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Abstract—This review summarizes the data describing the role of cellular microtubules in transportation of membrane vesi-
cles — transport containers for secreted proteins or lipids. Most events of early vesicular transport in animal cells (from the
endoplasmic reticulum to the Golgi apparatus and in the opposite recycling direction) are mediated by microtubules and
microtubule motor proteins. Data on the role of dynein and kinesin in early vesicle transport remain controversial, proba-
bly because of the differentiated role of these proteins in the movements of vesicles or membrane tubules with various car-
gos and at different stages of secretion and retrograde transport. Microtubules and dynein motor protein are essential for
maintaining a compact structure of the Golgi apparatus; moreover, there is a set of proteins that are essential for Golgi com-
pactness. Dispersion of ribbon-like Golgi often occurs under physiological conditions in interphase cells. Golgi is localized
in the leading part of crawling cultured fibroblasts, which also depends on microtubules and dynein. The Golgi apparatus
creates its own system of microtubules by attracting y-tubulin and some microtubule-associated proteins to membranes.
Molecular mechanisms of binding microtubule-associated and motor proteins to membranes are very diverse, suggesting the
possibility of regulation of Golgi interaction with microtubules during cell differentiation. To illustrate some statements, we
present our own data showing that the cluster of vesicles induced by expression of constitutively active GTPase Sarla|H79G]|
in cells is dispersed throughout the cell after microtubule disruption. Movement of vesicles in cells containing the interme-
diate compartment protein ERGIC53/LMANI was inhibited by inhibiting dynein. Inhibiting protein kinase LOSK/SLK
prevented orientation of Golgi to the leading part of crawling cells, but the activity of dynein was not inhibited according to
data on the movement of ERGIC53/LMANI-marked vesicles.
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Components secreted by cells into the external envi-
ronment or to plasmalemma (proteins, lipids, etc.) travel
a multistage route through the cellular compartments,
which is accompanied by physical movement of mem-
brane containers — vesicles — in the cytoplasm. During
the anterograde route the vesicles bud from the endoplas-
mic reticulum (ER), move into the intermediate com-
partment ERGIC (endoplasmic reticulum—Golgi inter-
mediate compartment), then to the cis-Golgi cisternae.
After that transfer of vesicles occurs between cis-cister-

Abbreviations: ER, endoplasmic reticulum; ERES, endoplas-
mic reticulum exit sites; ERGIC, endoplasmic reticulum—
Golgi intermediate compartment; GFP, green fluorescent pro-
tein; yTuRC, ring complexes of y-tubulin; VSV-G, vesicular
stomatitis virus G protein; VT'C, vesicular-tubular cluster.
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nae, intermediate cisternae, frans-cisternae, and the
trans-Golgi network; from there the vesicles move to the
plasmalemma or to lysosomes. Inverse, or retrograde,
flow of vesicles occurs at all stages; it carries recycling
components of different compartments. Vesicles can be
moved through the cytoplasm in different ways: by diffu-
sion, by forces generated by polymerization of actin fila-
ments (see review of S. Yu. Khaitlina in this issue), as well
as with active transport, i.e. transport driven by motor
proteins along actin filaments or microtubules. The
choice between the types of transport depends on the dis-
tance of movement of the traveling vesicle: transfer by dif-
fusion can provide just a short distance, but longer dis-
placement requires active transport. Microtubule motors,
dynein and the kinesins, are able to organize fast and
directed movement along relatively long microtubule
tracks, and such movement of vesicles significantly
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increases the average speed of movement compared to
simple diffusion in the cytoplasm [1]. This should facili-
tate the delivery of shipping containers to a destination
point and accelerate the cell reaction to various stimuli.

In fact, the whole picture is somewhat more compli-
cated. Experimental disruption of cell microtubules (e.g.
treatment of cells with nocodazole or colchicine) affects
secretion in an ambiguous manner: disassembly of micro-
tubules can inhibit secretion or not influence it or even
increase its level depending on the cell type [2, 3]. During
disassembly of microtubules collagen secretion, in partic-
ular, is not disturbed, despite the fact that collagen
protofibrils are packaged in large 300-nm membrane con-
tainers [4]. This means that even such large structures can
be moved in the cell without the assistance of micro-
tubules. We summarize in this review the available data on
the specific role of microtubules and microtubule motors
in the individual events of vesicular transport. It has
recently become evident that different vesicles can use dif-
ferent motor proteins, various methods for their regula-
tion, etc. In this review we will not discuss the myosin-
dependent transport along actin filaments and, basically,
we will not discuss secretion itself — the movement of vesi-
cles from the trans-Golgi network to the plasmalemma.

Analysis of the movement of particles in the cell
requires live imaging of cells. A very convenient model
system for detailed description of the kinetics of the
secretory pathway is based on use of the protein of vesic-
ular stomatitis virus VSV-G. A peak of works using this
protein came in the 1990s. Thermo-sensitive mutant
ts045-VSV-G at 40°C does not leave the ER [5], which
enables the synchronization of secretion of VSV-G. Cells
are incubated 9-16 h at 40°C, and then secretion is
induced by decreasing the temperature to 32°C [5, 6] or
even to 15°C [7]. At 32°C VSV-G passes the entire secre-
tory pathway and remains on the plasma membrane, but
at 15°C it is delayed in ERGIC [7]. Lifetime observations
of GFP-labeled VSV-G showed that temperature
decrease from 40 to 32°C leads to fluorescent vesicle
(shipping containers) formation. They arise throughout
the cytoplasm and move along linear tracks to the central
region of the cell and further to the plasma membrane.
The tracks of container movement usually coincide with
microtubules [8, 9].

