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Myosin V and the endoplasmic reticulum:

the connection grows

Wolfgang Wagner and John A. Hammer III

Laboratory of Cell Biology, National Heart, Lung and Blood Institute, National Institutes of Health, Bethesda, MD 20892

In this issue, Estrada et al. (2003) provide new and important
insights into how the endoplasmic reticulum (ER) of budding
yeast cells is inherited. Together with other studies in
plant and animal cells, the results of Estrada et al. (2003)
support the idea that myosin V acts as a universal motor
for the transport of ER membranes.

The ER is a membrane-bound organelle that functions in
protein secretion, membrane protein translation, lipid syn-
thesis, and calcium storage. Based on its localization within
the cell, the nuclear ER (or nuclear envelope) can be distin-
guished from the peripheral ER. The latter forms a network
of membrane tubules and sheet-like cisternae that is typically
spread throughout the cytoplasm and is continuous with the
nuclear ER (Voeltz et al., 2002).

In the first comprehensive morphological description of
the ER, Keith R. Porter mentions that “...it is possible to
detect a motion which might be interpreted as a migration of
nodosities along the strands [of the ER]” (Porter, 1953). It is
clear today that the ER indeed represents a dynamic network
of membrane tubules that is continuously rearranged. Char-
acteristic movements include the elongation and retraction
of membrane tubules, the branching of tubules, the sliding
of tubule junctions, and the closure of rings of ER tubules
(Lee and Chen, 1988; Voeltz et al., 2002).

The motility of the ER depends on the cytoskeleton. In
plants and yeast, F-actin plays a major role in mediating ER
motility (Terasaki, 1990; Voeltz et al., 2002). In contrast,
microtubules play the predominant role in the formation
and motility of the ER in animal cells (Terasaki, 1990;
Voeltz et al., 2002). Nevertheless, several observations indi-
cate that actin is also important for ER dynamics in animal
cells in vivo (Terasaki and Reese, 1994; Sturmer et al., 1995;
Waterman-Storer and Salmon, 1998; Baumann and Walz,
2001).

Little is known about how the ER interacts with the actin
cytoskeleton. In this issue, Estrada et al. (2003) report the
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exciting finding that in Saccharomyces cerevisiae the actin-
based class V myosin Myo4p and its interacting partner,
She3p, are part of an ER-associated machinery that is required
for the inheritance of the peripheral (also called cortical) ER
into daughter cells. Class V myosin motors are involved in
the transport of a wide variety of cargos including mem-
brane-bound organelles, mRNA, and proteins (Reck-Peterson
et al., 2000). Myo4p was already well known for its role
in the asymmetric localization of RNAs, including ASHI
mRNA, to daughter cells (Kwon and Schnapp, 2001). In
this case, She3p bridges an interaction between Myo4p and
the mRNA by binding to both the myosin and the RNA-
binding protein, She2p (Kwon and Schnapp, 2001). Efficient
accumulation of Myo4p at the tip of the growing bud is
dependent on its association with the RNP cargo (Kruse et
al., 2002; Gonsalvez et al., 2003).

In budding yeast, the cortical ER forms a membrane net-
work that lies underneath the plasma membrane and is con-
nected via membrane tubules to the nuclear ER (Voeltz et
al., 2002). The motility of the cortical ER is similar to that
observed for the ER network in animal cells and requires an
intact actin cytoskeleton (Prinz et al., 2000). The inherit-
ance of cortical ER takes place in parallel with bud growth.
Early in the cell cycle, ER membranes are already enriched at
the presumptive bud site (Fehrenbacher et al., 2002). Subse-
quently, ER tubules extend from the mother cell into the bud
along the mother bud axis (Du et al., 2001; Fehrenbacher et
al., 2002; Estrada et al., 2003). An immobilization or tethering
of these tubules at the bud tip has been detected, suggesting
that cortical ER can be passively drawn into the daughter
cell during bud growth (Fehrenbacher et al., 2002).

In a careful microscopy study of ER inheritance in live
cells, Estrada et al. (2003) are now able to show that the de-
livery of ER membranes into buds depends on Myo4p and
She3p, as well as on F-actin. The analysis of cells expressing
fluorescent protein— or HA-tagged marker proteins indicates
further that Myo4p is required for the inheritance of cortical
ER but not of other organelles, such as vacuoles, mitochondria,
and Golgi membranes.

Estrada et al. (2003) also present data clarifying how
Myo4p acts in cortical ER inheritance. First, a point mutation
in the motor domain of Myo4p has the same effect as the
MYO4 deletion, indicating that the motor activity of this
myosin is required for cortical ER inheritance. Second,
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fractionation studies show that Myo4p and She3p are associ-
ated with the ER via an interaction that is independent of
She2p and RNA. And finally, Estrada et al. (2003) are able
to demonstrate that the inheritance of cortical ER is inde-
pendent of Myo4p’s function in mRNA transport. In con-
clusion, the results establish ER membranes as a new cargo
for the class V myosin Myo4p.

Interestingly, in the absence of Myo4p approximately one
quarter of daughter cells still receive cortical ER (Estrada et
al., 2003), indicating that cortical ER can also be inherited
via a Myo4p-independent mechanism. Such an alternative
mechanism might involve the passive tethering of ER mem-
branes to the cell cortex of the growing bud as described by
Fehrenbacher et al. (2002) (Fig. 1). Relevant to this, an in-
teraction between the 3 subunit of the Sec61p—ER translo-
cation complex (Seb1p—Sbh1p) and the exocyst complex has
been detected (Toikkanen et al., 2003). This connection is
noteworthy given that the exocyst complex localizes to the
tip of growing buds and Sec3p, one of its components, is re-
quired for ER inheritance (Wiederkehr et al., 2003).

