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mRNA localization ensures correct
spatial and temporal control of

protein synthesis in the cell. We show
that an in vitro single molecule approach,
using purified recombinant full-length
proteins and synthesized mRNA, pro-
vides insight into the mechanism by
which localizing mRNAs are carried to
their destination. A messenger ribonu-
cleoprotein (mRNP) complex was recon-
stituted from a budding yeast class V
myosin motor complex (Myo4p–She3p),
an mRNA-binding adaptor protein
(She2p), and a localizing mRNA (ASH1).
The motion of the mRNP was tracked
with high spatial (»10 nm) and tempo-
ral (70 ms) resolution. Using this
“bottom-up” methodology, we show that
mRNA triggers the assembly of a high
affinity double-headed motor-mRNA
complex that moves continuously for
long distances on actin filaments at phys-
iologic ionic strength. Without mRNA,
the myosin is monomeric and unable to
move continuously on actin. This finding
reveals an elegant strategy to ensure that
only cargo-bound motors are activated
for transport. Increasing the number of
localization elements (“zip codes”) in the
mRNA enhanced both the frequency of
motile events and their run length, fea-
tures which likely enhance cellular locali-
zation. Future in vitro reconstitution of
mRNPs with kinesin and dynein motors
should similarly yield mechanistic insight
into mRNA transport by microtubule-
based motors.

Introduction

Localizing mRNAs often rely on
molecular motors to reach their destina-
tion in the cell. Budding yeast provides an
attractive model organism to study the

spatial and temporal control of mRNA
localization, because yeast exclusively use
one class V myosin motor for this process.
The mRNA binding protein She2p links
the myosin motor to its mRNA cargo.
The simplicity of this system led to a large
number of cell biological experiments in
budding yeast, primarily aimed at under-
standing the features required for correct
localization of mRNA transcripts to the
bud tip (Fig. 1A).1-7 One of the most
widely-studied localizing mRNAs is
ASH1, which codes for a cell fate determi-
nant. ASH1 mRNA contains four cis-act-
ing sequences called “zip codes” that bind
She2p, which in turn recruit the myosin
motors that move the mRNA. Many of
the earlier cell biological studies focused
on features of the mRNA that were
required for correct localization,8 and less
on the properties of the motor itself. The
single molecule in vitro reconstitution
approach described here investigates
mRNA transport primarily from the
motor’s point of view.

Budding yeast has only two class V
myosins. One of them, Myo4p, is special-
ized to transport cortical ER, and over 20
different localizing mRNAs from
the mother to the bud tip on actin
cables.2-4,9-11 Imaging of tagged mRNA
in living cells showed its continuous trans-
port over several microns at a rate of
»0.3 mm/sec,12 as expected for a motor-
driven process. Surprisingly, when Myo4p
was purified from yeast cells13 and charac-
terized by ensemble in vitro motility
assays, it appeared to have a low duty
cycle, meaning that that the myosin head
stays attached to actin for only a small
fraction of its ATPase cycle. A cargo trans-
porter needs to have a high duty cycle,
(i.e., the myosin head needs to stay
attached to actin for a large fraction of its
ATPase cycle), which enables the motor
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to move micron-long distances along actin
tracks as a single molecule, a feature
known as processivity.

The discrepancy between the in vivo
and in vitro observations needed to be rec-
onciled. One possibility was that mRNA
transport is accomplished by teams of
non-processive motors that act together to
move cargo continuously. Alternatively,
other factors such as the adaptor protein
She2p or the mRNA cargo itself, which
were not present in the simplified in vitro
assays, could affect the properties of
Myo4p. If true, cargo transport could be
regulated in the cell by accessory factors
that turn the motor “on” or “off” for proc-
essive transport. To address these possibil-
ities we used a single molecule approach

to study the motor in vitro, but under
conditions that more closely mimicked
the cellular context. Full-length Myo4p
and its tightly bound adaptor She3p were
expressed and purified from Sf9 cells using
the baculovirus/Sf9 cell expression system,
while the mRNA binding protein She2p
was expressed in bacteria. The purified
proteins were reconstituted in vitro to
form a double-headed motor/adaptor
complex which was visualized moving
processively on yeast actin–tropomyosin
tracks using total internal reflection fluo-
rescence (TIRF) microscopy.14 To address
how mRNA cargo activates the complex
for transport, we further increased the
complexity of the single molecule assay by
adding a full-length ASH1 mRNA

transcript to form a fully reconstituted
mRNP in vitro that moves processively on
actin even at physiologic ionic strength.15