Observations of secreted proteins with fluorescent
label are severely impeded by the fact that a significant
amount of protein usually remains in the ER, creating an
intense fluorescence background in cells. For better syn-
chronization and decrease in the background, inhibition
of protein synthesis is usually used, and this can introduce
artifacts. Now, when the main service proteins of trans-
port containers (e.g. proteins of vesicles coat) have
become known, researchers prefer to use it for marking
secretory pathways. The problem remains about the con-
tents of shipping containers and homogeneity of these
vesicles. It has been shown that various cargos can use one
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and the same [10] or various [11] vesicles for moving
through the secretory pathway, wherein some cargo coin-
cides with VSV-G, and some not. For secretion of large
proteins that do not fit into COPII-vesicles (e.g. for pro-
collagen or chylomicrons) the cell forms special, larger
containers [12].

Disruption of microtubules does not significantly
slow the passage of VSV-G through the secretory pathway,
although, as already mentioned, the tracks of VSV-G
vesicle movement coincide with microtubules [8, 9]. It
can be assumed that if there are microtubules in the cell,
transport proceeds along them; if not, the cell rearranges
its secretory system in a different way, to remove the
necessity of transport over long distances. This problem is
discussed further. The type of motor proteins that can be
used for transportation depends on localization of plus
and minus ends of microtubules between the ER and
Golgi apparatus. The generally accepted view is that the
ER is placed on the cell periphery, and the Golgi appara-
tus is placed in its center, at the centrosome, and cis-cis-
ternae are located near the centrosome. The centrosome
organizes microtubules in such a way that microtubule
minus ends are located near it, and the plus ends are
located in the cell periphery. Consequently, vesicles dur-
ing their anterograde movement must move from the ER
to Golgi from the plus ends of microtubules to their
minus ends, i.e. by a dynein-dependent pathway [13].
However, this picture is too simplistic and sometimes
incorrect. In fact, endoplasmic reticulum exit sites
(ERES) are scattered across the entire volume of the cell
(Fig. 1); often the route of vesicles from ERES to cis-
Golgi cisternae looks very complicated; sometimes the
transported vesicles must pass through the trans-Golgi
compartments. Another problem is that microtubules in
the cytoplasm are often arranged randomly, i.e. some of
them can be located in ERES region with their minus end
turned to ER and plus end to the Golgi. This arrangement
expects the use of kinesins, i.e. motor proteins carrying
cargo from minus to plus ends of microtubules.

Vesicles formed in ERES possess a COPII-coat that
assembles on the surface of the membrane after activation
of small GTPase Sarla. After detaching from ER, the
vesicles move to ERGIC, also called VTC (vesicle tubule
clusters) [14, 15], which is also scattered around the cell,
although part of it is concentrated around the centrosome
[13, 16]. It is also believed that VT'C can be formed by
merging of COPII-coated vesicles with each other.
Moving of vesicles from ERES to ERGIC usually occurs
over a very short distance. Molecular mechanisms of this
movement are not clear; there have been attempts to
study it by lifetime observations of cells synthesizing
COPII-coating proteins fused with fluorescent proteins.
The yeast S. cerevisiae lacks the ERGIC compartment;
vesicles enter immediately into the cis-Golgi from ERES.
Using high-resolution lifetime microscopy, it was demon-
strated that the cis-Golgi swims to ERES, contacts for a
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Fig. 1. Scheme of secretory pathways in the cell and their relationship to microtubules: 1) microtubules; 2) CLASP protein; 3) ER and ERES,
exit sites for vesicles; 4) COPII-coated vesicle; 5) ERGIC/VTC (intermediate compartment between ER and Golgi); 6) cis-Golgi cistern; 7)
intermediate cistern of Golgi; 8) frans-Golgi cistern; 9) motor protein; 10) centrosome; 11) nucleus; 12) direction of cell locomotion; 13)
active transport along microtubules; 14) transport within the Golgi; 15) fusion of coated vesicles.

