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I. INTRODUCTION

A. Protein Sorting in General

How proteins are sorted to their proper location within the cell is one of
the most intriguing questions in cell biology. The answers to this question
will enable us to begin to understand how a cell maintains and regulates
the structural and functional distinctiveness of its intracellular membrane
compartments. A significant amount of progress has been made in under-
standing many aspects of the general problem of protein sorting. The
mechanisms which discriminate between proteins that remain in the cyto-
plasm and those that are either to be secreted or to become integral
membrane proteins continue to be clucidated in great detail (for review,
see Lodish er al., 1981; Sabatini et al., 1982; Walter et al., 1984; Wickner
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and Lodish, 1985). Recent studies have shown that many nuclear-en-
coded proteins destined for the mitochondria (for review, see Hay et al.,
1984) or the chloroplast (for review, see Schmidt er al., 1980) are synthe-
sized as preproteins with an amino-terminal extension which acts as a
signal for the posttranslational uptake of the precursors into these organ-
elles. In the case of lysosomal hydrolases in fibroblasts, it has been shown
that appropriately oriented mannose 6-phosphate moieties on the en-
zymes act as one of the signals which results in the sorting of these
proteins into lysosomes (for review, see Sly and Fischer, 1982; Sly, 1985).
It has been shown that the rate-limiting and distinctive step in the
intraceliular maturation of different secretory proteins is the movement of
the proteins from their site of synthesis, the endoplasmic reticulum (ER),!
to the Golgi (Lodish et al., 1983). These results are incompatible with the
hypothesis that vesicles bud off from a specialized region of the ER and
merely contain a sample of the luminal content proteins and the ER mem-
brane proteins. Therefore, it has been proposed that this type of sorting
may also be a receptor-mediated process. In addition, Kalderon et al.
(1984) have described a short amino acid sequence of SV40 T antigen,
Pro-Lys-Lys-Lys-Arg-Lys-Val, which appears to specify the nuclear lo-
calization of that protein and which can mediate the transport to the
nucleus of chimeric proteins which have been constructed to contain this
sequence. This chapter describes experiments which have as their ulti-
mate goal to test the hypothesis that the proteins of the internal mem-
branes of the cell have analogous sequence or structural features which
enable the cell to sort them to their correct subcellular compartments
(Nelson and Robinson, 1983).
~ The work of many laboratories has made it clear that the biochemical
tools already exist to begin a detailed investigation of the sorting problem.
Experiments involving the ability to express the coding sequences of
membrane proteins in suitable vector-host systems, coupled with the
ability to modify these sequences through the use of in vitro mutagenesis
techniques, provide a powerful way to approach the answers to these
questions (for review, see Garoff, 1985; Schekman, 1985). This type of

! Abbreviations: ER, endoplasmic reticulum; VSV, vesicular stomatitis virus: ERp,
endoplasmic reticulum protein; endo H, endo-B-N-acetylglucosaminidase H; HMG-CoA
reductase, 3-hydroxy-3-methylglutaryl-coenzyme A reductase: MOPC-315, mineral oil-
induced plasmacytoma 315; RER, rough endoplasmic  reticulum; EDTA,
ethylenediaminetetraacetic acid; SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel
electrophoresis; LPS, bacterial lipopolysaccharide (Escherichia coli serotype B35:055);
HM315 heavy chain of MOPC-315 immunoglobulin A (IgA) molecule: MDBK, Madin-Darby

bovine kidney; HPLC, high-performance liquid chromatography; CHO, carbohydrate; bp,
base pairs.
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approach has provided a valuable way to identify possible protein sorting
signals in plasma membrane proteins, such as VSV glycoprotein (Rose
and Bergmann, 1982, 1983; Guan and Rose, 1984, Guan ef al., 1985;
Adams and Rose, 1985a,b), the influenza virus hemagglutinin (Gething
and Sambrook, 1982; Doyle et al., 1985; Gething et al., 1986), and the
polymeric immunoglobulin receptor (Mostov et al., 1986).

