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Abstract—Here we discuss some common mechanisms of microtubule-dependent active transport of nonmembranous com-
ponents in animal cells. We summarize data about mRNA, cytoskeletal elements, structural proteins, and signaling com-
plexes transport. We also characterize the series of molecular interactions that connect nonmembranous cargoes and micro-
tubules and describe the regulatory pathways for these interactions.
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The role of microtubules in transport within cyto-
plasm of such membrane organelles as mitochondria,
Golgi apparatus components, exo- and endocytotic vesi-
cles, etc. is widely known. Numerous reviews deal with
this problem as well as with general problems of trans-
port regulation [1-6]. However, there are also nonmem-
branous cell components whose distribution in the cyto-
plasm or intracellular motility depends on microtubules.
In recent years, an extensive literature has accumulated
concerning such cell components, and this has stimulat-
ed us to summarize the available data. Some limitations
are necessary due to extensive volume of the subject.
Here only problems concerned exclusively with trans-
port in interphase cells will be considered, but the other
functions of microtubules, in particular their special role
in motility of mitotic chromosomes, will still be kept in
the background. Besides, we shall consider only exam-
ples of nonmembranous component transport in animal
cells.

Abbreviations: APC, adenoma polyposis coli protein; CPE,
cytoplasmic polyadenylation element; MSD, mean squared
displacement; NLS, nuclear localization signal; RNP, ribonu-
cleoprotein; UTR, untranslated region.

* To whom correspondence should be addressed.

ACTIVE TRANSPORT — ITS LOGIC
AND MOTOR PROTEINS

Cell components move in the cytoplasm due to two
main reasons. First, this is cell compartmentalization:
each process takes place in a certain region, for example,
transcription proceeds in the nucleus, while translation
happens in the cytoplasm, due to which RNA should be
transported from the nucleus into the cytoplasm; synap-
tic vesicles have to be delivered from the neuron body to
the axon end, and signalosomes formed in the synapse
should be delivered back into the cell body. Second, it is
the necessity for cell components to interact with each
other, for which they have to come across each other in
space. Naturally, all intracellular molecules and particles
are subject to diffusion. However, particles and organelles
(further called particles) have to overcome high cytoplas-
mic viscosity that interferes with their simple diffusion
and may become an obstacle for transfer of big objects.
Active transport is necessary to overcome significant dis-
tances in a reasonable time interval, and therefore it is
especially important for large cells like neurons or
oocytes.

Transfer of cell components along the cell is usually
not similar, for example, to the purposeful movement of
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ants along “ants’ pathways”. Most likely, outwardly it is
the ant’s chaotic movement along the ant-hill.
Continuous purposeful flow of particles can be perhaps
seen only in axons, but not in all cases. Usually a particle
moves chaotically along the cytoplasm, often changing
the direction of movement to the opposite several times a
minute, and changes in direction alternate with periods of
stationary state or “trembling”, i.e. fine displacements
around the same point. Only rarely there happen so-
called saltatorial particle movements, brief “jumps” for
several microns at the rate up to 2 um/sec [5].
Measurements of particle movement rates also show that
during short time intervals particles rarely develop high
rates of transfer. Only 8-12% of mitochondria simultane-
ously (during 3-5 sec) move at a rate exceeding
0.2 um/sec [7]. For example, the mean rate of transfer of
mRNA-containing particles is ~0.1 um/sec [8-12], i.e. it
is 10 times slower than saltatorial movement.

Intensified mathematical analysis such as analysis of
the particle mean squared displacement (MSD) depend-

ence on the time interval [13-17] is necessary for exact
characterization of movement of intracellular compo-
nents. Particle movement is approximately described by
the exponential equation MSD(7) ~ Dt*, where ¢ is the
time interval of observation, D is diffusion coefficient,
and a is coefficient of anomalous diffusion. In the case of
o < 1.0 the particle movement can be considered as diffu-
sion (with further subdivision to simple and obstructed
diffusion), and in the case of o > 1.0 it can be considered
as active transport or directed movement [18]. It was sup-
posed that a scheme when particles carry out low-ampli-
tude transfers in some domains, rarely “jumping over”
into adjacent domains, is the best suitable for intracellu-
lar particle transfers [17]. Probably in the case of micro-
tubule-dependent movement, such domains can corre-
spond to three-dimensional cells formed in the network
of chaotically arranged microtubules (figure).

How can it be checked experimentally that we are
dealing with active transport of some particles along
microtubules? First, one should begin with clear identi-

Microtubules and transport organization in different cell types. a-c) Microtubules in different cells. Fluorescent microscopy. d-f)
Corresponding schemes of microtubule-dependent transport organization. a, d) Radial system of microtubules in Xenopus melanophore; b, e)
chaotic system of microtubules in a cultured goldfish fibroblast; c, f) parallel bundles of microtubules in a Xenopus nervous system cell. The
microtubule plus and minus ends are designated as well as possible trajectories of particles using kinesin (solid arrow) or dynein (dashed arrow)
as motors
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fication of the analyzed particles. At the present time
there exists an opinion that, for example, membrane
vesicles are represented in the cell by a great number of
species differing in biochemical composition but mor-
phologically similar. Second, it is necessary to make cer-
tain that tracks of the studied particle movement coin-
cide with arrangement of microtubules and to find out
that movement of particles ceases or is slowed down in
the case of experimental destruction of the microtubule
system (for example, by nocodazole). However, quite
often studying the mobility begins with detection of
direct interaction of any cellular protein with motor pro-
teins. The special and most essential problem is identifi-
cation of motor proteins involved in transport of differ-
ent particles.

