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Abstract

Microtubule dynamics are fundamental for many aspects of cell physiology, but
their mechanistic underpinnings remain unclear despite 40 years of intense
research. In recent years, the continued union of reconstitution biochemistry,
structural biology, and modeling has yielded important discoveries that deepen
our understanding of microtubule dynamics. These studies, which we review
here, underscore the importance of GTP hydrolysis-induced changes in tubulin
structure as microtubules assemble, and highlight the fact that each aspect of
microtubule behavior is the output of complex, multi-step processes. Although
this body of work moves us closer to appreciating the key features of
microtubule biochemistry that drive dynamic instability, the divide between our
understanding of microtubules in isolation versus within the cellular milieu
remains vast. Bridging this gap will serve as fertile grounds of
cytoskeleton-focused research for many years to come.
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Introduction

Microtubules are hollow, cylindrical polymers of of-tubulin that
are vital for many biological processes, including cell division,
polarization, and migration. In cells, microtubules are composed of
13 laterally associated protofilaments, strands of o3-tubulin subunits
lined up in a head-to-tail fashion. Key to their functional versatility
is that microtubules are capable of assembling and disassembling
over many cycles, as first revealed by Shinya Inoue’s seminal
polarization microscopy studies of mitosis'. The dynamic nature of
microtubules is intrinsic to tubulin, as microtubules formed in vitro
with tubulin alone coexist as growing and shortening polymers
that switch between these states’. This non-equilibrium behav-
ior, termed dynamic instability, is in turn dependent on the abil-
ity of P-tubulin to bind and hydrolyze GTP: an of-tubulin
heterodimer that contains GTP-B-tubulin can add on to the grow-
ing end of a microtubule, but polymerization induces GTP hydrol-
ysis. GDP-B-tubulin is restricted to the lattice, as ends rich in
GDP-B-tubulin are unstable and prone to depolymerization. These
observations laid the foundation for the “GTP cap” model, which
postulates that microtubules can grow only when non-hydrolyzed
GTP-B-tubulin subunits crown the end of a microtubule®. Although
GTP hydrolysis plays an indisputable role in fueling dynamic
instability, structural aspects of microtubule subunit interactions—
both longitudinally and laterally—ultimately lie at the heart of
microtubule dynamics.

Whereas the general principles of dynamic instability are well
established, individual aspects of a microtubule’s life—nucleation,
growth, and the growth-to-shortening transition (catastrophe)—are
complex and represent the output of poorly understood multi-step
processes. In this commentary, we review recent progress in the
field, focusing on nucleation and microtubule assembly, where
significant advances have been made. This progress reflects our
improved understanding of key microtubule-associated proteins
(MAPs), development of in vitro assays that probe novel aspects of
microtubule assembly and disassembly, and technological break-
throughs that have increased the resolving power of cryo-electron
microscopy (cryo-EM)-based structural approaches.

Nucleation

For a microtubule to form, it must first be nucleated. What does this
mean in the context of microtubules? A nucleus is a multimer that
forms through sequential subunit addition and allows growth to be
thermodynamically favorable’. Nuclei can assemble in the absence
of cellular factors and have been observed by EM to be two-
dimensional sheets’ or short oligomers®, which presumably grow
until tube closure is possible. Such spontaneous nucleation is a
slow and energetically unfavorable process, involving a considera-
ble lag phase. Importantly, cells bypass the kinetic barrier to nuclea-
tion by using factors that accelerate microtubule formation.

The best-understood microtubule nucleation factor is a pro-
tein complex that contains y-tubulin, a protein closely related to
o~ and B-tubulin. The y-tubulin ring complex (y-TuRC) specifi-
cally templates 13-protofilament microtubules’ and participates
in microtubule nucleation at microtubule-organizing centers such
as the centrosome, as well as in the chromosome-mediated'*'?,
Golgi-mediated'*'", and microtubule-dependent>~"" microtubule
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nucleation pathways. The y-TuRC fulfills the expected function of
a microtubule nucleating factor; that is, microtubules form more
rapidly in its presence'®, and it is easy to imagine how it does so:
the y-TuRC mimics an early assembly intermediate of of3-tubulin'.
However, studies of the chromosome-mediated microtubule
nucleation pathway have demonstrated that two additional
MAPs—TPX2” and XMAP215* —also play key roles in facilitat-
ing microtubule nucleation**. In fact, these proteins can nucleate
microtubules independently of the y-TuRC**** when added to con-
centrations of tubulin at which polymer does not form. As MAPs,
the y-TuRC, TPX2, and XMAP215 have distinct biochemical prop-
erties. XMAP215, through the concerted activities of an array of
tubulin-binding TOG domains, processively catalyzes microtubule
assembly”, increasing microtubule growth rates up to 10-fold™.
This activity depends on the ability of XMAP215 to bind tubulin
subunits while retaining a grip on the microtubule plus end”’. TPX2,
on the other hand, has not been reported to bind tubulin subunits
and therefore seems to be a conventional MAP that stabilizes and
crosslinks microtubules®. On a molecular level, these findings sug-
gest that multiple non-redundant activities can be integrated dur-
ing microtubule nucleation, providing support that nucleation is
a multi-step process. Interestingly, TPX2 and XMAP215 interact
with proteins that co-locate their activities with the y-TuRC at the
centrosome. TPX2 binds RHAMM?, which is present in a micro-
tubule nucleation complex that contains y-TuRC, and NEDDI,
a centrosome-targeting factor”. XMAP215 family proteins are
targeted to the centrosome through direct interaction with a
group of coiled-coil proteins called TACCs™. Therefore, it is
likely that TPX2 and XMAP215 family proteins synergize with
¥-TuRC in the context of the cell, but how they do so remains
unclear.

