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PREFACE

The recent history of Cell Biology has been characterized by rapid and
functionally significant growth in a large number of unusually productive
directions. The oldest and strongest among them has already led to the
merging of the once distinct fields of Cell Biology and Molecular Biology
into a continuous, common body of knowledge kept in active ferment by
coneepts and technologies derived from molecular genetics as well as from
other sources.

The more we advance in developing this basic common body of knowl-
edge, the more clearly we appreciate the remarkable versatility of the
evolutionary process and the detailed and subtle richness of information
contained within the cell’s genome. Evolution has exploited minor changes
as well as major rearrangements to create families or superfamilies of genes
that encode for a variety of géne products with many common structural
motifs yet diversified functions. The number of protein isoforms is con-
tinuously increasing, and the old notion that gene products are stable
through the ontogeny of individual organisms is being revised, because of

" the established existence of multiple isoforms, products of single genes or
gene families, differentially expressed at specific sites (organs or parts of
organs), at specific times in ontogeny. It seems that interactions with the
environment (even with microenvironments 6n homeostatic organismis).
influence the expression of the genome to a larger extent than previously
assumed. It is already well established that the genofme includes instruc-
“tions for the expressnon of specific sets of genes in spectﬁc cell types,
but perhaps we should alréady search for instructions that coritrol the
expression of cell -type specific genes under speclﬁc énvironmental con:
ditions in ontogeny ot in pathologncal processes in the adult. In some of
the latter, fetal gene products aré known te be re—expresseé : .

For one reason or another, less attention is given to “junk DNA” at
presem than a few years ago, and fess resnStam:e is enoountemd by major.
projects, such as the sequericing of the human and othér genomes of
immediate interest. These genomies may prove to contain less “‘évol-
utionary garbage” than when the projects were first emnsaged Yet much
more structural and chémieal information is needed to. ‘understand i
spedific terms, rather than in general outling, how gene expressmn and.
genome rephcatxon are cofitrolled. The cognate. reséarch areas are already,
and will remain for sorfie tinie, domains of crmcal n‘nportance in con-
tempdrary Céll Bmlogy '

