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Abstract
CLASPs are well-conserved microtubule plus-end-tracking proteins that participate in
chromosome segregation through their key role at the kinetochore-microtubule
interface. In yeast, Drosophila, and Xenopus, a single CLASP orthologue is present,
which is required for mitotic spindle assembly by regulating microtubule dynamics at
the kinetochore. In mammals, however, only CLASP1 has been directly implicated in
cell division, despite the existence of a second paralogue, CLASP2. Here we describe
the mitotic localization of human CLASP2 in HeLa cells and show that its localization at
kinetochores, centrosomes, and spindle throughout mitosis is remarkably similar to
CLASP1. Analysis of Clasp2 KO mouse embryonic fibroblasts revealed that CLASP1
kinetochore localization and Mad2 checkpoint response is not compromised in the
absence of CLASP2.
To further understand CLASP roles in mitosis, namely to rule out potential redundant
functions, we performed single CLASP depletion by RNAi. Remarkably, single CLASP
depletion caused no significant impairment of mitosis, while reducing the levels of both
CLASPs by RNAi caused severe mitotic spindle defects (mainly cells with multipolar
spindles), and abnormal DNA content (aneuploidy). Overall, these results suggest that
CLASP1 and CLASP2 play overlapping roles during mitosis.
In order to understand the molecular mechanisms underlying the function of human
CLASPs during mitosis, next we performed a proteomic study for the identification of
CLASP1 interacting proteins during mitosis by mass-spectrometry. Our results
confirmed the interactions between CLASP1 – CLIP-170 and LL5β, both described in
interphase. Moreover, new interactors were found such as CENP-E, Astrin, GCC185,
CENP-J/CPAP, MARK2 and the novel protein KIAA0802.
In interphase cells, CLASPs accumulate at the Golgi apparatus and this accumulation
is related to the presence of stabilized microtubules. However, there is little information
concerning Golgi function during mitosis. Analysis of GCC185 mitotic distribution
showed that in early stages GCC185 localizes around centrosomes, and disperses in
metaphase and anaphase. In telophase, GCC185 re-localizes to the perinuclear region
and centrosomes. Noteworthy, we found an extensive co-localization between GCC185
and CLASP1 (especially in prophase, prometaphase and telophase). The interaction
between GCC185 and CLASP1 was also confirmed in interphase cell extracts.
Finally, many +TIPs like APC, CLIP-170/Restin and EB1 have previously been
implicated in aneuploidy and tumourigenesis, forming a complex protein network with
CLASPs. To determine the implications of CLASP1 for the mechanisms of
tumourigenesis, we performed a mutational screening in a human cell line derived from
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cervix carcinoma (HeLa cells). In our mutational analysis we found three deletions: two
of them correspond to CLASP1 alternative spliced isoforms (737→1538 and
1125→1164), and the third derives from the partial loss of exon 21 (673→679). These
mutations could be related to chromosomal instability leading to random mutations, or
may reflect that CLASP1 gene is a main target for mutations. These results encourage
a larger survey for CLASP mutations in other tumour cell lines and primary tumours.
Overall, we found that CLASP1 and CLASP2 play redundant roles during mitosis,
whose absence can originate several mitotic defects, and ultimately lead to aneuploidy.
Additionally, we uncovered new molecular interactions with important and novel mitotic
