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Summary

The endoplasmic reticulum (ER) consists of a polygonal
array of interconnected tubules and sheets that spreads
throughout the eukaryotic cell and is contiguous with the
nuclear envelope. This elaborate structure is created and
maintained by a constant remodeling process that involves
the formation of new tubules, their cytoskeletal transport
and homotypic fusion. Since the ER is a large, single-copy
organelle, it must be actively segregated into daughter cells
during cell division. Recent analysis in budding yeast
indicates that ER inheritance involves the polarized
transport of cytoplasmic ER tubules into newly formed
buds along actin cables by a type V myosin. The tubules

then become anchored to a site at the bud tip and this
requires the Sec3p subunit of the exocyst complex. The ER
is then propagated along the cortex of the bud to yield a
cortical ER structure similar to that of the mother cell.
In animal cells, the ER moves predominantly along
microtubules, whereas actin fibers serve a complementary
role. It is not yet clear to what extent the other components
controlling ER distribution in yeast might be conserved in
animal cells.
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Introduction et al., 2000) (Fig. 2). Only a few individual linear ER tubules
The endoplasmic reticulum (ER) is arguably the mostraverse the yeast cytosol to connect the cortical ER to the
complex, multifunctional organelle of eukaryotic cells. nuclear envelope.
Proteins are translocated across the ER membrane, and ard he ER is an essential organelle that cannot be synthesized
folded and modified before they traverse the secretorS‘e novo and must therefore be partitioned into daughter cells
pathway. The ER also plays a central role in other importarﬁl’ior to cell division. It is important to identify the molecular
processes, including €asequestration, signaling and lipid components that control ER dynamics and formation and to
synthesis. It is a complex structure that can have an extremedgfine the mechanisms that ensure its faithful inheritance in
large surface area (Voeltz et al., 2002). It is composed dfvery cell cycle. Here, we discuss recent progress in these
membrane sheets that enclose the nucleus (the nucledeas.
envelope) and an elaborate interconnected network in the
cytosol (the peripheral ER) (Fig. 1). During interphase, the
peripheral ER in somatic cells consists of a polygonal networkiolecular tracks and motors for ER movement
of interconnected tubules and cisternae. This network appeafbe peripheral ER undergoes constant rearrangement of its fine
to emanate from the outer leaflet of the nuclear envelope aséructure in virtually all cell types. This is believed to be crucial
spread throughout the cytosol. The fine structure, spati# maintain its characteristic structure. Linear extension of
distribution and abundance of the peripheral ER vary amongbules that branch from pre-existing tubules and the sliding
cell types, reflecting specialized functional requirements. I®f one tubule along another are the principal mechanisms
spite of its continuous appearance, the ER is organized intontrolling the formation and elimination of polygonal ER
functionally and morphologically distinct domains. The roughstructures in both live cells and cell-free systems (Dabora and
ER, so named for the studded appearance of ribosomes bousideetz, 1988; Lee and Chen, 1988; Prinz et al., 2000). Single
to its surface, is involved in the synthesis of secretory anBR tubules extend into areas of cellular expansion, such as
membrane proteins. The smooth ER is ribosome free, and tiggowth cones of neurons and leading edges of migrating
transitional ER is where carrier vesicles are formed (Baumanadherent cells, prior to establishing a reticular ER network
and Walz, 2001). (Dailey and Bridgman, 1989; Waterman-Storer and Salmon,
In many plants and some animal cells, the peripheral ER998). Retraction of ER tubules towards the cell center also
extends towards the inner surface of the plasma membrane aseturs in animal cells (Dailey and Bridgman, 1989; Terasaki
links to a reticular network underlying the plasma membranand Reese, 1994; Waterman-Storer and Salmon, 1998). The
(Staehelin, 1997). The majority of the peripheral ER in yeastutward and inward movements are thought to generate a
cells is a cortical network whose arrangement is similar to thdtalance of opposing forces that control the distribution of the
in higher eukaryotic cells (Pidoux and Armstrong, 1993; Prinperipheral ER (Terasaki and Reese, 1994).
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Fig. 1.Models of ER segregation in proliferating animal cells. In interphase (left panel), the peripheral ER forms an intercainecked n
that is contiguous with the outer membrane of the nuclear envelope. The outer nuclear membrane is biochemically sipeidpherhieER
membrane. By contrast, some integral membrane proteins are localized specifically to the inner nuclear membrane (yelido mvelisqio
pores where the outer and inner nuclear membranes meet (red ovals). In one model of ER segregation (model a), the panig@hkeal ER
nuclear envelope undergo progressive vesiculation. By metaphase, the cell contains vesicles derived from the periphatex BiRleao
membrane, and from the inner nuclear membrane or nuclear pore domains. Diffusion of these vesicles during metaphaseeassanaphas
the equal partition of ER elements. Another model (model b) predicts that the peripheral ER retains its integrity dusngmeitosclear
envelope is absorbed into the peripheral ER. The inner nuclear membrane proteins and the nuclear pore integral membraree protein
distributed throughout the peripheral ER network at early metaphase. Equal segregation of the ER network ensures titiaithddl p

components of various ER domains.

Microtubules, kinesin and dynein in ER movement

microtubule-dependent motility exclusively controls the rapid

Numerous studies implicate microtubules as tracks for ERxtension of ER tubules out to the cell periphery, whereas a
extension and ER motility in interphase animal cells. There islower movement of ER tubules towards the cell center is
generally a good correlation between the distribution ofndependent of microtubules (Terasaki and Reese, 1994;

peripheral ER and microtubules in various animal celldVaterman-Storer and Salmon,