Periods of tapld scientific advances often generatc tllnsmns Imp!'eswd
somiefiow by the riassivé influx of new mformhtion. we may be in¢lined to
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believe that we are close 1o a full understanding of how cells are put
together and carry out their functions. But often we discover that only a
few years ago we were soaring over large areas of significant structures
and activities we had blissfully ignored. And suddenly such areas become
the equivalent of gold mining fields with the expected concentration of
eager search forces, competition, frictions, claims. and counter claims.
Protein traffic control in all cells, targeting, sorting, membrane traffic
control in eukaryotic cells, and - connected with such operations - quality
control ol gene prodhicts appear Lo be among these recently opened gold
mining fields. Signal transduction mechanisms represent a similar area.
since so much remains to be uncovered between activated receptors and
signal amplifiers on the distal side of the relevani chain of reactions and
~activated gefie transcription or genome replication on the proximal end of
the samie cliain. Equally altractive areas can be recognized in research
fields dealing with the locomotor apparatus of the cell or the cell’s inter-
actions with its immediate énvironment, that is, with other cells and macro-
~molecular components of the extracellular matrix. Each of these new
and often unexpected developments is leading to specmcuhl advarnces in
Cellular and Molecular Biology.
~ Yet there is still another area that may become in time even more fertile
~ than those dlready mentioned. The genome aind the basic ‘organization at
the cellular level is the same all the way from a fertilized egg to a fully
niature drganism that comprises a huge number of celis helongmg to many
highly differentiated cell types. All this complex but exquisitely controlled
developmiental process is guided by programmed genetic instructions that
call for the expression of specific genes al specific sites and specific tlmcs
"in ontogeny. The basic.mechanisnis involving messengers, recepmm signal
lmnsductlon #nd uthcr components of the relévant chains of reactants
appear fo be simila to those found in the cells of adult organisnis. bul the
specific macromolecules that operate along thiese chdins appear to he
1hemselves dlf’fercnudted So far the best exampleﬁ are found in termihal
cell dlﬁcrenuatlon Especully in the immune systém. that appears to have
its owh set of ptimary messengers—-the mterlcuknm -and its own set of
recéptots. We know little dbout the chain of reactants that connects acti-
vated recepturs to the relevant programs of speqﬁc genes, but we know
that the tognate gene products are ¢ell-type specific and highly divetsified.
How many fgenes. we mdy ask, are involvéd in the construction of those
eleménts of the immune system we have so far 1dcnuhed" And liow many
- genés and gene products rémain to be uncovered in the main céll types of
thé system or in their supporting cast represented by stromal cells; endo-
theha'l cells, aﬂd speudk?ed epithelial cells?
[t is worthwhile pointing out that work on the de»elopmemal history of
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the inmune system has advanced faster than work on the development of
any other complex organismic counterpart. This situation may be
explained by some of the characteristics of the immune system: it consists
of sortable populations of essentially free living cells, free because they
have to patrol the organism in search of targets and interacting partners.
And it relies on diffusible primary messengers for most cells interactions.
Each of these characteristics has been used to generate tools and assays
that have greatly facilitated research on the development of the entire
system. The complexity of developmental interactions may be higher in
other cases, especially in the central nervous system. Moreover, the
uncovering of the guiding mechanisms may prove to be a much more
arduous operation: the cells in case often form compact, cohesive paren-
chyma, and development seems to rely primarily on direct cell-cell inter-
actions, bypassing the need for diffusible primary messengers. in this case
(and undoubtedly many others), messengers as well as receptors appear
to be integral membrane proteins, some of them related to cell receptors
of the immune system as members of a large gene superfamily.
Starting from such considerations, we may ask: how many genes are
involved in the construction of a sensory neuron that connects the per-
iphery to the cerebellum? How many genes are needed to build up a
cerebelium and how many to generdte an entire central nervous system?
The anticipatéd answers are: very large numbers. This may become, in.

fact, a recurrent theme: how mary genes contribute to the devclopmcnl of

a nephron and how rany to that of an entire kidney, its specialized
vasculature included? Perhaps, after all, a good fraction if not most of that
DNA in the genomie is functionally needed. .

The Editorial Cormitteée of the Anmiial Review of Cell Biology has
tried to provide in this vohime a useful sampling of current activities in
mdny of the intéresting and challenging research areas mentioned above.
As the table of contents shows, the sampling includes topics belonging to
developriental biology, cellular immunology, and plant cell biology, in
addition to topics of general interest to cellular and molecular biologists.
The readers wﬂl tell us, we hope, if they consider our attempts sur.‘ceszul
Comments and suggesnons coming from the réading public; including -
the membérship of the Amencan Society for Cell: Bnology, will be fost
welconie,

GEORGE B, PAL‘;\DE
EDITOR
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INTRODUCTION

VWO oo AL b w N -

The endbplasmic reticulum (ER) is the largest membrane-bound organelle
in a typical eukaryotic cell. It consists of a continuous network of tubules
and cisternae extending throughout the cytoplasm, with a total surface

0743--4634/89/1115-0001$02.00



2 PELHAM

area at least six times that of the plasma membrane. Most of the ER
membrane is studded with ribosomies (thus forming the rough éndoplasmic
reticalum, or RER). Membrane and secretory proteins are synthesized on
these ribosomes and enter the ER, which is the starting point for the -
secretory pathway; such proteins spend only a short time in this organelle
before being transported, by a process of vesicle budding and fusion, to
the Golgi apparatus and thence to the cell sutface (Palade 1975). The ER
membrane and the lumen that it encloses also contdin a characteristic set
of resident proteins that are inv6lved in the processing of secretory proteins
and in othér metabolic functions such as phospholipid biosynthesis. Thus,
export of newly synthesized polypeptides from the ER involves the separa-
tion of secretory proteins from tesident proteins. In this article 1 discuss
the mechanisms involved in this sorting process. Several other recent
reviews have also covered this area (Pfeffer & Rothman 1987, Rothman
1987; Burgess & Kelly 1987; Rose & Doms 1988; Lodish 1988; Cutler
1988).

