shown to participate in the translocation process 
into the RER and into mitochondria, but it is feasible that they playa general role 
in establishing translocation and transport competence of proteins. 

The association of individual protein subunits into oligomeric structures in 
the RER appears to be a common phenomenon for secreted and integral mem-
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brane proteins. Several studies have shown that factors or conditions that prevent 
an organized folding and subsequent oligomerization of the subunits cause a 
transport arrest of the protein in the RER and simultaneously induce synthesis of 
polypeptides that form complexes with the nonassembled subunits. These poly
peptides are closely related to those involved in the unfolding of proteins in the 
cytosol. This observation peaks against the hypothesis that the proteins bear 
linear sequences that constitute specific transport signals. In addition, polypep
tides carrying the mutations in different domains were shown to be retained in 
different intracellular compartments, again providing evidence against specific 
targeting signals. By contrast, retention signals blocking transport of proteins in 
the RER and in the Golgi have been identified, although retention in the Golgi 
compartment seemed to involve interaction of several domains of the blocked 
protein and not merely the presence of a linear sequence. 

The recent development of in vitro systems that permit reconstitution of 
transport between the RER and the Golgi on the one hand and within the Golgi 
cisternae on the other hand will provide new insights into the vesicular transport 
mechanism as well as the cytoplasmic components that target these vesicles. The 
intriguing hypothesis that GTP-binding proteins control the transport of the vesi
cles would explain why proteins of entirely different primary sequence end up in 
the same intracellular compartment. As in other areas, gene technology and yeast 
genetics may prove superior in breaking down the barriers in elucidating the 
complex mechanisms controlling vesicular traffic in eukaryotic cells. 
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