1998). Indeed, prolonged

(Terasaki et al., 1986). ER tubules and microtubules closelgisruption of microtubules in many animal cells causes a
align over considerable distances and single-point attachmegtadual collapse of the peripheral ER into large cytoplasmic
sites are evident at the light microscopic and ultrastructurgdatches or membrane aggregates that surround the nucleus
levels (Baumann and Waltz, 2001). Video microscopy studie@ouvard et al., 1982; Vogl et al., 1983; Terasaki et al., 1986).
have revealed extension of ER tubules along microtubuldglicrotubule-based local movements of ER tubules have also
during ER expansion in live cells and during reconstitution obeen shown to re-organize the fine structure of the ER network
the ER network from microsomes in cell-free systemsassembled in vitro (Dabora and Sheetz, 1988; Allan and Vale,
(Terasaki et al., 1986; Dabora and Sheetz, 1988; Lee et al991). In the fungudstilago maydis microtubule-dependent
1989; Allan and Vale, 1991; Allan, 1995; Waterman-Storer emotility is not required for ER distribution and maintenance
al., 1995; Waterman-Storer and Salmon, 1998). Interestinglfut is required for reconstruction of the cortical ER network
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Fig. 2. The ER network in the budding ye&stcerevisiaeWild-type
yeast cells expressing the ER membrane protein Sec63p fused to
GFP were visualized by epifluorescence microscopy. The left panel
reveals the appearance of cortical ER tubules and the nuclear
envelope in the center of a large-budded cell. Cytoplasmic ER
tubules that connect cortical ER and the nuclear envelope are readily
seen at this focal plane. Focusing on the periphery of the cell (right
panel) allows the visualization of the cortical network of
interconnected tubules. Figure reproduced with permission from The
Rockefeller University Press (Prinz et al., 2000). Both cortical ER
and the nuclear envelope remain intact during mitosis.
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Microtubule-dependent ER movement results from thectin filaments in regions devoid of microtubules. Smooth ER
activity of microtubule-associated motors as well as thenoves on actin cables from the main cell body to microvilli in
polymerization of microtubules (Dabora and Sheetz, 1988pcust photoreceptor cells (Sttrmer et al., 1995). The absence
Vale and Hotani, 1988; Dailey and Bridgeman, 1989pf smooth ER in the dendritic spine of Purkinje cells from
Waterman-Storer et al., 1995; Waterman-Storer and Salmodilute-lethal mice lacking the actin-based motor myosin Va
1998; Lane and Allan, 1999). Motors can either dragndicates that actin is required for transporting ER from the
membranes along underlying microtubules or drive the slidingendritic shaft to the dendritic spine (Takagishi et al., 1996;
of membrane-associated microtubules, whereas microtubulridgman, 1999). The photoreceptor microvilli region and the
polymerization can promote the movement of an ER tubul®urkinje dendritic spines contain abundant actin filaments but
bound to the dynamic microtubule tip (Waterman-Storer anthck microtubules (Landis and Reese, 1983; Hirokawa, 1989;
Salmon, 1998). Both plus-end-directed motors of the kinesiStiirmer et al., 1995). Even in animal cells in which
family and the minus-end-directed dynein motor have beemicrotubules are known to control outward ER extension, the
implicated in microtubule-based membrane movements (Larteansport of ER tubules towards the cell center is perturbed
and Allan, 1998). when actin assembly or myosin motor function is disrupted

The extension of ER tubules towards the fast-growing pluéTerasaki and Reese, 1994; Waterman-Storer and Salmon,
ends of microtubules in many differentiated animal cellsl998). However, no dramatic effect on the overall morphology
implicates kinesin family proteins (Terasaki and Reese, 1994 the peripheral ER is evident in these cells. Formation of the
Waterman-Storer and Salmon, 1998). Depletion 0ER network in metaphaséenopusegg extracts requires actin
conventional kinesin by antisense oligonucleotides causes tpelymerization and myosin V activity when microtubule-
retraction of the ER from the cell periphery in astrocytesdlependent ER movement is blocked (Wdllert et al., 2002).
(Feiguin et al., 1994). In some cells, conventional kinesin has
been localized to the ER (Houliston and Elinson, 1991; Henson ) .
et al., 1992). Moreover, kinesin also associates with kinectifzomponents of the ER fusion machinery
an integral ER membrane protein (Toyoshima et al., 1992). The homotypic fusion of ER membranes is key for the

By contrast, ER tubules iXenopusegg extracts move formation and maintenance of the ER. The fusion of
exclusively towards the minus ends of microtubules, driven bintersecting tubules contributes to the formation of new
the activity of membrane-associated cytoplasmic dynein (Allapolygons, whereas the fusion of two junctional tubules results
and Vale, 1991; Allan, 1995; Waterman-Storer et al., 1995n the net loss of a polygon within the peripheral ER network.
Niclas et al., 1996; Steffen et al., 1997). Cytoplasmic dyneinThe nuclear envelope of most higher eukaryotic cells breaks
but not conventional kinesin, is required for cortical ERdown during prometaphase, and homotypic membrane fusion
dynamics and reformation in the fungus maydis(Wedlich- s required to reassemble daughter nuclei at the end of mitosis.
Soldner et al., 2002). However, a combination of both dyneinAnalysis of these fusion reactions suggests that the mechanism
and kinesin-dependent bidirectional movements of ER tubules similar to that of other membrane fusion reactions; hence,
along microtubules has been observed when membranes frame only briefly summarize key findings here.

Xenopuseggs are incubated witenopustissue culture cell Fusion of both peripheral-ER-derived and nuclear-envelope-
(XTC) cytosol extracts (Lane and Allan, 1999). The level ofderived microsomes is sensitive to N-ethylmaleimide (NEM)
membrane-associated kinesin in egg microsomes is comparakled nonhydrolyzable ATP analogs (Dabora and Sheetz, 1988;
with that in somatic cell microsomes. Pre-incubation of egdillan and Vale, 1991; Newport and Dunphy, 1992; Lavoie et
membranes with an antibody directed against kinesin heawl., 1996; Drier and Rapoport, 2000). As in the case of other
chain, thereby blocking motor activity, inhibits plus-end-membrane fusion reactions, this sensitivity reflects the
directed ER tubule movements. Membrane-associated kinesiaquirement for a type Il AAA-family ATPase. Whereas most
might thus become activated during development. Hovether fusion events require NEM-sensitive factor (NSF), fusion
specialized cell types choose different motor complexes to drivef ER membranes requires the related ATPase p97 or its yeast
motion of the peripheral ER is unknown. homolog Cdc48p (Latterich et al., 1995; Roy et al., 2000;
Hetzer et al., 2001). The soluble NSF attachment receptors