At a molecular level, recent studies have shed light on how TPX2
and XMAP215 promote nucleation’*>. Previous in vitro work
showed that TPX2 induces the formation of disordered tubulin
aggregates, which were speculated to be small oligomers capable
of elongation”. This finding has recently been recapitulated by the
Surrey laboratory by using total internal reflection microscopy-
based assays; TPX?2 induces the formation of granular tubulin foci
(“stubs”), which elongate in solution®'. In addition, Roostalu et al.
show that chTOG, the human ortholog of XMAP215, only mildly
promotes microtubule nucleation’. Interestingly, this result differs
from conclusions reached through previous work, where XMAP215
alone was sufficient for robust microtubule formation*. However,
it is worth noting that the ability of XMAP215 to nucleate micro-
tubules in the previous study was dependent on its conjugation to
beads, an experimental setup that locally concentrates the protein.
Strikingly, Roostalu et al. find that a combination of chTOG and
TPX2 produces more microtubule polymer, leading to the idea that
chTOG and TPX2 perform distinct functions during the nuclea-
tion process. The authors speculate that TPX2 promotes nuclea-
tion by stabilizing early oligomeric intermediates, whereas chTOG
acts by accelerating subunit addition to nuclei’’. chTOG activity
may be crucial for oligomers to form a sheet large enough to fold
into a tube. In this view, the y-TuRC may simply act to ensure that
microtubules are built using 13 protofilaments, as microtubules
nucleated by TPX2 and chTOG are likely of mixed protofilament
composition.
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Whereas nucleation de novo can easily be imagined to be a multi-step
process, microtubule assembly on pre-existing templates such as
axonemes is also complex, as initially demonstrated by Walker ef al.*.
This problem was revisited in a recent article from the Brouhard
laboratory*’. Wieczorek et al. found that a lag phase always precedes
microtubule assembly, regardless of whether the nucleating source
is a centrosome, axoneme, or a pre-formed microtubule end*. This
lag phase is attenuated by TPX2 and XMAP215, or extended by
catastrophe factors such as MCAK and EB1. Although the Roostalu
et al. and Wieczorek et al. studies demonstrate a role for TPX2 and
XMAP215 in microtubule nucleation, it is important to note that
the two proteins may act differently during templated nucleation
versus microtubule formation de novo. Both reports show that TPX2
is a strong anti-catastrophe factor that slows depolymerization®'-*”.
Therefore, it is possible that TPX2 acts as a traditional MAP dur-
ing templated nucleation, simply increasing a filament’s probabil-
ity to extend. Mechanism aside, the picture we are left with is that
the birth of a microtubule is complex, requiring the formation of a
plus-end structure that is compatible with subunit addition.

Microtubule assembly and tubulin structure

Once formed from a nucleus, the growing microtubule will continue
to elongate, sometimes for minutes at a time. Our understanding of
the structure of the elongating microtubule end is shaped by early
cryo-EM studies™”. These images show that growing microtubule
ends display “sheets” of interconnected protofilaments, which are
thought to dynamically close into a tube as the microtubule grows.
After more than 20 years, direct visualization of the structure of
growing microtubule ends in real time remains an open challenge.

The highest-resolution studies of microtubule growth dynamics
to date employed optical trapping methods to observe changes
in microtubule length with up to 3.5 nm resolution’*". In these
experiments, microtubules were grown against barriers, such that
the observed length fluctuations represent the length changes of the
longest individual protofilament or group of protofilaments, and
do not uncover the structure of the end. Nevertheless, these studies
showed that microtubule growth is irregular with frequent shorten-
ing excursions that can retract the longest protofilaments more than
40 nm (corresponding to the length of five tubulin dimer subunits)
while a microtubule remains in the overall growth phase.

Large fluctuations in polymer length observed during microtubule
growth can be understood as a consequence of a very unproductive
growth process™. Indeed, further studies by Gardner et al.”” found
that the vast majority of tubulin subunits that associate with the
growing microtubule end rapidly dissociate. The underlying cause
of this high tubulin off-rate is unclear; efficient subunit incorpora-
tion into the microtubule lattice might require an additional step
(for example, a structural alteration that would promote formation
of stabilizing lateral bonds). The exact structure of tubulin subunits
when bound to different nucleotides, both in solution as well as
within the microtubule polymer, has been somewhat controversial.
Whereas earlier studies proposed that GTP-tubulin is straight'—*,
allowing it to readily incorporate into the microtubule lattice, more
recent studies suggest that GTP-tubulin dimers are curved, simi-
lar to their hydrolyzed, GDP-bound counterparts*—*. Additionally,
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detailed structural changes that accompany GTP hydrolysis once
a subunit is incorporated in the microtubule polymer have, until
recently, been unknown.

A recent study by Alushin et al.** used high-resolution cryo-EM,
combined with computational modeling, to investigate the effect of
GTP-hydrolysis on the structure of tubulin dimers within the micro-
tubule lattice. With a 5A resolution, the authors report that GDP-
bound tubulin dimers undergo longitudinal compaction close to the
exchangeable nucleotide site with tubulin dimers within microtu-
bules grown with a slowly hydrolyzable GTP-analog GMPCPP. In
contrast to a previous lower-resolution EM study, performed with
a different nucleotide analog (GTPyS)*’, Alushin et al. found no
evidence for changes in lateral interactions between the tubulin
dimers. Rather, the authors hypothesize that the observed struc-
tural rearrangements in the intermediate domain and the H7 helix of
o-tubulin increase lattice strain, which ultimately results in micro-
tubule lattice destabilization. A new study by Geyer et al.** supports
the idea that structural changes associated with GTP-hydrolysis
underlie microtubule instability. Here, the authors studied the
polymerization dynamics of purified yeast tubulin with a muta-
tion in helix H7 of B-tubulin (T238A), which is expected to block
H7 movement upon nucleotide hydrolysis. Although the GTPase
activity of these microtubules was unaffected, the mutation indeed
appeared to prevent structural changes that accompany hydroly-
sis. Interestingly, microtubules assembled from T238A tubulin are
hyperstable, suggesting that allosteric effects of GTP hydrolysis,
rather than hydrolysis itself, drive microtubule instability. Future
studies with additional tubulin mutants are likely to provide a more
detailed link between tubulin structure and microtubule dynamics.

Microtubule-associated proteins recognize and
modulate microtubule structure

Structural features at the microtubule plus end also govern the
action of MAPs. XMAP215, for example, is thought to promote
microtubule assembly by tethering a weakly bound tubulin dimer
to the microtubule end until it becomes stably incorporated into the
microtubule lattice™. In the absence of soluble tubulin, XMAP215
is thought to convert a tightly bound subunit at the microtubule
end into one that is only loosely associated. This can explain why
XMAP215 can promote microtubule depolymerization® in addition
to assembly. Indeed, recent structural studies with TOG domains of
Stu2, the yeast homolog of XMAP215, report that TOG domains
preferably bind the curved GTP-like conformation of tubulin®’. The
authors propose that the TOG domain dissociates from the tubulin
dimer once it straightens, a structural transition that presumably
accompanies its stable incorporation into the microtubule lattice.
This “hand-off” mechanism in turn allows the TOG domain to
move forward and processively add the next tubulin dimer. Thus,
XMAP215 is thought to bind a specific curved conformation of
tubulin dimers expected to be found only at the very end of the
growing microtubule.

EB proteins comprise another major family of proteins known
for their ability to bind growing microtubule ends. In vitro stud-
ies with nucleotide analogs established that EBs recognize the
nucleotide state of tubulin dimers in the microtubule, preferentially
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binding to GTP-like tubulin over GDP-tubulin’'~”. Interestingly,
EBs discriminate between microtubules formed from two GTP
mimics—GMPCPP and GTPyS—favoring the latter’’. In this
context, it is noteworthy that EBs form comets that lag behind the
distal microtubule tip occupied by XMAP215, both in vitro and in
cells™*. It is thus speculated that GTPyS mimics GDP-Pi-
tubulin, a post-GTP hydrolysis state wherein phosphate has not yet
dissociated.

