 Indian Academy of Sciences

J Biosci Vol. 43, No. 3, July 2018, pp. 437–445
DOI: 10.1007/s12038-018-9765-2

Fluorescence microscopy applied to intracellular transport
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Long-distance transport of many organelles inside eukaryotic cells is driven by the dynein and kinesin motors on
microtubule ﬁlaments. More than 30 years since the discovery of these motors, unanswered questions include motor–
organelle selectivity, structural determinants of processivity, collective behaviour of motors and track selection within the
complex cytoskeletal architecture, to name a few. Fluorescence microscopy has been invaluable in addressing some of these
questions. Here we present a review of some efforts to understand these sub-microscopic machines using ﬂuorescence.
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1. Background
Intracellular transport of vesicles was ﬁrst inferred from
ligatures of sciatic nerve where swelling was observed on
either sides of the ligature (Grafstein and Forman 1980).
More careful analysis revealed the presence of fast transport
in axons (Ochs et al. 1969). It is now known that the dynein
ATPase motor usually transports cargo towards the minus
end of the microtubules (located close to the nucleus in most
interphase cells), whereas the kinesin class of motors usually
transports cargo towards the plus end of the microtubules
(near the cell periphery). Many kinds of microtubule motors
function on a vast variety of cellular organelles (Hirokawa
and Tanaka 2015; Vallee et al. 2012). It is a challenge to
understand how motors create sub-cellular organization by
localizing components at spatio-temporally distinct locations
in a predictable manner. Over the years, concerted efforts at
different levels of complexity have advanced our understanding in this ﬁeld. Fluorescence has been utilized to study
various properties of microtubule motors ranging from intramolecular changes during motion to collective transport of
cargos (ﬁgure 1). Fluorescent labels can be attached to the
cargo, the motors or to the microtubule. In vitro studies
provide mechanistic details into the structure, function and
regulation of these motors. Motor kinetics, orientation and
the conformational changes in motors that generate
mechanical force from ATP hydrolysis are now better
understood based partly on ﬂuorescence studies with motor
systems. Expressing ﬂuorescently tagged motors inside cells
has allowed us to visualize cargo–motor association and to
http://www.ias.ac.in/jbiosci

observe motors navigating the complex cytoskeleton. Fluorescent labelling also shows that both dynein and kinesin are
present on the cargo, but how do these antagonistic motors
work together is a matter of much debate (Hancock 2014).

2. Sub-cellular localization of motors
2.1

Antibody-based ﬂuorescence assays

With the discovery of kinesin and cytoplasmic dynein as
microtubule-based motors, the next big question was to
uncover their cellular cargos. To that end, ﬂuorophore-tagged antibodies against microtubule motors were used to
visualize the motors inside cells (Roghi and Allan 1999;
Hirokawa et al. 1990; Corthésy-Theulaz et al. 1992).
Cytoplasmic dynein was found localized to lysosomes in
cultured cells, and this localization was sensitive to serum
starvation and extracellular calcium (Lin and Collins 1992;
Lin and Collins 1993). Three distinct dynein heavy chains
were found; each present on a different sub-cellular compartment (Vaisberg et al. 1996). Dynein was also observed
on mitotic spindles and kinetochores (Pfarr et al. 1990;
Steuer et al. 1990). While there is only a single cytoplasmic
dynein, 14 different classes of kinesin exist in mammals with
overlapping presence on organelles (Ligon et al. 2004; Gurel
et al. 2014; Pilling et al. 2006; Fath et al. 1997; Fath 1994).
Localization and retention of different kinesins in diverse
cellular compartments suggest redundancy as well as
exclusivity in their function. Antibody-based detection
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localized kinesin motors to the cytosol, to different
organelles and to centrosomal structures (Neighbors et al.
1988; Scholey et al. 1985; Zhang and Sperry 2004; Wright
et al. 1991; Hollenbeck 1989; Hirokawa et al. 1991; Yang
and Goldstein 1998; Rahman et al. 1999; Pﬁster et al. 1989).
Kinesin was enriched in the proximal swelling in nerve
ligatures, as determined by antibody staining, followed by
cytoﬂuorimetric scanning (Dahlström et al. 1991). As an
example, KIF21A is targeted to both axons and dendrites,
while its close relative KIF21B is detected only in dendrites
(Marszalek et al. 1999).

