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The endoplasmic reticulum (ER) is a continuous membrane
system but consists of various domains that perform different
functions. Structurally distinct domains of this organelle
include the nuclear envelope (NE), the rough and smooth ER,
and the regions that contact other organelles. The establish-
ment of these domains and the targeting of proteins to them
are understood to varying degrees. Despite its complexity, the
ER is a dynamic structure. In mitosis it must be divided
between daughter cells and domains must be re-established,
and even in interphase it is constantly rearranged as tubules
extend along the cytoskeleton. Throughout these rearrange-
ments the ER maintains its basic structure. How this is accom-
plished remains mysterious, but some insight has been gained
from in vitro systems.

Introduction

The endoplasmic reticulum (ER) has many different functions.
These include the translocation of proteins (such as secretory
proteins) across the ER membrane; the integration of proteins
into the membrane; the folding and modification of proteins in
the ER lumen; the synthesis of phospholipids and steroids on the
cytosolic side of the ER membrane; and the storage of calcium
ions in the ER lumen and their regulated release into the cytosol
(reviewed in Matlack et al., 1998; Meldolesim and Pozzan,
1998; Ma and Hendershot, 2001; McMaster, 2001). These
functions have been studied extensively. Here, we concentrate
on structural and other aspects of the ER that are less well
understood.

ER shape

At the light microscopy level, when stained by fluorescent dyes,
or with antibodies, when marked with GFP-tagged proteins, the
interphase ER can be divided into nuclear and peripheral ER
(Figure 1A and C). The nuclear ER, or nuclear envelope (NE),
consists of two sheets of membranes with a lumen (Figure 2).
The NE surrounds the nucleus, with the inner and outer
membranes connecting only at the nuclear pores. It is underlaid
by a network of lamins. The peripheral ER is a network of inter-
connected tubules that extends throughout the cell cytoplasm
(Figure 1A; Terasaki and Jaffe, 1991). In some cell types, such as
sea urchin eggs, flat sheets are also abundant (Terasaki and Jaffe,
1991). The lumenal space of the peripheral ER is continuous
with that of the nuclear envelope and together they can
comprise >10% of the total cell volume. In Saccharomyces
cerevisiae, the peripheral, tubular ER network is located
exclusively underneath the plasma membrane, and about a
dozen large tubules connect it to the membrane sheets of the NE
(Koning et al., 1993; Prinz et al., 2000; Figure 1C).

The ultrastructure of the ER has been visualized by electron
microscopy in a number of cell types. The most obvious differ-
ence seen is between rough, i.e. ribosome-studded, and smooth
regions of the ER (RER and SER, respectively; Figure 1B). The
RER often has a tubular appearance, whereas the SER is often
more dilated and convoluted (for a review, see Baumann and
Walz, 2001). The relative abundance of RER and SER found
among different cell types correlates with their functions. For
example, cells that secrete a large percentage of their synthes-
ized proteins contain mostly RER.
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Fig. 1. Ultrastructure of the RER, SER and NE. (A) Localization of a GFP-ER fusion protein (GFP-Sec61f) expressed in a COS cell and visualized by
epifluorescence microscopy. The fine ER network is particularly clear in the thin edges of the cell periphery; three-way junctions and polygonal reticulum are easily
visualized. (B) An electron micrograph of a liver cell shows RER (rough reticulum) and patches of SER (smooth reticulum) (picture taken from Fawcett, 1966,
with copyright permission from the publisher, W.B. Saunders Co.). (C) Localization of GFP-ER fusion protein (GFP-Sec63) expressed in yeast and visualized by
fluorescence microscopy outlines the structure of the ER (the upper picture focuses on the middle of the cell, the lower on the top of the cell; taken from Prinz
etal., 2001, with copyright permission of the Rockefeller University Press). Several tubules (arrow in top panel) connect the outer NE (top panel) to the peripheral

ER (bottom panel).