Active transport along microtubules involves motor
proteins, mechanochemical ATPases belonging to two
superfamilies—dyneins and kinesins [1-6, 19, 20]. These
proteins interact via their ATPase domain with micro-
tubules, while the opposite terminus interacts with trans-
ported cargo. Kinesins usually transport cargoes from the
minus-ends of microtubules to their plus-ends, although
minus-end-directed kinesins are also possible; dyneins
transport cargoes from plus-ends of microtubules to
minus-ends, i.e. in opposite direction. In the human
genome, 39 kinesins are encoded, while kinesin-1 (KIF5
according to current nomenclature) and kinesin-2
(KIF3) are usually prevalent in interphase non-nerve cells
[6]. Dyneins are not so diverse, but the cytoplasmic
dynein molecule, in addition to heavy chains, includes
intermediate, light intermediate, and various light chains,
and some light chains can fulfill independent functions as

individual proteins. Usually one and the same transport-
ed particle simultaneously carries several motor protein
molecules of opposite charge, able to move both to plus
and minus ends of the microtubule [2, 21, 22].
Sometimes particle movement resembles a “tug-of-war”,
when different motor molecules work simultaneously and
try to tug the particles to different sides [22] (Scheme 1).
It is believed that different motors can form complexes in
common on transported loads.

There also exists passive transport along micro-
tubules using ATP-independent one-dimensional protein
diffusion. Such transport is shown for one of the
kinesins—MCAK/XKCM1 (kinesin-13, KIF2C) [23].
Due to diffusion along a microtubule, MCAK quickly
reaches its end, where it activates tubulin depolymeriza-
tion in an ATP-dependent manner and thus increases the
dynamics of the microtubule network [23]. The dynactin
complex and possibly other proteins are also able to move
along microtubules via one-dimensional diffusion (see
below) [24], but this does not concern active transport,
the subject of this article.

In cells with strictly determined arrangement of
microtubules, the opposite sign motor proteins organize
bidirectional transfer of organelles (figure) such as retro-
grade or anterograde transport in axons or dispersion and
aggregation of pigment granules in melanophores of fish
[25, 26]. In axons transport follows parallel microtubule
oriented by their plus end in distal direction, and in
melanophores along a radial network of microtubules
where plus ends are directed to periphery and minus ends
are assembled in the center (figure). However, in many
other cell types microtubules are arranged quite chaoti-

Transport regulation in the presence of several motor proteins on the same particle. a) “Tug-of-war”; b) regulation using adapter protein
phosphorylation (in this case of huntingtin); c) dynein transport by kinesin. a-c) Adapted from [22], [31], and [36], respectively. /) Active
kinesin; 2) inactive kinesin; 3) dynein; 4) dynactin; 5) huntingtin; 6) phospho-huntingtin; 7) NUDEL; §) Lisl; 9) HAPI.

Scheme 1
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cally and particles can wander within the cytoplasm using
only the single sign motor protein (figure).

Investigation of transport of different particle within
cells includes studying the mechanism of particle com-
plex formation with transporting proteins, selection of a
certain protein, and binding to corresponding adapters.
Various methods are used for identification of motor pro-
teins involved in motility of any particle, e.g. intracellular
motor and particle co-localization checked by immuno-
fluorescence and synthesis of GFP-fused proteins.
Interaction with the particle or its components is checked
by co-precipitation in a yeast two-hybrid system, etc.
Finally, knock-down techniques (gene switching-off
using RNA interference), synthesis in cells of dominant-
negative constructs, as well as injections of inhibiting
antibodies or dominant negative-acting proteins are used.

Motility can be regulated via attachment and
detachment of motor proteins as well as upon changing
activity of these proteins, e.g. by reversible phosphoryla-
tion. Regulation by reversible phosphorylation can be
used not against the motor protein molecule itself but
against bound regulatory protein. Motor proteins actual-
ly include protein regulators, in particular, protein kinas-
es and phosphatases [25], as well as regulatory structural
proteins. Thus, the multisubunit dynactin complex is a
regulator of dynein activity [27]. On one side, the dyn-
actin complex associates dynein with the transported
cargo, and on the other side, it provides for processivity of
the motor at the expense of its p150%“? subunits [28, 29].
Protein p150%“? simultaneously interacts with tubulin of
microtubules and with dynein intermediate chain, proba-
bly by helping the motor complex hold on the micro-
tubule. Dynactin in frog melanophores binds both dynein
and kinesin-2 and motors compete for binding to the
same site in the p150“““‘ molecule [30].

Dynactin might be one of the key organizers of pro-
tein complexes on particles transported by motors. In
neurons, the protein huntingtin is bound to dynactin, and
huntingtin phosphorylation results in kinesin-1 recruit-
ment into motor complex and dynein inactivation, which
in turn, activates anterograde vesicular transport. On the
contrary, huntingtin dephosphorylation results in kinesin
release from the complex and activation of retrograde
transport [31]. The complex also includes other proteins,
in particular the structural protein Tau, one end of which
interacts with microtubule and the other with dynactin
[32].

