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MICROTUBULC

Microtubule

Primary Disciplinary Field(s): Cell Biology, Biochemistry, Biophysics

1. Core Definition

The microtubule is a fundamental component of the eukaryotic cell's internal scaffolding, known
collectively as the cytoskeleton. These structures are essential, dynamic polymers that play pivotal
roles in maintaining cell shape, facilitating intracellular transport, and enabling cell motility and
division. Defined by their characteristic physical properties, microtubules are cylindrical and
hollow in shape, typically exhibiting an outer diameter ranging between 20 and 26 nanometers,
with an internal lumen approximately 15 nanometers wide. This substantial size, relative to other
cytoskeletal elements like actin filaments (7 nm) and intermediate filaments (10 nm), positions
them as the largest structural fibers within the cell's internal matrix. Their core function is to act as
rigid mechanical supports, providing tensile strength and resistance against compression, which is
crucial for the establishment and preservation of complex cellular morphologies, particularly in
specialized cells such as neurons and ciliated epithelial cells.

Functionally, microtubules are much more than mere passive structural elements; they serve as
sophisticated tracks upon which various organelles, vesicles, and macromolecules are transported
throughout the expansive cellular landscape. This active transport mechanism is orchestrated by
dedicated motor proteins, specifically kinesins and dyneins, which hydrolyze adenosine
triphosphate (ATP) to move cargo directionally along the microtubule network. The intrinsic polarity
of the microtubule structure--possessing distinct positive (+) and negative (-) ends--is fundamental
to directing this intracellular traffic flow, ensuring that necessary components reach their precise
destination, whether it be the periphery of a large neuron or the nascent division plane during
mitosis. Without this well-organized system of tracks, the large-scale spatial organization required
for complex cellular processes would rapidly break down, underscoring the microtubule's role as
the primary architectural and logistical framework of the cell.

The construction of these vital cellular scaffolds relies entirely upon the self-assembly of protein
subunits. Microtubules are composed almost exclusively of the globular protein tubulin, which
exists predominantly as a stable dimer formed by one alpha-tubulin and one beta-tubulin molecule.
These dimers link together end-to-end to form linear structures called protofilaments, and typically,
thirteen parallel protofilaments associate laterally in a slightly helical arrangement to create the
characteristic hollow cylinder. The inherent strength and rigidity of the resulting microtubule
polymer are derived from the extensive lateral and longitudinal contacts between these
protofilaments, providing the necessary mechanical resistance for scaffolding larger, more complex
cellular structures, as observed in processes ranging from flagellar movement to the formation of
the mitotic spindle apparatus.
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2. Structure and Composition

The molecular architecture of the microtubule dictates its functional capabilities. The primary
building block, the tubulin dimer, is a heterodimer measuring approximately 8 nm long. Both
alpha- and beta-tubulin subunits bind guanosine triphosphate (GTP), but their binding
characteristics differ significantly: alpha-tubulin binds GTP irreversibly and non-exchangeably (it is
considered an intrinsic part of the dimer), whereas beta-tubulin binds GTP exchangeably, and
crucially, this GTP can be hydrolyzed to guanosine diphosphate (GDP) after the dimer is
incorporated into the growing microtubule polymer. This hydrolysis mechanism is the kinetic engine
that drives the dynamic behavior of the entire structure, allowing for rapid assembly and
disassembly crucial for cellular remodeling.

The longitudinal arrangement of these tubulin dimers results in the formation of protofilaments,
which are head-to-tail chains of repeating af-tubulin units. The characteristic 13-protofilament
cylinder is formed when these chains align parallel to one another and interact laterally. A small
offset, known as the seam, often exists where the lateral bonds are formed between different types
of subunits (alpha to beta across the gap) rather than the standard alpha-to-alpha or beta-to-beta
bonds seen elsewhere, although some microtubules, especially those in axonemes, may possess
different protofilament counts (e.g., 10 or 11). The structural integrity of the cylinder is maintained
by these precise lateral interactions, ensuring the microtubule remains rigid over long cellular
distances.