2.2

Live imaging of ﬂuorescent motor proteins in cells

Initial insights into motor–cargo speciﬁcity used antibodybased detection in Western blots or immunoﬂuorescence,
thereby giving snapshots of motor-based motion but preventing real-time visualization of motor turnover on a cargo.
With the discovery of green ﬂuorescent protein (GFP) and
advances in ﬂuorescence microscopy, live imaging of ﬂuorescently tagged motors was possible in vitro and in vivo.
Researchers attempted to understand cargo-speciﬁc and
track-speciﬁc association of motors. Kinesin2-GFP was
localized on late endosomes and lysosomes, but was absent
from early endosomes. Dynein-GFP was expressed in yeast
to visualize the role of dynein in astral microtubule
dynamics, spindle orientation and nuclear migration. The
axonal transport of Unc104 (Kinesin-3) was visualized in C.
elegans using a GFP-tagged version of the protein (Zhou
et al. 2001). Lee et al. (2003) characterized processivity and
velocity of EGFP-tagged KIF1A in cultured hippocampal
neurons. KIF5-GFP was shown to bind plus ends of
microtubules near the emerging axon, while kinesin-3
showed no such preference (Nakata and Hirokawa 2003).
Super-resolution imaging using photo-switchable ﬂuorescent
analogs of KIF5C and KIF1A revealed preference of kinesin-1 to GTP-rich microtubules (Nakata et al. 2011). However, Cai et al. (2009) reported preference of kinesin-1 on
stable (acetylated and detyrosinated) microtubules by singlemolecule imaging of motors. KIF17 and KIF1A preferred
dynamic/growing microtubules. Photo-activable analogs of
GFP were used to observe that kinesin-1 does not degrade
and neither does it hitchhike on retrograde motors to return
to the cell body (Blasius et al. 2013). Instead, these motors
alternate between active and diffusive modes, and utilize the
latter to reach the cell body. To answer the problem of cargo
selectivity of kinesin, an ingenious split kinesin assay was
designed wherein engineered kinesin comprising a kinesin
motor domain (fused to FKBP) and a series of kinesin tail
domains (fused to FRB) were expressed (Jenkins et al.
2012). When these split kinesins were dimerized artiﬁcially,
the cargo selectivity determined by the tail-misdirected
kinesin into the axon. KIF1A and KIF13B were found

speciﬁc for dendritic LDLR containing vesicles, while
KIF13A and KIF13B bound to transferrin receptor containing vesicles. Interactions of different proteins with
motors have been studied using a modiﬁed FRET technique
called FLIM-FRET that can distinguish between direct and
indirect interactions. Using FLIM-FRET, interaction of viral
capsid proteins with the TPR domain of kinesin-1 was elucidated (Danquah et al. 2012).
Genetic manipulations and ﬂuorescence microscopy have
been used to identify proteins that regulate axonal transport.
The assay involves visualizing transport along the axon by
GFP tagging of the protein of interest. Drosophila and C.
elegans are used to study axonal transport in vivo. A genetic
screen for transport-defective mutants in C. elegans neurons
was mapped to components of cytoplasmic dynein
(Koushika et al. 2004). Unc104 and Synaptobrevin were
shown to accumulate at the synapse in the absence of a
functional cytoplasmic dynein complex. A similar genetic
screen identiﬁed JIP3 (Unc16) as the scaffolding protein on
APP vesicles that form a complex with both kinesin-1 and
dynein light intermediate chain. This observation suggested
that a scaffolding protein can regulate transport by modulating opposing kinesin and dynein motors (Arimoto et al.
2011). The fate of the motors after cargo delivery is often
unknown. Unc104 or KIF1A motors may degrade at the
synapse after they detach from the cargo in mechanosensory
neurons of C. elegans (Kumar et al. 2010). In Drosophila
axons, movement of GFP-tagged ChAT (Choline acetyltransferase) and its pre-synaptic enrichment was shown to
require kinesin-2 (Ray et al. 1999; Sadananda et al. 2012).
Interaction with kinesin-2 subunit KLP64D was necessary
for entry of ChAT into the axons (Sadananda et al. 2012).
Upon knocking down the kinesin-2 subunit KLP64D in
Drosophila, signiﬁcantly lower inﬂux of Rab4-positive
endosomes was observed by FRAP (Dey et al. 2017).