The N-terminal domain of the DISC1 protein binds
to kinesin-1, while the C-terminal domain of DISCI1
binds to the NUDEL protein [33]. In this case, NUDEL
interacts with dynein, dynactin, and the Lisl protein [34-
36]. Lisl enhances dynein affinity to tubulin of micro-
tubules, probably by dynein “sticking” to microtubule,
while NUDEL is its antagonist (Scheme 1). This protein
system is able to contribute significantly to the antero-
grade and retrograde transport regulation. It is found that

proteins DISCI1, huntingin, Lisl, and NUDEL are
important for correct development and functioning of the
nervous system.

The size of transported particle also plays a notice-
able role in transport regulation because parameters of
kinesin and dynein transport along microtubules (their
mechanochemical cycle) depend on loading of these
motors [37, 38].

mRNA TRANSPORT

After leaving the nucleus, mRNA and ribosomal
subunits are transported within the cytoplasm until
reaching their anchoring and translation sites, probably
predetermined by some factors that will not be discussed
in this review. A distortion in mRNA distribution in
oocytes and somatic cells leads to impairment in cell
functions of proteins synthesized with involvement of
these mRNA. These distortions can be caused by micro-
tubule depolymerization or upon inhibition of dynein or
kinesin. This kind of data was obtained mainly on
Drosophila oocytes and embryos. An important stage in
detection of antero-posterior and dorso-ventral axes of its
larva is nonrandom localization in oocytes of Oskar,
Bicoid, and Gurken mRNA [39]. This nonrandom local-
ization requires transport along microtubules.

Oskar mRNA and its translation product Oskar pro-
tein are located in the posterior part of the oocytes. In the
case of microtubule destruction, they are evenly distrib-
uted within the oocyte cortex [40, 41]. Nonrandomness
of Oskar distribution is also lost from Drosophila kinesin-
1 null oocytes or containing mutant kinesin-1 with
decreased activity. This confirms the role of the micro-
tubule- and kinesin-1-dependent transport during
mRNA distribution within oocytes. However, in oocytes
there is no pronounced microtubule organization with
their plus end direction towards the oocyte posterior part
that could directly provide for Oskar transfer. Moreover,
microtubules in oocytes are often directed by their plus-
ends to the cell center, while their minus-ends are at the
periphery, which would seem to make impossible trans-
port by kinesin towards the cortex [41]. Initially, Oskar
mRNA (like Bicoid and Gurken) is transcribed in feeder
cells and then it is transported into oocytes through ring
channels using dynein, binding to them via the BicD and
Egalitarian proteins [42, 43]. Live cell imaging shows that
Oskar mRNA in oocyte moves along microtubules [44].
In oocytes, Oskar mRNA associates with kinesin-1 by
means of RNA-binding proteins HRP48, EJC, and
Staufen, though this binding in vivo is not proved [40, 45-
48]. The role of kinesin-1 in Oskar mRNA transport can
be indirect, because kinesin-1 creates cytoplasmic flow in
the oocytes that can transfer mRNA in the ooplasm, thus
making easier its diffusion [44, 45, 47, 48]. Even low
asymmetry of microtubular cytoskeleton in oocytes
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(prevalence of microtubules in the oocyte posterior part)
in the case of total and quite chaotic arrangement of
microtubules and active mRNA transport along them can
result in asymmetrical mRNA distribution and its accu-
mulation in the oocyte posterior part [44]. It is possible
that the role of kinesin-1 is Oskar mRNA transport from
the periphery to the cell center at early stages of oocyte
maturation, and this transport does not concern the
oocyte posterior part in which significantly fewer micro-
tubules depart from the cortex [41], i.e. kinesin-1 does
not deliver mRNA to the site of its localization, but elim-
inates it from the sites of incorrect localization.

Kinesin-1 together with cytoplasmic dynein is nec-
essary for antero—posterior localization of Gurken mRNA
in oocytes [40, 43, 49]. Gurken mRNA is capable both of
active transfer and anchoring on microtubules, using
dynein, in sponge bodies of the anterior dorsal part of
oocytes [49]. Quite often static Gurken transcripts are
localized in the nucleus region on hyperstabilized noco-
dazole-resistant microtubules. Dynein or dynactin plays
the role of a linker between microtubules and mRNA,
because hyperexpression of dynamithin destroying the
dynein—dynactin complex resulted in the loss of this
interaction [46, 50]. Localization of Bicoid and Wingless
mRNA and the Pair-Rule gene group (Hairy, Runt, and
Fushi tarazu) transcripts in the anterior part of oocytes is
also controlled by dynein [51, 52]. Localization of
Stardust and Crumbs mRNA on the apical side of
Drosophila follicular cells is controlled by dynein motor,
and this process is important in epithelium polarization
[53, 54]. Dynein can serve as a static “anchor” on micro-
tubules for mRNA of Runt and Fushi tarazu genes in
embryonal blastoderm [55].