short time, and the cargo at the time of contact moves
from ERES to cis-Golgi, whereupon the contact is inter-
rupted. That is, in this case transport does not occur in
terms of physical movement of vesicle, and ERES are sta-
tionary [17].
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In animal cells, a component of COPII-coat —
Sec23 protein — can bind to dynactin, a complex protein
cofactor of the motor protein dynein. Namely, Sec23
binds to the C-terminal domain of the large subunit of
dynactin p1509"¢¢  thereby potentially associating the
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ERES with microtubules [18]. p1509" is a large fibrillar
protein that has binding domains with microtubules,
dynein, transported cargos, as well as with other subunits
of the dynactin complex. The second essential component
of the dynactin complex is a short filament consisting of
actin-like protein Arpl and capping proteins attached to
p1509"d by additional subunits [19, 20]. The association
of dynein with ERES has not been detected experimental-
ly. Many authors believe that the presence of dynactin sug-
gests the presence of dynein, but in this case this is proba-
bly an overstatement. The transport of ERES over long
distances is also not shown. In animal cells ERES under-
goes short fluctuating movements with amplitude of about
200 nm and slowly diffuses through the cytoplasm [21]. If
the microtubules are disrupted, these movements are
inhibited, and the diffusion slows by several-fold. It is dif-
ficult to show whether the slowing depends on loss of link
with microtubules or, for example, with increasing viscos-
ity of the cytoplasm. ERES distribution in the cytoplasm
depends not only on microtubules, but also on the molec-
ular motors — dynein and kinesin-1 [22]. When kinesin- 1
(KIF5b) is knocked down (depleted by RNA interference)
in HeLa cells, clustering of ERES is observed — it moves
into the central area of the cell. Knockdown of kinesin-2
(KIF3a) does not affect the distribution of ERES. When
kinesin-1 is knocked down, in most cases ERES become
practically immobile, undergoing short (about 100 nm)
bipolar displacements. When the dynein heavy chain is
depleted, in contrast, the average displacement of fluctu-
ating ERES significantly increases (more than 1000 nm).
However, when both kinesin-1 and dynein heavy chains
are depleted, ERES becomes a stationary structure in
most observed cases [22]. The conclusion that follows
from this is that kinesin-1 determines the fluctuating
movement of ERES and dynein breaks them. Such fluctu-
ating movements may be, for example, the result of one-
dimensional diffusion along microtubules due to dynactin
or some coating proteins. Interestingly, the overall struc-
ture of ER does not change in this experimental system,
confirming that the force of molecular motors is applied
directly to ERES. Perhaps such force promotes the elon-
gation of membrane protrusions and budding of vesicles
(see below).

Gemmations from ER vesicles fuse to form the inter-
mediate compartment ERGIC or VTC. There have been
long-lasting debates whether ERGIC and VTC are two
different compartments or they are just variants of one
compartment, as well as whether ERGIC/VTC arises
only at the fusion of COPII-vesicles or they constantly
present and accept these vesicles. Definitive answers to
these questions have not been found yet. A compromise
point of view is that both static ERGIC and dynamic
VTC coexist in cells [23], with different dynamics but
with similar functions, and the COPI-coating vesicles are
separated both from ERGIC and VTC. They must find
the cis-Golgi for fusion with it or go back to the ER
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dependently on their cargo. The cargo is sorted inside the
compartment, and VTC often carries both COPI- and
COPII-coating; it is usually differentially located on dif-
ferent sides of the compartment (facing to the ER retro-
grade side and facing to the cis-Golgi anterograde side)
[23, 24]. That is why researchers have to be very careful to
distinguish ERES from ERGIC/VTC during time-lapse
observations. ERGIC/VTC are mobile, and they are
transported in the anterograde direction [24]. Some
transport vesicles, such as containers with procollagen,
move directly from ER to cis-Golgi, bypassing
ERGIC/VTC [25].

A vesicle transported from ER to Golgi changes
COPII- and COPI-coating [26, 27]; and the adapters for
the COPI assembly are already attracted during assem-
bling of COPII-coating in ERES [26]. The protein com-
plex TRAPPI on the ERGIC membrane performs
anchoring (tethering) function for COPII-coated vesi-
cles. When a COPII-coated vesicle comes to ERGIC, the
TRAPPC9 subunit of TRAPPI competes with the coating
protein Sec23 for binding with p1509"™¢¢: dynactin trans-
fers to TRAPPI and preserves the binding of the newly
formed structure with microtubules [28, 29]. Probably
dynactin in this case also serves as a tethering factor, con-
tributing to fusion of COPII-coated vesicles with
ERGIC. TRAPPI-membrane complex is attracts to the
membrane the small GTPase Rab1, which activates small
GTPase Arfl through GBF protein, initiating the forma-
tion of COPI-coating. COPI-coated vesicles and tubules
gradually acquire the distinctive features of the cis-Golgi
and move to the central region of the cell, indicating the
activity of dynein motor [30], possibly interacting with
dynactin bound through TRAPPI. Interestingly, GFP-
VSV-G containing vesicles are static in the cytoplasm
until they are touched by the growing microtubule plus
end: then rapid vesicle movement starts [31]. It is believed
that the microtubule plus end brings dynactin, helping
membrane-bound dynein to start movement along
microtubules [32]. Meanwhile, if dynactin is associated
with the membrane, the microtubules need to bring
dynein. The problem still exists how dynein and dynactin
are located on coated vesicles and along microtubules;
solving it requires a more precise identification and sepa-
ration of vesicles and studying of their composition.

Other COPI-coated vesicles move in the opposite
direction and deliver back to the ER recycling resident
proteins. When a non-motor chain of kinesin-2 KAP3 is
depleted, the anterograde transport ERES — ERGIC —
cis-Golgi is not affected, whereas the reverse COPI-
dependent return of KDEL-R marker protein to ER is
inhibited [33]. Detailed analysis of movements of COPI-
coated ts045-VSV-G-containing vesicles in the cell
showed that the depletion of dynein, as expected, leads to
dramatically decreased number of moving particles [6].
The effect of depletion of kinesin-1 was unexpected: the
number of moving particles was also reduced, but the
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remaining moving vesicles strongly increased the length
of tracks. Depletion of kinesin-2 did not affect the num-
ber of moving vesicles, but also increased the length of the
tracks [6]. From these data it can be concluded that
kinesins inhibit dynein-dependent anterograde transport
from the ER to Golgi, and kinesin-1 is involved in retro-
grade transport [6].