Given that XMAP215 and EB proteins bind different features of
the growing microtubule end, it is interesting that the two proteins
synergize in vitro to promote fast microtubule growth, with rates
matching those previously observed only inside of cells™. This syn-
ergy is not realized through direct interaction between XMAP215
and EB1. Rather, it is due to an allosteric interaction involving
the microtubule end structure. The authors hypothesized that EBs
induce structural changes, such as protofilament straightening, that
could in turn promote lateral protofilament interactions and sheet
closure. Such EB-induced structural changes at the plus end could
increase the polymerase activity of XMAP215 by accelerating
subunit “hand-off”™".

Previous studies have reported that EB family proteins can affect
the structure of the microtubule lattice® as well as modulate the
number of microtubule protofilaments*”’. Binding of EBs at the
interface of four tubulin dimers'’ could facilitate such structural
effects. The latest evidence that EBs modulate the structure of the
tubulin dimers in the microtubule lattice comes from a new study
by the Nogales lab’*. Here, the authors determined the structures
of GMPCPP-, GTPYS-, and GDP-bound microtubules copolymer-
ized with EB3 at an unprecedented resolution of 3.5A. The authors
found all three structures grown with EB3 to be compacted, similar
to GDP lattice in the absence of EB3, suggesting that EB binding
induces compaction of the microtubule lattice. Unfortunately, the
authors were unable to obtain the structure of the GTPyS lattice
in the absence of EBs, leaving open the question of whether com-
paction occurs prior to, or after, phosphate release. In either case,
induction of lattice compaction via EBs is consistent with the view
that EBs promote GTP hydrolysis in the microtubule lattice.

Allosteric interactions between MAPs are not limited to XMAP215
and EB1. A recent study found similar interactions between EB1
and another TOG-domain protein, CLASP®. The authors reported
that EBs have a lower binding affinity for microtubules that are
grown in the presence of CLASP. The exact features encoded in the
microtubule by CLASP that are recognized by EBs remain unknown.
Interestingly, the CLASP TOG2 domain exhibits a strongly bent
conformation, raising the possibility that CLASP is binding highly
curved protofilaments at the microtubule end®. The theme of
MAPs recognizing aspects of microtubule curvature is highlighted
by other recent studies. Doublecortin, which preferentially binds
13-protofilament microtubules®*, enriches on curved microtubule
segments®. TPX2 was found to strongly bind curved microtubule
ends’'. CENP-F associates more strongly with vinblastine-generated
tubulin curls compared with straight protofilaments that are found
within the microtubule lattice®. Kinesin-5 has been found to associate
with curved tubulin protofilaments at growing microtubule ends,
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where it stimulates microtubule assembly®. Lastly, kinesin-13s, the
most potent catastrophe factors known, are well appreciated to rec-
ognize and stabilize a bent tubulin protofilament conformation®”**
observed on depolymerizing microtubule ends***.

Catastrophe

Even though the link between GTP hydrolysis, structure, and
dynamics might be established, we still do not know what features
define the stabilizing cap. The observations that EB end binding is
largely lost well before the onset of catastrophe***>> might imply
that GDP-Pi subunits also confer stability to the growing end, if
GTPYS tubulin dimers are indeed to be viewed as a model of GDP-Pi
state. In that context, and given that EBs bind very strongly to
GTPYS microtubule lattice, and much more weakly to the GDP
lattice, it is interesting that the only structural difference observed
between these two is a small relative rotation of tubulin dimers along
a protofilament, resulting in a different lattice twist’®. Whether it is
this twist that ultimately leads to the high off-rate of GDP tubulin
remains to be understood.

Whatever the stabilizing cap looks like, its loss is a complex proc-
ess intimately linked to structural features of the microtubule end.
Recently, Gardner et al. reported that the probability of undergoing
catastrophe grows with microtubule age®, a finding that confirms
older work performed by Odde ef al.”’. Thus, catastrophe cannot be
caused by a single-step mechanism unless catalyzed by protein fac-
tors such as kinesin-13%. The process by which microtubule aging
causes catastrophes could involve changes in protofilament numbers
and/or structural evolution of the growing microtubule end such as
tapering and protofilament curling’'=*. In any case, the fate of the
microtubule is likely to be encoded in the structure of its end.

Closing statements

The work reviewed here has significantly advanced our understand-
ing of microtubule assembly and disassembly, but many questions
remain. The complexity of the microtubule cytoskeleton in cells,
difficult to capture in reconstitution-based approaches, can and
should provide a useful framework for posing further questions. An
interesting discrepancy concerning the relationship between micro-
tubule end structure and dynamics, for example, is highlighted by
the observation that all protofilaments are curved at the plus ends
of microtubules during mitosis”. The implication of this finding
is that microtubule growth in cells may be governed by differ-
ent constraints that permit assembly to occur without a sheet-like
intermediate that has been observed in vitro. Cell cycle-dependent
variations involved in the regulation of microtubule biology are
also likely to exist. Recent studies on microtubule nucleation have
focused on factors that are principally active during cell divi-
sion. TPX2, for example, is sequestered in the nucleus during
interphase’® and requires Ran-GTP to become active during
mitosis*. The factors and mechanisms that regulate microtubule
nucleation during interphase remain to be elucidated. Lastly, given
that most, if not all, aspects of microtubule dynamics involve multi-
step processes, an important challenge will be to understand the
emergent properties of the network of MAPs that synergistically
modulate the kinetics of microtubule assembly and disassembly in
ways relevant for cell physiology.

Page 5 of 8



Competing interests
The authors declare that they have no competing interests.

Grant information

Work in the laboratory of RO is supported by a grant from the
National Institutes of Health (GM086610) and a Scholar Career
Development Award from the Leukemia and Lymphoma Society.

References

F1000Research 2016, 5(F1000 Faculty Rev):314 Last updated: 10 MAR 2016

MZ is supported by a Career Development Award from the Human
Frontier Science Program.

I confirm that the funders had no role in study design, data collection

and analysis, decision to publish, or preparation of the manuscript.

Acknowledgments
We thank William Hancock, Chad Pearson, Gary Brouhard, Elizabeth
Lawrence, and Marija Podolski for comments on the manuscript.