Outlirie of the Problem

Secretory and membrane proteins leave the ER in transport vesicles, which
may bud from specialized ribosome-free regions of the ER membrane
adjacent o the Golgi, termed transitional elements. They are delivered to
the cis face of the Golgi apparatus and then continue their journiey through
the Golgi cisternae by means of repeated cycles of vesicle budding and
fusion. The ER and the various regions of the Golgi differ in their content
of oligosaccharide modifying enzymes, which allow the transport of glyco-
proteins through these compartments to be monitored by theé sequential
changes that occur o their oligosaccharide side chains (for reviews see
Farquhar 1985; Kornfeld & Kornfeld 1985; Roth 1987). In general, glyco-
proteins found in the ER do not exhibit Golgi-spécific modifications. This
observation suggests that vesicular transport from ER to Golgi is both
unidirectional and selective: most resident ER proteins do not reach the
Golgi and once a secretory protein has reached the Golgi, it does not
return to the ER.

Selective transport implies that individual proteins bear signals that
control their movement. In principle, each step along the secrétory path-
way could be mediatéd by a specific transport signal and the destination of
a protein determined by its lack of a signal for the next step. Alternatively,
secretion could be the default pathway, driven by a nonselective process
in which the contents of each compartment are transferred to the next;
diversion from this pathway or retention in a specific compartiment would
then be signal-mediated (Pfeffer & Rothman 1987). There is now con-
siderable evidence that a nonselective bulk flow to the cell surface does
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exist, and those signals that have been most clearly identified divert pro-
teins from this flow: the mannose-6-phosphate marker directs soluble
lysosomal enzymes to lysosomes (reviewed by von Figura & Hasilik 1986;
Kornfeld & Mellman, this volume) and, as discussed below, the C-terminal
tetrapeptide KDF L causes the retention of resident soluble proteins in the
lumen of the ER (Munro & Petham 1987). ¥

¢
1

PROTEIN EXPORT FROM THE ER

Nonselective Bulk Flow from the ER

The selectivity of export from the ER could be explained if this step was
receptor-mediated. The most extreme version of this hypothesis predicts.
that every exported protein contains a transport signial and that disruption,
of this signal by mutation would prevent transport. A number of workers -
have searched for such signals by mutating the genes encoding secretory
or membrane proteins and measuring the rate of transport of the altered
proteins. Many mutant proteins do fatl to be secreted, but it seems that in
most cases this is a nonspecific effect: the proteins do not fold correctly,
and malfolded proteins, in general, are slow to leave the ER, often because
they form insoluble aggregates (reviewed by Rose & Doms 1988).

On the other hand, there are several cases where proteins that do not
normally leave the ER are induced to do so by the deletion of certain
amino acid sequences; Thus, removal of the € terminus from the resident
ER Protein BiP (bmdmg protein) (Munro & Petham 1987), of the N
terminus of the rotavirus protein VP7 (Poruchynsky et al 1985), or of the
cytoplasmic tail of the adenovirus E19 protein, a transmembrane protein
(Paabo et al 1987), causes each of them to enter the secretory pathway,
even though they do not normally do so and therefore would not be
expected to possess a transport signal. Similarly, expression of the pro-
karyotic protein f-lactamase in Xenopus oocytes also results in secrétion
although this énzyme is not expected to have signals for transport to the
Golgi complex (Wiedmann et al 1984). Most sirikingly, Wieland et al
(1987) have shown that a syntheti¢ tripeptide consisting of the glyco-
sylation sequeénice Asn-Tyr-Tht, ésterified to make it membrane-
permeable, can enter cells, reach thé ER; be glycosylated (thus miaking it
membrane-impermeant), and then be rapidly secreted. The existence of
appropriate modifications to the attached oligosaccharide demonstrates
that at least some of the tripeptide passes through the Golgi compléx on
the normal secretory pathway. These results argue strongly in favor of a
bulk flow model in which secretion is the default fate for a protein con-
taining no specific signals. :
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The Rate of Bulk Flow