proteins and provided the molecular linkage between CLASP function and the still
mysterious role of the Golgi apparatus during mitosis.
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Resumo
CLASPs são proteínas altamente conservadas que participam na segregação dos
cromossomas através do seu papel fundamental na interface cinetocoro-microtúbulo
durante a mitose. Em levedura, Drosophila, e Xenopus, um único ortólogo da CLASP
está presente, o qual é necessário para a formação do fuso mitótico através da
regulação da dinâmica dos microtúbulos a nível do cinetocoro. Em mamíferos, no
entanto, somente a CLASP1 tem sido implicada na divisão celular, apesar da
existência de um segundo parólogo, CLASP2. Neste estudo descrevemos a
localização mitótica da CLASP2 humana em células HeLa e mostramos que a sua
localização nos cinetocoros, centrossomas, e fuso durante toda a mitose é
notavelmente semelhante à CLASP1. A análise de fibroblastos embrionários de ratinho
KO para a Clasp2 revelou que a localização da CLASP1 no cinetocoro e a resposta do
checkpoint da Mad2 não estão comprometidos pela ausência de CLASP2.
Para melhor compreender as funções das CLASPs em mitose, nomeadamente para
determinar potenciais funções redundantes, nós realizamos a depleção de cada
CLASP por RNAi. Notavelmente, a depleção isolada de cada CLASP não induziu
qualquer erro significativo na mitose; a redução dos níveis de ambas as CLASPs por
RNAi causou severos defeitos mitóticos a nível do fuso (principalmente células com
fusos multipolares), e conteúdo anormal de DNA (aneuploidia). No geral, estes
resultados sugerem que CLASP1 e CLASP2 possuem papéis sobreponíveis durante a
mitose.
A fim de compreender os mecanismos moleculares subjacentes à função das CLASPs
humanas durante a mitose, nós realizamos um estudo proteómico para a identificação
das proteínas interactoras da CLASP1 durante a mitose através de espectrometria de
massa. Os nossos resultados confirmaram as interações entre CLASP1 - CLIP-170 e
LL5β, ambos descritas em interfase. Além disso, novas interacções foram encontradas
como CENP-E, Astrin, GCC185, CENP-J/CPAP, MARK2 e a nova proteína KIAA0802.
Em células interfásicas, as CLASPs acumulam-se no aparelho de Golgi e esta
acumulação está relacionada com a presença de microtúbulos estabilizados. No
entanto, há pouca informação a respeito da função de Golgi durante a mitose. A
análise da distribuição mitótica da GCC185 mostrou que em estadios precoces a
GCC185 localiza-se em torno dos centrossomas, e dispersa-se em metafase e
anafase. Em telofase, a GCC185 relocaliza-se na região perinuclear e nos
centrossomas. De notar que nós encontramos um co-localização extensiva entre a
GCC185 e a CLASP1 (especialmente em profase, prometafase e telofase). A
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interacção entre a GCC185 e a CLASP1 foi também confirmada em extractos
celulares interfásicos.
Finalmente, muitas +TIPs como o APC, CLIP-170/Restin e EB1 têm sido implicadas
em processos de aneuploidia e tumorigénese, formando uma complexa rede proteica
com as CLASPs. Para determinar as implicações da CLASP1 nos mecanismos de
tumorigénese, realizamos uma pesquisa mutacional numa linha celular humana
derivada do carcinoma do cérvix (células HeLa). Na nossa análise mutacional
encontramos três deleções: duas correspondem a isoformas da CLASP1 resultantes
de splicing alternativo (737→1538 e 1125→1164), e a terceira deriva da perda parcial
do exão 21 (673→679). Estas mutações podem estar relacionadas à instabilidade dos
cromossomas que conduz a mutações aleatórias, ou podem reflectir que o gene
CLASP1 é um alvo principal para mutações. Estes resultados incentivam a um exame
