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REVIEW THE CONCEPTS
 1.  The basis of microtubule polarity is the head-to-tail assembly of ab-tubulin hetero-

dimers, which results in a crown of a-tubulin at the (−) end and a crown of b-tubulin 
at the (+) end. In nonpolarized animal cells, (−) ends are typically associated with 
MTOCs, and (+) ends may extend toward the cell periphery. Other arrangements 
occur in different types of cells, but the (−) ends are associated with a MTOC in most 
cases. Microtubule motors can “read” the polarity of a microtubule, and a specifi c 
motor protein will transport its cargo toward either the (+) or the (−) end of the 
microtubule.

 2.  During dynamic instability, microtubules alternate between growth and shortening. 
The current model to account for dynamic instability is the GTP cap model. According 
to this model, GTP-tubulin (subunits with GTP bound to b-tubulin) can add to the end 
of a growing microtubule, but at some time after assembly the GTP will be hydrolyzed 
to GDP, leaving GDP-tubulin, which makes up the bulk of the microtubule. Thus, 
GTP-tubulin is present only at the microtubule end, and as long as this situation 
holds, the microtubule will continue to grow since the cap stabilizes the entire micro-
tubule. However, if GDP-tubulin becomes exposed at the end, then the stabilizing 
cap is lost and the microtubule will begin to shorten. The microtubule will continue to 
shorten until it disappears or until GTP-tubulin returns to the end and a new GTP 
cap is formed.

 3.  The best understood proteins involved in regulating microtubule assembly are 
the stabilizing MAPs. These proteins bind to microtubules and promote assembly, 
increase microtubule stability, and, in some cases, cross-link microtubules into 
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 bundles. The other main group of MAPs functions to destabilize microtubules. 
This group includes proteins such as katinin, which severs microtubules, and 
Op18, which promotes the frequency of microtubule catastrophe.

 4.  Microtubule organizing centers (MTOCs), also known as centrosomes, are 
responsible for determining the arrangement of microtubules within a cell. The 
typical cell contains a single MTOC, although mitotic cells contain two (the spin-
dle poles), and certain types of cells may contain several hundred. Microtubules 
are nucleated by g-tubulin ring complexes, which are located in the pericentriolar 
material of an MTOC. The g-tubulin provides a binding site for ab-tubulin 
dimers, and the ring complex structure appears to provide a template for nucle-
ating microtubule formation.

 5.  Microtubule/tubulin-binding drugs are used to treat a variety of diseases, 
including gout, certain skin and joint diseases, and cancer. Such drugs either pre-
vent microtubule assembly (e.g., colchicine) or prevent microtubule disassembly 
(e.g., taxol). Although the effects are opposite, the results are the same: inhibition 
of cellular processes that depend on microtubules and the dynamic rearrange-
ment of these polymers.

 6.  Kinesin-1 was fi rst isolated from squid axons, which were manipulated to pro-
duce extruded cytoplasm, a cell-free system to study synaptic vesicle motility. 
Video microscopy was used to follow the ATP-dependent movement of synaptic 
vesicles along individual microtubules in the extruded cytoplasm, but when 
purifi ed synaptic vesicles were added to purifi ed microtubules, no movement 
was observed even in the presence of ATP. Subsequent addition of a squid cyto-
solic extract to the purifi ed components restored ATP-dependent vesicle move-
ment along microtubules, indicating that a soluble protein in the cytosol was 
responsible for driving vesicle movement. To identify the soluble “motor” pro-
tein, researchers took advantage of previous experiments with extruded cyto-
plasm that demonstrated that a nonhydrolyzable ATP analog (AMPPNP) caused 
vesicles to bind so tightly to microtubules that movement was stopped. To purify 
the motor, AMPPNP was added to a mixture of cytosolic extract and microtu-
bules with the goal of forcing the motor to bind microtubules. The microtubules 
and any bound proteins were then recovered by centrifugation and treated with 
ATP to release proteins that bound microtubules in an ATP-dependent manner 
(a fundamental property of microtubule-dependent motor proteins). The pre-
dominant protein released in this approach was kinesin-1.

 7.  Although microtubule orientation is fi xed by the MTOC (and any given motor 
moves only in one direction), some cargoes are able to move in both directions 
along a microtubule because they are able to interact with both (+)-end- and (−)-
end-directed motor proteins. The direction that a given cargo moves along a 
microtubule appears to be controlled by swapping one motor protein for the 
other (it may also be possible to activate one motor and inactivate the other). 
Certain cargoes may move on both microtubules and actin fi laments if the cargo 
contains binding sites for both microtubule and actin motor proteins.

 8.  The kinesin family motor (or head) domain contains the ATP-binding site and the 
microtubule-binding site of the motor, while the neck is a fl exible region connect-
ing the motor domain to the central stalk domain. The kinesin motor domain is 
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required to generate movement but does not appear to determine the direction a 
kinesin motor will move on a microtubule. Instead, the neck determines the 
direction of movement. These conclusions are based on experiments in which the 
motor domains of (+)-end- and (−)-end-directed motors were swapped with no 
effect on direction of motor movement, and on experiments in which mutations 
of the neck region caused a change from a (−)-end- to a (+)-end-directed motor. 
The hand-over-hand mechanism for processive movement along a microtubule 
requires coordinated function of two active heads. Each head must bind tightly 
to the microtubule in the nucleotide-free, ATP, and ADP+Pi bound states and 
loosely in the ADP bound state and to swing its linker region forward when it 
binds ATP in order for processive movement to occur. 