The halftime for exit of individual secretory or membrane proteins from
the ER varies from about 15 min for viral glycoproteins (Quinn et al 1984;
Copeland et al 1988) and some serumi proteins to 2 h ot more for other
serum proteins (Fries et al 1984; Lodish et al 1983; Yeo et al 1985). The
most rapidly secreted proteins reach the cell surface with a halftime of
about 30 min. Is bulk flow sufliciently rapid to account for the export of
these proteins? Wieland et at (1987) argued that it is: they estimated the
halftime for secretion of the tripeptide fromi tissue culture cells to be about
10 min. However, this rate is not easy to measure, and the validity of this
estimate has been questioned (Rose & Doms 1988). One problem is that
the kinetics of glycosylation of the added tripeptide are distinctly biphasic,
for unknown reasons, and examination of the published data suggests that
halftimes of 25-50 min are equally possible. v

There are other uncertainties: it is not clear whether the glycosylated
tripeptide is truly a bulk marker, or' whether it can bind to proteins within
the secretory pathway. Also, its nonphysiological hature, while desirable
for a bulk phase marker, raises doubts about the precise way in which it
is metabolized by cells and the effects it might have on them. Further
measurements using a different marker would clearly be useful. Never-
theless, the current data suggest that the bulk flow rate is close to the rate
of transport of the most rapidly secreted proteins. If this is so, there is no
‘compelling redson to postulate the existence of a positive transport signal
for any protein.

Factors Affecting the Rate of Protein Export

Many proteins leave the ER more slowly than expected from the presumed
bulk flow rate. The most likely explanation for this is that they interact
with resident proteins in the ER, and are retarded in a manner analogous
1o chromatography (Pfeffer & Rothman 1987). A rapidly secreted protein
would then be characterized by an absence of interactions rather than a
dominant. signal for transport. In principle, this can be tested by con-
structing fusions between rapidly and slowly exported proteins. For ex-
ample, the soluble ER protein BiP, when its C terminus is removed, is
secreted very slowly from COS cells (1, approx. 3 h; Munro & Pelham
1987); cathepsin D leaves the ER much more rapidly (Pelham 1988). A
fusion protein containing both BiP and cathepsin D sequences leaves
the ER at the slow rate characteristic of the truncated BiP (H. Pelham,
unpublished observations), which is consistent with the idea that the low
rate of export of truncated BiP is due to interactions with ER proteins
rather than the lack of a “rapid transport™ signal.
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Membrane proteins seem to be particulatly prone to hindrance A large
number of mutations have been introduced into such proteins as the VSV
G protein and influenza hemagglutin (HA), and in many cases transpoit
18 1mpaired Changes i the luminal, cytoplasmic, and transmembrane
domatns can alf slow export and no general signal has been identitied for
either retention or ttansport (for eatensive discussion of these experiments
see Rose & Doms 1988) It seems that each protemn 1s a special case 1ot
example, V8V G, mfluenza HA, and the adenovirus E19 protein all have
a single transmembrane segment and a small cytoplasmic tail Removal of
this tatl has no etfect on the 1apid transport of HA (Doyle et al 1986),
greatly slows VSV G export (Doms et al 1988), and promotes the export
of E19, which normally 1esides i the ER (Paabo el al 1987)