] . ) (SNAREs) Ufelp and syntaxin 5 have been implicated in
Actin and myosin V in ER movement Cdc48p/p97-regulated ER membrane fusion in vitro (Patel et
In contrast to animal cells, plant and budding yeast cells usa., 1998; Roy et al., 2000). Ufelp also functions in Golgi-to-
actin as tracks for cortical ER. Ultrastructural studies of planER trafficking, and syntaxin 5 is required for ER-to-Golgi
cells have revealed the close association of ER tubules atr@dnsport (Lewis and Pelham, 1996; Rowe et al., 1998). It
actin bundles within the cortical cytoplasm (Goosen-de Roo eemains unclear whether or not Cdc48p/p97, like NSF,
al., 1983; Lichtscheidl et al., 1990; White et al., 1994), andunctions as a molecular chaperone to disassemble SNARE
video microscopy of cytoplasmic streaming has shown slidingomplexes after membrane fusion.
of the ER network along stationary actin cables in lower-plant Fusion of ER-enriched microsomes, like most other fusion
characean algae cells (Kachar and Reese, 1988). Even thoughctions, is also sensitive to nonhydrolyzable GTP analogs
most cortical ER tubules do not co-align with cortical actin(Allan and Vale, 1991; Boman et al., 1992; Newport and
filaments in yeast, the disruption of actin assembly results in Bunphy, 1992; Lavoie et al., 1996; Macaulay and Forbes, 1996;
rapid and dramatic decrease in cortical ER dynamics (Prinz 8reier and Rapport, 2000). Investigation of the molecular
al., 2000). mechanism underlying the requirement for GTP hydrolysis has