The ER is a single compartment

Several approaches have provided evidence that the ER is a
single membrane system with a continuous intralumenal space.
In one experiment, a fluorescent dye that cannot exchange
between discontinuous membranes was injected into cells in an
oil droplet. The dye diffused throughout the cell in a membrane
network that, based on morphological criteria, was the ER. This
was observed in a number of different cell types including sea
urchin eggs (Terasaki and Jaffe, 1991), starfish oocytes (Jaffe and
Terasaki, 1994) and Purkinje neurons (Terasaki et al., 1994).
Because the dye spread in fixed as well as live cells it must be
diffusing through a continuous network rather than being trans-
ported by active trafficking (Terasaki et al., 1994). In another
type of experiment, GFP-tagged proteins were targeted either to
the lumen or membrane of the ER, and then one region of the
cell was repeatedly bleached (fluorescence loss in photo-
bleaching, FLIP). All fluorescence was rapidly lost from the
entire cell (Cole et al., 1996; Subramanian and Meyer, 1997;
Dayel and Verkman, 1999; Terasaki, 2000).

Creating domains in the
ER—the nuclear envelope

How can different ER domains, such as the NE or the RER, be
generated in a continuous membrane system? For the NE,
domain establishment is attributed to a set of proteins that is
concentrated within the inner membrane. In mammalian cells,
these include the lamin B receptor (LBR), lamin-associated
proteins 1 and 2 (LAP1 and 2), emerin, MANT1, nurim (for
review, see Holmer and Worman, 2001), LUMA and a murine
protein related to UNC-84 (Dreger et al., 2001). The property
that unites all of these proteins is direct or indirect attachment to
nuclear structures, like the lamina or chromatin, as indicated
by either resistance to detergent extraction or slow

fluorescence recovery after photobleaching (FRAP) (Ellenberg et
al., 1997; Rolls et al, 1999; Dreger et al., 2001). The only
sequence or structural features these proteins share is an
N-terminal nucleoplasmic domain of >200 amino acids found in
LBR, LAP1 and 2, emerin and MANT1, and a short stretch of
sequence similarity within this domain in LAP2, emerin and
MANT (LEM domain).

Inner NE proteins are synthesized on the RER. The classical
nuclear localization sequences (NLSs) that target soluble nuclear
proteins to the nucleus are unable to target membrane proteins
to the NE (Soullam and Worman, 1995). Instead, these proteins
appear to travel through the continuous outer NE and enter into
the inner NE membrane by diffusion through the pore
membrane (Figure 2). It is believed that once the proteins arrive
in the inner membrane, they are retained by their association
with lamins and/or chromatin (Soullam and Worman, 1995). In
support of this hypothesis, the N-terminal region of LBR that is
responsible for its accumulation in the inner membrane contains
lamin- and chromatin-binding determinants (Ye and Worman,
1994). The inner NE membrane proteins that bind directly to
lamins or chromatin are likely to be responsible for establishing
and maintaining NE structure. This is supported by their involve-
ment in NE assembly in vitro (for review, see Gant and Wilson,
1997; Holmer and Worman, 2001).

Rough and smooth ER

The morphological differences between RER and SER allow
these two regions of the ER to be distinguished visually; for
example, the SER is often more convoluted than RER, and the
RER tends to be more granular in texture. These differences in
appearance may be directly related to the presence of bound
ribosomes on the RER as there is some evidence that this affects
ER structure (Prinz et al., 2000). Ultimately, however, the
distinction between the two must be explained by differences in
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Fig. 2. Targeting and retention of an inner nuclear membrane (INM) protein.
(A) The newly translated protein is translocated into the ER membrane. (B) It
diffuses through the peripheral ER. (C) It then diffuses through the nuclear
pore membrane to the inner nuclear envelope. (D) Retention of the INM
protein as a result of its binding to the nuclear lamina (green) and chromatin
(yellow).

membrane protein composition. Most membrane proteins are
shared between RER and SER (general ER proteins), but several
proteins involved in translocation or processing of newly synthe-
sized proteins are enriched in RER, as shown by the fractionation
of liver cells (Kreibich et al.,, 1978; Amar-Cortesec et al., 1989;
Vogel et al., 1990).