Specific mRNAs are also actively transported in
large cells of vertebrates. Thus, in Xenopus oocytes
mRNA of Vgl protein from the growth factor TGF-3
family is transported by kinesin-2 [56]. This transport to
the vegetative pole during oogenesis is necessary for the
local expression of Vgl protein, initiating processes of
mesoderm and endoderm specification in frog embryoge-
nesis [57]. Staufen protein, simultaneously binding to
mRNA and kinesin, serves as adapter in this transport
[58]. In mammalian neurons, kinesin-1 is involved in
transport of mRNA of the calcium/calmodulin-depend-
ent kinase CaMKIlIa, Arc protein associated with actin
filaments, and Tau protein associated with microtubules
[59-61]. In oligodendrocytes, kinesin-1 also controls
transport of mRNA of the main myelin protein MBP
[62]. In the case of motor function distortion, mRNA
localization is deteriorated in all cases, which usually
results in distortion of functions of proteins translated
from these mRNAs.

Direct observations of transport of individual mRNA
molecules are complicated because it is difficult to obtain
individual functionally active fluorescently labeled
mRNA. To obtain such mRNA, in vitro RNA transcrip-
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tion using fluorescently labeled nucleotides is utilized.
The resulting mRNAs are then introduced into cells by
microinjection. This method has many limitations and
has been used only in a few works. Granules formed by in
vitro fluorescently labeled mRNA, introduced into cells
by microinjections, demonstrate transference for signifi-
cant distances at rates up to 1.0-1.5 pum/sec, which coin-
cides with known values of rates that can be achieved by
molecular motors. Such transfers depended mainly on
cellular microtubule integrity [63]. To control the mRNA
transference, there were also used mRNAs that form
complexes with fluorescently labeled proteins having no
intracellular functions of their own. To do this, a region
containing 24 sites (19 nucleotides each) for binding
phage capsid MS2 protein was introduced into the
untranslated region (UTR) of the mRNA under study.
This protein was synthesized in the same cells fused with
GFP. The MS2 protein not bound to mRNA is
sequestered in the nucleus and does not interfere with
observations [64]. Live cell imaging of GFP—MS2—RNA
complex confirmed that mRNPs are capable of active
transfer within the cells, but along microtubules and only
until the beginning of their translation [65, 66]. These
experiments were carried out on cultured fibroblast-like
cells, i.e. in such cells active mRNA transport along
microtubules also takes place.

How are motor proteins bound to mRNA?
Cytoplasmic dynein directly binds 3'-UTR in Gurken
mRNA of Drosophila using its light chains [67]. For
example, upon transport in neurons or in oligoden-
droglia, mRNA-containing particles reaching significant
sizes are called transport granules. They include mRNA
of various proteins as well as components of the protein-
synthesizing apparatus. Proteins of ribonucleoprotein
(RNP) particles can serve as mediators between motor
proteins and mRNA. In rat hippocampus neurons, the
GFP-labeled RNA-binding protein Staufen is transferred
along the axon in a microtubule-dependent manner with
frequent stops and direction inversion. As follows from
results of immunolocalization and biochemical isolation,
Staufen-containing particles are associated with both
kinesin-1 and dynein. In addition to Staufen, they also
contain different RNA-binding proteins [68]. In Xenopus
oocytes, Staufen, due to binding to kinesin-1, coordi-
nates Vgl mRNA transport to the vegetative pole [58].
Staufen functions were also necessary for positioning
Oskar and Bicoid mRNA in oocytes and Prospero mRNA
in Drosophila embryo neuroblasts [69-71]. In mammalian
cells, Staufen is specifically associated with actively trans-
ported CaMKIlIa, Arc, and MAP2 mRNA [72]. In mam-
malian neurons, B-actin mRNA is transferred along
microtubules to the sites of active polymerization of actin
[72], and Staufen knock-down lowers the 3-actin expres-
sion level in soma and dendrites [73]. Staufen is probably
able to bind B-actin mRNA and thus be involved in regu-
lation of its transport.
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In human cells, two Staufen orthologs as well as sev-
eral splicing isoforms of these proteins are expressed.
Their molecules contain several domains for double-
stranded RNA binding, i.e. they can recognize elements
of mRNA secondary structure. Besides, they contain
domain for binding microtubules similar to the domain of
microtubule-associated protein MAPIB [74, 75].
Probably binding to microtubules helps in transport of
Staufen-associated mRNA along microtubules.

The molecular mechanism of development of a
severe neurodegenerative disease, fragile X-chromosome
syndrome (Martin—Bell syndrome), includes breaking
the FMRP protein (fragile X mental retardation protein)
mRNA transport along neuron dendrites. The FMRP-
encoding mRNA is transported in the form of multicom-
ponent complex that also includes FMRP proper. It
appeared that inhibition of the dynein heavy chain or the
kinesin-1 heavy chain inhibits transport of FMRP-con-
taining particles to both sides in somatic Drosophila cells
[76]. In this case, inhibition of kinesin-1 light chain has
no consequences for the FMRP mRNA localization.
However, in neurons the kinesin-1 light chains are neces-
sary for transport of the FMRP-containing RNA granules
[77]. Besides kinesin-1 and dynein, kinesin-2 (KIF3C) is
also involved in transport of FMRP-containing particles
[78]. Like Staufen, FMRP is able to bind to a particular
set of mRNAs, and in this case FMRP recognizes G-
quadruplexes. The FMRP-homologous protein FXRP1
modulates this interaction [79]. In addition to its own
mRNA, FMRP interacts, for example, with mRNA of
microtubule-associated protein MAP1B. Distortion of
FMRP functions in neurons results in incorrect localiza-
tion of this mRNA and increase in MAP1B expression,
which in turn causes increase in microtubule stability and
distortion of synapse functions [80, 81].