F1000 recommended

1. Inoué S, Sato H: Cell motility by labile association of molecules. The nature of
mitotic spindle fibers and their role in chromosome movement. J Gen Physiol.
1967; 50(6): Suppl: 259-292.
PubMed Abstract | Publisher Full Text | Free Full Text

2. Mitchison T, Kirschner M: Dynamic instability of microtubule growth. Nature.
1984; 312(5991): 237-242.
PubMed Abstract | Publisher Full Text

3. Carlier MF, Hill TL, Chen Y: Interference of GTP hydrolysis in the mechanism of
microtubule assembly: an experimental study. Proc Nat/ Acad Sci U S A. 1984;
81(3): 771-775.
PubMed Abstract | Publisher Full Text | Free Full Text

4. Carlier MF, Pantaloni D: Kinetic analysis of guanosine 5’-triphosphate
hydrolysis associated with tubulin polymerization. Biochemistry. 1981; 20(7):
1918-1924.
PubMed Abstract | Publisher Full Text

5. Erickson HP, Pantaloni D: The role of subunit entropy in cooperative assembly.
Nucleation of microtubules and other two-dimensional polymers. Biophys J.
1981; 34(2): 293-309.
PubMed Abstract | Publisher Full Text | Free Full Text

6. Erickson HP: Microtubule surface lattice and subunit structure and observations
on reassembly. J Cell Biol. 1974; 60(1): 153—-167.
PubMed Abstract | Publisher Full Text | Free Full Text

7. Kirschner MW, Williams RC, Weingarten M, et al.: Microtubules from mammalian
brain: some properties of their depolymerization products and a proposed
mechanism of assembly and disassembly. Proc Natl Acad Sci U S A. 1974;
71(4): 1159-1163.

PubMed Abstract | Publisher Full Text | Free Full Text

8. Mozziconacci J, Sandblad L, Wachsmuth M, et al.: Tubulin dimers oligomerize
before their incorporation into microtubules. PLoS One. 2008; 3(11): e3821.
PubMed Abstract | Publisher Full Text | Free Full Text

9. Kollman JM, Polka JK, Zelter A, et al.: Microtubule nucleating gamma-TuSC
assembles structures with 13-fold microtubule-like symmetry. Nature. 2010;
466(7308): 879-882.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

10. Carazo-Salas RE, Gruss OJ, Mattaj IW, et al.: Ran-GTP coordinates regulation
of microtubule nucleation and dynamics during mitotic-spindle assembly.
Nat Cell Biol. 2001; 3(3): 228-234.
PubMed Abstract | Publisher Full Text

11.  Kalab P, Pu RT, Dasso M: The ran GTPase regulates mitotic spindle assembly.
Curr Biol. 1999; 9(9): 481-484.
PubMed Abstract | Publisher Full Text

12.  Wiese C, Wilde A, Moore MS, et al.: Role of importin-beta in coupling Ran to
downstream targets in microtubule assembly. Science. 2001; 291(5504): 653—6.
PubMed Abstract | Publisher Full Text

13.  Chabin-Brion K, Marceiller J, Perez F, et al.: The Golgi complex is a microtubule-
organizing organelle. Mol Biol Cell. 2001; 12(7): 2047—2060.
PubMed Abstract | Publisher Full Text | Free Full Text

14. Efimov A, Kharitonov A, Efimova N, et al.: Asy ic CLASP-dependent
nucleation of noncentrosomal microtubules at the trans-Golgi network. Dev
Cell. 2007; 12(6): 917-930.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

15.  Janson ME, Setty TG, Paoletti A, et al.: Efficient formation of bipolar microtubule
bundles requires microtubule-bound tubulin compl . J Cell Biol.
2005; 169(2): 297-308.

PubMed Abstract | Publisher Full Text | Free Full Text

16.  Murata T, Sonobe S, Baskin Tl, et al.: Microtubule-dependent microtubule
nucleation based on recruitment of gamma-tubulin in higher plants. Nat Cell
Biol. 2005; 7(10): 961-968.
PubMed Abstract | Publisher Full Text

17. Petry S, Groen AC, Ishihara K, et al.: Branching microtubule nucleation
in Xenopus egg extracts mediated by augmin and TPX2. Cell. 2013; 152(4):
768-777.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

18. Zheng Y, Wong ML, Alberts B, et al.: Nucleation of microtubule assembly by a
gamma-tubulin-containing ring complex. Nature. 1995; 378(6557): 578-583.
PubMed Abstract | Publisher Full Text

19.  Kollman JM, Merdes A, Mourey L, et al.: Microtubule nucleation by y-tubulin
complexes. Nat Rev Mol Cell Biol. 2011; 12(11): 709-721.

PubMed Abstract | Publisher Full Text

20.  Wittmann T, Wilm M, Karsenti E, et al.: TPX2, A novel Xenopus MAP involved in
spindle pole organization. J Cell Biol. 2000; 149(7): 1405-1418.
PubMed Abstract | Publisher Full Text | Free Full Text

21. Tournebize R, Popov A, Kinoshita K, et al.: Control of microtubule dynamics by
the antagonistic activities of XMAP215 and XKCM1 in Xenopus egg extracts.
Nat Cell Biol. 2000; 2(1): 13—-19.
PubMed Abstract | Publisher Full Text

22. Gruss OJ, Carazo-Salas RE, Schatz CA, et al.: Ran induces spindle assembly
by reversing the inhibitory effect of importin alpha on TPX2 activity. Cell. 2001;
104(1): 83-93.

PubMed Abstract | Publisher Full Text

23. Popov AV, Severin F, Karsenti E: XMAP215 is required for the microtubule-
nucleating activity of centrosomes. Curr Biol. 2002; 12(15): 1326—1330.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

24. Schatz CA, Santarella R, Hoenger A, et al.: Importin alpha-regulated nucleation
of microtubules by TPX2. EMBO J. 2003; 22(9): 2060—-2070.
PubMed Abstract | Publisher Full Text | Free Full Text

25. E Brouhard GJ, Stear JH, Noetzel TL, et al.: XMAP215 is a processive
microtubule polymerase. Cell. 2008; 132(1): 79-88.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

26. Gard DL, Kirschner MW: Microtubule assembly in cytoplasmic extracts of
Xenopus oocytes and eggs. J Cell Biol. 1987; 105(5): 2191-2201.
PubMed Abstract | Publisher Full Text | Free Full Text

27.  Widlund PO, Stear JH, Pozniakovsky A, et al.. XMAP215 polymerase activity is
built by combining multiple tubulin-binding TOG domains and a basic
lattice-binding region. Proc Natl Acad Sci U S A. 2011; 108(7): 2741-2746.
PubMed Abstract | Publisher Full Text | Free Full Text

28.  Scrofani J, Sardon T, Meunier S, et al.: Microtubule nucleation in mitosis by a
RanGTP-dependent protein complex. Curr Biol. 2015; 25(2): 131-140.
PubMed Abstract | Publisher Full Text

29. Teixidé-Travesa N, Roig J, Liiders J: The where, when and how of microtubule
nucleation - one ring to rule them all. J Cell Sci. 2012; 125(Pt 19): 4445-4456.
PubMed Abstract | Publisher Full Text

30. Lee MJ, Gergely F, Jeffers K, et al.: Msps/XMAP215 interacts with the
centrosomal protein D-TACC to regulate microtubule behaviour. Nat Cell Biol.
2001; 3(7): 643-649.
PubMed Abstract | Publisher Full Text