Since protein translocation is essential for all eukaryotic cells,
they all have RER. One type of SER that is also found in all cells
is the transitional ER (Palade, 1975). It is involved in packaging
proteins for transport from the ER to the Golgi and is enriched in
proteins required for this process (Hobman et al, 1998).
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However, SER is abundant only in certain cell types, such as in
steroid-synthesizing cells, liver cells, neurons and muscle cells.
The primary activities of the SER are very different in each of
these cell types (reviewed in Hopkins, 1978). In liver, the SER is
important for detoxification of hydrophobic substances. In
steroid producing cells, it is the site of many of the synthesis
steps. In muscle, it is called sarcoplasmic reticulum (SR) and is
primarily involved in calcium release and uptake for muscle
contraction and in neurons, although less well established, it is
also probably required for calcium handling. Thus, the SER acts
as an overflow site to house upregulated enzymes, and as these
enzymes vary, it is also a cell type-specific suborganelle. Why
are bound ribosomes concentrated in the RER and excluded
from SER, rather than being found at lower levels throughout the
ER? One proposed explanation is that the functions associated
with bound ribosomes (translocation and modification of newly
synthesized proteins) are more efficient if the proteins
performing them are concentrated in one part of the membrane
(Bergmann and Fusco, 1990).

It is not known how the RER and SER maintain distinct protein
compositions. Perhaps, like inner NE proteins, RER membrane
proteins are localized by tight binding to a fixed substrate. In this
case, the best candidate substrate would be ribosomes as they
are essentially fixed and, at least in one system, co-localize with
RER membrane proteins (Rolls et al., 2002). The parallel between
RER and NE protein targeting is not, however, complete, as FRAP
experiments show that localized RER membrane proteins are not
immobilized like NE membrane proteins (Rolls et al., 2002).
Other mechanisms, for example, active retrieval from the SER,
may play a role in the concentration of RER membrane proteins.

The ER contacts other organelles

The ER is closely associated with essentially all other organelles
in the cell (for a review, see: Staehelin, 1997). These include the
plasma membrane, Golgi, vacuoles, mitochondria, peroxi-
somes, late endosomes and lysosomes. The contact sites may
establish separate ER domains.

In skeletal muscle, the SR abuts either the plasma membrane
or the T-tubules, specialized extensions of the plasma
membrane that invaginate into the muscle cell, thereby forming
junctional membranes. Several proteins including ryanodine
receptors (RyRs), which are ER calcium release channels,
localize to these structures (Franzini-Armstrong and Jorgensen,
1994). The junctophilin (JP) family members contribute to the
formation of these structures; transfection of cells with at least
one of the junctophilin proteins (JP-1) establishes regions of
proximity between the plasma membrane and SR (Takeshima et
al., 2000), and its elimination in mice disrupts the junctional
membrane structure (lto et al, 2001). The JP proteins are
proposed to reside in the SR membrane and to bind an unidenti-
fied plasma membrane component to establish the contact
(Takeshima et al., 2000). It is not clear how the other membrane
proteins, for example the RyRs, are targeted to junctional
membranes once these structures are established.

The most complete story of how contact between the ER and
another organelle is established is that of the nucleus—-vacuole
junction in yeast. It has been observed by electron microscopy
that the nuclei and vacuoles of yeast are often in close contact
(Pan etal., 2000) and two proteins that mediate this contact have
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been identified. Nvj1p localizes to regions of the NE adjacent to
vacuoles and binds to the vacuolar membrane protein Vac8p.
The absence of either of these proteins reduces the number of
junctions (Pan et al., 2000). At least one other protein, Osh1p,
also localizes to this domain (Levine and Munro, 2001).

Peroxisomes (Zaar et al., 1987) and mitochondria are also in
close contact with the ER. A portion of the ER can be isolated
with mitochondria and is enriched in some enzymes involved in
lipid synthesis, such as phosphatidylserine (PS) synthase
(Voelker, 2000). Some of the PS synthesized in the ER is trans-
ferred to mitochondria where it is decarboxylated to phospha-
tidylethanolamine (PE) and then transported back to the ER.
Peroxisomes and ER are similarly intertwined by the synthesis of
complex lipids, which requires both ER and peroxisomal
enzymes.

Microscopy has linked the ER to two other classes of
organelle. Electron microscopy tomography shows that the
contact between an ER domain and the trans-Golgi is as intimate
as that between the stacks of the Golgi itself (Ladinsky et al.,
1999). In addition, one class of late endosomes/lysosomes has
been observed to move in coordination with ER tubules, and to
perhaps be deformed by the force of this interaction (Ko et al.,
2001).