Another protein found within RNP particles is
CPEB [82]. This protein specifically binds to and regu-
lates translation of mRNAs that contain in their structure
the elements of cytoplasmic polyadenylation (CPE). It
appeared that the localized within the mitotic spindle
translation of CPE-containing mRNA of mitotic kinesin
Eg5, kinetochore protein CENP-E, and mitotic kinase
Aurora is clearly controlled by CPEB and is necessary for
chromosome segregation and meiosis in Xenopus oocytes
[83]. In neurons, CPEB binds to CPE-containing mRNA
and forms with them RNP particles transferred in a
microtubule-dependent manner towards both plus and
minus ends at the mean rate of 0.06-0.13 um/sec [84].
According to results of immunolocalization and bio-
chemical isolation, the CPEB protein-containing RNP
particles are associated with both kinesin-1 and dynein.
The kinesin-1 heavy chain and intermediate chain of
cytoplasmic dynein are co-immunoprecipitated with
CPEB, i.e. this protein can serve as adapter for both types
of motors. Expression in neurons of CPEB mutant with
deletion of a fragment necessary for interaction with the

motors results in distortion of zonal distribution of CPE-
containing mRNA of CaMKIIa and MAP2, but not of
CPE-free mRNA of Arc, NF-M, and dendrin [84].

The Dazl protein serves as an adapter between
mRNAs and motors. The Dazl protein gene is located in
the Y chromosome locus associated with spermatogenesis
pathologies determining male sterility [85, 86]. In cell
cultures, GFP-labeled Dazl forms particles transported
along microtubules at mean rate 0.3 um/sec. It appeared
that activity of dynein—dynactin complex is required for
this motility. Further biochemical experiments have
shown that Dazl is directly bound to the dynein light
chains. Within the cellular mRNA pool Dazl prefers
transcripts whose untranslated regions are enriched with
the (GU),-type repeats. Thus, it selectively binds to GU
repeats in 5'-UTR of Cdc25 mRNA and in 3'-UTR of
Mvh mRNA. Overexpression in cells of Dazl dominant
negative mutant that lost the dynein binding site results in
distortion of Cdc25 and Mvh mRNA localization in sper-
matogonial mouse cells [87]. Thus, several sites for bind-
ing various motor proteins via different adapter proteins
can be located on mRNP. This provides additional
avenues for regulation of mRNP transport, especially for
organization of their “wandering” within the cytoplasm
in searching for the anchoring and translation sites.

TRANSPORT OF CYTOSKELETAL ELEMENTS

The cytoskeleton of eukaryotic cells consists of
microfilaments, intermediate filaments, and micro-
tubules. Unlike microfilament and microtubule proteins,
those of intermediate filaments are insoluble under
physiological conditions due to which there is a problem
of ensuring the dynamics of intermediate filaments in
dynamic cell cytoplasm. The intermediate filament pro-
tein vimentin forms short filaments, or structures looking
like typographic tilde (squiggles) that are then incorporat-
ed into long vimentin fibrils. During fibroblast spreading,
“tildes”, not associated with any membrane structures,
move bidirectionally along microtubules at the mean and
maximal rates of 0.55 + 0.24 and ~1 um/sec, respectively
[88, 89]. Intermediate filaments themselves are also able
to move along microtubules, and kinesin-1 and
dynein—dynactin complex are required for this [89, 90].
Motor proteins seem to extend the net of intermediate fil-
aments along microtubule network. In this case, vimentin
of intermediate filaments is able to interact directly with
kinesin-1 and dynein—dynactin complex [88, §9, 91].

Neurofilaments or intermediate vimentin filaments
are transported along axons in a similar way. The associa-
tion of neurofilament protein peripherin with kinesin-1
and dynein was shown in experiments in vitro and in vivo
[92]. Protein NUDELI is able to bind directly NF-L sub-
unit of neurofilaments and regulate their assembly [93].
As mentioned above, NUDELI also binds dynein—dyn-
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actin complex and protein Lisl. NUDELI1 knock-down
in neuroblastoma cells inhibits retrograde transport of the
intermediate filament precursors [94]. In regenerating
axons, NUDEL1 (NDEL1) dissociates from NF-L and
binds to a neuronal form of vimentin, which promotes
regeneration [95].

Detailed video observations of slow axonal transport
revealed microtubule-dependent motions of both inter-
mediate filament precursors and short microtubule frag-
ments themselves [96]. Microtubule fragments move with
frequent stops and inversion of movement direction,
which is indicative of the role of motors of both signs in
the fragment transport. Short microtubule fragments can
be kinesin cargo. In turn, cytoplasmic dynein, associated
with such tubules, is their “passenger” for transporting in
anterograde direction [97]. To retain dynein on the short
microtubule fragment, protein Lisl enhancing dynein
affinity to tubulin of microtubules is used. Protein
NUDELI that concentrates at the cell periphery is an
antagonist of Lisl and is induced release of dynein from
the microtubules. Such dynein is loaded on the plus end
of the microtubule along which it has quite recently
moved as a “passenger” and now begins its typical move-
ment in retrograde direction. Just such elegant mecha-
nism was invented by nature and it seems that it is univer-
sal, because it occurs both in neurons and in cells of non-
nervous origin [97]. In this case, tubulin of microtubules
is delivered to the cell periphery where it is involved in
dynamic assembly of microtubules.