When the constitutively-active form of the GTPase
Sarla (Sarla[H79G]) is expressed in cells, a violation of
the assembly and disassembly of the COPI- and COPII-
coating, respectively, occurs, and vesicles having protein
composition of both ERES and ERGIC are clustered in
the center of the cell [34, 35] (Fig. 2). Cluster formation
depends on microtubules: when microtubules are disrupt-
ed, the cluster splits and its vesicles are dispersed in the
cell (Fig. 2). It is believed, however, that only transport
containers containing large proteins such as procollagen
are involved in the formation of the cluster, and “normal”
vesicles can move through the secretory pathway despite
the defects of coating. Probably the containers, which
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form a cluster, are permanently associated with dynein,
but this conjecture still requires experimental evidence.
The dependence of ERGIC movements on dynein
was also shown in our own experiments. GFP-fused
lectin ERGIC53/LMANI, a marker for the ERGIC, was
expressed in cultured Vero cells (green monkey fibroblast-
like cells) using transient transfection, and then a live
imaging of fluorescent vesicles was performed using an
Axiovert 200M fluorescent microscope (Carl Zeiss,
Germany) with Tempcontrol 37-2 Digital heating system
(PeCon GmbH, Germany) at 37°C, digital camera
AxiocamHRm, and controlling software Axiovision
(v.4.6). Interval between frames was 1 s. The movement of
vesicles was evaluated using the Manual Tracking plug-in
of the ImageJ program. The displacement of all visible
vesicles (100-200 per cell) during 1 s was estimated at
three time intervals for three cells (totally about 1500
vesicles per experimental condition were counted). The
histograms of vesicle velocity were then constructed, and
the average speed was calculated using Microsoft Excel.

Fig. 2. Density of cluster of ERES/ERGIC vesicles depends on microtubules. HeLa cells were transfected with DNA construct encoding
Sarla|H79G]| and GFP-Sec23; immunostaining of microtubules with antibodies to tubulin DM-1A and mouse immunoglobulins conjugat-
ed with TRITC. Scale bar, 10 um. a, b) Control cells; ¢, d) cells treated with nocodazole. a, c) GFP-Sec23; b, d) microtubules. In cells treat-
ed with nocodazole, microtubules are disrupted and the cluster of GFP-Sec23 is dispersed.

BIOCHEMISTRY (Moscow) Vol. 79 No. 9 2014



884

The analysis of the video shows that the movement of
vesicles is rather chaotic and occurs at different rates (Fig.
3). The average speed was 0.39 + 0.06 um/s, but some
individual particles could move with speed more that
1 um/s (Fig. 3). This is evidence of their active transport
in cells. For inhibition of dynein, the cells were co-trans-
fected with a construct encoding a CCl-fragment of
p150"d fused with a red fluorescent protein (dsRed).
The inhibitory effect of this fragment of p150°™¢ on
dynein activity has been shown previously in many stud-
ies [36, 37]. In our experiments in the presence of dsRed-
CC1-p1509" the movement of GFP-ERGICS53/
LMANI-containing vesicles was severely impaired. Their
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average speed was reduced to 0.19 £ 0.02 um/s (p < 0.05),
and there were no vesicles moving at a speed greater than
about 0.75 um/s (Fig. 3). This indicates that dynein is
involved in the movements of ERGIC53/LMANI-con-
taining vesicles in the cell, and it confirms previously
published data about the movements of the ERGIC [9,
29], although we did not find published data about move-
ment of ERGIC53/LMANI-containing vesicles.

The best-known and most easily detectable effect of
disassembly or stabilization of microtubules in cells is the
dispersion of the Golgi, when the ribbon-like Golgi is
divided into separate small cisterna stacks scattered
around the cell and located near ERES [38-40]. Inhibi-
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Fig. 3. Analysis of vesicle movement in cells. a) Video shots. Expression of GFP-ERGICS53 in Vero cell. Scale bar, 10 um. The cell contour is
shown in white. The rectangle-marked region is shown enlarged, the starting position of a vesicle is shown by bottom triangle mark, in progress
position — by top triangle mark. b) Histogram of speed distribution of vesicles labeled with GFP-ERGIC53. Black bars, control cells; light-
gray bars, coexpression of dynein-inhibiting construct dsRed-CC1-p1509"¢; dark-gray bars, coexpression of protein kinase LOSK/SLK-

inhibiting construct dsRed-LOSK-K63R-AT.
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tion of dynein in the cell by, e.g. microinjection of anti-
bodies to an intermediate or heavy chain [41], or by
obtaining mouse cells lacking dynein heavy chain [42], or
by synthesis of the CC1 fragment of p150°""* as described
above [36, 37] leads to the same effect as the disruption of
microtubules: the Golgi apparatus is dispersed.
Dispersing the Golgi after destruction of the microtubule
is a complex process. It is believed that the original Golgi
in the absence of dynamic microtubules fused with ER
through the membrane tubules growing from the cister-
nae. For elongation of tubules under these conditions sta-
ble microtubules are needed, which are not disassembled
under relatively mild disassembly conditions, as well as
kinesin sliding on these microtubules and pulling the
membrane. If kinesin activity is inhibited, and stable
microtubules are also disrupted, the Golgi apparatus
retains its original shape [40].