Depending on the goal of the experiment,
labeling strategies to visualize the complex
included binding a Quantum dot to the
Myo4p motor, expressing She2p as a YFP
fusion protein, or labeling the ASH1 tran-
script with an Alexa Fluor-UTP.

Two Motor Heads are Needed
for Processivity

Myo4p has many of the attributes of a
processive motor. Expressed chimeric con-
structs showed that its motor domain was
capable of supporting processive motion
as a single molecule when fused to the
dimeric mammalian myosin Va lever arm
and coiled-coil rod.16 Like myosin Va,
Myo4p has a long extended lever arm that
allows a head to take »72 nm steps on
actin, and a cargo-binding globular tail.
However, the number of heptad repeats
(signature of an alpha-helical coiled coil)
in the rod region of Myo4p is small (»5)
compared with the number found in ver-
tebrate myosin Va (>20). The coiled coil
is responsible for myosin being a double-
headed motor. The most unusual feature
of Myo4p is that its strong interaction
with the adaptor protein She3p prevents
dimerization with another Myo4p mole-
cule.17 Thus, the simple reason why the
Myo4p–She3p motor complex cannot
“walk” processively on actin filaments like
other class V myosins is because it is a sin-
gle-headed motor.17,18

The stoichiometry of the Myo4p–
She3p complex is 1:2.19,20 Structural
insights from X-ray crystallography
showed that an interaction between
Myo4p and a truncated dimeric fragment
of She3p is mediated through a hydropho-
bic patch in the globular tail domain of
Myo4p.19 But we also know that a trun-
cated version of Myo4p lacking the globu-
lar tail still binds She3p tightly,15,17

implying that there are likely to be addi-
tional interactions between the Myo4p
rod and She3p that were not observed in
the crystal structure. Future structural
studies on additional domains of Myo4p–
She3p will be needed to fully understand
how the motor complex is stabilized.

Figure 1. Myo4p–She3p bound to She2p forms a double-headed complex at low ionic strength.
(A) Image of ASH1 mRNA localization to the bud tip (green dot, white arrow) in budding yeast.
(B, C) Electron microscopy of metal-shadowed images showing (B) single-headed Myo4p–She3p
complexes, and (C) double-headed Myo4p–She3p–She2p motor complexes at low ionic strength.
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The Myo4p–She3p complex is
recruited to localizing transcripts through
the mRNA-binding protein She2p.14,21

She2p is a tetramer,14,21,22 and the four
monomers provide a potential mechanism
to recruit multiple Myo4p–She3p motor
complexes in close proximity. Electron
microscopy of metal-shadowed images
showed that in the absence of She2p, the
Myo4p–She3p complex is single-headed
(Fig. 1B). Addition of She2p to this com-
plex revealed V-shapes structures that
closely resemble double-headed vertebrate
myosin Va (Fig. 1C). She2p is thus capa-
ble of recruiting two single-headed
Myo4p–She3p motors, resulting in a stoi-
chiometry of two Myo4p heavy chains:
two She3p dimers: one She2p
tetramer.19,20