In neuron cell culture, kinesin inhibition retarded
anterograde transport of neurofilaments. In contrast,
dynein inhibition retarded their retrograde transport as
well as transfer from the cell body into the axon hillock
[98]. Probably neurofilaments were associated with
dynein that, in turn, was bound to short microtubules, as
described above. Neurofilament phosphorylation con-
tributed to their association with dynein, while dephos-
phorylation stimulated their binding to kinesin [98].

Another cytoskeleton component is the centrosome,
the organizer of cellular microtubules. The centrosome
consists of a pair of centrioles surrounded by pericentrio-
lar matrix composed of fibrillar proteins. Pericentrin,
ninein, and PCM1 are prevalent among the latter [99-
101]. Proteins of the pericentriolar matrix provide for
structural support of the main element that nucleates
microtubules on centrosome, y-tubulin ring complex y-
TuRC, also consisting of several proteins [102]. How do
all these proteins accumulate in a small volume in the
unique point of the cytoplasm? It appeared that pericen-
trin directly binds y-TuRC, and then the complex is trans-
ported using dynein along microtubules to the centro-
some. The direct dynein cargo in this system is pericen-
trin, binding to light intermediate chains of dynein [103].
A similar complex associated with dynein—dynactin and
probably transported by the latter is formed by y-TuRC
with ninein [101, 104].
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Another structural protein of pericentriolar matrix
(PCM1) also forms particles that move in the micro-
tubule-dependent manner towards the centrosome. The
rates of PCM 1-containing particle transfer (0.7-0.8 pm/
sec) agree well with known rate values of dynein-depend-
ent transport. Upon in vitro reconstruction of this system,
PCM1-containing particles moved from the microtubule
plus end to its minus end, and these motions stopped in
response to specific dynein inhibitors [105]. As shown by
the yeast two-hybrid screening, PCM1 binds to HAPI
protein (huntingtin-associated protein) that, in turn,
directly interacts with the p150°“*? subunit of the dynein—
dynactin complex [106]. Recently discovered subcellular
particles BBSomes, complexes of proteins, mutations in
which result in development of Bardet—Biedl syndrome,
bind to PCM1 [107, 108]. BBS proteins in complex with
PCMI are delivered to the centrosome where they disso-
ciate from PCM 1 and become involved together with pro-
tein Rab8 in formation of the primary cilium membrane
[107]. Protein CEP290, associated with PCM1, is also
involved in this process; mutations of CEP290 result in
development of Jobert and Meckel—Gruber syndromes
[109].

TRANSPORT OF STRUCTURAL PROTEINS

Compartmentalization of cellular space implies con-
centration of specific molecules in local cell regions.
Active transport along microtubules is an ideal candidate
for the role of a mechanism owing to which such concen-
tration becomes possible.

The broad leading edge with pseudopodial activity
and narrow retracting “tail” are distinguished in the body
of a fibroblast moving along the substrate. Microtubules
[110] and active kinesin-1 [111] are necessary to support
this phenotype. It was supposed that directed delivery of
some cellular components to the fibroblast active edge
proceeds along microtubules with involvement of
kinesin-1 [111]. Proteins regulating actin polymerization
on the leading cell edge can serve as kinesin cargo, in
addition to hypothetical vesicles incorporated in plas-
malemma. Thus, it was shown that small GTPase Racl
involved in regulation of lamellipodia formation on the
cell active edge, as well as IQGAP1, a GTPase activator,
also binding to actin, form complex with the kinesin-1
heavy chain. Uncoupling such complex results in distor-
tion of typical localization of these proteins in the cellu-
lar cortex zone and, as a result, to anomalous behavior of
the active edge of the cell [112].

Proteins WASP/WAVE, after binding to Arp2/3 pro-
tein complex, activate the latter and cause nucleation and
arborization of actin filaments with formation of the
“actin tree” type of structure, which results in formation
of broad flat lamellipodia at the leading cell edge [113].
Disturbance of microtubule integrity or knock-down of
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kinesin-1 results in the loss of typical WAVE?2 distribution
in the lamelloplasm zone. Results of immunolocalization
and biochemical isolation show that WAVE2 forms a
complex with kinesin-1 heavy chain together with protein
kinase Pakl and protein statmin/Opl8, destroying
microtubules [114].