Membrane tubules usually occur in the Golgi under
normal conditions [43], and often their appearance is
enhanced by a variety of effects on cells. In particular,
tubules are induced by brefeldin A (BFA), and for BFA-
induced formation of tubules microtubules are required
[44]. Tubules were also induced at low (15°C) tempera-
ture, and under these conditions actin is required for the
formation of the tubules [45]. Usually the microtubule
motor proteins are sufficient to stretch the membrane to
tubules [46]. Pulling of membrane tubules is an important
function of motor proteins, somewhat less studied and
less discussed in the literature than carrying of vesicles. In
particular, motor protein-dependent pulling of tubules
occurs during the formation and growth of the ER [47] or
during the fusion of endosomes [48, 49], or in the
ERGIC/VTC [50, 51], etc. Under BFA treatment COPI-
vesicle formation is inhibited, leading to fusion of the
Golgi and the ER because of developing of tubules fusing
with the ER at the Golgi membrane [44]. Intracellular
synthesis of a dominant-negative mutant of Sarla
GTPase, responsible for assembling of COPII-coat, caus-
es very similar phenomena, although by a somewhat dif-
ferent molecular mechanism [35]. Golgi destruction is
accompanied by the formation of small stacks of cisternae
near ERES — the so-called mini-stacks, including all the
elements of Golgi and enriched by trans-Golgi proteins.
Thus, the proper motion during the dispersion of the
Golgi does not happen — Golgi dissolves in one place in
the cell and occurs in another places. During restoring of
the system of microtubules after nocodazole washout or
after washout of BFA, the ribbon-shaped Golgi apparatus
is restored also if it existed in the cells beforehand. For its
restoration the dynein-dependent transport of correspon-
ding vesicles (ERGIC, cisternae themselves, etc.) is
needed along microtubules [50, 51].

During the formation of ribbon-like Golgi, stacks of
rather small cisternae are formed first, and then the later-
al membrane tubules are pulled from them that connect
the entire structure into a coherent whole wherein cis-cis-
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ternae are associated with cis-cisternae, intermediate —
with intermediate, etc. [52, 53]. Lateral assembly of
stacks, mediated by tubules, requires the dynein-depend-
ent transport along microtubules and does not occur with-
out it [51]. Ribbon-like Golgi is characteristic for verte-
brate cells; invertebrates, plants, and fungi usually contain
Golgi as many stacks of cisternae — dictyosomes. In verte-
brates, the fragmentation of the Golgi (see also review of
M. S. Vildanova et al. in this issue) is often observed under
physiological conditions without any effects on micro-
tubules. Undifferentiated epithelial cells of the bladder
have ribbon-shaped Golgi, and in differentiated cells it
splits into numerous mini-stacks scattered in the cyto-
plasm. This fragmentation provides uniform delivery of
uroplakins to the apical membrane, which contributes to a
powerful barrier between the bladder and blood vessels
[54]. Fragmentation of the Golgi is also characteristic for
differentiated muscle cells: when myoblasts fuse to form
myotubules, the pericentrosomal Golgi is fragmented and
numerous mini-stacks surrounding each nucleus arises
[55]. Such movement of Golgi is an important part of
muscle differentiation [56]. Fragmented Golgi can also
occur in some diseases: it is observed in neurons of
patients suffering neurodegenerative diseases such as
Parkinson’s and Alzheimer’s diseases, as well as certain
infections [57]. Typically, fragmentation of Golgi is
accompanied by loss of its mobility in the cell. The inter-
mediate states of Golgi, i.e. partial dispersion of a whole
stack of cisternae or, for example, its cis-side, are also
common. In Vero cells (cultured green monkey kidney
cells) the Golgi apparatus is compact and placed in the
perinuclear region, but it is composed of individual medi-
um-sized stacks of cisternae, including ERGIC compo-
nents, cis- and trans-Golgi (Fig. 4). Such a composition of
Golgi is probably useful for delivery of vesicles from the
ER to cis-cisternae and is quite typical for cultured cells.
Maintaining of a ribbon-shaped Golgi is related to
the function of numerous proteins. Among these proteins
the anchoring (tethering) proteins could be distinguished:
golgin-84 [58], golgin-160 [59], GM130 [60], GRASP65
[60], GRASPS55 [61], giantin [62], pl115 [63], COG3
[64], COG6 [65], a regulatory GTPase Rabl [66], and
SNARE proteins syntaxin 5 and syntaxin 17 [67].
Inhibition (depletion) of any of these proteins leads to the
dissociation of Golgi to mini-stacks. In contrast, expres-
sion of giantin in Drosophila cells S2, which have no such
protein and possess dispersed Golgi, leads to the appear-
ance of ribbon-like Golgi [62]. Giantin, a giant protein
more than 3000 a.a. in size, forms a complex with p115,
Rabl, GM 130, and GRASP65 proteins. It is believed that
this complex plays a major role in the formation of rib-
bon-like Golgi [62]. However, some authors pay specific
attention to GRASP65 and GRASP55 proteins. These
proteins are subjected to homodimerization and could
form lateral crosslinks between the cisternae wherein
GRASP65 is located at the cis-Golgi and GRASPS55 at
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Fig. 4. Golgi apparatus in Vero cell. ERGIC53-GFP (a marker of intermediate compartment of ERGIC and proximal part of Golgi) shown
in blue; green, immunostaining of mannosidase-2 (cis-Golgi and intermediate cisterna); red, 1,4-galactosyltransferase—RFP (a marker of