Why is the ER close to other organelles in the cell? Most likely,
the major reason is that all organelles need lipids that are made
in the ER; close contact may allow their direct transfer to these
other membranes. Some organelles, like mitochondria, have no
connection with the ER via vesicular trafficking, and therefore
direct transfer of lipids seems to be the only way they could
receive lipids from the ER. Another reason for the close prox-
imity of the ER with other organelles is calcium signaling. The
connection between ER and plasma membrane in muscle cells
facilitates calcium release upon membrane depolarization, and
the proximity between ER and mitochondria may also contribute
to calcium signaling and regulation (see, for example, Rizzuto
etal., 1998).

Propagation of the ER during cell division

All components of the cell are dramatically rearranged during
cell division. In the face of this turbulence, does the ER maintain
its structure as a single tubular network, and do its domains
remain distinct? Accumulating evidence suggests that the ER
network does not disassemble into vesicles during the cell cycle,
but that it is divided between daughter cells by cytokinesis. The
strongest support for maintenance of ER continuity comes from
FLIP and FRAP experiments demonstrating that ER markers
retain interphase patterns of motility during mitosis (Ellenberg et
al., 1997). In addition, both light and electron microscopy show
that ER networks can be visualized during cell division (Terasaki
et al., 1986; Koch and Booth, 1988; Ellenberg et al., 1997; Yang
et al., 1997; Terasaki, 2000). Are domain-specific proteins still
concentrated in subregions of the mitotic network? Of the
domain-specific ER proteins, the inner NE membrane proteins
are the only ones whose fates during mitosis have been
examined. The NE disassembles during mitosis in most eukary-
otic cells: the scaffolds to which NE membrane proteins are
bound in interphase are reorganized, the lamina is disassembled
and the chromatin is condensed. In addition, phosphorylation of
many NE proteins reduces their affinity for these partners (Bailer
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et al., 1991; Foisner and Gerace, 1993) and imaging of these
proteins suggests that once freed, they diffuse throughout the ER
network (reviewed in Collas and Courvalin, 2000). However,
biochemical fractionation of mitotic or meiotic cells has shown
that vesicles are enriched in NE proteins, particularly in egg cells
(reviewed in Gant and Wilson, 1997). It is not clear whether this
result reflects a portion of the ER that maintains a distinct
composition because it is not part of the bulk ER network, or
whether domains are somehow retained in the absence of
scaffolds like the lamina.

The ER is dynamic and connected
to the cytoskeleton

In interphase cells, the peripheral ER is a dynamic network
consisting of cisternal sheets, linear tubules, polygonal reticulum
and three-way junctions (Figure 1; Lee and Chen, 1988; Allan
and Vale, 1991; Dreier and Rapoport, 2000). Several basic
movements contribute to its dynamics: elongation and retraction
of tubules, tubule branching, sliding of tubule junctions and the
disappearance of polygons (Lee and Chen, 1988). These move-
ments are constantly rearranging the ER network while main-
taining its characteristic structure.

The dynamics of the ER network depend on the cytoskeleton.
In mammalian tissue culture cells, goldfish scale cells, and
Xenopus and sea urchin embryos the ER tubules often co-align
with microtubules (Terasaki et al., 1986). Microtubule-based ER
dynamics were studied with time-lapse microscopy and appear
to be based on three different mechanisms. First, new ER tubules
can be pulled out of existing tubules by motor proteins migrating
along microtubules. Secondly, new tubules may be dragged
along by the tips of polymerizing microtubules. Finally, ER
tubules may associate with the sides of microtubules, via motor
proteins, as they slide along other microtubules. Each of these
mechanisms can lead to tubule extension and, when tubules
intersect, they fuse and create three-way junctions (Allan and
Vale, 1991; Waterman-Storer and Salmon, 1998). In yeast and
plants, the actin cytoskeleton, rather than the microtubule
network, is required for ER dynamics (Liebe and Menzel, 1995;
Prinz et al., 2000).

The cytoskeleton contributes to ER dynamics, but it is not
necessary for the maintenance of the existing ER network.
Although depolymerization of microtubules by nocodazole in
mammalian tissue culture cells inhibits new tubule growth and
causes some retraction of ER tubules from the cell periphery, the
basic tubular-cisternal structure of the ER remains intact (Tera-
saki et al., 1986). Similarly, actin depolymerization in yeast
blocks ER movements but does not disrupt its structure (Prinz et
al., 2000).