2.3

In vitro functional assays

Many questions about motor function have been addressed
using simpliﬁed in vitro assays. One of the earliest such
developments was a microtubule-gliding assay. Microtubules were ﬂowed into a chamber where the motors were
attached to the coverslip with their microtubule-binding sites
free. Initially the gliding assay used non-ﬂuorescent microtubules, but now most gliding assays use ﬂuorescently
labelled microtubules. The motors are usually not labelled,
and therefore not visible. This assay yields a microtubule
sliding velocity, which is a characteristic for motor function.
Scott Brady and colleagues (Marya et al. 1991) puriﬁed
kinesin from ox spinal nerve roots and labelled it with
5-Iodoacetamido ﬂuorescein (5-IAF). This ﬂuorescent motor
was able to move microtubules in a gliding assay and also
support organelle motility. Vale et al. visualized single
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kinesin moving on microtubules in a TIRF-based assay
using microtubule-coated coverslips (Vale et al. 1996). They
used truncated human kinesin with a reactive cysteine at
C-terminus to attach Cy3 ﬂuorescent dyes. Processive
movement of individual kinesin dimers was observed without any cargo, but monomeric kinesin was not processive,
suggesting that the two heads of kinesin coordinate to generate long-distance motion. Since then, many different
microtubule motors have been puriﬁed with a ﬂuorescent
tag, and their motile properties visualized by TIRF microscopy (Korten et al. 2011; Pierce and Vale 1998; Pierce et al.
1997).
How is the fuel (ATP) used during the mechanochemical
cycle of a motor? Two approaches were taken to determine
kinetics of the ATPase cycle of motors: ATP hydrolysis and
phosphate (Pi) release (Toseland 2014). A ﬂuorescent analogue of ATP with a modiﬁed ribose moiety (mantATP) was
used to study different transient and rate-limiting steps
during ATP hydrolysis. The different intermediates varied in
their ﬂuorescence intensity and decay characteristics. For
example, kinesin-ATP had 25% more ﬂuorescence than
kinesin-ADP (Sadhu and Taylor 1992). The rate-limiting
step was found to be the release of kinesin-ADP.Pi from a
microtubule after hydrolysis of ATP (Gilbert and Johnson
1994; Gilbert et al. 1995a). The Pi release was measured in a
ﬂuorescence coupled assay (Gilbert et al. 1995b). Lockhart
et al. determined ADP release to be the rate-limiting step for
a minus-directed kinesin (ncd) as well as for conventional
kinesin (Lockhart et al. 1995).