Another example is kinesin-dependent transport of
APC (adenoma polyposis coli) protein [115]. APC protein
was first discovered as a tumor suppressor, mutations in
gene of which play a decisive role in emergence of colon
cancer. Congenital mutations of the APC gene also cause
the inheritable oncological disease familial adenoma
polyposis coli to be transformed into invasive cancer
[116]. APC is directly associated in vitro and in vivo with
cargo-binding subunit KAP3 of heterotrimeric kinesin
(kinesin-2) [115]. Small APC-containing intracellular
granules transported along microtubules can be observed.
APC is also co-localized with the kinesin-1 heavy chains,
and kinesin-1 depletion during RNA interference results
the loss of peripheral localization of APC [117]. APC
delivered to the cell periphery is able to interact with 3-
catenin, which results in degradation of the latter. 3-
Catenin can regulate epithelial-mesenchymal transition,
i.e. morphological transformation of tumor cells by
induction of mesenchymal marker expression or inhibi-
tion of epithelial marker expression [116]. Therefore, dis-
tortion of the APC-directed delivery to the sites of [3-
catenin accumulation can have serious consequences for
the cell. APC is characterized by unusual variability of
subcellular localization. It can be found near plasmalem-
ma, in the nucleus, centrosome, mitochondria, and in
mitotic spindle [118]. Some other cancer suppressors
(BRCAI1, BARDI1) behave similarly, but they are not con-
centrated near plasmalemma and their direct interaction
with motor proteins (at least up to now) has not been
shown [118].

Catenin p120 also circulated between three func-
tional cell domains—the cell nucleus, where it binds to
the transcription repressor KAISO and thus causes dere-
pression of responsive genes [119], intercellular contacts
where, due to the posttranslational stabilization of E-cad-
herin it influences the strength of intercellular adhesion
of epithelial cells, and the cell edge proper, at which it
binds to the small GTPase Rho and, due to inhibition of
its activity, influences the contractility of actomyosin cor-
tex and cell motility [120]. It was found during video
observations of GFP-p120 in living cells that GFP-p120
forms spots in the cytoplasm that are able to move with
frequent stops and direction inversion. The following
experiments have shown that this transport is provided for
by kinesin-1. Catenin p120 directly binds to the kinesin-
1 heavy chains in vitro and in vivo, and distortion of this
interaction results in p120 accumulation in the nucleus
and exhaustion of its pool in the region of intercellular
contacts and free cell edge. The same consequences were
produced by destruction of the microtubule system [121].

A similar phenotype is found in cancer of the pancreas
[122].

Transport of structural proteins was shown for pro-
tein CG-NAP/AKAP350. CG-NAP is a multifunctional
protein factor with double intracellular localization—it is
localized on centrosome during mitosis and in Golgi
complex in interphase. Its localization in Golgi complex
appeared to be controlled by the microtubule system.
Further investigations have shown that CG-NAP is trans-
ported to Golgi complex in the direction from the micro-
tubule minus-ends using the dynein—dynactin complex.
In cells, it interacts with p1509“¢ subunit of the
dynein—dynactin complex, which is confirmed by data
on immunolocalization and biochemical isolation. A
CG-NAP mutant with deletion of the mapped p150%%-
binding site cannot be transported to Golgi complex
[123]. However, it cannot be excluded that catenin p120
and CG-NAP/AKAP350 are transported within the cell
in association with small membrane vesicles, i.e. strictly
speaking, their transport may be not related to transport
of nonmembranous cell components.

TRANSPORT OF CELL SIGNALING
PATHWAY COMPONENTS

The intracellular system of microtubules includes
both tubulin polymers and associated proteins influenc-
ing dynamic properties of microtubules. Besides, protein
molecules, participants of the cell signal cascades (pro-
tein kinases, phosphatases, and transcription factors) are
anchored at microtubules. Thus, the network of cellular
microtubules can serve as a template for formation of
clusters of signal molecules. In this case, cluster compo-
nents can be associated with microtubules not directly,
but via motor proteins or intermediate adapters.

Kinesin-1 binds to structural proteins JIP1-4 via its
light chain TPR domain [124]. JIP1 forms a complex
with JNK1, MKK7, and MLK kinases, members of the
same signaling cascade. JIP3 similarly binds JNK3,
MKK4/7, and MEKKI1. In neurons, this provides for
motility of the whole signal complex to the axon distal
end. JNKI activation causes destruction of JIP1 complex
with kinesin, i.e. either inactive complex is transported,
or there are mechanisms overcoming the action of JNKI1.
The kinesin-1 complex with JIPI is also able to bind
vesicular cargoes. It is possible that JINK1 activation takes
place already in the synapse and results in release of both
the JIP1—kinase complex and vesicles [125, 126]. Only
JIP1 complex binding to kinesin-1 is not enough for acti-
vation of transport. Protein UNC-76/FEZ1 should bind
to the kinesin heavy chains. This opens additional possi-
bilities for regulation of the process [125, 127] (Scheme
2). JIP1 and JIP3 are transported in retrograde direction
using the dynein—dynactin complex. JIP3 directly binds
to protein p150%“*? in dynactin. Besides, it organizes sig-

BIOCHEMISTRY (Moscow) Vol. 75 No. 1 2010



MICROTUBULES AND DYNAMICS OF NONMEMBRANOUS CELL COMPONENTS 15

nal transduction from the points of nerve damage by
transportation of activated JNK3 in retrograde direction
[128].