Although microtubules are the major molecular tracks foishown that Ran, a GTPase of the Ras superfamily, plays a
the ER in animal cells, peripheral ER tubules do move alongentral role in membrane fusion during nuclear envelope
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assembly (Demeter et al., 1995; Hetzer et al., 2000; Zhang andtosis (Fig. 2). In addition, the cortical ER in both budding
Clarke, 2000; Zhang and Clarke, 2001; Askjaer et al., 2002and fission yeast maintains its continuous and reticular
The identity of the GTPase needed for the fusion of peripheralppearance throughout the cell cycle (Preuss et al.,, 1991;
ER membranes has not yet been established. Pidoux and Armstrong, 1993; Prinz et al., 2000; Du et al.,
2001). The nuclear envelope in budding yeast is partitioned by
L . an ordered, multi-stage process involving migration into the
Partitioning of the ER during the cell cycle mother-bud neck and extension towards the ends of the mother
ER segregation during mitosis in animal cells and daughter cells (Shaw et al., 1998). Microtubule-dependent
A hallmark of mitosis in most animal cells is the breakdowmmotor transport is required for migration and extension of the
of the nuclear envelope during mitotic prometaphigectron  nuclear envelope (Huffaker et al., 1988; Jacobs et al., 1988;
microscopy indicates that the nuclear envelope undergo&haw et al., 1997).
progressive and complete fragmentation. In some cell types (ratThe cortical ER in budding yeast is also inherited in an
thyroid epithelial cells, HeLa cells), most of the peripheral ERordered fashion. The bud acquires ER tubules along its cortex
similarly disassembles to form small vesicles that scatteduring early S phase, after secretory vesicles appear in the bud,
throughout the cytoplasm (Robbins and Gonatas, 1964; Zelig®t well before migration of the nucleus into the neck (Preuss
and Wollman, 1979). MitotiXenopusgg extracts can induce et al., 1991; Du et al., 2001). Prolonged disruption of
the disassembly of purified nuclear envelopes from interphaseicrotubules does not have any detectable effects on the
animal cells (Lohka and Maller, 1985; Newport and Spanninheritance or dynamics of the cortical ER (Prinz et al., 2000;
1987). Moreover, egg or embryo extracts frsenopussea Du et al.,, 2001). Thus, in spite of the tubular connections
urchin andDrosophilacontain nuclear-membrane-derived andbetween the cortical ER and the nuclear envelope (Preuss et
ER-derived vesicles that form functional nuclear envelopes ial., 1991; Koning et al., 1996; Prinz et al., 2000), partitioning
the presence of purified chromatin or an elaborate ER netwodk these two structures differs — at least with regards to their
of interconnected tubules in the absence of chromatin (Drietependence on microtubules. Strikingly, both immunoelectron
and Rapoport, 2000; Collas and Courvalin, 2000; Paiemant amdicroscopy and GFP fluorescence microscopy have revealed
Bergeron, 2001). These observations led to a vesiculatidhat cytoplasmic tubules are the first ER elements to be present
model for ER inheritance in which the nuclear envelope anth newly developed buds (Preuss et al., 1991; Du et al., 2001).
the peripheral ER of animal cells both fragment to formThese ER tubules are typically oriented along the mother-bud
numerous discrete vesicles during mitosis to facilitateaxis. Tubules are also readily observed in larger buds that
partitioning of the ER between daughter cells (Figliixhis  already contain cortical ER. Time-lapse video microscopy has
model, the peripheral ER network and the nuclear envelopevealed bud-directed extensions of these tubules and their
reassemble largely by fusion reactions at the end of mitosis.subsequent propagation to the cortex of growing buds
Recent studies have provided evidence for an alternati@Viederkehr et al., 2003; Estrada et al., 2003). This indicates
model of ER inheritance. First, the peripheral ER network irthat cortical ER components are partitioned into the bud in the
most animal somatic cells appears to retain its integrity durinfprm of linear tubules. Interestingly, the apical tip of the bud
mitosis and shows no significant fragmentation (Zeligs andppears to act as a docking site for these tubules. ER tubules
Wollman, 1979; Waterman-Storer et al., 1993; loshii et al.generally appear to be directed to the bud tip before they spread
1995; Ellenberg et al., 1997; Terasaki, 2000; Axelsson andlong the periphery of the bud (Wiederkehr et al., 2003). For
Warren, 2004; Pecot and Malhotra, 2004). Second, integral tubule that has reached the bud tip, the range of undulations
membrane proteins that are concentrated in the inner nucleara given point is inversely proportional to its distance from
membrane or in the nuclear pore region become uniformlthe bud tip, suggesting a stable association at the bud tip
distributed throughout the peripheral ER when the envelop@-ehrenbacher et al., 2002). Such attachment might facilitate
breaks down. These proteins re-concentrate arounetention of ER membranes within the bud and/or enable entire
chromosomes when the envelope reassembles (Ellenbergtebules to be pulled into the bud as it grows. These observations
al., 1997; Yang et al., 1997). Furthermore, photobleachinguggest that cortical ER inheritance is a multi-stage process
experiments have revealed that a green fluorescent proténvolving the extension of ER tubules along the axis, tubule
(GFP)-tagged integral membrane protein, which is essentiallgnchorage at the bud tip, uniform distribution along the bud
immobile in the interphase nuclear membrane, becomes hightprtex, and formation of a polygonal cortical network (Fig. 3).
mobile throughout the peripheral ER network during mitosis The ongoing formation of a cortical, reticular network in the
(Ellenberg et al., 1997). These findings prompted the proposhud derived from long cytoplasmic ER tubules might explain
that the entire nuclear envelope is absorbed into the peripherghy the cortical ER network in the bud appears to be more
ER network during mitosis and its components are partitionedynamic than in the mother cell (Prinz et al., 2000). Notably,
together with peripheral ER membranes (Fig. The the peripheral ER in animal cells recovering from microtubule
accumulation of peripheral ER at the mitotic poles indisruption is reconstructed by a similar process that involves
embryonic systems indicates that microtubules an@xtension of linear tubules over a significant distance and
microtubule motors are likely to be involved (Henson et al.requiring subsequent reticulation (Lee et al., 1989). In addition,
1989; Terasaki, 2000; Bobinnec et al., 2003). However, thénear tubule extension appears to be the major mechanism
molecular details of the process remain largely unknown  driving peripheral ER expansion into animal cell axoplasm
(Dailey and Bridgman, 1989; Waterman-Storer and Salmon,
1998).
ER segregation in yeast The linear nature of bud-directed extension of ER tubules
The nuclear envelope in yeast cells remains intact duringuggests that cytoskeletal tracks are involved. Since
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microtubule function is not required for ER segregation, actiinheritance at the restrictive temperature. The delay in ER
is the most likely candidate. Actin cables are required for thaheritance might be caused by defects in the formation and/or
bud-directed delivery of several yeast membranestabilization of segregating ER tubules. Alternatively, the large
compartments, including secretory vesicles, mitochondridER sheets that form in these mutants may not be efficiently
tubules, vacuole segregation structures and the late Golgansported.
(Govindan et al., 1995; Hill et al., 1996; Simon et al., 1997; A second screen revealed that defects in Auxlp/Swa2p
Rossanese et al., 2001). Disruption of actin polymerizationause a dramatic delay in cortical ER inheritance (Du et al.,
significantly reduces cortical ER dynamics in daughter cell001). Aux1p/Swa2p was previously implicated as a J-domain-
(Prinz et al., 2000). Furthermore, cytoplasmic ER tubulesontaining co-chaperone that stimulates the activity of the
oriented along the major axis become immobilized upon actiophaperone Hsc70 in the uncoating of clathrin-coated vesicles
depolymerization, which indicates that actin is required for théGall et al., 2000; Pishvaee et al., 2000). However, several lines
transport of ER tubules into the bud (Estrada et al., 2003pf evidence suggest that the function of Aux1p/Swa2p in ER
Nevertheless, actin is dispensable for the maintenance wfheritance is uncoupled from its role in clathrin-mediated
cortical ER structures, which suggests that, once formed, thmembrane transport (Du et al., 2001). First, deletion of the J-
ER can be maintained by an actin-independent mechanisdomain causes defects in clathrin uncoating but not in cortical
(Prinz et al., 2000). This is consistent with the observation th&R inheritance. Second, loss of function of either Chclp (the
most cortical ER tubules do not colocalize with cortical actirclathrin heavy chain) or Arflp, two Auxlp/Swa2p-interacting
cables. It remains to be determined whether the ER structurpsoteins that are required for the formation of clathrin-coated
actively segregating into the bud are among the small fractiovesicles, does not perturb cortical ER inheritance. Third, the
of ER tubules that do colocalize with actin cables. localization of Auxlp/Swa2p to the ER in subcellular
fractionation studies supports a direct role of this protein on
. ) ) ] . the ER. Future studies on the execution point of Aux1p/Swa2p
Genetic analysis of cortical ER inheritance in ER inheritance and on the identification of its binding
Several genetic screens have identified potential componergartners on the ER might provide clues to the function of this
of the ER inheritance machinery (Prinz et al., 2000; Du et alprotein in ER inheritance.
2001; Estrada et al., 2003). The first screen found that the A direct role for actin in cortical ER inheritance was
cortical ER structure is disrupted in several temperatureevealed in a third genetic screen by the finding that Myo4p is
sensitive mutants exhibiting defective membrane trafficequired for the delivery of cortical ER into the daughter cells
between the ER and Golggc27-95sec21-1retl-3 sec23-1  of budding yeast (Estrada et al., 2003). Myo4p is a type V
and ufel-) (Prinz et al., 2000). Following a shift to the myosin motor that is responsible for localization of ASH1 and
restrictive temperature, the ER is transformed fromiIST2 mRNAs to the bud tip (Long et al., 1997; Takizawa et al.,
interconnected tubules into sheets at the cell periphery in the2800). RNA cargo is linked to Myo4p by the RNA-binding
mutants. The same screen also found that several mutapi®tein She2p and the Myo4p-interacting protein She3p (Bohl
exhibiting defective targeting of ribosome-nascent polypeptidet al., 2000; Long et al., 2000; Takizawa and Vale, 2000).
chains to the ER membrars§101-47srp102-51Gandsec65-  Interestingly, She3p, but not She2p, is required for cortical ER
1) accumulate sheets of ER in the cytosol. Interestingly, botimheritance (Estrada et al., 2003). Cells carrying a point
groups of mutants display pronounced defects in ERnutation in the ATP-binding domain of Myodp fail to
segregate cortical ER into daughter cells.
The motor activity of Myo4p must therefore
be required for this process. Measurements
of the rate of ER tip tubule movement have

Cortical ER

led to the conclusion that the Myo4p-She3p
Segregating complex plays a role in forming and
Actin cable ER tubule extending ER tubules into daughter cells
Nuclear envelope along actin cables via an unidentified ER-
% associated adaptor. Myo4p and actin might

also be required for the stabilization and

. orientation of linear ER tubules, as
Sec3p treatment of cells with the actin
She3p>— Myo4p (exocyst) polymerization inhibitor latrunculin A or

the loss of Myo4p results in a substantial

reduction in the number of cytoplasmic ER

tubules present in newly formed buds

(Estrada et al., 2003).