maior para mutações da CLASP noutras linhas celulares tumorais e tumores primários.
No geral, nós encontramos que a CLASP1 e CLASP2 possuem papéis redundantes
durante a mitose, cuja ausência pode originar diversos defeitos mitóticos, conduzindo
em último efeito à aneuploidia. Adicionalmente, descobrimos novas interacções
moleculares com importantes proteínas mitóticas e fornecemos a ligação molecular
entre a função da CLASP e o papel desconhecido do aparelho de Golgi durante a
mitose.
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Resumen
CLASPs son proteínas bien-conservadas del microtúbulo que participan en la
segregación del cromosoma con su papel dominante en el interface del cinetocoromicrotúbulo. En levadura, Drosophila, y Xenopus, un solo ortólogo de la CLASP está
presente, que es requerido para el montaje del huso mitótico regulando la dinámica del
microtúbulo en el cinetocoro. En mamíferos, sin embargo, solamente CLASP1 ha
estado implicada directamente en la división de la célula, a pesar de la existencia de
un segundo paralogo, CLASP2. Aquí describimos la localización mitótica de CLASP2
humana en células HeLa y demostramos que su localización en los cinetocoros, los
centrosomas, y el huso a través de la mitosis es notable similar a CLASP1. El análisis
de los fibroblastos embrionarios del ratón KO para la Clasp2 reveló que la localización
de CLASP1 en el cinetocoro y la respuesta del checkpoint de Mad2 no están
comprometida en ausencia de CLASP2.
Para mejor entender los papeles de CLASPs en mitosis, a saber para determinar
potenciales funciones redundantes, realizamos la depleción de cada CLASP por RNAi.
Notable, la depleción sola de CLASP no causó ningún error significativo en la mitosis,
mientras que la reducción de los niveles de ambas CLASPs por RNAi causó defectos
mitóticos severos del huso (principalmente células con husos multipolares), y
contenido anormal de la DNA (aneuploidia). En general, estos resultados sugieren que
CLASP1 y CLASP2 desempeñen papeles superpuestos durante la mitosis.
Para entender los mecanismos moleculares subyacentes a la función de las CLASPs
humanas durante la mitosis, realizamos un estudio proteómico para la identificación de
las proteínas interactoras CLASP1 durante mitosis por espectrometría de masa.
Nuestros resultados confirmaron las interacciones entre CLASP1 - CLIP-170 y LL5β,
ambos descritos en interfase. Por otra parte, nuevos interactores fueron encontrados
por ejemplo CENP-E, Astrin, GCC185, CENP-J/CPAP, MARK2 y la nueva proteína
KIAA0802.
En células interfásicas, las CLASPs se acumulan en el aparato de Golgi y esta
acumulación se relaciona con la presencia de microtúbulos estabilizados. Sin
embargo, hay poca información referente a la función de Golgi durante la mitosis. El
análisis de la distribución mitótica de GCC185 demostró que en los primeros tiempos
GCC185 se localiza alrededor de centrosomas, y que se dispersa en metafase y
anafase. En telofase, GCC185 re-localiza a la región perinuclear y a los centrosomas.
Significativo, encontramos una co-localización extensa entre GCC185 y CLASP1
(especialmente en profase, prometafase y telofase). La interacción entre GCC185 y
CLASP1 también fue confirmada en extractos celulares interfásicos.
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Finalmente, muchas +TIPs como el APC, CLIP-170/Restin y EB1 han estado
implicados previamente en la aneuploidia y tumurigenesis, formando una compleja red
proteica con las CLASPs. Para determinar las implicaciones de CLASP1 para los
mecanismos del tumorigenesis, realizamos un análisis mutacional en una línea celular
humana derivada del carcinoma de