3. Using ﬂuorescence to decode the motor’s walk
Microtubule motors must walk on ‘stepping stones’
provided by deﬁned motor binding sites along the microtubule polymer. How do these motors step along? Processive
motors (e.g. kinesin-1 and cytoplasmic dynein) function as
dimers and take hundreds of steps before detaching from the
microtubule. One can therefore imagine hand-over-hand or
Inchworm models for motion of processive motors (Hua
et al. 2002). The hand-over-hand model predicts that the
front head remains stationary, while the lagging head moves
beyond the centre of mass, that is, each head alternates
between leading and lagging role. Optical trapping measurements have determined the movement of kinesin in 8 nm
steps (Svoboda et al. 1993). However, the trap measures
bead position (centre of mass) and cannot reveal the
movement of individual motor heads. Since motor binding
sites on microtubules are 8 nm apart, a single head of kinesin
must show alternating 16 nm and 0 nm steps in the case of
hand-over-hand model. The alternate inchworm model postulates a uniform step size of 8 nm for a single head where
one head is always in leading role through the entire duration
of motion. Yildiz et al. used a technique called FIONA
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(Yildiz and Selvin 2005) to monitor step size of kinesin
dimers labelled with a single Cy3 (Yildiz et al. 2017). They
observed an average step size of 17.3 nm, indicating a handover-hand mechanism of kinesin. Using a similar methodology. Reck-Peterson and colleagues investigated dynein
stepping by creating dynein heterodimers labelled with Cy3b
and Atto647N, one ﬂuorophore on each motor domain (Qiu
et al. 2012; DeWitt et al. 2012). In a manner different from
kinesin, most dynein stepping events did not switch the
identity of leading/lagging head, indicative of an inchworm
model with occasional hand-over-hand steps.
Most microtubule-based motors function as a dimer,
wherein the nucleotide status of each motor head determines
its microtubule afﬁnity through conformational changes in
its microtubule-binding region. How the two heads communicate their nucleotide status to ensure processive motion
had been elusive for a long time. With the ability to ﬂuorescently tag different regions of the individual motor,
insights have been gained into intra-molecular conformational changes (as a consequence of ATPase cycle) as well as
inter-molecular communication between the two heads of a
motor dimer. Although EM studies on kinesin in different
nucleotide states provide snapshots of its structural conformation, they are blind to kinetic details during the cycle of
kinesin (Sosa et al. 2001; Benoit and Sosa 2018; Asenjo and
Sosa 2009). Fluorescence polarization microscopy provides
information on the orientation of a single or multiple ﬂuorophores. Kinesin-1 motor domain was tagged with a
monofunctional or a bifunctional probe by introducing cysteines through site-directed mutagenesis. These probes
exhibited high ﬂuorescence anisotropy when kinesin-1 was
strongly bound to microtubules in a no-nucleotide state.
Both motor heads in a dimer bound with similar orientation
on the microtubule (Peterman et al. 2001). In the ADPbound state, kinesin motor domain exhibited a highly mobile
state, as seen by the decrease in anisotropy.
These studies were taken further by the development of
ﬂuorescence resonance energy transfer (FRET) techniques.
FRET is non-radiative transfer of energy between a donor
and acceptor ﬂuorophore via dipole–dipole coupling. FRET
may be observed between different molecules (inter-molecular FRET) or between different regions/domains of the
same molecule (intra-molecular FRET). FRET between the
kinesin motor domain tagged with Alexa-555 and nucleotide
(Alexa 647-ATP) was used to measure single-molecule ATP
turnover, showing that two motor domains in the functional
kinesin dimer hydrolyse ATP alternately. (Verbrugge et al.
2009). The neck linker for kinesin was ﬂuorescently labelled
with 1,5-IAEDANS to study mechano-chemistry of kinesin
between microtubule-associated tryptophans and AEDANS
(Rosenfeld et al. 2002). FRET was higher in no-nucleotide
state but decreased upon ATP binding. To analyse kinesin-1
activity in cells, mCit was fused to the N-terminal of kinesin1 and ECFP was fused to C-terminus of kinesin light chain
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(KLC). The fusion proteins were expressed in cells. The
folded and auto-inhibited conformation of kinesin-1 changed
to an unfolded active state upon cargo binding, as indicated
by lower FRET (Cai et al. 2007). Similarly, FRET conﬁrmed
the role of kinesin tail in mediating kinesin detachment from
the microtubule (Aoki et al. 2013). However, an opposite
mode of kinesin regulation was observed for the MCAK
kinesin wherein the closed conformation bound microtubule
more efﬁciently than open (Ems-McClung et al. 2013).The
conformation of kinesin during stepping was elucidated by
Mori et al. (2007), who labelled the leading and lagging
motor domain of kinesin with a FRET pair. Testing these
dual-labelled kinesins in different nucleotide states showed
that kinesin exhibits both (one head bound and two head
bound) states between steps. Inter-molecular FRET between
motor monomers has shown dimerization of kinesin-3 on the
cargo, resulting in processive motion (Soppina et al. 2014).
Elegant studies of single-molecule FRET between BFP
and GFP on the 380-kDa motor domain of Dictyostelium
dynein were done by Kon et al. They elucidated the linker
swing mechanism of dynein power stroke (ﬁgure 1).
These authors tagged the N-terminal–truncated tail with
GFP, while other positions in the motor head were tagged
with BFP. These experiments revealed different conformations of the dynein head during its mechano-chemical
function (Kon et al. 2005). Their studies agreed well with
cryo-EM and crystallography data. More recently, quantum nanorods were coupled to the dynein AAA ring and
polarized emission of light from the nanorods was measured. The dynein ring was found to rotate relative to the
microtubule, but these rotations were small and suggested
that dynein does not utilize a classic powerstroke mechanism for motion (Lippert et al. 2017).

4. How many motors on a cargo, and how are they
organized?
It is now well established that a vesicular cargo often has
multiple motors associated with it (ﬁgure 1). The emergent
function of many motors (of same and opposing nature)
during cargo transport has received much attention (Hancock
2014). FRET-based assays and photobleaching studies have
shed light on motor numbers, motor turnover and dimerization status of motors on cargo. Cai et al. (2007) tracked
Kinesin-1–mCit in Cos 7 cells using TIRF microscopy. They
showed photobleaching in unitary steps characteristic of
single-molecule bleaching. Stepwise photobleaching and
FRET showed that mammalian kinesin-3 exists as a dimer in
solution (Hammond et al. 2009). Hendricks et al. (2010)
photobleached GFP-dynamitin on Rab7-positive vesicles to
show the presence of 3–4 dynein per vesicle. Using a
combination of photobeaching and quantitative western