31. Roostalu J, Cade NI, Surrey T: Complementary activities of TPX2 and
chTOG constitute an efficient importin-regulated microtubule nucleation
module. Nat Cell Biol. 2015; 17(11): 1422—1434.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Page 6 of 8


http://www.ncbi.nlm.nih.gov/pubmed/6058222
http://dx.doi.org/10.1085/jgp.50.6.259
http://www.ncbi.nlm.nih.gov/pmc/articles/2225745
http://www.ncbi.nlm.nih.gov/pubmed/6504138
http://dx.doi.org/10.1038/312237a0
http://www.ncbi.nlm.nih.gov/pubmed/6583675
http://dx.doi.org/10.1073/pnas.81.3.771
http://www.ncbi.nlm.nih.gov/pmc/articles/344918
http://www.ncbi.nlm.nih.gov/pubmed/7225365
http://dx.doi.org/10.1021/bi00510a030
http://www.ncbi.nlm.nih.gov/pubmed/7236853
http://dx.doi.org/10.1016/S0006-3495(81)84850-3
http://www.ncbi.nlm.nih.gov/pmc/articles/1327472
http://www.ncbi.nlm.nih.gov/pubmed/4855592
http://dx.doi.org/ 10.1083/jcb.60.1.153
http://www.ncbi.nlm.nih.gov/pmc/articles/2109150
http://www.ncbi.nlm.nih.gov/pubmed/4524627
http://dx.doi.org/10.1073/pnas.71.4.1159
http://www.ncbi.nlm.nih.gov/pmc/articles/388183
http://www.ncbi.nlm.nih.gov/pubmed/19043587
http://dx.doi.org/10.1371/journal.pone.0003821
http://www.ncbi.nlm.nih.gov/pmc/articles/2584370
http://f1000.com/prime/4361971
http://www.ncbi.nlm.nih.gov/pubmed/20631709
http://dx.doi.org/10.1038/nature09207
http://www.ncbi.nlm.nih.gov/pmc/articles/2921000
http://f1000.com/prime/4361971
http://www.ncbi.nlm.nih.gov/pubmed/11231571
http://dx.doi.org/10.1038/35060009
http://www.ncbi.nlm.nih.gov/pubmed/10322113
http://dx.doi.org/10.1016/S0960-9822(99)80213-9
http://www.ncbi.nlm.nih.gov/pubmed/11229403
http://dx.doi.org/10.1126/science.1057661
http://www.ncbi.nlm.nih.gov/pubmed/11452002
http://dx.doi.org/10.1091/mbc.12.7.2047
http://www.ncbi.nlm.nih.gov/pmc/articles/55652
http://f1000.com/prime/1087850
http://www.ncbi.nlm.nih.gov/pubmed/17543864
http://dx.doi.org/10.1016/j.devcel.2007.04.002
http://www.ncbi.nlm.nih.gov/pmc/articles/2705290
http://f1000.com/prime/1087850
http://www.ncbi.nlm.nih.gov/pubmed/15837798
http://dx.doi.org/10.1083/jcb.200410119
http://www.ncbi.nlm.nih.gov/pmc/articles/2171869
http://www.ncbi.nlm.nih.gov/pubmed/16138083
http://dx.doi.org/10.1038/ncb1306
http://f1000.com/prime/717980323
http://www.ncbi.nlm.nih.gov/pubmed/23415226
http://dx.doi.org/10.1016/j.cell.2012.12.044
http://www.ncbi.nlm.nih.gov/pmc/articles/3680348
http://f1000.com/prime/717980323
http://www.ncbi.nlm.nih.gov/pubmed/8524390
http://dx.doi.org/10.1038/378578a0
http://www.ncbi.nlm.nih.gov/pubmed/21993292
http://dx.doi.org/10.1038/nrm3209
http://www.ncbi.nlm.nih.gov/pubmed/10871281
http://dx.doi.org/10.1083/jcb.149.7.1405
http://www.ncbi.nlm.nih.gov/pmc/articles/2175143
http://www.ncbi.nlm.nih.gov/pubmed/10620801
http://dx.doi.org/10.1038/71330
http://www.ncbi.nlm.nih.gov/pubmed/11163242
http://dx.doi.org/10.1016/S0092-8674(01)00193-3
http://f1000.com/prime/1000950
http://www.ncbi.nlm.nih.gov/pubmed/12176362
http://dx.doi.org/10.1016/S0960-9822(02)01033-3
http://f1000.com/prime/1000950
http://www.ncbi.nlm.nih.gov/pubmed/12727873
http://dx.doi.org/10.1093/emboj/cdg195
http://www.ncbi.nlm.nih.gov/pmc/articles/156067
http://f1000.com/prime/1097944
http://www.ncbi.nlm.nih.gov/pubmed/18191222
http://dx.doi.org/10.1016/j.cell.2007.11.043
http://www.ncbi.nlm.nih.gov/pmc/articles/2311386
http://f1000.com/prime/1097944
http://www.ncbi.nlm.nih.gov/pubmed/3680377
http://dx.doi.org/10.1083/jcb.105.5.2191
http://www.ncbi.nlm.nih.gov/pmc/articles/2114874
http://www.ncbi.nlm.nih.gov/pubmed/21282620
http://dx.doi.org/10.1073/pnas.1016498108
http://www.ncbi.nlm.nih.gov/pmc/articles/3041093
http://www.ncbi.nlm.nih.gov/pubmed/25532896
http://dx.doi.org/10.1016/j.cub.2014.11.025
http://www.ncbi.nlm.nih.gov/pubmed/23132930
http://dx.doi.org/10.1242/jcs.106971
http://www.ncbi.nlm.nih.gov/pubmed/11433296
http://dx.doi.org/10.1038/35083033
http://f1000.com/prime/725813336
http://www.ncbi.nlm.nih.gov/pubmed/26414402
http://dx.doi.org/10.1038/ncb3241
http://f1000.com/prime/725813336

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

58.

Wieczorek M, Bechstedt S, Chaaban S, et al.: Microtubule-associated
proteins control the kinetics of microtubule nucleation. Nat Cell Biol. 2015; 17(7):
907-916.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Walker RA, O'Brien ET, Pryer NK, et al.: Dynamic instability of individual
microtubules analyzed by video light microscopy: rate constants and
transition frequencies. J Cell Biol. 1988; 107(4): 1437—1448.

PubMed Abstract | Publisher Full Text | Free Full Text

Chrétien D, Fuller SD, Karsenti E: Structure of growing microtubule ends:
two-dimensional sheets close into tubes at variable rates. J Cell Biol. 1995;
129(5): 1311-1328.

PubMed Abstract | Publisher Full Text | Free Full Text

Mandelkow EM, Mandelkow E, Milligan RA: Microtubule dynamics and
microtubule caps: a time-resolved cryo-electron microscopy study. J Cell Biol.
1991; 114(5): 977-991.