trans-Golgi).

intermediate and frans-cisternae [52]. A mutant of CHO
cells is described (1d1G) wherein protein GM 130 synthe-
sis does not occur despite the presence of mRNA encod-
ing for this protein. CHO-1dIG cells have fragmented
Golgi, and at an elevated temperature of 39.5°C demon-
strate a highly dispersed Golgi and the complete absence
of secretion, leading to cell death [68].

Dispersion of the Golgi apparatus occurs in
prophase of mitosis; in telophase Golgi regains its integri-
ty. Fragmentation of the Golgi in early mitosis is accom-
panied by phosphorylation of GRASP65 and GRASP55
proteins by different protein kinases; in most cases when
inhibition of Golgi fragmentation occurs, the progress of

mitosis is also inhibited [69, 70]. Cleavage of membrane
tubules between cisternae occurs with the participation of
CtBP1-S/BARS protein (C-terminal binding protein/
BFA-induced ADP-ribosylated substrate), which acety-
lates lysophosphatidic acid in membranes, contributing
to its transformation into phosphatidic acid [71]. The
same protein also contributes to budding and fission of
COPI-coated and some other vesicles. In general, the
details of the process of Golgi fragmentation still remain
unknown. A detailed analysis of this process is beyond the
scope of this review.

So we have established that microtubules are
involved in the movements of early vesicular transport
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vesicles in the cell and in maintaining the integrity of the
Golgi. Microtubules grow mainly from the centrosome.
Relatively recently it was found that Golgi membranes are
also directly involved in the nucleation and organization
of cellular microtubules [72, 73]. By gliding along micro-
tubules growing from them, Golgi membranes can con-
centrate in a sufficiently compact area within the cell
even in the absence of a centrosome, e.g. in non-centro-
somal cytoplasts [74] or in a cell with a centrosome ablat-
ed by a laser [75]. In muscle cells, where the centrosome
is inactive and Golgi is dispersed, there is a network of
dynamic microtubules that is organized into individual
stacks of cisternae [76]. Now it is established that the ring
complexes of y-tubulin (yTuRC), which mainly deter-
mine the nucleation of microtubules, are associated with
the Golgi membranes [77]. Microtubule nucleation at the
Golgi membranes can be reproduced in vitro using isolat-
ed membranes and purified tubulin: under suitable condi-
tions the tubulin is polymerized into microtubules
extending from the membrane [72]. If the microtubule
system in the cells is destroyed by nocodazole and cool-
ing, then at early stages of recovery (nocodazole wash-out
and warming) the microtubules can be seen growing
directly from vesicles containing Golgi markers [73].
Several proteins are involved in the process of y-tubulin
recruitment to the Golgi: GMAP210 — golgin of cis-
Golgi [78]; CG-NAP (AKAP450, yotiao) — a long fibril-
lar protein, acceptor of protein kinase A [79, 80]; p115
[81]; myomegalin — a protein similar to AKAP450 [82];
CDK5RAP?2 protein [83]. All these major fibrillar pro-
teins are difficult to study. Some of them (or perhaps their
isoforms) are also involved in microtubule nucleation at
the centrosome. The functional domains in YTuRC-bind-
ing proteins were recently identified, for example, the
CMI1 domain of myomegalin and CDK5RAP2 [82, 83].
These domains may regulate microtubule-nucleating
activity of yTuRC [84].

Perhaps some proteins besides yTuRC can nucleate
microtubules; in any case, they can participate in the sta-
bilization of nucleated microtubules and promote their
further growth. In particular, the multifunctional fibrillar
proteins CLASP1/2 (Orbit in Drosophila), localized in the
cell at Golgi and along microtubules, mainly at their plus
ends, and also at kinetochores of chromosomes [85, 86]
participate in microtubule growth. Dimers of CLASP1/2
proteins form a sort of tweezers that are able to catch tubu-
lin dimers and to deliver them to the microtubule and
assist its assembly [87]. CLASPs are associated with Golgi
through golgin GCC185, with the participation of small
GTPases Arl4a and Rab6 [88]. Unlike the centrosome,
where the microtubules departs radially from it, the Golgi
forms an asymmetric loose bundle of microtubules direct-
ed towards the cell edge, and these microtubules may be
coated with excess of CLASP1/2 protein [89].