Importantly, this two-headed motor
complex, recruited via She2p, steps proc-
essively on actin filaments with a 72 nm
step-size and hand-over-hand stepping
pattern identical to that observed with
myosin Va (Fig. 2A).23 The coordinated
stepping of the two heads bound to She2p
was unexpected because it is generally
assumed that processive motion requires a
strain-dependent communication between
the heads, mediated through the coiled-
coil rod of the motor. One intriguing pos-
sibility is that once She2p recruits two
motor complexes, the Myo4p heavy
chains can form a short coiled coil via the
»5 heptads of predicted coiled-coil
sequence in the rod. Cargo-mediated
dimerization has been previously proposed
for vertebrate myosin VI.24 Based on our
studies with the Myo4p motor complex
and She2p at low ionic strength (50 mM
KCl), we proposed the dimerization
scheme depicted in Figure 2B.

mRNA is Necessary to Stabilize
a Double-Headed Processive
Motor Complex at Physiologic

Ionic Strength

When reconstituting multi-component
systems in vitro, it is necessary to consider
cellular factors that may be important for
understanding how the complex is regu-
lated. Track modifications, protein con-
centration, molecular crowding, ionic
strength and cargo are all important

factors that may influence the assembly
and biophysical properties of motor/adap-
tor complexes. In the case of Myo4p, it

became apparent that ionic strength was
an important factor to consider in the in
vitro reconstitution.

Figure 2. (A) Trace showing the displacement vs. time of the Myo4p–She3p–She2p motor complex
on an actin filament at low ionic strength (50 mM KCl). The multiple steps without dissociation illus-
trate that the complex is processive. Myo4p–She3p is labeled with a Quantum dot (Qdot) on only
one head of the two-headed motor complex. Using this labeling strategy, the head position of myo-
sin can be tracked on actin with high time and spatial resolution by fitting the Qdot image of each
frame to a two-dimensional Gaussian, which approximates its point spread function and allows its
x and y positions to be determined with »6 nm resolution. The center of a distribution can be
determined much more accurately than the width, which is limited by the »200 nm resolution of a
light microscope. The top left inset shows the histogram of step sizes, that average 72 § 18 nm.
The bottom right inset shows a stepping trace of a two-headed complex in which each head is
labeled with a different colored Quantum dot. These data illustrate the hand-over-hand stepping
pattern of the two heads, which implies communication between the heads. (B) Diagram showing
that She2p recruits two single-headed Myo4p–She3p complexes to form a processive double-
headed motor complex at low ionic strength (< 50 mM KCl). She3p is shown as a dimer interacting
with the Myo4p globular tail and rod.
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Myo4p–She3p assembles into a proces-
sive dimer when bound to She2p at low
ionic strength (50 mM KCl), but this
complex dissociates when the ionic
strength is raised to near physiological
(140 mM KCl). Salt concentrations
�50 mM KCl are typically used in in
vitro motility assays to enhance interac-
tions, but these conditions may lead to
conclusions that are not relevant in the
cell. In this case, our observation that the
complex dissociates at 140 mM KCl
implies that to function as a cargo trans-
porter in the cell, other cellular factors are
required to stabilize the two-headed motor
complex. An obvious candidate was the
mRNA cargo itself.

We therefore reconstituted a messenger
ribonucleoprotein (mRNP) by adding the
budding yeast localizing mRNA transcript
ASH1, to the Myo4p–She3p–She2p com-
plex. The mRNA was synthesized with a
fluorescently labeled UTP to visualize
mRNPs moving on actin filaments with
high spatial (»10 nm) and temporal
(70 ms) resolution. At ionic strength
approximating physiologic (140 mM
KCl), ASH1 mRNA was required to stabi-
lize the double-headed motor complex,
which moved for long distances on actin
(Fig. 3A). In the presence of sufficient
motor, the mRNP with a full-length
ASH1 transcript, bound as many as eight
motor heads (Fig. 3B). The spacing

between the motor heads varied during a
run, highlighting the dynamic nature of
the transport complex.15 Cargo is usually
thought to be a passive player during
transport, but in this case, mRNA partici-
pates in the assembly of the mRNP by
providing additional interactions that sta-
bilize the complex.