S — The Sec3p protein is also required for

cortical ER inheritance (Wiederkehr et al.,
Fig. 3. A model for cortical ER inheritance 8. cerevisiaeMyo4p transports ER tubules 2003). Sec3p is a cor_nponent of the e_xocyst,
into the daughter cell along actin cables. She3p functions as an adaptor protein that linRscOnserved octameric complex required for
Myo4p to the segregating ER tubule. Sec3p stabilizes the cortical association of ER ~ tethering secretory vesicles to exocytic sites

tubules delivered into the bud. The ER tubules are propagated along the bud periphery@hdhe plasma membrane. Components of
form an interconnected tubular network. the exocyst are concentrated at sites of
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active membrane expansion in both yeast and mammalian cellsed in yeast microtubules for inheritance of the nuclear ER.
(Guo et al., 2000). In budding yeast, these sites include the bég further progress is made in identifying the machinery
tip during early apical growth and the mother-bud neck duringesponsible for establishing and maintaining the structure and
cytokinesis (Finger and Novick, 1998). distribution of the ER, common themes will no doubt emerge.

Sec3p is unique among the eight components of the exocystwill be interesting to see whether animal cells use a cortical
in several respects. First, the polarized localization of Sec3p @chor for the ER that is analogous to that of Sec3p at the tip
independent of ongoing secretion, the actin cytoskeleton, araf the yeast bud. Through such studies, we hope to learn
the function of the other subunits of the exocyst. This suggest®t only how the ER achieves and maintains its unique
that it acts as a spatial landmark for sites of secretion (Fingemorphology but also why this morphology is important for
et al., 1998). Second, under certain growth conditi®f$:3 specific ER functions.
is not essential for growth and secretion (Wiederkehr et al., _ N _

2003). Cells lacking Sec3p exhibit a rounder morphology and We thank Jemima Barrowman for a critical reading of the
a broader distribution of exocytic markers, which indicates thafanuscript and helpful comments.
they have defects in polarized secretion. Moreogec3
mutants display normal ER-to-Golgi transport, yet have ameferences
aberrant distribution of ER (Finger and Novick, 1997). ByAllan, V. (1995). Protein phosphatase 1 regulates the cytoplasmic dynein-
using GFP-tagged ER-resident proteins to follow the driven formation of endoplasmic reticulum netwomksvitro. J. Cell Biol.
atpib I P 128 879-891.
IdIS'[rlbLfltl(;n 03f thQ EI.:f{. In |||Ve gela‘St Ce"S’. OTeE%an ihO\.N tha,&llan, V. J. and Vale, R. D.(1991). Cell cycle control of microtubule-based
OS_S 0 ec3p significantly de ay_s cortica 'n ertance membrane transport and tubule formation in vittoCell Biol. 113 347-
(Wiederkehr et al., 2003). Interestingly, even late in the cell 359,
cycle, a significant number gec?) cells contain cytoplasmic Askjaer, P., Galy, V., Hannak, E. and Mattaj, I. W. (2002). Ran GTPase
tubules along the mother-bud axis as the only inherited ER cycle and importins alpha and beta are essential for spindle formation and
elements. Time-lapse microscopy has further revealed thatgycl'e‘ér ﬁg‘ffg&aﬁ?gﬁb'y in livigenorhabditis elegarembryos Mol.
) . . 10l. Ce 3 - .

tubules continue to move across the neck but fail to be stabljelsson, M. A. and Warren, G.(2004). Rapid, endoplasmic reticulum-
retained insec) mutant buds. These findings suggest Sec3p independent diffusion of the mitotic Golgi hadol. Biol. Cell 15, 1843-
functions as an anchor for ER tubules that move to the daughte852. o _
cell. which would be analogous to its role in tethering eXOCyti@aumann, O. and Walz, B.(2001). Endoplasmic reticulum of animal cells

! | . f . and its organization into structural and functional domadirisRev. Cytol.
vesicles to sites of secretion. o 205, 149-214.

A possible clue to the nature of the association betweesvbinnec, Y., Marcaillou, C., Morin, X. and Debec, A(2003). Dynamics
Sec3p and the ER came from independent studiesof the endoplasmic reticulum during early developmentDasophila
demonstrating genetic and physical interactions between?ﬁ'gn%aiefge”lz'\rﬂam- gy‘gz'r‘re_:%tog“aﬁézﬁfg’én R. R2000). Shezp
exocyst subunits ar.]d components of the Sec61 complex. T novel RNA-binding protein tethers ASH1 mRNA to the Myo4p myosin
Sec6lp complex is the core component of the protein motor via She3pEMBO J.19, 5514-5524.
translocation channel in ER membranes (Johnson and va@aman, A. L., Delannoy, M. R. and Wilson, K. L.(1992). GTP hydrolysis
Waes, 1999). Overexpression of different subunits of the Sec61is required for vesicle fusion during nuclear envelope assembly in Jitro.

; i Cell Biol. 116, 281-294.

complex partially SUppreﬁ_Seksk the templel’?-'ggg ?_enkSkItIVIty %fridgman, P. C.(1999). Myosin Va movements in normal and dilute-lethal
various exocyst mutants ( ol ! anen etal., ; 10IKkanen etaxons provide support for a dual filament motor compleell Biol.146,
al., 2003). Sec3p overexpression causes GFP-tagged Sec61p t®45-1060.
accumulate at the bud tip without effecting localization ofCoIIgs, P. and Courvalin, J. C(2000). Sorting nuclear membrane proteins at
another ER marker or ER membranes at this site (Wiederkepritosis Trends Cel Biol10, 5.8, p(1988). The microtubule-dependent
etal, 2003)' In addition, exocyst _components anﬁmebumt forma;tion of a tubulovesicu.;lar network with characteristics of the ER from
of the Sec61 complex co-precipitate both in yeast cell lysatescyiwred cell extractsCell 54, 27-35.
and mammalian cell extracts (Toikkanen et al., 2003; Lipschutzailey, M. E. and Bridgman, P. C.(1989). Dynamics of the endoplasmic
et al., 2003). Whether the apparent interaction between thereticulum and other membranous organelles in growth cones of cultured

; ; - neuronsJ. Neurosci9, 1897-1909.
eﬁ(oi’ys(; and tr?nSIOCOH C%ntrltélg[es tOdER tubule retention IBemeter, J., Morphew, M. and Sazer, S(1995). A mutation in the RCC1-
the bud cortex has yet to be addressed. related protein piml results in nuclear envelope fragmentation in fission

yeast.Proc. Natl. Acad. Sci. US®2, 1436-1440.
Dreier, L. and Rapoport, T. A. (2000). In vitro formation of the endoplasmic

Concluding remarks reticulum occurs independently of microtubules by a controlled fusion

- s - reaction.J. Cell Biol.148 883-898.