PubMed Abstract | Publisher Full Text | Free Full Text

Kerssemakers JW, Munteanu EL, Laan L, et al.: Assembly dynamics of
microtubules at molecular resolution. Nature. 2006; 442(7103): 709-712.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

Schek HT 3rd, Gardner MK, Cheng J, et al.: Microtubule assembly dynamics
at the nanoscale. Curr Biol. 2007; 17(17): 1445-1455.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Howard J, Hyman AA: Growth, fluctuation and switching at microtubule plus
ends. Nat Rev Mol Cell Biol. 2009; 10(8): 569-574.
PubMed Abstract | Publisher Full Text

Gardner MK, Charlebois BD, Janosi IM, et al.: Rapid microtubule self-assembly
kinetics. Cell. 2011; 146(4): 582-592.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Melki R, Carlier MF, Pantaloni D, et al.: Cold depolymerization of microtubules to
double rings: geometric stabilization of assemblies. Biochemistry. 1989; 28(23):
9143-9152.

PubMed Abstract | Publisher Full Text

Nogales E, Wolf SG, Downing KH: Structure of the alpha beta tubulin dimer by
electron crystallography. Nature. 1998; 391(6663): 199-203.
PubMed Abstract | Publisher Full Text

Wang HW, Nogales E: Nucleotide-dependent bending flexibility of tubulin
regulates microtubule assembly. Nature. 2005; 435(7044): 911-915.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Buey RM, Diaz JF, Andreu JM: The nucleotide switch of tubulin and microtubule
assembly: a polymerization-driven structural change. Biochemistry. 2006;
45(19): 5933-5938.

PubMed Abstract | Publisher Full Text

E Nawrotek A, Knossow M, Gigant B: The determinants that govern
microtubule assembly from the atomic structure of GTP-tubulin. J Mol Biol.
2011; 412(1): 35-42.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

E Rice LM, Montabana EA, Agard DA: The lattice as allosteric effector:
structural studies of alphabeta- and gamma-tubulin clarify the role of GTP in
microtubule assembly. Proc Nat/ Acad Sci U S A. 2008; 105(14): 5378-5383.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

E Alushin GM, Lander GC, Kellogg EH, et al.: High-resolution microtubule
structures reveal the structural transitions in of-tubulin upon GTP hydrolysis.
Cell. 2014; 157(5): 1117-1129.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Maurer SP, Fourniol FJ, Bohner G, et al.: EBs recognize a nucleotide-
dependent structural cap at growing microtubule ends. Cell. 2012; 149(2):
371-382.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Geyer EA, Burns A, Lalonde BA, et al.: A mutation uncouples the tubulin
conformational and GTPase cycles, revealing allosteric control of microtubule
dynamics. elLife. 2015; 4: e10113.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Shirasu-Hiza M, Coughlin P, Mitchison T: Identification of XMAP215 as a
microtubule-destabilizing factor in Xenopus egg extract by biochemical
purification. J Cell Biol. 2003; 161(2): 349-358.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Ayaz P, Ye X, Huddleston P, et al.: A TOG:af-tubulin complex structure
reveals conformation-based mechanisms for a microtubule polymerase.
Science. 2012; 337(6096): 857—-860.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Maurer SP, Bieling P, Cope J, et al.. GTPgamma$ microtubules mimic the
growing microtubule end structure recognized by end-binding proteins (EBs).
Proc Nat/ Acad Sci U S A. 2011; 108(10): 3988-3993.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

E Zanic M, Stear JH, Hyman AA, et al.: EB1 recognizes the nucleotide state of
tubulin in the microtubule lattice. PLoS One. 2009; 4(10): e7585.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Maurer SP, Cade NI, Bohner G, et al.: EB1 accelerates two conformational
transitions important for microtubule maturation and dynamics. Curr Biol.
2014; 24(4): 372-384.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

F1000Research 2016, 5(F1000 Faculty Rev):314 Last updated: 10 MAR 2016

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Nakamura S, Grigoriev |, Nogi T, et al.: Dissecting the nanoscale distributions
and functions of microtubule-end-binding proteins EB1 and ch-TOG in
interphase HelLa cells. PLoS One. 2012; 7(12): e51442.

PubMed Abstract | Publisher Full Text | Free Full Text

Zanic M, Widlund PO, Hyman AA, et al.: Synergy between XMAP215 and EB1
increases microtubule growth rates to physiological levels. Nat Cell Biol. 2013;
15(6): 688-693.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

des Georges A, Katsuki M, Drummond DR, et al.: Mal3, the
Schizosaccharomyces pombe homolog of EB1, changes the microtubule
lattice. Nat Struct Mol Biol. 2008; 15(10): 1102—1108.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Vitre B, Coquelle FM, Heichette C, et al.: EB1 regulates microtubule dynamics
and tubulin sheet closure in vitro. Nat Cell Biol. 2008; 10(4): 415-421.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

E Zhang R, Alushin GM, Brown A, et al.: Mechanistic Origin of Microtubule
Dynamic Instability and Its Modulation by EB Proteins. Cell. 2015; 162(4):
849-859.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation
Grimaldi AD, Zanic M, Kaverina |: Encoding the microtubule structure: Allosteric
interactions between the microtubule +TIP complex master regulators and
TOG-domain proteins. Cell Cycle. 2015; 14(9): 1375-1378.

PubMed Abstract | Publisher Full Text | Free Full Text

Grimaldi AD, Maki T, Fitton BP, et al.: CLASPs are required for proper microtubule
localization of end-binding proteins. Dev Cell. 2014; 30(3): 343-352.

PubMed Abstract | Publisher Full Text | Free Full Text

Leano JB, Rogers SL, Slep KC: A cryptic TOG domain with a distinct architecture
underlies CLASP-dependent bipolar spindle formation. Structure. 2013; 21(6):
939-950.

PubMed Abstract | Publisher Full Text | Free Full Text

Bechstedt S, Brouhard GJ: Doublecortin recognizes the 13-protofilament
microtubule cooperatively and tracks microtubule ends. Dev Cell. 2012; 23(1):
181-192.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

E Moores CA, Perderiset M, Francis F, et al.: Mechanism of microtubule
stabilization by doublecortin. Mol Cell. 2004; 14(6): 833-839.

PubMed Abstract | Publisher Full Text | F1000 Recommendation
Bechstedt S, Lu K, Brouhard GJ: Doublecortin recognizes the longitudinal
curvature of the microtubule end and lattice. Curr Biol. 2014; 24(20):
2366-2375.

PubMed Abstract | Publisher Full Text

Volkov VA, Grissom PM, Arzhanik VK, et al.: Centromere protein F includes
two sites that couple efficiently to depolymerizing microtubules. J Cell Biol.
2015; 209(6): 813-828.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation
Chen Y, Hancock WO: Kinesin-5 is a microtubule polymerase. Nat Commun.
2015; 6: 8160.