The work of Rose and his co-workers provides an excellent example of
such studies as applied to the intracellular transport of plasma membrane
proteins. Rose and colleagues were able to examine the effects of altera-
tions in various regions of VSV G protein on G protein sorting. For
example, it was demonstrated that alteration of the cytoplasmic domain
produced two classes of mutations: Class I, in which G protein transport
was arrested and G protein accumulated in an early subcellular compart-
ment, and Class 1II, in which a reduced rate of transport was observed
with G protein eventually reaching the cell surface. The existence of the
Class I alterations was interpreted to provide preliminary evidence for the
existence of an ‘‘appropriate’’ cytoplasmic domain leading to ER localiza-
tion.

Additional studies (Puddington et al., 1986), utilizing chimeric cDNAs
that encode the extracellular and transmembrane domains of VSV G pro-
tein linked to the cytoplasmic domain of other plasma membrane pro-
teins, further emphasized the importance of the cytoplasmic domain for
efficient transport to the cell surface. Furthermore, in studies of the trans-
membrane region, it was demonstrated the deletion of 2,4, or 6 amino
acids in the 20 amino acid transmembrane region had no significant effect
on transport, while deletions of 8 or 12 amino acids resulted in a G protein
whose transport was blocked in the Golgi. Deletion of the entire trans-
membrane region resulted in a G protein which accumulated in the ER
and was secreted only slowly. In other studies, it was found that the
incorporation of a charged amino acid in the middle of the transmembrane
region blocked transport of G protein to the surface, but not membrane
insertion. Finally, studies in which a chimeric protein was created, con-
taining the coding sequences for growth hormone fused to the transmem-
brane and cytoplasmic domains of G protein, demonstrated that this con-
struction was only transported to the Golgi and that the signal for
secretion of growth hormone was not operative when it was membrane
bound.

Rizzolo et al. (1985) and Guan et al. (1985) have studied growth hor-
mone-viral glycoprotein chimeric molecules to gain insights into the role
of both luminal and cytoplasmic protein sequences in protein sorting.
Although some of the results from these studies are not easily interpret-
able, it 1s clear that both luminal and cytoplasmic sequences influence
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protein sorting either directly as signals or indirectly through altered con-
formations of the chimeric molecules. In general, a major difficulty en-
countered in carrying this work further has been that alterations in protein
sequences of membrane proteins have produced negative effects, i.e., the
transport of the protein is blocked at an intermediate step in the transport
pathway. It is difficult, therefore, to determine the direct cause of this
transport lesion. It could be that sorting signals have been specifically
altered and that the altered protein is no longer recognized by the cellular
sorting machinery. It also could be the case, however, that the altered
protein merely precipitates more easily in the cell and thus becomes phys-
ically unable to be transported. In this regard, it now appears that the
retention in the ER of the altered forms of many normally exported pro-
teins is due to their inability to fold properly. In this state, they are
retained in the ER by their association with the immunoglobulin heavy
chain binding protein (BiP) (Haas and Wabl, 1983; Bole et al., 1986;
Gething et al., 1986).

Guan et al. (1985) have observed that the addition of functional carbo-
hydrate attachment sites to the growth hormone sequence of a growth
hormone~VSV G protein chimera, which accumulated in the Golgi appa-
ratus, provided this molecule with a signal for protein transport to the
plasma membrane. Thus, these workers have produced positive effects
on transport by altering the luminal portion of a hybrid molecule.

While these data indicate that all domains of a membrane protein con-
tribute to its sorting properties, they also underscore the need for more
experiments to determine the sorting behavior of different types of mem-
brane proteins before a truly coherent picture of protein transport signals
can be developed. The design of systems in which positive effects on
transport are created should be of particular value. The application of
recombinant DNA technology to the study of ERp sorting should provide
such model systems in that the deletion or mutation of signals that lead to
ER localization could allow the ERps to traverse the complete protein
transport pathway.