Microtubules are inherently polarized, a property resulting from the uniform, head-to-tail orientation
of the tubulin dimers. This polarity establishes two distinct ends: the plus end (+), where the beta-
tubulin subunit is exposed, and the minus end (-), where the alpha-tubulin subunit is exposed. The
plus end is typically oriented toward the cell periphery and exhibits faster rates of both
polymerization and depolymerization, making it the primary site of microtubule growth and
shrinkage. Conversely, the minus end is generally slower growing and is frequently stabilized and
anchored within the Microtubule-Organizing Center (MTOC), such as the centrosome in animal

cells. This inherent structural asymmetry is vital for directional processes, including the movement
of motor proteins and the establishment of cell polarity.

3. Assembly and Dynamic Instability

Microtubule formation is a highly regulated process involving nucleation, elongation, and a critical
behavior known as dynamic instability. Nucleation, the initial formation of a stable tubulin
oligomer capable of growth, is often the rate-limiting step and almost always occurs at the MTOC.
Within the centrosome, the protein gamma-tubulin forms ring complexes (y-TuRCSs), which act as
templates that dictate the exact arrangement (e.g., 13 protofilaments) and establish the initial
minus end of the microtubule, thereby orienting the entire network relative to the center of the cell.
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Efficient nucleation prevents random self-assembly in the cytoplasm and ensures the correct
spatial organization of the network.

Elongation occurs via the rapid addition of GTP-bound tubulin dimers primarily at the plus end. The
addition of these dimers creates a stabilizing cap known as the GTP cap. When the concentration
of free GTP-tubulin is high, the assembly proceeds faster than the hydrolysis of GTP within the
polymer. However, if the concentration drops, or if growth pauses, the tubulin subunits within the
polymer hydrolyze their associated GTP to GDP. GDP-tubulin is structurally less stable than GTP-
tubulin and preferentially adopts a curved conformation, which destabilizes the lattice. When the
protective GTP cap is lost, the microtubule enters a phase of rapid depolymerization known as
catastrophe, characterized by the dramatic peeling back of the GDP-containing protofilaments.

Dynamic instability is the alternating state of growth (rescue) and shrinkage (catastrophe) that
characterizes microtubules. This rapid switching allows the cell to rapidly explore the cytoplasmic
space and precisely position the organelles and structures necessary for specific functions, such
as phagocytosis or axon outgrowth. The entire process is kinetically controlled by factors that
influence GTP hydrolysis and tubulin concentration, and biologically regulated by an array of
Microtubule-Associated Proteins (MAPs). These MAPs include both stabilizing proteins (which
promote growth and stability) and destabilizing proteins (which increase the frequency of
catastrophe), ensuring the cell can quickly reconfigure its internal architecture in response to
external signals or internal developmental cues.

4. Physiological Functions and Intracellular Transport

The functions of microtubules extend far beyond mere structural support; they are critical
participants in virtually every complex motile and organizational process within the eukaryotic cell.
One of their most well-studied roles is in establishing and maintaining cell polarity, which is
essential for specialized functions like nutrient absorption in epithelial tissues or directional
migration during development. The orientation of the microtubule array, anchored at the MTOC
and radiating outward, defines the cellular axes, guiding the placement of membrane proteins and
organelles to specific domains (e.g., apical versus basal surfaces).

A primary logistical role of microtubules is serving as the infrastructure for intracellular trafficking.
This dense network acts as the highway system for cargo transport, mediated by the opposing
actions of kinesin and dynein molecular motors. Kinesins are generally plus-end directed motors,
transporting vesicles, mitochondria, and other cargo from the cell center toward the periphery.
Conversely, dyneins (which are structurally and mechanistically distinct) are typically minus-end
directed, mediating retrograde transport from the periphery back toward the MTOC or nucleus.
This highly efficient, ATP-dependent transport ensures rapid distribution of newly synthesized
components and the removal of waste or aged organelles, a process absolutely critical for the
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survival of large or elongated cells like neurons.