PubMed Abstract | Publisher Full Text | Free Full Text

Desai A, Verma S, Mitchison TJ, et al.: Kin | kinesins are microtubule-destabilizing
enzymes. Cell. 1999; 96(1): 69-78.

PubMed Abstract | Publisher Full Text

Moores CA, Yu M, Guo J, et al.: A mechanism for microtubule depolymerization
by Kinl kinesins. Mol Cell. 2002; 9(4): 903—-909.

PubMed Abstract | Publisher Full Text

E Gardner MK, Zanic M, Gell C, et al.: Depolymerizing kinesins Kip3 and
MCAK shape cellular microtubule architecture by differential control of
catastrophe. Cell. 2011; 147(5): 1092—1103.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Odde DJ, Cassimeris L, Buettner HM: Kinetics of microtubule catastrophe
assessed by probabilistic analysis. Biophys J. 1995; 69(3): 796-802.
PubMed Abstract | Publisher Full Text | Free Full Text

Bowne-Anderson H, Zanic M, Kauer M, et al.: Microtubule dynamic instability:
a new model with coupled GTP hydrolysis and multistep catastrophe.
Bioessays. 2013; 35(5): 452—-461.

PubMed Abstract | Publisher Full Text | Free Full Text

Castle BT, Odde DJ: Brownian dynamics of subunit addition-loss kinetics and
thermodynamics in linear polymer self-assembly. Biophys J. 2013; 105(11):
2528-2540.

PubMed Abstract | Publisher Full Text | Free Full Text

E Coombes CE, Yamamoto A, Kenzie MR, et al.: Evolving tip structures can
explain age-dependent microtubule catastrophe. Curr Biol. 2013; 23(14):
1342-1348.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation
Zakharov P, Gudimchuk N, Voevodin V, et al.: Molecular and Mechanical Causes
of Microtubule Catastrophe and Aging. Biophys J. 2015; 109(12): 2574-2591.
PubMed Abstract | Publisher Full Text | Free Full Text

MclIntosh JR, O'Toole E, Zhudenkov K, et al.: Conserved and divergent
features of kinetochores and spindle microtubule ends from five species.

J Cell Biol. 2013; 200(4): 459-474.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation
Wittmann T, Wilm M, Karsenti E, et al.: TPX2, A novel Xenopus MAP involved in
spindle pole organization. J Cell Biol. 2000; 149(7): 1405-1418.