PROTEIN FOLDING THE ROLE OF RESIDENT
ER PROTEINS

It has become apparent that the coriect folding and assembly ot secretory
protetns 1> necessary for then efficient tiansport, presumably because
unfolded proteins tend to bind to other protemns in the ER or form aggre-
gates that are unable to enter tiansport vesicles (for discusston see Rose
& Doms 1988, Lodish 1988, Helenius & Hurt, this volume) Folding ol
proteins i vitto 15 often a stow and inefficient process, but 1 vivo most
proteins achieve then hnal conformation withm a few mmutes Thiy
ethciency s due at feast in part, to the presence of several resident proteins
of the ER that actively piomote the folding process In addition, these
resident protewns probably contubute to the seleetivity of transport by
binding (even weakly) to mcompletely or incorrectly assembled protemns
they may prevent their export

Binding of Protemns to BiP

A major ER resident involved 1 protein assembly 1s the soluble protein
BiP (binding protein, also known as the glucose-regulated protein GRP78).
Increased synthesis of BiP is mduced when abnormal protemns accumulate
in the ER (Lee 1987, Kozutsunu et al 1988), and B(P preferennially assoer-
ates with such proteins Thus, 1t binds to mutanl or malfolded fotms of
influenza HA (Gething et al 1986), to a deitvauve of SV40 T antigen that
is fused to a signal sequence and thus enters the ER (Sharma et al 1985)
and, m an 1n vitro translation-transloeation system, 1o unoxidized (but not
mature, disulphide-linked) prolactin and to unglycosylated. but not glyco-
sylated, invertase (Kassenbrock et al 1988) Many protems fold poorly
or aggregate when their glycosylation 1s mmbibuted (e g Leawitt et al 1977),
and 1n such cases associationt with BiP is frequently obseived (Bole et al
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1986; Gething et al 1986, Dorner et al 1987; Hendershot et al 1988). Bind
ing ol BIP to all these substrates 1s hydrophobic in nature, which suggest:
that they are recognized, at least in part, by the presence of exposed hy-
drophobic residues that are buried 1n the mature, properly folded protein.

Although many of the known substrates for BiP are aberrant proteins
that remain m the ER, secretory proteins can also interact with BiP before
they achieve their mature state For example, BiP binds transiently to at
lcast some immunoglobulin heavy chains prior to their association with
Iight chains (Haas & Wabl 1983, Bole et al 1986), and to several human
serum glycoproteins expressed in CHO cells (Dorner et al 1987). With the
tecent cloning of the yeast BiP gene, tt has become posstble to test the
impartance of BiP in the normal process of protein transport to the Golgi
complex Prelinunary results indicate that BiP 15 essential for viability, and
that within 15 min of waiming a temperature sensitive BiP mutant to the
nonpetmissive temperature, impott of proteins into the ER ceases (Rose
& Misra 1989, I. Moran, personal communication. M Rose, personal
communication) These 1esults suggest that BiP teracts with a variety of
nascent proteins and may be required for some of them 1o complete their
transloeation mto the ER

Action of BiP

BiP 15 closely 1elated to the cytoplasmic heat shock protein hsp70 and is
likely to act in a similar way (Munro & Pelham 1986) Like hsp70, BiP
binds tightly to ATP and ATP hydrolysis allows the protein to be released
ttom at least some of the substiates to which it binds (Munro & Pelham
1986, Dorner et al 1987, Kassenbrock et al 1988). A simple working model
for the tunction of these proteins 1s that they act as reversible detergents
they bind 1o hydiophobic surfaces, but at intervals use the energy of ATP
hydrolysis to change their conformation to a nonbinding state (Lewis &
Pelham 1985, Petham 1986) This would have the effect of maintaining
unfolded proteins 1n solution without sequestering them permanently in
a nonfunctional complex, the protemns could thus avoul aggregation or
precipitation but still be able to achieve their final tertiary and guaternary
stryctures