Formation of ER tubules

The cytoskeleton is also not necessary for the formation of a
tubular network in vitro. In Xenopus egg extracts, ER networks
can form de novo and this process is not affected by the addition
of inhibitors of microtubule polymerization, by the depletion of
tubulin from the extract or by inhibitors of actin polymerization
(Dreier and Rapoport, 2000).
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If the ER network is not formed along a cytoskeleton, how is it
generated? The answer is not known, but some properties of ER
formation have been elucidated using in vitro systems. ER
network formation in extracts requires ATP and GTP, and is
NEM (N-ethyl maleimide)-sensitive (Dabora and Sheetz, 1988;
Allan and Vale, 1991; Dreier and Rapoport, 2000). In a Xenopus
in vitro system, incubation of membranes in the absence of
cytosol leads to the formation of large vesicles that cannot subse-
quently be converted into networks by the addition of cytosol
(Dreier and Rapoport, 2000), and it is thought that cytosolic
factors convert a basic fusion reaction into a regulated process
that produces tubular networks.

Inhibition of network formation by GTPyS and NEM (Allan and
Vale, 1991; Dreier and Rapoport, 2000), suggests that a Rab
protein and/or a factor similar to the NEM-sensitive fusion
protein (NSF) may be involved (for a review, see Gotte and
Mollard, 1998). There is some evidence that a homolog of NSF,
p97, and its co-factor p47, contribute to efficient ER network
formation in Xenopus egg extracts (Hetzer et al., 2001), and the
yeast homolog of p97, Cdc48, has been shown to be involved in
homotypic ER fusion (Latterich et al., 1995). A role for p97/p47
in the in vitro formation of the transitional ER has also been
suggested (Roy et al., 2000). Surprisingly, however, a mutant of
Cdc48 does not affect ER structure in yeast (Prinz et al., 2000).

Possible mechanisms behind tubulation

Membrane tubules are a structural feature of both the ER and the
Golgi complex (Lee et al., 1989; Banta et al., 1995; Dreier and
Rapoport, 2000). Both types of tubule have similar diameters
(50-100 nm), whether formed in vitro or in vivo, and in the case
of the ER, tubule diameter is conserved from yeast to mamma-
lian cells (Dabora and Sheetz, 1988; Lee and Chen, 1988; Dreier
and Rapoport, 2000; Prinz et al., 2000), suggesting that their
formation is a regulated and fundamental process.

The mechanism behind tubulation is mysterious. The simplest
model is that tubules form along a cytoskeletal scaffold,
although the in vitro experiments do not support a role for the
cytoskeleton (Dreier and Rapoport, 2000). Perhaps a different
scaffold within or around the membrane is used. Regulation of
lumenal volume could also contribute to tubule shape. If
lumenal volume is restricted during vesicle fusion, the shape that
the fused membrane could adopt would also be restricted. For
example, a sphere has a different ratio of surface area to volume
than a tubule. The most obvious way to control lumenal volume
would be with an ion pump to maintain an ion gradient,
resulting in expulsion of solution from the lumen; however, no
such mechanism has been identified. Tubules also have a
unique curvature of the lipid bilayer. The regulation of this
curvature, by flippases or by the modification of lipids on one
side of the membrane, could be another mechanism by which
tubulation could be promoted. For example, modifications that
change the ratio of cone-shaped to inverted cone-shaped
phospholipids in one leaflet of the membrane bilayer relative to
the other leaflet will alter membrane curvature (for a review, see
Sprong et al., 2001). Studies on Golgi tubule formation indicate
a potential role for a lipid modification reaction in tubule
formation; several inhibitors of phospholipase A, inhibit Golgi
tubule formation in vitro (de Figueirido et al., 1999).
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Perspectives

Exciting progress has been made in understanding ER structure
and function, but some of the most interesting questions remain
to be answered. How are proteins concentrated in the RER?
What are the molecules that link the ER to other organelles?
How are lipids transported between the ER and other organelles?
How are membrane tubules generated and maintained? Some of
these problems can probably be addressed by genetic experi-
ments and with in vitro assays that reproduce these complex
cellular events. In addition, visual methods employing fluores-
cent protein fusions will help to understand the dynamics of ER
components. We are clearly at the beginning of a new era in
understanding how biological membrane structures are gener-
ated and maintained.
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