Furthermore, microtubules are the foundational structures of specialized cellular appendages
involved in movement and fluid propulsion: cilia and flagella. In these structures, microtubules are
organized into highly stable, non-dynamic bundles called axonemes, typically featuring a "9+2"
arrangement--nine outer doublet microtubules surrounding two central single microtubules. The
controlled sliding of these doublet microtubules, powered by specialized axonemal dynein,
generates the characteristic bending motion required for swimming (flagella) or moving
extracellular fluids (cilia). This stable, specialized organization contrasts sharply with the
dynamically unstable microtubules found in the cytoplasm, illustrating the versatility of the tubulin
polymer system.

5. Role in Mitosis and Cell Division

Perhaps the most dramatic and essential function of microtubules occurs during the M-phase of
the cell cycle: the formation of the mitotic spindle apparatus. The spindle is a highly organized,
transient structure composed entirely of microtubules that is responsible for accurately capturing
and separating duplicated chromosomes into the two daughter cells. Before division, the cell
rapidly remodels the interphase microtubule array, increasing the frequency of catastrophe and
nucleating new, highly dynamic microtubules from the separated centrosomes.

The fully assembled mitotic spindle contains three major classes of microtubules, each serving a
distinct function. First, kinetochore microtubules attach directly to the specialized protein
structures (kinetochores) located on the centromeres of the chromosomes, ensuring physical
linkage and providing the pulling force necessary for chromosome segregation. Second, polar (or
interpolar) microtubules extend from opposing poles and overlap in the central spindle midzone,
where they interact with kinesin motor proteins to push the poles apart, elongating the cell during
anaphase. Third, astral microtubules radiate outward toward the cell cortex, anchoring the
spindle apparatus and helping to position it correctly within the dividing cell.

The precise and coordinated actions of microtubule dynamics and associated motor proteins
ensure the fidelity of cell division. Errors in spindle formation or chromosome attachment lead to
aneuploidy, a condition often associated with developmental defects and cancer progression. The
mechanical tension generated by the opposing microtubule forces across the kinetochores is
sensed by the cell, triggering the final signal for anaphase onset only when all chromosomes are
correctly aligned at the metaphase plate and under equal tension. This reliance on microtubule
structure and function makes the mitotic spindle one of the most highly regulated and sophisticated
machines in cell biology.
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6. Clinical Relevance and Pharmacological Targets

Due to their critical involvement in cell division, microtubules represent potent targets for
therapeutic intervention, particularly in oncology. Drugs that interfere with microtubule dynamics
are known as antimitotic agents and form a cornerstone of modern chemotherapy regimens.
These compounds exert their cytotoxic effects by either stabilizing or destabilizing the microtubule
polymer, thereby disrupting the formation and function of the mitotic spindle and inducing
programmed cell death (apoptosis) in rapidly dividing cells, especially cancer cells.

Two major classes of chemotherapeutic agents target tubulin. The first class, the microtubule
stabilizers (e.g., taxanes like Paclitaxel), bind tightly to the polymer and prevent depolymerization.
This stabilization locks the cell in the metaphase stage, preventing the necessary dynamic
changes required for chromosome segregation. The second class, the microtubule destabilizers
(e.g., vinca alkaloids like Vincristine), bind to free tubulin dimers, preventing their polymerization
and promoting rapid microtubule disassembly. Both mechanisms effectively halt mitosis, leading to
cell cycle arrest and death.

However, the use of microtubule-targeting agents is associated with side effects, primarily because
microtubules are essential components in non-dividing cells as well, particularly neurons.
Disruption of microtubule function in neurons can impair axonal transport, leading to peripheral
neuropathies--a common and dose-limiting toxicity in chemotherapy. Furthermore, cancer cells can
develop resistance mechanisms, often by altering the expression or sequence of tubulin isoforms
or by increasing the activity of efflux pumps that expel the drugs. Ongoing research focuses on
developing agents that can selectively target tubulin isoforms specific to cancer cells or exploiting
new mechanisms to bypass existing resistance pathways.

Further Reading

Microtubule Structure and Function (Wikipedia)

Tubulin Protein Family

The Cytoskeleton

Dynamic Instability and Microtubule Dynamics

Kinesin and Dynein Molecular Motors
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