That such a detergent-like role could be useful 18 shown by studies of
the effects of detergents on proten folding in vitro For example, the
enzyme thodanese 1s composed of two demains with hydrophobic surfaces
that normally interact with each other, hut during refolding they tend to
bind to other moleeules und form nonproductive aggregates, so that very
little active enzyme is obtained. Addition of the detergent lauryl maltoside
weakeny these nonproductive tnteractions and greatly increases the yield
of correctly refolded enzyme (Tandon & Horowitz 1986).
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Although the main function of BiP is probably to promote protein
assembly. it may also serve to prevent export of misfolded proteins from
the ER; such proteins remain associated with BiP until they either fold
correctly of are degraded. It is not clear whether BiP is required for the
retentiori of aberrant proteins, because most of them would probably
aggregate and thus fail to be secreted even if BiP were absent. However,
Dorner et al (1988) reported that the secretion of an overexpressed deriva:

tive of human tissue plasminogen activator was improved when the level

of BiP was specificaily reduced by the expression of anti-sense RNA. In
this case, at least. it seems that interaction with BiP can limit the export
of a secretory protein from the ER.

Binding of Proteins to Other ER Residents

Another ER resident that interacts with unfolded proteins is the enzyme
protein disulphide isomerase (P.D.1.), which catalyses thiol oxidation and
disulphide exchange reactions (Freedman 1984). P.D.L is a remarkable
protein with several distinct toles. Besides existing as a free monomer, it
is also an essential subunit of prolyl 4- hydroxylase, an enzyme that cata-
iyses the modification of proly! residues in newly synthesized collagen
(Pihlajaniemi et al 1987). Furthermore. it binds to the Asn-X-Ser/Thr
acceptor sequence for N-linked glycosylation and is an important com-
ponent of the oligosaccharide transferase (Geetha-Habib et al 1988). All
forms of P.D.1. are soluble, or only-loosely associated with the ER mem-
brane. and are releaséd from isolated microsomes when these are ruptured
by incubation at high pH. P.D.1.-depleted microsomes can still import 4-
gliadin (a nonglycosylated wheat storage protein), but the protein cannot
achieve its correct disulphide:bonded state: reconstitution of microsoines
in the presence of purified P.D.I. restores this function (Bulleid & Freed-
man 1988). P.D.I. can also be cross-linked to nascent immunoglobulin
chaing i vivo (Roth & Pierce 1987). These results indicaté that P.D.I.
intéracts diréctly with newly synthesized secretory prolems and is rcqmred‘
for their correct foldlng

Other proteins may also help 1o lubricite the process of protein 'msembly
in the ER and, perhaps at the same time. prevent premature export.
Possible examples include a membrane protein termed CD-o or TRAP, .
which associates lransncmly with partially assembled T-cell receptor-
CD3 complexes (Alircon et al 1988; Bonifacino et al 1988); the collagen-
binding protein coligin (Hughes ét al 1987: Saga et al 1987); dnd the
abundant luminal protein GRP94. which is related to the ¢ytoplasmic
heat shock protein hsp90 and, like BiP, is synthesized at higher rates
when aberrant proteins accumulate in the ER (Sorger & Pelham I987
Lee 1987).
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SORTING OF RESIDENT ER PROTEINS FROM
SECRETED PROTEINS '

Membrane Versus Soluble Proteins

Resident proteins of the ER must avoid export by the bulk flow pathway.
For membrane proteins it is easy to imagine that residence results from
the same features that slow the export of mutant proteins, in patticular
the tendency to forin large aggregates. They may also be held in posntlon
by interactions between their cytoplasmic domains and other cellular struc-
tures, For eéxample; the “crystalloid” ER that forms in cells expressing
high levels of the enzyme HMG-CoA reductase consists of membrane
tubules that interact extensively with-each other, presumably via the cyto-
plasmic demains of integral membrane proteins (Anderson et al 1983).
Similarly, thé inner membrane of the nuclear envelope contains glyco-
protecins that are associated with the nuc}ear lamina (Senior & Gerace
1988). Major comiponents of the RER, including the ribophorins and the
signal peptidase complex. form an aggregate that resists disruption by
nonionic detergents (Crimaudo ct al 1987). Thése components should be
further cross-linked in vivo as a result of their association thh polysomes
and are probably unable to cnter transport vesicles.