 9.  The dynactin complex links cytoplasmic dynein to cargo. The weak microtubule 
binding site in the p150Glued component of dynactin maintains association with 
the microtubule as the dynein motor travels down the microtubule. Inhibition of 
dynactin interaction with EB-1 would interfere with the spindle orientation 
mechanism in which dynactin interaction with the +TIP EB-1 associates dynein 
with a microtubule (+) end and inactivates the dynein motor activity. Growth of 
the microtubule to the cell cortex exposes the dynein-dynactin complex to an 
activator localized there that activates dynein motor activity and anchorage of 
the complex. The active dynein then pulls on the microtubule, which helps to 
orient the spindle. 

 10.  The appendages (cilia and fl agella) used for cell swimming contain a highly 
organized core of microtubules and associated proteins. This core, termed the 
axoneme, is typically made of nine outer doublet microtubules and two central 
pair microtubules (known as the 9 + 2 arrangement). Each outer doublet con-
sists of a 13-protofi lament microtubule and a 10-protofi lament microtubule, 
while the central pair contains 13 protofi laments each. Cell movement depends 
on axoneme bending, which, in turn, depends on force generated by axonemal 
dyneins. These motor proteins act to slide outer doublet microtubules past each 
other, but this sliding motion is converted into bending because of restrictions 
imposed by cross-linking proteins in the axoneme, and perhaps by the action of 
inner arm dyneins.

 11.  Kinesin-2 drives microtubule (+) end-directed IFT transport to the fl agellar tip. 
Inactivation of dynein would prevent recycling of the activated kinesin-2 back to 
the base of the fl agellum. Inhibition of dynein activity would cause accumulation 
of the kinesin-2 at the fl agellar tip and inhibit both anterograde as well as retro-
grade IFT transport. 

 12.  The three types of microtubules that make up the spindle are kinetochore micro-
tubules, polar microtubules, and astral microtubules. The (−) ends of all three 
types associate with spindle poles. Kinetochore microtubules connect chromo-
somes, via the kinetochore attachment site, to the spindle poles. Polar micro-
tubules from each pole overlap and are involved in holding the poles together 
and regulating pole-to-pole distance. Astral microtubules radiate from each spin-
dle pole toward the cortex of the cell, where they help position the spindle and 
determine the plane of cytokinesis.
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  13.  Inhibition of kinesin-5 would be expected to have a number of effects. First, the 
centrosomes duplicated in S phase would not move apart during prophase to 
make the mitotic asters. Second, if the drug were added after the centrosomes 
had separated and become spindle poles, the spindle poles would not separate 
during anaphase B. Inhibiting kinesin-13 would affect chromosome movement 
of captured chromosomes in prometaphase as well as anaphase A, as the short-
ening of microtubules in both these cases would be compromised. Inhibiting 
kinesin-4—the kinesin that attaches to chromosome arms and interacts with 
spindle microtubules to pull them toward the center of the spindle—would 
affect chromosome congression at prometaphase.

 14.  Proteins such as kinesin-13 at the kinetochore may allow this structure to hold 
onto shortening microtubules. It is not clear whether this activity requires ATP 
hydrolysis because kinetochores have been shown to hold onto depolymerizing 
microtubules in vitro in the absence of ATP.

 15.  The separation of spindle poles during anaphase B is thought to depend on 
kinesin-5 motors present on microtubules in the overlap zone between the poles, 
which act to push the spindles apart, as well as on cytosolic dynein motors on 
the inner surface of the cell membrane, which act to pull astral microtubules and 
hence the poles apart (different organisms may utilize pushing and pulling 
forces to differing degrees during anaphase B). In addition, elongation of micro-
tubules in the overlap zone appears to increase the extent of pole separation.

 16.  In animal cells, the spindle determines the cleavage plane. Microtubules are 
therefore involved with determining the plane of cytokinesis while actin fi la-
ments, as components of the contractile ring, carry out the process of cytokinesis.

 17.  Positive reactivity with the following monoclonal antibodies would identify the 
parental cell type for the types of tumors in question: a) anti-desmin, b) anti-
keratin, and c) anti-GFAP protein. Each of the monoclonal antibodies should not 
react with cells of the other two tumor types. 

 18.  Unlike microfi laments and microtubules, intermediate fi laments do not have an 
intrinsic polarity. Thus, it is not surprising that there are no motor proteins that 
use intermediate fi laments as tracks.

 19.  Although the mechanism for growth cone locomotion is an actin fi lament-
dependent process similar to what drives lamellipodia protrusion in many cells, 
microtubules in the axon region connecting the growth cone to the cell body 
become stabilized by acetylation, preventing movement or collapse of the 
growth cone toward the cell body. The microtubules in the growth cone remain 
unacetylated and thus more dynamic. 
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