The most dramatic example to date of actin-dependent ER
motility is the process of cytoplasmic streaming in plant cells,
where the ER network and, by virtue of cytoplasmic viscosity,
most of the remaining organelles and constituents are pulled
through the cell by an actin-based motor along massive, polar-
ized actin cables (Kachar and Reese, 1988). The motor re-
sponsible for this ER movement has recently been identified
as myosin V (also called plant myosin XI; Kashiyama et al.,
2000; Morimatsu et al., 2000; Kimura et al., 2003).

Myosin V has also been implicated in ER localization and
motility in animal cells. The first evidence for this came from
studies of cerebellar Purkinje neurons from dilute mice
and rats (Dekker-Ohno et al., 1996; Takagishi et al.,
1996). These animals carry null mutations in the myosin Va
heavy chain gene and are characterized by a lightened coat
color and neurological abnormalities (Mercer et al., 1991).
Smooth ER is normally present in the dendritic spines of
Purkinje cells, where it plays a critical role in synaptic trans-
mission through its ability to regulate local calcium levels. In
dilute mice and rats, these spines are devoid of smooth ER
membranes (Dekker-Ohno et al., 1996; Takagishi et al.,
1996). This deficiency in ER localization or “inheritance” is
thought to be responsible for the defect in long-term depres-
sion at the parallel fiber—Purkinje cell synapse, and for at
least some of the neurological abnormalities exhibited by -
lute animals (Miyata et al., 2000). It is currently unclear ex-
actly how myosin V localizes smooth ER in spines. There is
considerable evidence that, like in yeast, vertebrate myosin V
is an ER-associated motor (see next paragraph), so myosin V
might actively transport smooth ER into spines. As in yeast,
however, a protein link connecting the ER to the plasma
membrane appears to exist in dendritic spines (Sheng and
Kim, 2002), so passive tethering may also play a role (Fig. 1).

Support for the idea that vertebrate myosin V is an ER-
associated motor has come from immunoelectron microscopy,
which shows myosin Va on smooth ER in the dendritic
spines of Purkinje cells (Petralia et al., 2001) and in the ax-
ons of mouse optic nerves (Rao et al., 2002). Moreover, bio-
chemical studies have shown that myosin Va cofractionates

with the ER (Ohashi et al., 2002). Direct evidence of a role

YEAST BUDS OR DENDRITIC SPINES

Passive Tethering

m - plasma membrane
C% - endoplasmic reticulum

e - F-actin

4 - myosin V

U - exocyst (yeast)
- mGIuR1, homer, shank, PSD (spines)

[j - Seb1p/Sbh1p (yeast)
- |IP3 receptor (spines)

Figure 1. Two models of how ER membranes can be delivered
to yeast buds and dendritic spines, whose dimensions are similar.
Myosin V could actively transport ER tubules (A) or play a role in
tethering ER to the cell surface (B). Interactions between ER membrane
proteins and plasma membrane proteins have been detected in both
the bud and dendritic spines. These interactions could contribute to
the tethering of ER membranes after their myosin V-dependent de-
livery, or they could allow passive inheritance or localization of ER
during bud or spine formation. Other possibilities exist. For example,
myosin V could transport a protein or mRNA into the spine that in
turn is required for anchoring the ER. PSD, postsynaptic density.

for myosin V in ER motility has come from studies using ex-
truded squid axoplasm and Xenopus oocyte extracts (Tabb et
al., 1998; Wollert et al., 2002). Tabb et al. (1998) found
that ER vesicles isolated from squid axoplasm move along
actin filaments in vitro, that myosin V is associated with
these vesicles, and that antibodies directed against myosin V
block the motility of these ER vesicles. More recently, Wol-
lert et al. (2002) showed in Xenopus egg extracts that myosin
V colocalizes extensively with ER tubules and that the actin-
dependent motility and network forming capabilities of
these tubules are dependent on the myosin.

Together, the findings summarized above suggest strongly
that myosin V functions in ER transport in animals, plants,
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and yeast. Nevertheless, many questions remain unan-
swered. First, live cell imaging coupled with the use of cells
expressing mutant myosin V molecules that move faster or
slower (used to great effect to verify the role of Myo2p, the
other yeast myosin V, in secretory vesicle transport; Schott
et al., 2002) are needed to solidify Myo4p’s role in ER
movement and inheritance. Second, we need to determine
how myosin V interacts with ER membranes. In melano-
cytes Rab27a and melanophilin recruit myosin Va to mela-
nosomes (Fukuda et al., 2002; Hume et al., 2002; Naga-
shima et al., 2002; Wu et al., 2002) and in budding yeast
Rab GTPases appear to play roles in linking Myo2p to secre-
tory vesicles and mitochondria (Pruyne and Bretscher, 2000;
Itoh et al., 2002; Wagner et al., 2002). In contrast, an ap-
parently unrelated Myo2p receptor comprising the proteins
Vac8p and Vacl7p exists on the yeast vacuole (Ishikawa et
al., 2003, Tang et al., 2003). The results of Estrada et al.
(2003) suggest that the Myo4p-interacting protein She3p,
which is also associated with ER membranes and required
for cortical ER inheritance, might be part of the link be-
tween myosin V and the ER. Finally, the motility of the ER
depends not only on myosin V but on microtubules as well.
This is especially the case in animal cells, although in yeast
microtubules play a role in the movement of nuclear ER late
in the cell cycle (Fehrenbacher et al., 2002). Therefore, it is
important to determine how the actin- and microtubule-
based movements of the ER are coordinated. Answers to
these questions should broaden our knowledge of how mo-
tors recognize their cargos and how their activity in the
transport of different cargos is regulated.
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