Whether all ER membrane proteins are associated with some’ large
structiire remains to be seen Few interactions have been studied-in detail,
although some progress. has been made. For example. in adenovirus-
infected cells the class | hlstocompanbnluy antigens remain in the ER
because they are bound to the adenovirus E19 _protein ( (Burgert & Kvist
1985; Andersson et al 1985: Severingson & Peterson 1985). Retentlon of
E19in the £R is mediated by its short cytobl‘ismm tail (Paabo et al 1987),
but the protein. that interacts with this tail has not beenidentitied. Another
well-studied cmmple is the VP7 polypeptide of the rotavirus, SA1. Reten-
tion of this protein in the ER is mediated by the first 60 aming acids of
the mature protein, which'can form an amphmatluc helix (Poruchynsky
& Atkinson 19R88). Surprisingly, the VP7 slgual sequeérice is also required,
even though it is cleaved from the mature protein: feplacément with the
HA signal leads 1o Cled\agt al the identical site, but also to secretion of
VPT as o isso(ubk protein {Stitrzaker et at 1987: Stirzaker & Both 1989). It.
seems thiit the formation ol a membrane danchor requires the interaction
of the VP7 slgnal sequence with the N terminus of the mature protein.
Although- the prccise way in which' VP7 becomes associated with the
membrane is obscure, itds clear thil it is this assocmnon thdt is responsible
for its ER location. - :

Far trulv soluble luminal protems retention repr esents a mmh grealel
mmqmml problém. If such proteins'spend af least part of their time-as
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diffusible entities of small size, they will inevitably tend to be transported
by the bulk flow pathway. A special mechanism must therefore exist to
prevent their loss from the cell. The following sections outline the evidence
for the existence of soluble resident proteins in the ER and for a specific
retention mechanism that keeps them there.

Existence and Function of Luminal ER Proteins

Table 1 lists some currently known luminal ER proteins, several of which
have been independently discovered und named by different groups. Many
of them are thought to bind to or act on newly synthesized secrctory
proteins: these include P.D.1.. BiP, GRP94. and colligin. and also gluco-
sidase 11, which trims glucose residues from the oligosaccharide side chains
of glycoproteins, There are a number of carboxyesterases that probably
play a role in the detoxification ol aromatic compounds: these include the
gut esterase of C. efegans. the 60-kd liver esterases listed in Table 1. and
other liver esterases such as egasyn (Brown et al 1987) and E1 (Harano et
al 1988). Other proteins have less obvious functions: ERp72 is known only
as an ER protein, while reticulin is a calcium-binding protein (as are the
acidic proteins P.D.1.. BiP and GRP94, at high calcitm concentrations),
and perhaps plays a role analogous to that of calsequestrin in the sarco-
plasmic reticulum (Macer & Koch. 1988).

Solubility of the Luminal ER Proteins

The evidence that most of the proteins listed in Table 1 are not membrane-
associated is of threc main types. First. they are soluble in the absence of
detergents, or in the presence of detergent concentrations that are too low
to solubilize true integral membrane proteins (Strous & van Kerkhof 1989:
Koch et al 1988: Bulleid & Freedman 1988; Bole et al 1986; Brown et al
1987). Second. glucosidase 11, GRP94. P.D.I. and BiP have been localized
by immunogold fabeling at the EM level: they are not concentrated at the
membrane but appear spread evenly across the lumen of the ER (Lucocq
et al 1986: Koch et ul 1988: Akagi et al 1988; J. Tooze, personal com-
munication). Third, all of them apart from glucosidase H have been
sequenced and they show o obvious transniembrane segments (see Table
| for references). One report has suggested thc presence of a single trans-
membrane segment in GRP94 (ERp99: Mazzareita & Green 1987). How-
ever, the 21-amino acid segment in question contains two charged fesidues
and is part of an extended region of homology between GRP94 and the
soluble protein hsp90. Given the other propertics ol GRPY4, there seems
N0 reason to believe that it spans the membrane (Koch ef al 198R).