PubMed Abstract | Publisher Full Text | Free Full Text

Page 7 of 8


http://f1000.com/prime/725579645
http://www.ncbi.nlm.nih.gov/pubmed/26098575
http://dx.doi.org/10.1038/ncb3188
http://f1000.com/prime/725579645
http://www.ncbi.nlm.nih.gov/pubmed/3170635
http://dx.doi.org/10.1083/jcb.107.4.1437
http://www.ncbi.nlm.nih.gov/pmc/articles/2115242
http://www.ncbi.nlm.nih.gov/pubmed/7775577
http://dx.doi.org/10.1083/jcb.129.5.1311
http://www.ncbi.nlm.nih.gov/pmc/articles/2120473
http://www.ncbi.nlm.nih.gov/pubmed/1874792
http://dx.doi.org/10.1083/jcb.114.5.977
http://www.ncbi.nlm.nih.gov/pmc/articles/2289108
http://f1000.com/prime/1033362
http://www.ncbi.nlm.nih.gov/pubmed/16799566
http://dx.doi.org/10.1038/nature04928
http://f1000.com/prime/1033362
http://f1000.com/prime/1089643
http://www.ncbi.nlm.nih.gov/pubmed/17683936
http://dx.doi.org/10.1016/j.cub.2007.07.011
http://www.ncbi.nlm.nih.gov/pmc/articles/2094715
http://f1000.com/prime/1089643
http://www.ncbi.nlm.nih.gov/pubmed/19513082
http://dx.doi.org/10.1038/nrm2713
http://f1000.com/prime/12984956
http://www.ncbi.nlm.nih.gov/pubmed/21854983
http://dx.doi.org/10.1016/j.cell.2011.06.053
http://www.ncbi.nlm.nih.gov/pmc/articles/3171214
http://f1000.com/prime/12984956
http://www.ncbi.nlm.nih.gov/pubmed/2605248
http://dx.doi.org/10.1021/bi00449a028
http://www.ncbi.nlm.nih.gov/pubmed/9428769
http://dx.doi.org/10.1038/34465
http://f1000.com/prime/1026717
http://www.ncbi.nlm.nih.gov/pubmed/15959508
http://dx.doi.org/10.1038/nature03606
http://www.ncbi.nlm.nih.gov/pmc/articles/1386036
http://f1000.com/prime/1026717
http://www.ncbi.nlm.nih.gov/pubmed/16681364
http://dx.doi.org/10.1021/bi060334m
http://f1000.com/prime/12405956
http://www.ncbi.nlm.nih.gov/pubmed/21787788
http://dx.doi.org/10.1016/j.jmb.2011.07.029
http://f1000.com/prime/12405956
http://f1000.com/prime/1104934
http://www.ncbi.nlm.nih.gov/pubmed/18388201
http://dx.doi.org/10.1073/pnas.0801155105
http://www.ncbi.nlm.nih.gov/pmc/articles/2291134
http://f1000.com/prime/1104934
http://f1000.com/prime/718415462
http://www.ncbi.nlm.nih.gov/pubmed/24855948
http://dx.doi.org/10.1016/j.cell.2014.03.053
http://www.ncbi.nlm.nih.gov/pmc/articles/4054694
http://f1000.com/prime/718415462
http://f1000.com/prime/715747807
http://www.ncbi.nlm.nih.gov/pubmed/22500803
http://dx.doi.org/10.1016/j.cell.2012.02.049
http://www.ncbi.nlm.nih.gov/pmc/articles/3368265
http://f1000.com/prime/715747807
http://f1000.com/prime/725829894
http://www.ncbi.nlm.nih.gov/pubmed/26439009
http://dx.doi.org/10.7554/eLife.10113
http://www.ncbi.nlm.nih.gov/pmc/articles/4728127
http://f1000.com/prime/725829894
http://f1000.com/prime/1012005
http://www.ncbi.nlm.nih.gov/pubmed/12719474
http://dx.doi.org/10.1083/jcb.200211095
http://www.ncbi.nlm.nih.gov/pmc/articles/2172913
http://f1000.com/prime/1012005
http://f1000.com/prime/720186862
http://www.ncbi.nlm.nih.gov/pubmed/22904013
http://dx.doi.org/10.1126/science.1221698
http://www.ncbi.nlm.nih.gov/pmc/articles/3734851
http://f1000.com/prime/720186862
http://f1000.com/prime/8894956
http://www.ncbi.nlm.nih.gov/pubmed/21368119
http://dx.doi.org/10.1073/pnas.1014758108
http://www.ncbi.nlm.nih.gov/pmc/articles/3053978
http://f1000.com/prime/8894956
http://f1000.com/prime/1165594
http://www.ncbi.nlm.nih.gov/pubmed/19851462
http://dx.doi.org/10.1371/journal.pone.0007585
http://www.ncbi.nlm.nih.gov/pmc/articles/2761489
http://f1000.com/prime/1165594
http://f1000.com/prime/718270660
http://www.ncbi.nlm.nih.gov/pubmed/24508171
http://dx.doi.org/10.1016/j.cub.2013.12.042
http://www.ncbi.nlm.nih.gov/pmc/articles/3969257
http://f1000.com/prime/718270660
http://www.ncbi.nlm.nih.gov/pubmed/23251535
http://dx.doi.org/10.1371/journal.pone.0051442
http://www.ncbi.nlm.nih.gov/pmc/articles/3520847
http://f1000.com/prime/718009660
http://www.ncbi.nlm.nih.gov/pubmed/23666085
http://dx.doi.org/10.1038/ncb2744
http://f1000.com/prime/718009660
http://f1000.com/prime/1123318
http://www.ncbi.nlm.nih.gov/pubmed/18794845
http://dx.doi.org/10.1038/nsmb.1482
http://www.ncbi.nlm.nih.gov/pmc/articles/2575238
http://f1000.com/prime/1123318
http://f1000.com/prime/1116250
http://www.ncbi.nlm.nih.gov/pubmed/18364701
http://dx.doi.org/10.1038/ncb1703
http://f1000.com/prime/1116250
http://f1000.com/prime/725693343
http://www.ncbi.nlm.nih.gov/pubmed/26234155
http://dx.doi.org/10.1016/j.cell.2015.07.012
http://www.ncbi.nlm.nih.gov/pmc/articles/4537847
http://f1000.com/prime/725693343
http://www.ncbi.nlm.nih.gov/pubmed/25895033
http://dx.doi.org/10.1080/15384101.2015.1026521
http://www.ncbi.nlm.nih.gov/pmc/articles/4614873
http://www.ncbi.nlm.nih.gov/pubmed/25117684
http://dx.doi.org/10.1016/j.devcel.2014.06.026
http://www.ncbi.nlm.nih.gov/pmc/articles/4133696
http://www.ncbi.nlm.nih.gov/pubmed/23727231
http://dx.doi.org/10.1016/j.str.2013.04.018
http://www.ncbi.nlm.nih.gov/pmc/articles/3731388
http://f1000.com/prime/717949813
http://www.ncbi.nlm.nih.gov/pubmed/22727374
http://dx.doi.org/10.1016/j.devcel.2012.05.006
http://www.ncbi.nlm.nih.gov/pmc/articles/3951992
http://f1000.com/prime/717949813
http://f1000.com/prime/1019616
http://www.ncbi.nlm.nih.gov/pubmed/15200960
http://dx.doi.org/10.1016/j.molcel.2004.06.009
http://f1000.com/prime/1019616
http://www.ncbi.nlm.nih.gov/pubmed/25283777
http://dx.doi.org/10.1016/j.cub.2014.08.039
http://f1000.com/prime/725582329
http://www.ncbi.nlm.nih.gov/pubmed/26101217
http://dx.doi.org/10.1083/jcb.201408083
http://www.ncbi.nlm.nih.gov/pmc/articles/4477864
http://f1000.com/prime/725582329
http://www.ncbi.nlm.nih.gov/pubmed/26437877
http://dx.doi.org/10.1038/ncomms9160
http://www.ncbi.nlm.nih.gov/pmc/articles/4600729
http://www.ncbi.nlm.nih.gov/pubmed/9989498
http://dx.doi.org/10.1016/S0092-8674(00)80960-5
http://www.ncbi.nlm.nih.gov/pubmed/11983180
http://dx.doi.org/10.1016/S1097-2765(02)00503-8
http://f1000.com/prime/13382989
http://www.ncbi.nlm.nih.gov/pubmed/22118464
http://dx.doi.org/10.1016/j.cell.2011.10.037
http://f1000.com/prime/13382989
http://www.ncbi.nlm.nih.gov/pubmed/8519980
http://dx.doi.org/10.1016/S0006-3495(95)79953-2
http://www.ncbi.nlm.nih.gov/pmc/articles/1236309
http://www.ncbi.nlm.nih.gov/pubmed/23532586
http://dx.doi.org/10.1002/bies.201200131
http://www.ncbi.nlm.nih.gov/pmc/articles/3677417
http://www.ncbi.nlm.nih.gov/pubmed/24314083
http://dx.doi.org/10.1016/j.bpj.2013.10.009
http://www.ncbi.nlm.nih.gov/pmc/articles/3853320
http://f1000.com/prime/718027813
http://www.ncbi.nlm.nih.gov/pubmed/23831290
http://dx.doi.org/10.1016/j.cub.2013.05.059
http://www.ncbi.nlm.nih.gov/pmc/articles/3762219
http://f1000.com/prime/718027813
http://www.ncbi.nlm.nih.gov/pubmed/26682815
http://dx.doi.org/10.1016/j.bpj.2015.10.048
http://www.ncbi.nlm.nih.gov/pmc/articles/4701015
http://f1000.com/prime/717980111
http://www.ncbi.nlm.nih.gov/pubmed/23420873
http://dx.doi.org/10.1083/jcb.201209154
http://www.ncbi.nlm.nih.gov/pmc/articles/3575531
http://f1000.com/prime/717980111
http://www.ncbi.nlm.nih.gov/pubmed/10871281
http://dx.doi.org/10.1083/jcb.149.7.1405
http://www.ncbi.nlm.nih.gov/pmc/articles/2175143

FIOOOResearch F1000Research 2016, 5(F1000 Faculty Rev):314 Last updated: 10 MAR 2016

Open Peer Review

Current Referee Status: r_l r_l

Editorial Note on the Review Process

F1000 Faculty Reviews are commissioned from members of the prestigious F1000 Faculty and are edited as a
service to readers. In order to make these reviews as comprehensive and accessible as possible, the referees
provide input before publication and only the final, revised version is published. The referees who approved the
final version are listed with their names and affiliations but without their reports on earlier versions (any comments
will already have been addressed in the published version).

The referees who approved this article are:

1 Chad Pearson, ', Domenico Gelati!, Marisa Ruehle? ' Department of Cell and Developmental Biology,
University of Colorado School of Medicine, Aurora, USA
2 Department of Biochemistry and Molecular Genetics, University of Colorado School of Medicine, Aurora,

Colorado, USA
Competing Interests: No competing interests were disclosed.

2 William Hancock, Pennsylvania State University, University Park, Pennsylvania, USA
Competing Interests: No competing interests were disclosed.

Page 8 of 8


http://f1000research.com/channels/f1000-faculty-reviews/about-this-channel
http://f1000.com/prime/thefaculty