At a superficial level, _the structure and _dlstrlbutlon of_ the E%of’ Y. Pypaert, M., Novick, P. and Ferro-Novick, S(2001). Aux1p/Swa2p
appears to vary considerably among different organisms andis required for cortical endoplasmic reticulum inheritancBancharomyces
cell types. However, in all cells, the ER maintains its reticular cerevisiaeMol. Biol. Cell 12, 2614-2628.
nature by a constant interplay of tubule formation andllenberg, J., Siggia, E. D., Moreira, J. E., Smith, C. L., Presley, J. F,
homotypic fusion. Furthermore, all cells have mechanisms to Worman, H. J. and Lippincott-Schwartz, J.(1997). Nuclear membrane

. ! . dynamics and reassembly in living cells: targeting of an inner nuclear
disperse the ER throughout the. entire cell volume. T.he membrane protein in interphase and mitadi<Cell Biol. 138 1193-1206.
cytoskeletal tracks, motors and cortical anchors used to achieggrada, P., Kim, J., Coleman, J., Walker, L., Dunn, B., Takizawa, P.,
this distribution might vary among organisms. For instance, Novick, P. and Ferro-Novick, S.(2003). Myo4p and She3p are required
yeast and plants use an actin-dependent and type_v_myosinjlozrs%orltizc:é ER inheritance iSaccharomyces cerevisiak Cell Biol.163
dependent mechanism, whereas animal cells use @ i ocher | pavis, D, Wu, M., Boldogh, I. and Pon, L. A2002).
microtubule-dependent mechanism. However, even in animalgndoplasmic reticulum dynamics, inheritance, and cytoskeletal interactions

cells, actin-based movement plays a supporting role, and isin budding yeastMol. Biol. Cell 13, 854-865.



ER dynamics and inheritance 2877

Feiguin, F., Ferreira, A., Kosik, K. S. and Caceres, A(1994). Kinesin- assembly of rough and smooth endoplasmic reticullinCell Sci.109,
mediated organelle translocation revealed by specific cellular manipulations. 1415-1425.
J. Cell Biol.127, 1021-1039. Lee, C. and Chen, L. B(1988). Dynamic behavior of endoplasmic reticulum
Finger, F. P. and Novick, P.(1997). Sec3p is involved in secretion and in living cells.Cell 54, 37-46.
morphogenesis iBaccharomyces cerevisiddol. Biol. Cell 8, 647-662. Lee, C., Ferguson, M. and Chen, L. B.(1989). Construction of the
Finger, F. P. and Novick, P(1998). Spatial regulation of exocytosis: lessons endoplasmic reticuluml. Cell Biol.109, 2045-2055.
from yeastJ. Cell Biol.142 609-612. Lewis, M. J. and Pelham, H. R(1996). SNARE-mediated retrograde traffic
Finger, F. P., Hughes, T. E. and Novick, R1998). Sec3p is a spatial landmark  from the Golgi complex to the endoplasmic reticul@ell 85, 205-215.
for polarized secretion in budding yeaSell 92, 559-571. Lichtscheidl, I. K., Lancelle, S. A. and Hepler, P. K.(1990). Actin-
Gall, W. E., Higginbotham, M. A., Chen, C., Ingram, M. F,, Cyr, D. M. endoplasmic reticulum complexesDmosera Protoplasmal55 116-126.
and Graham, T. R. (2000). The auxilin-like phosphoprotein Swa2p is Lipschutz, J. H., Lingappa, V. R. and Mostov, K. E.(2003). The exocyst
required for clathrin function in yeasturr. Biol. 10, 1349-1358. affects protein synthesis by acting on the translocation machinery of the
Goosen-de Roo, L., Burggraaf, P. D. and Libbenga, K. R(1983). endoplasmic reticuluml. Biol. Chem278 20954-20960.
Microfilament bundles associated with tubular endoplasmic reticulum irLohka, M. J. and Maller, J. L. (1985). Induction of nuclear envelope
fusiform cells in the active cambial zone @&faxinus excelsiorL. breakdown, chromosome condensation, and spindle formation in cell-free
Protoplasmall6, 204-208. extracts.J. Cell Biol.101, 518-523.
Govindan, B., Bowser, R. and Novick, R1995). The role of Myo2, a yeast Long, R. M., Singer, R. H., Meng, X., Gonzalez, |., Nasmyth, K. and
class V myosin, in vesicular transpatt.Cell Biol.128 1055-1068. Jansen, R. P.(1997). Mating type switching in yeast controlled by

Guo, W., Sacher, M., Barrowman, J., Ferro-Novick, S. and Novick, P. asymmetric localization of ASH1 mRN/Acience277, 383-387.
(2000). Protein complexes in transport vesicle targefirends Cell. Biol. Long, R. M., Gu, W., Lorimer, E., Singer, R. H. and Chartrand, P.(2000).
10, 251-255. She2p is a novel RNA-binding protein that recruits the Myo4p-She3p
Henson, J. H., Begg, D. A., Beaulieu, S. M., Fishkind, D. J., Bonder, E. complex to ASH1 mRNAEMBO J.19, 6592-6601.
M., Terasaki, M., Lebeche, D. and Kaminer, B(1989). A calsequestrin- Louvard, D., Reggio, H. and Warren, G.(1982). Antibodies to the
like protein in the endoplasmic reticulum of the sea urchin: localization Golgi complex and the rough endoplasmic reticuldnCell Biol.92, 92-

and dynamics in the egg and first cell cycle embdy@ell Biol.109, 149- 107.

161. Macaulay, C. and Forbes, D. J.(1996). Assembly of the nuclear pore:
Henson, J. H., Nesbitt, D., Wright, B. D. and Scholey, J. M(1992). biochemically distinct steps revealed with NEM, GTP gamma S, and

Immunolocalization of kinesin in sea urchin coelomocytes. Association of BAPTA. J. Cell Biol.132, 5-20.

kinesin with intracellular organelled. Cell Sci.103 309-320. Newport, J. and Dunphy, W. (1992). Characterization of the membrane
Hetzer, M., Bilbao-Cortes, D., Walther, T. C., Gruss, O. J. and Mattaj, I. binding and fusion events during nuclear envelope assembly using purified

W. (2000). GTP hydrolysis by Ran is required for nuclear envelope components]. Cell Biol.116, 295-306.

assemblyMol. Cell 5, 1013-1024. Newport, J. and Spann, T.(1987). Disassembly of the nucleus in mitotic
Hetzer, M., Meyer, H. H., Walther, T. C., Bilbao-Cortes, D., Warren, G. extracts: membrane vesicularization, lamin disassembly, and chromosome

and Mattaj, I. W. (2001). Distinct AAA-ATPase p97 complexes function  condensation are independent procesSel.48, 219-230.

in discrete steps of nuclear assemblgt. Cell Biol.3, 1086-1091. Niclas, J., Allan, V. J. and Vale, R. D(1996). Cell cycle regulation of dynein
Hill, K. L., Catlett, N. L. and Weisman, L. S. (1996). Actin and myosin association with membranes modulates microtubule-based organelle

function in directed vacuole movement during cell division in transportJ. Cell Biol.133 585-593.