blotting, they demonstrated an *6:1 ratio of dynein:kinesin1 and *3:2 ratio of dynein:kinesin-2 on these vesicles.
The geometrical organization of motors on a cargo
membrane is also realized to modulate transport, particularly
for endosomes/phagosomes. Clustering of motor proteins
has been suggested to be advantageous for multiple motors
to work cooperatively (Mallik et al. 2013; Rai et al. 2016). It
was observed using ﬂuorescence staining that dynein reorganizes into clusters on late phagosomes (ﬁgure 2) as
opposed to a more diffused/uniform dynein distribution on
the early phagosomes. After treating the phagosomes with
methyl-b-cyclodextrin to remove cholesterol from the cargo
membrane, dynein lost its clustered organization and showed
a more uniform distribution. Such a transition from clustered
to uniform was also induced by addition of Leishmania
lipophosphoglycans, prompting the speculation that this
pathogenic parasite could inhibit dynein clustering on
phagosomes as a survival strategy. These observations suggested that dynein clusters into cholesterol-enriched lipid
microdomains to propel efﬁcient directional transport of
phagosomes towards degradative lysosomes that reside near
the nucleus (Rai et al. 2016).

5. Watching motors navigate around the crowded
cytoskeleton
How motors navigate through complex cytoskeletal structures has also been addressed using ﬂuorescence (ﬁgure 1).
In vitro studies showed how microtubule–microtubule
intersections impact movement of GFP-labelled dynein–
dynactin complexes puriﬁed from transgenic mice. Such
studies were also done for multiple motors (dynein or
kinesin attached to beads) using microtubules deposited over
each other (Ross et al. 2008). Microtubule intersections were
also made with biotinylated rhodamine–labelled microtubules. This study suggested that microtubule intersections
might act as a tethering point for cargo and that the tethering
strength can be tuned in the cell by regulating motor stoichiometry (Bálint et al. 2013). The microtubule network has
a more complex architecture inside the cell compared to
in vitro experiments. Zajac et al. used oblique-angle illumination ﬂuorescence microscopy to show how the actin
meshwork conﬁnes a sub-population of endosomes inside
cells. Endosome motion was characterized by bursts of
directed motion interrupted by diffusive motion and pausing/
reversals, thereby facilitating processes like endosome sorting or interaction with other organelles (Zajac et al. 2013).
Similarly, pausing and reversals were observed for peroxisomes at microtubule intersections in cells. An assay was
also developed for inducible recruitment of speciﬁc motors
to RFP-labelled peroxisomes, which were observed to
redistribute inside cells depending on the motor recruited to
the peroxisome (Kapitein et al. 2010).
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Figure 1. Fluorescence assays applied to different aspects of microtubule motors and intracellular cargo transport. Image at the centre
shows an illustration of an interphase cell. Microtubules are shown as curved dark lines. Vesicular cargo carried by dynein (green) and
kinesin (blue) motors is shown on the microtubules. (a) Tracking the motion of ﬂuorescent cargo at microtubule intersections and obstacles
(Jennifer L Ross et al. 2008; Dixit et al. 2008; Bálint et al. 2013); Microtubules are shown as grey-rod like structures, obstacles (including
microtubule-associated protein tau) is shown as blue ‘pacman’ like structure. The coloured vesicles are driven by kinesin (blue) and/or
dynein (green) motors. (b) Depicts auto-inhibition of kinesin-1 as observed by FRET wherein the tail interacts with the head, resulting in a
folded conformation. This inhibition is released upon cargo binding, resulting in a motor head that is free to interact with microtubules (Cai
et al. 2007). The globular blue structure depicts kinesin motor head which becomes a coiled coil stalk ending with a tail that interacts with
kinesin light chain (red). (c) Intra-molecular FRET elucidated the power stroke of dynein in which the linker undergoes major
conformational changes during ATP hydrolysis (Kon et al. 2005). The six AAA (ATPase associated with various cellular activities)
domains of dynein are numbered 1–6 in the form of a ‘dynein ring’. The linker moves from AAA4 towards AAA2 during hydrolysis of
ATP at AAA1 domain. (d) Photobleaching has been used to count motors on a cellular cargo. Endogenously expressed ﬂuorescent motor is
bleached in discrete steps (Hendricks et al. 2010; Schuster et al. 2011). (e) Visualizing cargo in cells or in an organism by expressing
ﬂuorescently tagged proteins (e.g. GFP) or using ﬂuorescent quantum dots endocytosed into cells. Particularly useful for studying axonal
transport where synaptic vesicles (e.g. synaptobrevin) are tagged with GFP and their motion is tracked in the axon (Koushika et al. 2004;
Choudhary et al. 2017).