B. Sorting of ER Proteins in Particular
1. Site of Sorting of ER Proteins in the ER

One of the early questions asked about ERp sorting was where the
sorting took place. Were the ERps preferentially retained in the ER or did
they leave the ER with the rest of the proteins being transported from the
ER only to be returned by a recycling mechanism? Based on the composi-
tion and structural organization of the Golgi apparatus and its well-estab-
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lished role in the sorting of other membrane proteins, it had been postu-
lated (Rothman, 1980) that ERps are sorted in a process analogous to
fractional distillation. This idea has been invoked recently by Munro and
Pelham (1987) to explain their observations concerning a retention signal
for a luminal ER protein (see below). According to this model, the ER is
not a site for protein sorting. Instead, all proteins are first transported to
the Golgi, and those proteins which are destined for the ER are recovered
from the cis-most stacks of this organelle by recycling. Our studies inves-
tigating the sorting of six major ERps from murine plasmactyoma cells,
ERp49, ERp59, ERp60, ERp61, ERp72, and ERp99, have produced no
evidence to indicate that these proteins ever leave the ER (Lewis ef al.,
1985b, 1986). Similar conclusions have been reached in studies of hexose-
6-phosphate dehydrogenase (Brands et al., 1985), glucosidase Il (Brands
et al., 1985), and ribophorin I (Rosenfeld et al., 1984) and in studies
utilizing tripeptides containing the acceptor sequence for Asn-linked gly-
cosylation to examine the rate of bulk flow from the endoplasmic reticu-
lum to the cell surface (Wieland et al., 1987).

The evidence against a recycling mechanism for ER localization can be
summarized by three general observations. For those ERps with N-linked
oligosaccharides, it has been determined that the oligosaccharides are of
the high-mannose type and are sensitive to endo H. This is consistent with
the hypothesis that the ERps never leave the ER for the Golgi where the
oligosaccharides can be processed into complex, endo H-resistant moie-
ties. In addition, in experiments where protein transport was assayed
directly by sucrose gradient fractionation of pulse-labeled cell extracts,
no movement of the proteins from the ER to the Golgi could be detected.
Finally, the secretion of glycopeptides is faster than that of any known
secretory proteins (Wieland, 1987). Since much evidence suggests that
oligosaccharides are not signals for transport (Hickman and Kornfeld,
1978; Keller and Swank, 1978; Olden et al., 1978; Struck et al., 1978; Bell-
Quint et al., 1981; Sidman et al., 1981; Gotlieb and Wallace, 1982), it
appears that no signal is required for rapid and efficient transport from the
ER to the cell surface. Thus, the unique protein composition of the ER
appears to be established and maintained by the selective export of non-
ER proteins. This suggests that the ER is the initial site for the sorting of
ER membrane proteins and that ERps must contain specific retention
signals.

2. Signals Directing the Sorting of ER Proteins

Given the conclusion that ERps are specifically retained in the ER, the
problem becomes the elucidation of the structural features which identify
newly synthesized membrane proteins as ERps. Many ER proteins and
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enzymes have been studied in a large number of laboratories. ER proteins
are involved in the cotranslational insertion of membrane proteins into the
ER membrane (for review, see Walter et al., 1984) as well as the co-
translational translocation of lysosomal and secretory proteins across the
ER membrane (Gilmore and Blobel, 1985). In the majority of cases, the
cotranslational insertion or translocation of a protein in or through the
membrane is accompanied by the removal of an amino-terminal signal
peptide by the ER signal peptidase. Evans et al. (1986) have recently
described the purification of a complex of microsomal proteins which
contain signal peptidase activity. Other ER-associated activites include
the enzymes of glycerolipid synthesis (for review, see Bell and Coleman,
1980; Bell et al., 1981), the enzymes responsible for the synthesis and
transfer of the lipid-linked oligosaccharide involved in N-linked glycosy-
lation of nascent proteins (Snider and Robbins, 1982; Snider and Rogers,
1984), and the enzymes which process the newly transferred oligosac-
charide, such as glucosidase I, glucosidase 11, and the ER a-mannosidase
(for review, see Kornfeld and Kornfeld, 1985). In addition, protein disul-
fide isomerase (for review, see Freedman and Hillson, 1980) and prolyl
hydroxylase (for review, see Kivirikko and Myllyla, 1980) are confined to
the ER.