Saccharomyces cerevisiak Cell Biol. 135 1535-1549. Paiement, J. and Bergeron, J2001). The shape of things to come: regulation

Hirokawa, N. (1989). The arrangement of actin filaments in the postsynaptic of shape changes in endoplasmic reticulBrachem. Cell Biol79, 587-592.
cytoplasm of the cerebellar cortex revealed by quick-freeze deep-etdRatel, S. K., Indig, F. E., Olivieri, N., Levine, N. D. and Latterich, M.
electron microscopyNeurosci. Ress, 269-275. (1998). Organelle membrane fusion: a novel function for the syntaxin

Houliston, E. and Elinson, R. P.(1991). Evidence for the involvement of homolog Ufelp in ER membrane fusi@ell 92, 611-620.
microtubules, ER, and kinesin in the cortical rotation of fertilized frog eggsPecot, M. Y. and Malhotra, V.(2004). Golgi membranes remain segregated

J. Cell Biol.114, 1017-1028. from the endoplasmic reticulum during mitosis in mammalian c€kl
Huffaker, T. C., Thomas, J. H. and Botstein, D(1988). Diverse effects of 116 99-107.

beta-tubulin mutations on microtubule formation and functioiCell Biol. Pidoux, A. L. and Armstrong, J. (1993). The BIiP protein and the

106, 1997-2010. endoplasmic reticulum déchizosaccharomyces pomfegte of the nuclear
loshii, S. O., Yoshida, T., Imanaka-Yoshida, K. and lzutsu, K(1995). envelope during cell divisior. Cell Sci.105 1115-1120.

Distribution of a C&* storing site in PtK2 cells during interphase and Pishvaee, B., Costaguta, G., Yeung, B. G., Ryazantsev, S., Greener, T.,
mitosis. An immunocytochemical study using an antibody against Greene, L. E., Eisenberg, E., McCaffery, J. M. and Payne, G. 2000).

calreticulin.Eur. J. Cell Biol.66, 82-93. A yeast DNA J protein required for uncoating of clathrin-coated vesicles in
Jacobs, C. W., Adams, A. E., Szaniszlo, P. J. and Pringle, J. 2988). vivo. Nat. Cell Biol.2, 958-963.

Functions of microtubules in tf&accharomyces cerevisieell cycle J. Cell Preuss, D., Mulholland, J., Kaiser, C. A., Orlean, P., Albright, C., Rose,
Biol. 107, 1409-1426. M. D., Robbins, P. W. and Botstein, D(1991). Structure of the yeast
Johnson, A. E. and van Waes, M. A(1999). The translocon: a dynamic endoplasmic  reticulum: localization of ER proteins  using

gateway at the ER membranu. Rev. Cell Dev. Biol5, 799-842. immunofluorescence and immunoelectron microscwpgist7, 891-911.

Kachar, B. and Reese, T. §1988). The mechanism of cytoplasmic streaming Prinz, W. A., Grzyb, L., Veenhuis, M., Kahana, J. A., Silver, P. A. and
in characean algal cells: sliding of endoplasmic reticulum along actin Rapoport, T. A. (2000). Mutants affecting the structure of the cortical
filaments.J. Cell Biol.106, 1545-1552. endoplasmic reticulum iBaccharomyces cerevisiak Cell Biol.150, 461-

Koning, A. J., Roberts, C. J. and Wright, R. L.(1996). Different subcellular 474.
localization ofSaccharomyces cerevisis®G-CoA reductase isozymes at Robbins, E. and Gonatas, N. K(1964). The ultrastructure of a mammalian
elevated levels corresponds to distinct endoplasmic reticulum membrane cell during the mitotic cyclel. Cell Biol.21, 429-463.
proliferations.Mol. Biol. Cell 7, 769-789. Rossanese, O. W., Reinke, C. A., Bevis, B. J.,, Hammond, A. T., Sears, I.

Landis, D. M. and Reese, T. §1983). Cytoplasmic organization in cerebellar ~ B., O’Connor, J. and Glick, B. S.(2001). A role for actin, Cdclp, and
dendritic spinesJ. Cell Biol.97, 1169-1178. Myo2p in the inheritance of late Golgi elements $accharomyces

Lane, J. and Allan, V. (1998). Microtubule-based membrane movement. cerevisiaeJ. Cell Biol.153 47-62.

Biochim. Biophys. Acta. Mol. Cell Rés376 27-55. Rowe, T., Dascher, C., Bannykh, S., Plutner, H. and Balch, W. [1998).

Lane, J. D. and Allan, V. J.(1999). Microtubule-based endoplasmic reticulum  Role of vesicle-associated syntaxin 5 in the assembly of pre-Golgi
motility in Xenopus laevisactivation of membrane-associated kinesin intermediatesScience279, 696-700.

during developmentol. Biol. Cell 10, 1909-1922. Roy, L., Bergeron, J. J., Lavoie, C., Hendriks, R., Gushue, J., Fazel, A.,
Latterich, M., Frohlich, K. U. and Schekman, R.(1995). Membrane fusion Pelletier, A., Morre, D. J., Subramaniam, V. N., Hong, W. et al(2000).

and the cell cycle: Cdc48p participates in the fusion of ER membi@eks. Role of p97 and syntaxin 5 in the assembly of transitional endoplasmic

82, 885-893. reticulum.Mol. Biol. Cell11, 2529-42.

Lavoie, C., Lanoix, J., Kan, F. W. and Paiement, J(1996). Cell-free =~ Shaw, S. L., Yeh, E., Maddox, P., Salmon, E. D. and Bloom, K1997).



