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Visualization of the First Tubulin Structures
The first images of tubulin within the cell began to be 
observed in the 1950s and 1960s via transmission 
electron microscopy(1). However, initial fixation methods 
at that time did not preserve the tubulin structure for it 
to be observed consistently. Initially, scientists thought 
these tubulin structures were canaliculi, endoplasmic 
reticulum, or filamentous elements(2,3). In 1963, after the 
development of using glutaraldehyde as a fixative, the 
consistency and resolution of tubulin improved, and the 
term “microtubules” (MTs) was introduced(4-6). Several 
years later, Gary Borisy and Ed Taylor at the University 
of Chicago used tritium-labeled colchicine as a small 
molecule probe to elucidate how colchicine inhibited 
mitosis. They discovered that a structural protein must 
be binding the labeled colchicine, as it was taken up 
by KB and Hela cells in tissue culture(7), sea urchin 
eggs(8), sea urchin sperm tails(9), and the brain(10). Soon 
after, Hideo Mohri gave the colchicine-binding protein 
the official name of tubulin(11). Interest in microtubules 
increased, as these cylindrical polymer structures were 
recognized as essential components of the cytoskeleton 
required for cell growth and maintaining cell shape(12).  

In the early 1970’s it was revealed that tubulin was 
composed of a heterodimer of two closely related 55 
kDa proteins called α- and ß-tubulin(13-15). These two 
proteins are encoded by separate genes, or small 
gene families, whose sequences are highly conserved 
throughout the eukaryotic kingdom(16). Tubulin is a 
polar structure that can polymerize from both ends 
in vitro, however; the rate of polymerization is not 
equal. It has therefore become the convention to call 
the rapidly polymerizing end the plus (+) end and 
the slowly polymerizing end the minus (-) end. When 
tubulin polymerizes it initially forms protofilaments, MTs 
consist typically of 13 protofilaments that are 25 nm in 
diameter. Each µm of MT length is composed of 1650 
heterodimers as observed with electron micrographs(17). 
Tim Mitchison and Marc Kirschner in 1984 found that 
unlike other polymers like F-actin in the cytoskeleton, 
microtubules can grow and suddenly shrink when they 
lose their GTP-caps through GTP hydrolysis(18,19). This 
GTP hydrolysis leads to the dynamic behavior of growth 
and shrinkage of tubulin known as dynamic instability. 
Recent advances in structural biology have now allowed 
research groups to examine MT dynamics at the atomic 
level. 

The First High-Resolution Structure of Tubulin
X-ray crystallography has been the gold standard for
determining the three-dimensional molecular structure
of proteins. High-resolution structures can be obtained

at resolutions in the 1 to 2.5 Å (0.1 to 0.25 nm) 
range with X-ray crystallography. However, solving the 
structure of tubulin with x-ray crystallography has been 
elusive. For tubulin, the first atomic high-resolution 2D 
crystalline structure of the ab-tubulin dimer (Fig 1a.) was 
determined by Nogales at 3.7 Å with electron microscopy 
using tubulin isolated from bovine brain produced in their 
lab and obtained from Cytoskeleton(20). The crystalline 
structure was obtained by using zinc-induced tubulin 
sheets stabilized by Taxotere, a chemical analog to 
Taxol. This structure revealed that each subunit is 
bound to a nucleotide, where the ß-subunit contains 
the exchangeable and exposed GTP/GDP site (E-site), 
while the non-exchangeable GTP site (N-site) is located 
on the α-subunit and is buried within the dimer. This 
structure was also vital in revealing how Taxol stabilized 
MTs, by binding within a specific hydrophobic site 
on ß-tubulin, with further structural analysis showing 
that Taxol stabilizes protofilament interactions(21). This 
structure provided a structural understanding of MT 
nucleotide exchange and insight into dynamic instability.