These arguments do not exclude the possibility that the proteins are
aitached to soime immobile matrix in the FR lumen. This point has been
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T”‘*k} Some luriiinal ERvp‘mwi,,'? .

Proteiit Othernames . . = Species’ - - Cterminus; ., Refs

P.D.I. : L rat - - QKAVKDEL 1
ERpS9 . mouse QKAV KDEL 2

Proly! 4- hydroxylaw‘ human QKAV KDEL 3

TiBp cow QKAV KDEL 4

) GSBP chick QKAM KDEL 5
BiP GRP78 rat DTSE KDEL 6
. . . mouse DTSE KDEL 7
hamister DTSE KDEL 8

human TAE KDEL 9

chick EAAE KDEL 10

Drosaphila .~ DADL KDEL t

€, clegans® DBLPD KDEL i2

C. elegans® PSED HDEL 13

tomato " EDDS$ HDEL 14

S. cerevisiae DYFE HDEL 15
P: falciparum. EDVD SDEL 16

GRPOY hamsier STAE KDEL 17
-ERp‘JQ cndoplasmm mouse ESTEKDEL . 18,19
Hsp108 : chick STDV KDEL %
Colligin 47 kd protein. gpad rat KMRBEL . 21 23
LRp72 : ~ mouse RSRT KEEL 24
Gut esterase ) C. elegans HSSN KDEL 25
60 kd esterase | : rabbit RETE HIEL 2
60.kd osterase 2 rabbit “HTEL . 27
Auxin bmdmg Zéa mays FEAA KDEL 28
profein i ) :
Reticulin calregulin rabbit . RRQA KDEL 29, 30
S CRPS5S - mouse - PAQA KDEL kS|
»('iluco&idaée I ) . m’amm'ald A R

Pml)l«t h\dnu\\hm i1 e.oluhk 141 letrnmcr lhe II ~nhumn

" Thyreid hormone binding protéin.

‘Glyeosylation site binding proteist.

{ Cocnorhabditis :‘I(.mm hits w0 genes what encodé BiP-like pwtmu R

“ Referénees: 1. Edman ct-al 198§, 2. Srimivasari et al 1988, 3. Piblajabjeri et al 1987: .Y
al 1987, &, Geethin-Hahib el 2l 1958, 6. Mubro & Lelham 1944, 7, Ha!lﬂ& Meo 1988, B. Ting el 3, 1981
9, Ting & V¢ 1988.10. Stoeckic et al 1988, 11. D. Rubin & K. Palm pcm Eoomnun.. §2, Hzmhl& Bxhllu
l‘)ﬂ‘?ﬂMllw.hl&D mulfv.psmv- f" 14, & Befmell pers. ',.ISR‘ isrj
V6. Komar Ual 1988. 17, Sorger & Pelham 1987, 18; Mazzamim&(}ran 1987, 19. Sinith &
20 Kidomap & al 1986, 24 Kurkiten ct 4] 1984, 22. Saga - e al 1987, 23, D. Ngndan. E. Zcumr pes.
votml.. 24, M. Green pers. commur.: 25, ). MeGhed pers, m»mmun.!b Kurn&()zolx)‘)ﬁ!! 27 Ozgh:
198%; 38 D Khmbt pérs. commun. 29, Opasct al 198R. 3. Khm\mu al iom 31, Macér & Koch 1988
M. Sniith & 6. Koch pers. cnmmun 32, Strous 61 al 1987, .