2878 Journal of Cell Science 117 (14)

Astral microtubule dynamics in yeast: a microtubule-based searchingoyoshima, I., Yu, H., Steuer, E. R. and Sheetz, M. PL992). Kinectin, a
mechanism for spindle orientation and nuclear migration into thedud.  major kinesin-binding protein on ER. Cell Biol.118 1121-1131.

Cell Biol. 139 985-994. Vale, R. D. and Hotani, H.(1988). Formation of membrane networks in
Shaw, S. L., Maddox, P., Skibbens, R. V., Yeh, E., Salmon, E. D. and  vitro by kinesin-driven microtubule movemeit. Cell Biol. 107, 2233-
Bloom, K. (1998). Nuclear and spindle dynamics in budding yedst. 2241.
Biol. Cell 9, 1627-1631. Voeltz, G. K., Rolls, M. M. and Rapoport, T. A. (2002). Structural
Simon, V. R., Karmon, S. L. and Pon, L. A.(1997). Mitochondrial organization of the endoplasmic reticuluBMBO Rep3, 944-950.
inheritance: cell cycle and actin cable dependence of polarize$ogl, A. W., Linck, R. W. and Dym, M. (1983). Colchicine-induced changes
mitochondrial movements inSaccharomyces cerevisia€ell. Motil. in the cytoskeleton of the golden-mantled ground squi8pefmophilus
Cytoskeletor87, 199-210. lateralis) Sertoli cellsAm. J. Anat168 99-108.
Staehelin, L. A.(1997). The plant ER: a dynamic organelle composed of aWaterman-Storer, C. M., Sanger, J. W. and Sanger, J. M1993). Dynamics
large number of discrete functional domaiRkant J.11, 1151-1165. of organelles in the mitotic spindles of living cells: membrane and

Steffen, W., Karki, S., Vaughan, K. T., Vallee, R. B., Holzbaur, E. L., Weiss, microtubule interactiongCell Motil. Cytoskeletor26, 19-39.
D. G. and Kuznetsov, S. A(1997). The involvement of the intermediate Waterman-Storer, C. M., Gregory, J., Parsons, S. F. and Salmon, E. D.
chain of cytoplasmic dynein in binding the motor complex to membranous (1995). Membrane/microtubule tip attachment complexes (TACs) allow the

organelles oXenopusocytes.Mol. Biol. Cell8, 2077-2088. assembly dynamics of plus ends to push and pull membranes into
Sturmer, K., Baumann, O. and Walz, B.(1995). Actin-dependent light- tubulovesicular networks in interpha¥enopusegg extractsJ. Cell Biol.

induced translocation of mitochondria and ER cisternae in the photoreceptor 130, 1161-1169.

cells of the locusSchistocerca gregarial. Cell Sci.108 2273-2283. Waterman-Storer, C. M. and Salmon, E. D(1998). Endoplasmic reticulum
Takagishi, Y., Oda, S., Hayasaka, S., Dekker-Ohno, K., Shikata, T., membrane tubules are distributed by microtubules in living cells using three

Inouye, M. and Yamamura, H.(1996). The dilute-lethal (dl) gene attacks  distinct mechanism<urr. Biol. 8, 798-806.
a C&* store in the dendritic spine of Purkinje cells in mideurosci. Lett.  Wedlich-Soldner, R., Schulz, 1., Straube, A. and Steinberg, G2002).
215 169-172. Dynein supports motility of endoplasmic reticulum in the funigssilago
Takizawa, P. A. and Vale, R. D(2000). The myosin motor, Myo4p, binds maydis Mol. Biol. Cell 13, 965-977.
Ash1l mRNA via the adapter protein, SheBpc. Natl. Acad. Sci. USV, White, R. G., Badelt, K., Overall, R. L. and Vesk, M.(1994). Actin
5273-5278. associated with plasmodesma®aotoplasmal80, 169-184.
Takizawa, P. A., DeRisi, J. L., Wilhelm, J. E. and Vale, R. {2000). Plasma  Wiederkehr, A., Du, Y., Pypaert, M., Ferro-Novick, S. and Novick, R2003).
membrane compartmentalization in yeast by messenger RNA transport andSec3p is needed for the spatial regulation of secretion and for the inheritance

a septin diffusion barrieGcience290, 341-344. of the cortical endoplasmic reticuluivol. Biol. Cell14, 4770-4782.
Terasaki, M. (2000). Dynamics of the endoplasmic reticulum and golgi Wéllert, T., Weiss, D. G., Gerdes, H. H. and Kuznetsov, S. A2002).
apparatus during early sea urchin developmat. Biol. Cell11, 897-914. Activation of myosin V-based motility and F-actin-dependent network
Terasaki, M. and Reese, T. S(1994). Interactions among endoplasmic  formation of endoplasmic reticulum during mitoslsCell Biol. 159, 571-
reticulum, microtubules, and retrograde movements of the cell su@alie. 577.
Motil. Cytoskeletor29, 291-300. Yang, L., Guan, T. and Gerace, L(1997). Integral membrane proteins of the
Terasaki, M., Chen, L. B. and Fujiwara, K. (1986). Microtubules and the nuclear envelope are dispersed throughout the endoplasmic reticulum during
endoplasmic reticulum are highly interdependent structure€ell Biol. mitosis.J. Cell Biol.137, 1199-1210.
103 1557-1568. Zeligs, J. D. and Wollman, S. H(1979). Mitosis in rat thyroid epithelial cells
Toikkanen, J., Gatti, E., Takei, K., Saloheimo, M., Olkkonen, V. M., in vivo. I. Ultrastructural changes in cytoplasmic organelles during the

Soderlund, H., de Camilli, P. and Keranen, S(1996). Yeast protein mitotic cycle.J. Ultrastruct. Res66, 53-77.
translocation complex: isolation of two genes SEB1 and SEB2 encodinghang, C. and Clarke, P. R(2000). Chromatin-independent nuclear envelope

proteins homologous to the Sec61 beta sub¥adstl2, 425-438. assembly induced by Ran GTPaseXienopusegg extractsScience288
Toikkanen, J. H., Miller, K. J., Soderlund, H., Jantti, J. and Keranen, S. 1429-1432.

(2003). The beta subunit of the Sec61p endoplasmic reticulum translocdéthang, C. and Clarke, P. R.(2001). Roles of Ran-GTP and Ran-GDP in

interacts with the exocyst complex 8accharomyces cerevisiag Biol. precursor vesicle recruitment and fusion during nuclear envelope assembly

Chem.278 20946-20953. in a human cell-free syster@urr. Biol. 11, 208-212.