The More Zip Codes the Better

mRNA is an ideal cargo for studying
the single molecule properties of motor/
cargo complexes because it is easy to syn-
thesize and modify. The ASH1 mRNA zip
code sequences are modular, making it
easy to alter motor recruitment to the
transcript. Like many other localizing
mRNA transcripts, the ASH1 transcript
contains multiple zip code elements, each
capable of recruiting a motor complex for
transport. By altering the zip code number
of the ASH1 transcript, we find that tran-
scripts containing more zip codes are
transported for longer distances. This is
expected from a team of motors, because
the probability of having at least one head
bound to the track increases. This observa-
tion provides a molecular understanding
of why localizing mRNAs tend to have
multiple localization elements. Multiple
zip codes also enhance the initial engage-
ment of a transcript with the actin track,

simply by increasing the probability that
at least one motor complex is bound to
the mRNA.15

In fact, any change to our in vitro assay
that more closely mimicked cellular con-
ditions enhanced the characteristic run
length of the mRNP. This included add-
ing budding yeast tropomyosin (Tpm1p)
to the actin track, and assembling single
actin filaments into bundles, to more
closely mimic the actin cables found in
vivo. The ability to move cargo for long
distances most likely enhances mRNA
localization in the cell.

Interestingly, one of the four zip codes
in the budding yeast ASH1 mRNA has a
higher affinity than the other three for the
Myo4p motor complex.15 The reason for
this difference is not clear, but raises the
possibility that zip codes can fine tune the
recruitment of motors through adaptor
binding affinity. In higher eukaryotes this
property may be important for co-ordinat-
ing the activities of multiple and/or differ-
ent motors on mRNPs.

Conflicting Viewpoints

Subsequent to our publication,15 a sin-
gle molecule study by Heym et al.20 drew
several conclusions contradictory to ours.
They concluded that She2p alone is neces-
sary for Myo4p to undergo processive

Figure 3. Single molecule reconstitution of a motile ASH1 mRNP. (A) mRNPs (green) are visualized moving on actin filaments (red) at near physiological
ionic strength (140 mM KCl) using total internal reflection fluorescence microscopy. mRNPs are assembled with the native full-length ASH1mRNA, which
was synthesized with an Alexa 488–labeled UTP for visualization. Images were acquired at 67 ms/frame at 1 mM MgATP. (B) Electron microscopy of
metal-shadowed images showing fully reconstituted mRNPs. The mRNP, assembled with the native four zip code ASH1 mRNA transcript, binds up to
eight motor heads (arrowheads). (C) Diagram showing that budding yeast ASH1mRNA and She2p synergize the assembly of motile mRNPs near physio-
logical ionic strength. The ASH1 transcript contains multiple zip codes, each capable of recruiting a motor complex.
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motion, and that neither mRNA nor zip
codes are necessary. Unfortunately, these
broad conclusions are based solely on data
obtained at low ionic strength (50 mM
KCl), which we believe gives rise to the
conflicting opinions. Their low ionic
strength data recapitulate our earlier find-
ings at 50 mM KCl which showed that
She2p alone can recruit a pair of single-
headed Myo4p–She3p motor complexes
that move processively on actin in a hand-
over-hand fashion, without mRNA.14 We
also showed that upon addition of mRNA
at low ionic strength, processive move-
ment is independent of both zip codes
and She2p,15 implying that motors are
being recruited via non-specific interac-
tions between Myo4p–She3p and the
highly charged mRNA.

Only by working near physiologic
ionic strength (140 mM KCl) does
mRNA transport require both zip codes
and She2p for transport,15 consistent with
cell biological data.25 A stable Myo4p–
She3p–She2p complex does not form at
140 mM KCl in vitro in the absence of
mRNA, and thus Myo4p would be non-
motile in the cell without cargo. Only in
the presence of mRNA does She2p form a
stable complex with Myo4p–She3p under
physiologic ionic strength, a regulatory
checkpoint that ensures that only cargo-
bound motors can move processively.