cervix (células HeLa). En nuestro análisis

mutacional encontramos tres deleciones: dos de ellas corresponden a las isoformas de
CLASP1 derivadas de splicing alternativo (737→1538 y 1125→1164), y la tercera
deriva de la pérdida parcial del exon 21 (673→679). Estas mutaciones se podrían
relacionar con la inestabilidad cromosómica que conducía a las mutaciones aleatorias,
o pueden reflejar que el gene CLASP1 es un destino principal para las mutaciones.
Estos resultados sugieren un examen más cuidado para las mutaciones de CLASP en
otras líneas celulares tumorales y tumores primarios.
En general, encontramos que CLASP1 y CLASP2 desempeñan papeles redundantes
durante la mitosis, cuya ausencia puede originar varios defectos mitóticos,
conduciendo en última instancia a aneuploidia. Además, encontramos nuevas
interacciones moleculares con las importantes proteínas mitóticas y proporcionamos la
conexión molecular entre la función de CLASP y el papel desconocido del aparato de
Golgi durante la mitosis.
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Cell Cycle Overview
Cell cycle usually describes the behaviour of cells as they grow and divide. The cell
cycle integrates a continuous growth cycle (the increase in cell mass) with a
discontinuous division or chromosome cycle (the replication and partitioning of the
genome in two daughter cells). Cell cycle control is of major importance in human
diseases, such as cancer, which is a consequence of perturbation of normal cell cycle
regulation. Biochemical pathways named as checkpoints, control transitions between
cell cycle stages (Hartwell and Weinert, 1989).
Transitions between cell cycle stages are triggered by a network of cyclin-dependent
kinases (CDK) and phosphatases that are tied to the discontinuous events of the
chromosome cycle by the cyclic accumulation, modification, and destruction of several
key components. Modulation of the activity of cyclin-dependent kinases is one of the
ways checkpoints work (Evans et al., 1983).
The cell cycle is comprised of four phases, which can be morphologically characterized
as: mitosis, S phase (synthesis phase), G1 phase (first gap phase), and the G2 phase
(second gap phase).

Figure 1 - Cell cycle phases (adapted from (Pollard and Earnshaw, 2002))
After mitosis, when two daughter cells are formed, they enter in G1 phase – the longest
and most variable cell cycle phase. Mainly, this phase is characterized by the start of
centrosome duplication, cellular growth and high metabolic activity, without DNA
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replication. Progress through G1 is monitored by two cell cycle control checkpoints: the
restriction point and the DNA damage checkpoint (Weinert and Hartwell, 1988). The
restriction point is sensitive to cell size and physiological state and to its interactions
with the extracelular matrix. Cells that do not receive appropriate extracelular growth
factors that signal cell proliferation arrest at this point and may die by apoptosis. In the
end of G1, the DNA damage checkpoint is triggered to monitor DNA integrity: cells with
damage or partially replicated DNA arrest their progression in late G1; this damage can
either be repaired or the cell can undergo programmed cell death by apoptosis.
When the cell doesn’t receive external growth stimuli, they enter in a special stage of
G1 phase called G0 phase, in which they can remain for long periods of time. In G0,
cells are differentiated but not dormant, in fact they are actively engaged in protein
synthesis and secretion, and can also be highly motile. This G0 phase is not
necessarily permanent; in some cases, G0 cells may reenter the growth cycle in
response to appropriate extracelular growth factors.
During S phase, centrosomes and DNA are replicated in order to be equally split during
mitosis. In G1, chromosomes become modified to replicate as a consequence of the
binding of particular proteins to the origins of replication to form a prereplication
complex. The mechanism of centrosome replication remains poorly understood,
however it seems to be under the control of Cyclin E and CDK2 (Hinchcliffe and Sluder,
2001). In G2 the replicated DNA will be monitored by the second DNA damage
checkpoint. Passage through mitosis and subsequent reentry in G1 phase is required
for reformation of the prereplication complex.
In G2 phase, cells “proofread” the DNA structure to ensure that it was properly
replicated in S phase, and prepare mitosis. If unreplicated or damaged DNA is
detected, a protein kinase cascade is triggered – the G2 DNA damage checkpoint,
which ultimately leads to the inactivation of cyclin dependent kinases required for entry
into mitosis.
During mitosis and subsequent cytokinesis, chromosomes and cytoplasm are divided
into two daughter cells. Chromosome segregation is controlled by the Spindle
Assembly Checkpoint (SAC), which delays the onset of sister chromatid separation
until all chromosomes are properly attached to the mitotic spindle.