For the purpose of this chapter, we confine our attention to those ERps
whose structure and/or sorting are the best characterized. The structural
features of these ERps are given in Table I. Cytochrome bs and NADH-
cytochrome bs reductase have been included in Table 1 because both
components have been shown to be enriched in the ER. They are, how-
ever, present in other cell fractions including the Golgi apparatus, the
plasma membrane, mitochondria, and peroxisomes. It is possible that the
reason for this wide distribution can be found in the way in which these
proteins are made and the way in which they subsequently interact with
the intracellular membranes. Cytochrome bs and NADH-cytochrome b5
reductase are synthesized on free polysomes, released into the cyto-
plasm,a nd the completed polypeptides are then incorporated into mem-
branes posttranslationally (Okada et al., 1982; Anderson et al., 1983).
Analysis of the amino acid sequence of cytochrome bs has led to the idea
that this protein interacts with the membrane bilayer by virtue of its
hydrophobic carboxy-terminal region (Ozols and Gerard, 1977). What is
known about the structure of NADH-cytochrome bs reductase is consis-
tent with a similar conclusion for this membrane component (Tajima et
al., 1979). Thus, the finding that cytochrome b5 and NADH-cytochrome
bs reductase are enriched in the ER may be the result of the interaction of
these proteins with proteins of the ER membrane before they themselves
are incorporated into the membrane.
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TABLE 1

Properties of Endoplasmic Reticulum Membrane Proteins®

249

Number of
N-linked  Cleaved
Molecular oligosac- signal
Protein weight (Ref.) charides  sequence Orientation?
Cellular proteins
Cytochrome b 17,000 (ref. 1) —_— No Cytoplasmic
Cytochrome P-450 56,000 (ref. 2) — No Cytoplasmic
(induced by phe-
nobarbital)
Egasyn (monomer — 64,000 (ref. 3) +° 7 Luminal
tetramer) (monomer)
Epoxide hydrolase 53,000 (ref. 4) — No Cytoplasmic
ERp49 49,000 — No Transmembrane
ERp60 60,000 — Yes Luminal
ERp61 61,000 — Yes Luminal
ERp72 72,000 — Yes Luminal
ERp99 (also GRP94) 92,500 (ref. 5—9) 1 Yes Transmembrane
(monomer — {monomer)
dimer)
Glucosidase 11 123,000 +¢ Luminal
Hexose-6-phosphate 108,000 +¢ Luminal
dehydrogenase
Heavy chain binding 70,000 (ref. 10) - Yes Luminal
protein (BiP; also
GRP78)
3-Hydroxy-3-methyl- 97,000 (ref. 11) 1 No Transmembrane
glutaryl-coenzyme
A reductase
NADH-cytochrome 31,000 (ref. 12) — No Cytoplasmic
b; oxidoreductase
NADPH-cytochrome 77,000 (ref. 13) — No Cytoplasmic
P-450 oxidoreduc-
tase
Prolyl hydroxylase 230,000 (ref. 14) — — Luminal
{tetramer)
a subunit 64,000 (refs. 1 ?
15,16)
' subunit 64,000 (refs. 2 7
15,16)
B subunit 60,000 (ref. 15) — Yes
(Note: 8 subunit is PDI) (refs. 16—18)
Protein Disulfide 55,000 (ref. 19) — Yes Luminal
Isomerase (PDI;
also ERp59)
Ribophorin I 65,000 1 Yes Transmembrane

continued
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TABLE I (Continued)

Number of
N-linked Cleaved
Molecular oligosac- signal
Protein weight (Ref.) charides  sequence Orientation®

Ribophorin II 63,000 1 Yes Transmembrane
Signal recognition 70,000 (ref. 20) — No Cytoplasmic

particle receptor

(“docking pro-

tein’’)

Viral Proteins

Adenovirus E19 19,000 (ref. 21) 2 Yes Transmembrane
Coronavirus E1 26,000 (ref. 22) —d No Transmembrane
Rotavirus NCVP5 29,000 2 No Transmembrane
Rotavirus VP7 38,000 1 No Transmembrane