Figure legend: A: High Resolution cyrstallography of αß tubulin dimer
B: α-α and ß-ß lateral interaction, except at the seam where the lateral 

contacts are α-ß and ß-α
C: Microtubule destabilization, the Microtubule depolymerase Kinesin-13s 
KLP10A bound to Microtubule structures induces tubulin curvature when 

the kinesin motor domain is bound to ATP
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Improvements in Cryo-EM for Atomic-Resolution Structures of 
Microtubules 
Obtaining atomic-resolution structures of MT polymers is necessary to 
further elucidate MT dynamics, but elucidating these structures with 
X-ray crystallography is not amenable. The filamentous nature of MTs 
makes them an ideal candidate to be studied by cryo-electron microscopy 
(Cryo-EM). However, initial resolutions of Cryo-EM MT structures were 
limited to resolutions of 20-25 Å(22) (2 and 2.5 nm)(22), where very little 
details of the MTs, such as the seam, could not be observed. Resolutions 
of MTs improved to 8-10 Å(21), but advancements in detector technology, 
image processing, and techniques have allowed Cryo-EM to undergo 
a “resolution revolution” where near-atomic resolutions of MTs down 
to approximately 3.5 Å can be obtained(23). These higher resolution 
structures have provided snapshots of MT dynamics in a solution-like 
state, unlike the zinc-induced anti-parallel tubulin sheets of the X-ray 
crystal structure. 

The improved resolution of Cryo-EM revealed how protofilaments are 
arranged in MTs. The lateral interactions between protofilaments involve 
α-α and ß-ß contacts, except at the seam, where lateral contacts are 
α-ß and ß-α (Fig 1b)(24). These lateral interactions are important, as 
they are integral for determining the curvature of MTs. Calculating 
the curvature of MT structures has been of interest in the field, as it 
was believed that “straight” GTP-bound tubulin promotes stability and 
polymerization, while “curved” GDP-bound tubulin creates instability 
and destabilization of the MT lattice. However, this theory likely involves 
additional conformations, as the Cryo-EM structure of MTs in a possible 
conformational intermediate state bound to GMPCPP (GTP-like), 
showed a radial bend of approximately 5o compared to the 12o bend 
of the GDP-bound structure (25). A more recent structure also showed 
that GTP-hydrolysis initiates a conformational change that results in 
compression and strain to the MT lattice(26). Further work is needed to 
better understand the conformational changes that occur for a given 
nucleotide state and how these atomic models can provide additional 
answers for MT dynamics.   

Microtubule-Associated Proteins and Microtubule Structures
The discovery of microtubule-associated proteins (MAPs) in the mid-
1970s (28-31) revealed proteins factors that are capable of regulating 
MT dynamics. The improvements in Cryo-EM have started to reveal 
structures of MAPs bound to MTs. Understanding how MAPs can 
selectively discriminate different conformations of MTs to regulate 
MT dynamics is of great interest to the field. The Tau family proteins 
promote MT stabilization, where detailed structures of MT-Tau and 
MAP4-Kinesin1-MT complexes were solved(32,33). These structures show 
the advantages of using Cryo-EM, as the tau family MAPs are usually 
not captured, as they are disordered in solution and form aggregates. 
For MT destabilization, the MT depolymerase Kinesin-13s KLP10A (Fig 
1c) bound to MTs structures was found to induce tubulin curvature when 
the kinesin motor domain is bound to ATP(34,35) and helps illustrate the 
complexity of mechanisms required to regulate MT dynamics. 

Conclusion
These studies highlight the advancements from the first visual images 
of MTs from the 1950s to the recent atomic-resolution structures of 
MTs and their binding partners. Future studies will elucidate additional 
mechanisms involved with MT dynamics. Tubulin purified at Cytoskeleton 
Inc. has been used by several research groups cited in this newsletter. 
In addition to tubulin, Cytoskeleton Inc. offers other reagents to aid 
investigators in their research to help expand our knowledge in the 
tubulin field.
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