With the development of super-resolution microscopy
techniques such as stochastic optical reconstruction microscopy (STORM) or photoactivation localization microscopy
(PALM), one can overcome the diffraction limit in ﬂuorescence microscopy. The microtubule network can be imaged
in 3D with high spatio-temporal resolution inside ﬁxed cells
(Bálint et al. 2013) and living cells (Zhu et al. 2012).
However, the imaging speed of live-cell super-resolution
microscopy is restricted by the performance of photoswitchable ﬂuorescent probes. A correlative imaging method
was developed that combined single-particle tracking with
super-resolution microscopy, such that fast intracellular
cargo dynamics can be understood in the context of dense
cytoskeletal geometry (Verdeny-Vilanova et al. 2017). A

time-lapse video of ﬂuorescent cargo was taken, after which
the microtubules were immune-stained in situ with a photoswitchable dye. STORM images (acquired for both 2D and
3D) were then recorded. The cargo trajectory was obtained
using single-particle tracking algorithm, which was then
overlaid on resolved MT structures reconstructed from
STORM images and aligned with precision using ﬁduciary
markers like beads. The authors observed that majority of
lysosomes paused after their arrival at microtubules intersections. The pausing behaviour was directly correlated with
axial separation of the intersecting microtubules. It was seen
that the cytoskeletal architecture impacts transport in a
vesicle-size-dependent manner, leading to pausing of vesicles larger than the separation of the microtubules. To
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Figure 2. Motors and lipid membranes. (a) Kinesin motors pulling membrane tubes from a GUV on a microtubule-coated coverslip.
(b) Clustering of dynein into lipid raft domains on a maturing phagosomes leads to rapid directed transport of pathogen-containing
phagosomes towards degradative lysosomes.

understand the mechanism of how motors circumvent
obstacles, 3D tracking of cargos was used. Cargos were
found to show off-axis motion, which leads to repositioning
of the vesicle in 3D along the microtubule, and this may help
circumventing steric obstacles (Verdeny-Vilanova et al.
2017). In the future, super-resolution microscopy may help
to better understand in vivo function of motors. A STEDmicroscope setup and two ﬂuorescent dyes have been
designed that allows for live-cell super-resolution imaging
(Butkevich et al. 2018). These cell permeable dyes are best
adapted for near IR imaging. The microtubule cytoskeleton
has been visualized by super-resolution imaging of live cells
with site-speciﬁc labelling of tubulin (Schvartz et al. 2017).
6. Future directions – motors and lipids
Another nascent area where ﬂuorescence-based assays may
emerge is the interaction of motor proteins with lipid membranes (Pathak and Mallik 2017). Motors usually exert force
on the lipid membrane covering vesicles and other intracellular structures. Force generated by kinesin was observed to
extract membrane tubes from a giant unilamellar vesicle
(GUV; see ﬁgure 2A). Membrane tubes begin to form only at
high kinesin concentrations on the GUV, indicating a need for
multiple motors in this process (Koster et al. 2003). The MTbinding rate of kinesin was estimated by analysing the density
proﬁles of ﬂuorescent kinesin along membrane tubes pulled
out from a GUV (Leduc et al. 2004). This binding rate (*5
s-1) has been very useful in modelling motor-driven transport
by multiple motors. The dynamic lipid membrane can cluster
motors (see ﬁgure 2B) on a vesicle, leading to enhanced
transport (Rai et al. 2016). Super-resolution imaging of the
sub-microscopic organization of motors on the lipid membrane of vesicles may yield new mechanisms of modulating
intracellular transport driven by motors.

Recently, microtubule gliding has been used to show how
properties of membrane lipids affect motor motion. Grover
et al. (2016) used supported membrane bilayers to attach
motors, followed by observation of microtubule gliding on
these motors. It was seen that rigid cholesterol-containing
membranes enhanced gliding velocity of microtubules. They
attributed the lower velocities found in ﬂuid bilayers to
motor slippage in the membrane, as observed by ﬂuorescence imaging.
To conclude, ﬂuorescence-based studies have been
widely used to further our knowledge of motor protein–
driven transport using in vivo as well as reconstituted
assays. The ﬁeld is likely to grow with emergence of
super-resolution techniques and open problems such as
motor–ﬁlament interactions and motor–lipid interactions
during transport.
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