® The information was compiled from the references given here and those cited in the
text. Key to references: (1} Ozols and Heinemann (1982), (2} Fujii-Kuriyama et al. (1982},
(8) Swank and Paigen (1973}, (4) Heinemann and Ozols {1984), (5) Sorger and Pelham,
1987, (6} Mazzarella and Green (1987}, (7) Kulomaa et al. (1986), (8) Sargan et al. (1986),
{9) Kleinsek et al. (1986), {10) Munro and Pelham (1986), {(11) Chin et al., 1984, {12)
Yubisui et al. (1984), (13) Porter and Kasper (1985), (14) Berg and Prockop {1973), (15)
Berg et al. (1980), (16) Koivu and Myllyla (1986), (17) Koivu and Myllyla (1987), (18)
Koivu et al. {1987), (19) Edman et al. (1985), (20) Lauffer et al. {1985), (21) Herrisse' et al.
(1980), and (22) Armstrong et al. (1984).

b The classification of a protein as either cytoplasmically or luminally oriented is
based on the protein’s activity beirg either sensitive or insensitive to proteases in the
absence of detergent in intact microsomes. A protein is classified as transmembrane if the
protein is shown to be available to protease in intact microsomes and the protein pos-
sesses an oligosaccharide or if a substantial proteolytic fragment which is detected in the
absence of detergent is also degraded in the presence of detergent.

° The number of endo H-sensitive oligosaccharides is not known.

¢ Glycosylation of E1 is a posttranslational event. It is not inhibited by tunicamycin, 2-
deoxyglucose, or 2-deoxy-2-fluoroglucose, all of which are inhibitors of asparagine-
linked glycosylation. Analysis of the E1 carbohydrate and its sensitivity to mild alkaline
treatment suggest that there is an O-glycosidic linkage between the oligosaccharide and
the polypeptide. O-Linked glycosylation of E1 presumably occurs after the virus assem-
bles and subsequently migrates to the Golgi apparatus. Glycosylation of E1 increases its
molecular weight by about 3,000 (Niemann and Klenk, 1981).

While this is a type of protein sorting, it is not the kind that is the main
focus of this chapter. We are interested in those ER proteins that are
cotranslationally incorporated into the ER membrane and remain there in
spite of the continuous export of proteins from the ER compartment.
These proteins begin the transport pathway like all other membrane pro-
teins and secretory proteins, but for some reason they are normally ar-
rested at an early stage of the process. We are interested in defining those
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features of ER proteins which are responsible for this arrest and determin-
ing how these signals accomplish the ER localization of these proteins.

Drawing on the work of other laboratories investigating the transport of
plasma membrane proteins, it is reasonable to assume that sorting infor-
mation, or at least structural features which could influence sorting, could
be located in all three domains of a typical ER membrane protein: the
luminal domain, the transmembrane domain(s), and the cytoplasmic do-
main. Two common features of the luminal domain which could infinence
sorting are the presence of an uncleaved signal peptide or the presence of
an N-linked oligossaccharide moiety. It has been reported that HMG-
CoA reductase (Brown and Simoni, 1984), cytochrome P-450 (Bar-Nun et
al., 1980), NADPH-cytochrome P-450 reductase (Okada et al., 1982),
epoxide hydrolase (Okada ef al., 1982), rotavirus NCVPS5 (Both et al.,
1983), and coronavirus El1 (Rottier et al., 1984) lack cleavable signal
peptides, while the signal peptides of rotavirus VP7 (Ericson et al., 1983),
adenovirus E19 (Persson et al., 1980; Wold et al., 1985), and ribophorin I
and II are cleaved (Rosenfeld er al., 1984). Our own experiments have
shown that ERp99, ERp72, ERp61, ERp60, and protein disulfide iso-
merase (ERp59) have cleavable signal peptides (R. Mazzarella, unpub-
lished results). Thus, it appears that the mere possession of an uncleaved
signal peptide is not sufficient to determine the sorting properties of ER
proteins. In addition, our finding that, of the six ER proteins we have
studied, only ERp99 is a glycoprotein (Lewis et al., 1985a,b, 1986) taken
together with analogous studies of ER glycoproteins such as HMG-CoA
reductase (Liscum et al., 1983), the ribophorins (Kreibich et al., 1983a;
Rosenfeld er al., 1984), hexose-6-phosphate dehydrogenase (Hino and
Minakami, 1982; Brands et al., 19835), glucosidase 1I (Hino and Rothman,
1985), prolyl hydroxylase (Kedersha et al., 1985a,b), egasyn (Swank and
Paigen, 1973), adenovirus E19 (Kornfeld and Wold, 1981), and rotavirus
VP7 (Kabcenell and Atkinson, 1985) and NCVPS (Both et al., 1983) indi-
cates that the mere presence or absence of an N-linked oligosaccharide is
not sufficient to define an ER protein.