Ribbon-shaped Golgi is usually located in the center
of the cell, tightly adherent to the centrosome, and is
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connected with it through CG-NAP (AKAP450, Yotiao)
long fibrillar protein. The N-terminal domain of CG-
NAP is associated with the Golgi, and the C-
terminal with the centrosome [80, 90]. Most likely, the
membranes of the Golgi “seek” the centrosome, moving
toward the minus ends of microtubules, concentrate near
the centrosome, and then establish a connection with it
through specific proteins. In polarized cells, for example,
in flat fibroblast-like cells moving along a substrate, the
ribbon-like Golgi is localized in their front part [91]. One
can assume that the Golgi provides the secretion of the
necessary components of plasma membrane to the front
edge of growing cells, probably along an asymmetric array
of microtubules organized by the Golgi itself. Otherwise,
Golgi can be a necessary platform for signal transduction
from/to the front edge. Displacement of the Golgi to the
front edge requires activity of small GTPase Cdc42,
dynein, and microtubules [92]. Dynein participation in
moving of membranes to the peripheral part of the cell
seems to be a paradox, but it is confirmed in many stud-
ies. It still remains unclear whether the polarization
includes the physical movement of the Golgi in the cyto-
plasm or its disassembly in the cell center and gradual
assembly at the front edge. Detailed live imaging of reori-
entation of the Golgi has been done to the best of our
knowledge. After depletion of either p160 or GMAP210,
Golgi partially fragments and loses its directional orienta-
tion in cells. These changes infringe neither the
cytoskeleton structures nor the overall level of secretion,
but the cells lose their ability for directional movement in
a wound in a monolayer [59]. Unfortunately, the agent
that can influence orientation of the Golgi in cells with-
out causing its fragmentation and without affecting the
cytoskeleton is still not found.

It was shown previously that after inhibition of the
activity of serine-threonine protein kinase LOSK/SLK
the Golgi retains its integrity, but it does not move into the
front part of the cell [93]. Probably, the reason is a distur-
bance of microtubules extending from the centrosome,
whereas Golgi elements use these microtubules to move
[93]. The substrate of LOSK/SLK is the p150¢ subunit
of dynactin, and the site of phosphorylation is located in
the p150°"d domain that is not involved in dynactin
binding to dynein [94]. To check whether phosphoryla-
tion with kinase LOSK/SLK affects dynein-dependent
motility, we used the same system (movement of GFP-
ERGIC53-containing vesicles). For inhibition of
LOSK/SLK activity, expression of a dominant-negative
mutant of the kinase catalytic domain dsRed-LOSK-
K63R-AT was used. We found that the average velocity of
GFP-ERGIC53 vesicles in cells with inhibited kinase
activity was 0.49 *+ 0.04 pm/s and was not different from
control cells (0.39 £+ 0.06 um/s). The velocity distribution
of the vesicles also did not differ (Fig. 3), i.e. dynein
activity was not repressed after inhibition of LOSK/SLK.
This experiment showed that the orientation of the Golgi



888

apparatus in polarized cells requires not only the activity
of dynein, but also other factors. Perhaps such a factor is
the presence of radially arranged microtubules extending
from the centrosome, which could be directed to move
elements of the Golgi apparatus. For complete assembly
of compact Golgi after nocodazole washout or after mito-
sis, both microtubule systems are needed: extending from
the centrosome [75], and organized on the membranes of
the Golgi apparatus [36, 86]. In the absence of either the
Golgi remains disordered [36, 86, 90].

The mechanism of the Golgi assembly after repoly-
merization of microtubules remains unclear. Obviously,
the mini-stacks disappear at the cell periphery and new
containers form in the more central area of the cell [75].
However, direct tracing of mini-stacks in the central
region of the cell is difficult, and so far no such direct
observation has been made. It is possible that the forma-
tion of a compact Golgi goes through the recycling of
proteins through ER. If ts045-GFP-VSV-G protein in
ERGIC is blocked using the transition of temperature
from 40 to 15°C and adding an inhibitor of protein syn-
thesis, and then disassemble microtubules with nocoda-
zole, ts045-GFP-VSV-G remains dispersed in ERGIC
together with dispersed Golgi markers. If we now shift the
temperature to 40°C again but wash out nocodazole, the
Golgi apparatus will be formed, but it will be deprived of
ts045-GFP-VSV-G. The later is expected to recycle to
the ER though it cannot leave it at an elevated tempera-
ture. This experiment proves the necessity of recycling
through the ER for recovery of the Golgi after micro-
tubule system restoration [95].

The Golgi is associated with the major cellular motor
proteins: dynein [96], kinesin-1 (at least its light chain)
[97], kinesin-2 (its structural chain KAP3) [33], and
myosin [96]. Dynein and kinesins are associated mainly
with the most mobile parts of the Golgi apparatus: the
trans-Golgi network and the elements of early vesicular
transport, though they are found on the cisterns also. The
mechanism of motor protein binding to membranes at the
molecular level is obscure. Dynein probably uses different
adapter proteins in different cases. The main adapter for
dynein in membranes is considered to be dynactin.
Overexpression of dynamitin protein (p50), breaking
dynactin complex causes Golgi fragmentation [98]. Also,
as already mentioned, the expression of the CCI frag-
ment of p1509"™ competitively disrupts association of
dynein with dynactin and causes Golgi fragmentation too
[36]. Perhaps the destruction of dynactin or CCI-
p1509"ed expression inhibits dynein activity, and this inhi-
bition is the reason for the observed effects. Depletion of
p1509"d by RNA interference does not lead to fragmen-
tation of the Golgi, which indicates the presence of other
mechanisms of binding dynein to membranes [99].