Mitosis
One of the most important events during the cell cycle is the M phase, or mitosis. This
phase consists in the division of a somatic cell into two daughter cells. (Flemming,
1965) During this process, dramatical changes occur in the cell: protein synthesis
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stops, membrane-mediated events such as pinocytosis, endocytosis, and exocytosis
greatly decrease due to Golgi and Endoplasmic Reticulum fragmentation. Also during
mitosis, the cell cytoskeleton is organized in a mitotic spindle, and chromosomes
condense acquiring a typical configuration. According to chromosome and mitotic
spindle

organization, mitosis

is

subdivided

in

five

main

stages:

prophase,

prometaphase, metaphase, anaphase and telophase.
Prophase begins with the first visible condensation of chromosomes and disassembly
of the nucleolus; it marks the transition from G2 into mitosis. Chromosome
condensation takes place through the combined action of condensins and DNA
topoisomerase II. Chromosomes condense into distinct paired threads, termed sister
chromatids, which are closely paired along their entire length. The condensed sister
chromatids are held together at the centromere, which is a distinct chromosome region
to which specific proteins bind to form a specialized structure named kinetochore.
When Nuclear Envelope Breakdown (NEB) occurs, the duplicated centrosomes give
rise to two asters of microtubules (MTs), which will participate in the assembly of the
mitotic spindle. The spindle will be responsible for all the chromosome movements and
the physical separation into two daughter cells.
Prometaphase begins when the nuclear envelope is fully disassembled, and highly
dynamic MTs growing from each spindle pole are able to contact with the
chromosomes, and attach to kinetochores. Interactions of the two sister kinetochores
with MTs emanating from opposite spindle poles result in alignment of chromosomes in
the mid region between the poles. However, there are other mechanisms of spindle
assembly; chromosomes are able to nucleate MTs in a kinetochore driven formation of
kinetochore fibers (Maiato et al., 2004b).
In metaphase all chromosomes have achieved a bipolar attachment, and consequently
moved to the mid region of the spindle. Although aligned at the metaphase plate,
chromosomes are still able to oscillate, as a result of active movements of motor
proteins (such as dynein, other kinesins and chromokinesins) and fluctuations in the
length of MTs.
When all chromosomes are attached to both spindle poles (syntelic or merotelically
attached), cell enters in anaphase due to an ubiquitin-mediated proteolysis of key
regulatory proteins. Anaphase is characterized by the physical separation of sister
chromatids to the spindle poles.
The onset of anaphase, with the physical separation of sister chromatids, defines one
of the most dramatic events of the entire cell cycle. Sister chromatids move to opposite
poles as a result of shortening of kinetochore MTs (anaphase A) and the poles move
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apart (anaphase B). Anaphase is also the time when the mitotic spindle activates the
cell cortex in preparation for cytokinesis.
After anaphase B, cell enters in telophase where the nuclear envelope reforms on the
surface of segregated chromatids that typically cluster in a dense mass near the
spindle poles. The major events of telophase are the disassembly of the mitotic
spindle, decondensation of chromosomes, and nuclear reassembly.
In animal cells a large number of interpolar MTs are left between the spindle poles after
anaphase B. These MTs become disconnected from the centrosome and form a tight
bundle of antiparallel MTs called the midbody.
Cytokinesis consists in the physical separation of the nuclear and cytoplasmic content
into two daughter cells. In telophase, an actin/myosin contractile ring is formed
between the two daughter nuclei. The formation of the contractile ring begins in midanaphase with targeting of chromosomal passenger proteins like INCENP, and Aurora
B, as well as annilin to the cortex at cell equator, forming a cleavage furrow.
The furrow position appears to be defined by the mitotic spindle, at the mid region
between spindle poles and perpendicular to its long axis. When the cleavage furrow is
formed, the plasma membrane is locally constricted, reducing the cytoplasm to a thin
intracellular bridge between the two daughter cells, that ultimately separates and the
cell pinches in two.