As the amino acid sequences of ER proteins have become available
from the sequencing of cDNA clones encoding them, it has become possi-
ble to examine the transmembrane regions of these proteins with regard to
their possible role in ER localization. Liscum et al. (1985) have proposed
that the seven membrane spanning domains of HMG-CoA reductase may
be involved in the localization of this protein to the cholesterol-poor
membranes of the ER. Recently, Kabcenell and Atkinson (1985) and
Poruchynsky et al. (1985) have described studies investigating the subcel-
lular localization and intracellular sorting of the VP7 glycoprotein of ro-
tavirus SA11. These workers have shown that while wild-type VP7 is
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confined to the ER in infected cells or in cells transfected with expression
vectors containing the VP7 gene, it is possible to construct mutants of
VP7 which are transported to the Golgi and eventually secreted. Specifi-
cally, it appears that alterations in the second hydrophobic region near the
amino terminus will abolish the ER localization of VP7. Thus, these au-
thors conclude that this hydrophobic domain provides both a membrane
anchor and a positive signal for ER localization. It will be interesting to
see if this conclusion can be extended to the membrane-spanning regions
of other ERps as they are cloned and subjected to mutational analysis.

As more information has become available about ER proteins, it has
been observed that one relatively common feature of the ER membrane
proteins was the fact that a significance part of the protein was exposed on
the cytoplasmic face of the ER membrane. This type of orientation is
exhibited by cytochrome P-450 (Matsuura et al., 1978; Nilsson et al.,
1978; Heinemann and Ozols, 1982), NADPH-cytochrome P-450 reduc-
tase (Black ef al., 1979), HMG-CoA reductase (Liscum et al., 1983, 1985),
epoxide hydrolase (Griffen and Noda, 1980; Galteau et al., 1985), signal
recognition particle receptor (docking protein) (Walter ef al., 1979; Meyer
and Dobberstein, 1980a,b), ERp99 (Lewis ef al., 1985b), and rotavirus
NCVP5 (Kabcenell and Atkinson, 1985). Our results with ERp72, ERp60,
ERp61, and ERp59 (Lewis et al., 1985b, 1986) taken together with studies
of protein disulfide isomerase (Lambert and Freedman, 1985), prolyl hy-
droxylase (Olsen et al., 1973), egasyn (Swank and Paigen, 1973), and
immunoglobulin heavy chain binding protein (Haas and Wabl, 1983;
Munro and Petham, 1986), all of which exhibit a predominantely luminal
orientation, indicate that a cytoplasmic or luminal orientation is also not
the sole property by which an ERp is defined. |

Recent findings have demonstrated that ER sorting signals will, in all
likelihood, not be bulk properties of the protein. Experiments by Medda
et al. (1987) implicate the egasyn—esterase active site in attachment of
microsomal B-glucononidase to egasyn by a novel mechanism that, in
turn, compartmentalizes 8-glucuronidase within the endoplasmic reticu-
lum. In addition, Munro and Pelham (1987) have shown that the C-termi-
nal KDEL sequence is necessary to retain the luminal protein GRP78 in
the ER compartment. Finally studies by Paabo e al. (1987) on the trans-
membrane protein E19 encoded by the adenovirus genome illustrate the
importance of cytoplasmic domains in the retention of ER proteins. The
E19 protein has only a 15-residue cytoplasmic tail, whereas the luminal
domain consists of 104 amino acids and two N-linked carbohydrates.
Shortening the cytoplasmic tail to 7 amino acids abolishes the ER locali-
zation of this protein and this mutant E19 protein becomes transported to
the plasma membrane.