Heym et al.20 suggested several reasons
other than ionic strength for these differ-
ing conclusions, but we do not believe
that these other factors are responsible.
They suggested that mRNP run length
increases with zip code number because
we used high stoichiometric ratios of myo-
sin over mRNA. Excess motor was used in
our experiments to ensure that all zip
codes had the potential to bind a pair of
motor heads, with excess non-processive
single-headed motors remaining in solu-
tion. While this may not mimic in vivo
concentrations, the cell has macromolecu-
lar crowding which facilitates biological
interactions. Increasing the number of zip
codes increased run length near physio-
logic ionic strength, as expected when a
larger team of motors works together.26 In
addition, metal-shadowed electron micro-
scopic images obtained with equimolar
concentrations of mRNA, Myo4p and
She2p, showed that zip codes are required

for recruitment of Myo4p to localizing
transcripts, and that up to eight motor
heads can bind to the native four zip code
ASH1 mRNA.15 In agreement, Heym
et al.20 also conclude that the vast major-
ity of zip code elements in the cell are
bound to motor complexes. Multiple zip
codes are not essential for cellular mRNA
localization, but their presence offers
advantages by enhancing both the per-
centage of cells with correct mRNA locali-
zation, and the quality of localization at
the bud tip.27 This might be due to the
ability of multi-zip code transcripts to
recruit multiple motors which enhance
engagement with the actin track, facilitate
navigation of obstacles encountered on
the track, and allow movement even under
load. We show that altering the track has a
large impact on Myo4p run length,15 and
that the closer the track resembled the
actin cables found in budding yeast (i.e
bundled yeast actin decorated with yeast
tropomyosin Tpm1p), the better the
movement. The study by Heym et al.20

drew conclusions based on movement on
single skeletal actin filaments.

They also speculated that our use of
She2p containing four Cys to Ser point
mutations was responsible for the differing
conclusions. These mutations were previ-
ously made to prevent intermolecular
disulfide formation and maintain She2p
in a homogeneous state necessary for crys-
tallization,28 features that are equally
important to interpret the single molecule
assays. We showed that She2p(Ser to Cys)
was indistinguishable from wild type
She2p in an in vivo mRNA localization
assay,14 which is generally considered
good evidence that the mutant protein
functions like wild type.

Alternative Single Molecule
Approaches to Understand mRNA

Transport

Advances in optical and single mole-
cule techniques have given researchers the
tools to take a number of different single
molecule approaches to study the mecha-
nisms of mRNA transport. Only through
a synthesis of results obtained from multi-
ple approaches will a thorough under-
standing be obtained. Here we used a

“bottom-up” approach, with purified
recombinant proteins and synthesized
mRNA transcripts, allowing full control
over the reconstitution. This approach is
particularly useful when all of the compo-
nents in the complex have been identified.
Bullock and colleagues used a complemen-
tary “top-down” approach, isolating motor/
mRNA complexes from Drosophila embry-
onic cell extracts.29,30 The top-down
approach is less controlled than a complete
in vitro reconstitution, but has the advan-
tage of bringing along potentially impor-
tant, but less well-characterized binding
partners that can affect motor activity.
Their work shows the importance of both
dynein–dynactin copy number29 as well as
regulation of dynein–dynactin activity.30

Future work identifying additional compo-
nents of isolated mRNPs will help to fully
understand how multiple copies of a single
type of motor, as well as oppositely directed
motors, coordinate their activities on local-
izing transcripts to determine assembly and
directionality.

Direct real-time observation of single
mRNPs in the cell has also been critical for
our understanding of how mRNAs local-
ize.31 One of the first pieces of evidence
that mRNA transport in budding yeast was
powered by a myosin was the observation
that mRNA movement was directed.12

Recently, single particle tracking in cultured
neurons was used to show that mRNPs
containing multiple mRNA transcripts dis-
assemble into multiple mRNPs upon KCl-
depolarization,32 highlighting the highly
dynamic nature of mRNPs during trans-
port. The ability to reconstitute these sys-
tems will be important for determining the
molecular basis for this and other dynamic
properties of mRNPs.
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