Dynactin, however, can play its own role, linking
vesicles and cisterns with microtubules. The most likely
way for dynactin binding to membranes is the interaction
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of Arp1-filament with spectrin. Golgi elements are entan-
gled with an ankyrin—spectrin network consisting mainly
of spectrin BIX* (beta I sigma 1 and beta I sigma 2) [100].
B-Spectrin can be partially co-fractionated with dynactin
complex and BIZ-spectrin and Arpl filaments colocalize
in cells overexpressing Arpl [101]. In biochemical assays
in vitro, incubation with high concentrations of salts and
even in the presence of detergent the matrix of isolated
Golgi membranes contains dynactin, and these extracted
Golgi membranes retain the ability to bind to the cyto-
plasmic dynein from the cell extract. At alkaline pH both
p1509d and Arpl dissociate from the membranes of the
Golgi, and the ability of membranes to bind dynein is
suppressed. Arpl can be restored in membranes incubat-
ed in the cytosol, but p1509" is not able to do so [102].
The existence of cytosolic Arpl, capable of binding to
membranes in the absence of p1509"™ is surprising, but,
in any case, Arpl is not able to recruit dynein to mem-
branes by itself: it requires p150°™, which associates
directly with an intermediate chain of dynein DIC [102].

The association of dynein with the Golgi apparatus is
regulated by small GTPase Cdc42. It interacts with COPI
and is located on the lateral parts of cis- and intermediate
cisterns of Golgi [103], as well as COPI-coated transport
vesicles [104]. Cdc42 plays a crucial role in the recruit-
ment of dynein to COPI-vesicles [105], while it is
involved in the reconstruction of the Golgi apparatus after
restoring the microtubule network in cells [106].
Apparently, Cdc42 stimulates the activity of dynein only
on its hydrolysis of its GTP, which occurs under the
action of factor ARHGAP21 with participation of small
GTPase Arfl [106]. Data describing the effect of this pro-
tein on the activity of dynein are rather contradictory;
perhaps the influence of Cdc42 is mediated by other pro-
teins, in particular by the system of regulation of actin
polymerization [106]. Most likely, Cdc42 is involved in
destruction and reconstruction of the Golgi during mito-
sis.

It was shown that dynein can directly contact golgin
GM160 through its intermediate chain DIC [107].
Depletion of GM 160 leads to fragmentation of the Golgi
apparatus. Another acceptor of dynein motor protein is
bicaudal (BIC), which is similar to golgins though it does
not have a characteristic membrane GRIP-domain.
Bicaudal isoform D2 (BIC-D2) is associated with the
membranes of the frans-Golgi cisterns and frans-Golgi
network [108], and coat-lacking vesicles transporting
cargo from the Golgi to the ER [109]. BIC-D?2 is accept-
ed there with the participation of the small GTPase Rab6
[110]. BIC-D2 can bind directly dynein and dynactin,
forming a tertiary complex; moreover, the LIS1 protein
can be involved in the complex as well [111]. Depletion of
bicaudal also leads to fragmentation of the Golgi appara-
tus. Another protein involved in the regulation of the
dynein—dynactin complex is ZW10. It is localized in the
kinetochores of chromosomes during mitosis, in ER in
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interphase, and is involved in transport from the Golgi to
the ER [112]. ZW10 binds dynactin component dyna-
mitin, is associated with dynein, and regulates its activity
[113].

Heterogeneity of acceptors of dynein on membranes
may reflect the heterogeneity of the dynein itself. The
molecule of cytoplasmic dynein-1 (basic dynein in cells)
consists of two heavy chains carrying the motor domain,
two intermediate chains DIC, with isoforms 1 and 2, two
light intermediate chains LDIC, having also isoforms, and
a variety light chains [114]. For a more detailed analysis of
the role of dynein motor in vesicle transport, its individual
subunits were depleted by RNA interference, and the dis-
tribution of organelles of vesicular transport in cells was
described [115]. In this study it was found that the light
intermediate chain 1 (LIC1) is necessary for the work of
the dynein motor in ER—Golgi distance, whereas LIC2
works in recycling endosomes [115]. Dynein light chain
Tctex is mainly localized in the Golgi apparatus, although
its localization only partially overlaps with the localization
of dynein heavy chain or dynactin [116].

Thus, membranes of the Golgi apparatus and early
secretory vesicles are associated with many proteins that
interact with microtubules, including yTuRC, fibrillar
structural proteins, motor proteins, and their cofactors.
These proteins organize a specific pool of microtubules
extending from the Golgi, provide a compact Golgi struc-
ture, ensure its orientation in polarized cells, provide
anterograde and retrograde transport of vesicles, and
finally, are necessary for the formation of membrane
tubules. Localization and activity of proteins that interact
with microtubules are subject to regulation that is cur-
rently poorly understood. The regulatory mechanisms in
different cell types will most likely be the subject of the
experimental works in the near future.
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