Other members of the kinesin superfamily are also
able to bind to signaling molecules. Pavarotti (KLP), the
mitotic kinesin of Drosophila, necessary for formation of
telophase spindle and contractile ring organization, binds
polo protein kinase that plays an important role in cen-
trosome functioning during cytokinesis. Pavarotti is
responsible for delivery of polo to the centrosome and
mitotic spindle during late anaphase [129]. Mammalian
Pavarotti homolog, mitotic kinesin MKLP (KIF1B), also
binds mitotic protein kinase Plk, a polo homolog [130].
The mixed-lineage kinase 2 (a member of MAP3K kinase
superfamily) [131], PAR3 (incorporated in PAR3—
PAR6—aPKC complex) [132], as well as protein phos-
phatase Dusp26 [133] bind, in particular, kinesin-2
(KIF3). The atypical protein kinase C complex (aPKC)
with PAR6 and PAR3 proteins takes an important part in
establishment of cell polarity, such as in fibroblasts and
neurons moving along a substrate. The disruption of
PAR3 interaction with KIF3 results in inhibition of neu-
rite growth [132]. Protein phosphatase Dusp26 binds to
motor KIF3A subunit of kinesin-2 and dephosphorylates
its structural chain Kap3, which enhances 3-catenin and
cadherin binding to KIF3 and their delivery to the cellu-
lar contact sites [133].

Microtubules and motor proteins are used by tran-
scription factors that run to the nucleus in response to sig-
nal transduction. The nuclear—cytoplasmic transport of
transcription factors along microtubules is often regulat-
ed by kinases of microtubule localization. Thus, nuclear
protein NF-xB is an inducible transcription factor acti-
vated in response to numerous external and internal stim-
uli. It is known that in the cytoplasm of most cell types
NF-«B is constantly present within an inactive complex
with IkBa.. The inhibitory protein IkBa. retains NF-kB in
the cytoplasm due to masking of the sequence of its
nuclear localization signal (NLS). The protein kinase C
C-isoform and 1KK kinase, associated with cytoplasmic
microtubules, inactivate IkBa. by its phosphorylation. In
this case, IkBa itself is able to localize on microtubules
and interact with dynein LCS8 light chains [134-136]. This
interaction protects IkxBa against phosphorylation. In the
case of intracellular redox-potential increase (for exam-
ple, upon action of a cytokine from the family of tumor
necrosis factors TNF-a), LC8 forms dimers with estab-
lishment of disulfide bonds and dissociates from IkxB, thus
allowing its phosphorylation and following degradation
[135, 136]. Free NF-xB is imported into the nucleus and
activates responsive genes. NF-kB itself is delivered to the
nucleus along microtubules using the dynein—dynactin
complex. At least in neurons the NF-kB p65 subunit
directly binds via its NLS to the dynein intermediate
chain, which is a critical condition for the NF-«xB
translocation into the nucleus in response to external sig-
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Kinesin-1 activation in complex with JIP proteins and other
MAP-kinase cascade elements. Adapted from [125].
Designations as in Scheme 1

Scheme 2

nal [137]. It is interesting to note that in the case of TNF-
o, action, accompanied by NF-«B activation, hyperphos-
phorylation of the kinesin-1 light chains is also observed,
which results in inhibition of activity of the latter. In this
case, the cytoplasmic dynein remains active [138].

Tumor suppressor p53 is also a quickly inducible
transcription factor and in response to different signals,
mainly concerning genomic DNA damage, it is capable
of translocation into the nucleus. The exclusion of p53
from the nucleus and its accumulation in the cytoplasm
are attributes of many tumor types. Owing to this, the p53
nuclear—cytoplasmic transport became the subject of
intense attention of researchers. It was found that p53 is
associated with cellular microtubules and is transported
into the nucleus by cytoplasmic dynein [139]. It became
clear upon mapping the p53—dynein binding site that the
aberrant accumulation of p53 in the cytoplasm of many
tumor cell types is associated with mutations in the C-ter-
minal region of the protein. These mutations disturb the
interaction of p53 with dynein [140].

Thus, the dynamics of nonmembranous cell compo-
nents is a complexly organized and regulated process, the
correct course of which is vital for a cell and the organism
as a whole. From a technical point of view, observation of
nonmembranous cell structures appeared even easier
compared to membranous ones. Therefore, general regu-
larities of active intracellular transport can be established
on the example of membrane components.

It is necessary to consider microtubules and molecu-
lar motors as the most important link in the mechanisms
of cellular signaling and regulation of gene expression.
Transcription factors and protein kinases are main partic-
ipants of the cell signaling cascades, and they exploit
motors as the means of transport for their specific deliv-
ery or for action towards a localized substrate. Motor pro-
teins on microtubules are able to separate one cascade
from another to prevent crossing of signaling pathways.
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This becomes possible due to the existence of specific
intracellular adapter proteins forming unique multien-
zyme complexes. Therefore, often prevalent transport of
any cellular component can be achieved upon hyperex-
pression of the latter without disturbance of transport of
different cargos [125]. In these cases the limiting factor
are adapter proteins without which the cargo loading on
the motor protein is probably impossible. Motor proteins
bind and transport a great number of various cell compo-
nents. However, it is still not clear how the preference of
some cargos to others is organized and whether the cargo
choice is random or determined only by the law of mass
action.

Active transport is involved in regulation of genome
expression due to translocation of transcription factors
into the nucleus, where they modulate gene activity, and
due to mRNA transport within the cell and its localiza-
tion in particular zones of the cytoplasm. It is clear that
inhibition of various cellular motors inevitably causes
pleiotropic effects, including those connected with dis-
turbance in signal transduction, which should be consid-
ered in estimation of experimental results. Future trends
of investigations should be connected with investigation
of differential regulation of various intracellular transport
pathways.
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