The Spindle Assembly Checkpoint
The whole process of cell division must be tightly regulated and monitored in order to
prevent errors that could have severe consequences to the organism. During mitosis,
the fidelity of the process is ensured by the spindle assembly checkpoint (SAC). The
SAC is sensible to unattached kinetochores, or mono-oriented sister kinetochores that
are unattached. After NEB, kinetochores are accessible to interact with MTs from the
poles, becoming monooriented by one (monotelic attachment) or both (syntelic
attachment) sister kinetochores. Attachment to both spindle poles (biorientation) allows
chromosomes to align at the metaphase plate, although monoriented chromosomes
are able to congress to the metaphase plate (Kapoor et al., 2006). For accurate
segregation, chromosomes must achieve amphitelic attachment, with one kinetochore
attached to MTs from one pole and the sister attached to MTs from the opposite pole
(Figure 2). If one or both of the sister kinetochores has MT attachments to both poles,
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this attachment is termed merotelic, a situation that cannot be detected by the
checkpoint.

Figure 2 – Microtubule-kinetochore attachments, attachment errors and
checkpoint activity (adapted from (Maiato et al., 2004a)).
To ensure that chromosome segregation does not occur before all chromosomes are
properly attached to the mitotic spindle, the SAC delays the metaphase to anaphase
transition, providing time to correct some defects. (Nicklas and Koch, 1969) However,
both signal nature and transduction pathways that promote the delay remain unclear.
Several experiments indicate that the SAC is sensible to both defects in kinetochoreMT attachments or defects in tension exerted by MT generated forces at kinetochores.
(Pinsky and Biggins, 2005)
Kinetochore localization of checkpoint proteins is thought to play a central role in
broadcasting the “wait-anaphase” signal. The spindle checkpoint consists in a highly
conserved signal-transduction network that monitors kinetochore-MT attachments, and
its molecular nature was initially described by the identification of MAD (Mitotic Arrest
Deficient) (Li and Murray, 1991) and BUB (Budding Uninhibited by Benzimidazole)
(Hoyt et al., 1991) proteins. These proteins localize to unattached kinetochores or
under reduced tension, and prevent premature segregation of improperly attached
chromosomes by inhibiting the activity of Anaphase Promoting Complex/Cyclosome
(reviewed by (Musacchio and Hardwick, 2002)).
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Mad2 binds to unattached kinetochores in prometaphase and is lost from kinetochores
upon MT attachment. Therefore, Mad2 is proposed to be a marker for unattached
kinetochores. Bub1 and BubR1 are recruited to kinetochores when chromosome
condensation starts in prophase. Bub1 is recruited to kinetochores in the absence of
tension, but it is assymetrically distributed in mono-oriented kinetochores (with
decreased levels in the attached kinetochore). It seems that Bub1 dissociates from
kinetochores upon attachment, but its levels are regulated by both tension and
attachment. BubR1 localization is not affected by attachment; BubR1 accumulates to
kinetochores in the absence of tension. (reviewed by (Musacchio and Hardwick, 2002))
The described checkpoint proteins recognize either unattached or tension-defective
kinetochores, however there are other players that appear to distinguish between these
two checkpoint activators. Aurora B kinase is a chromosomal passenger protein that
ensures amphitelic attachments, by selectively disassembling syntelic MTs and Aurora
B is also required to activate the checkpoint by creating unattached kinetochores, and
amplifying a marginal checkpoint signal (reviewed by (Carmena and Earnshaw, 2003)).
All the described checkpoint proteins help ensuring that chromosome segregation
occurs without errors. Therefore, compromising the function of any of these proteins
will put in risk the accuracy of mitosis. Tumourigenesis is usually associated with
aneuploidy (abnormal chromosome number), suggesting that the SAC plays an
important role preventing cancer development. However, observations of several
tumours suggest that it is unlikely that loss of the SAC response could be the primary
cause of tumour formation. Instead, a weakened SAC response could facilitate tumour
development in cells that are undergoing tumourigenesis. ((Kops et al., 2005b))
Importantly, several mitotic abnormalities, such as multiple spindle poles (Sluder et al.,
1997), incorrect kinetochore – MT attachments (e.g., merotelic; (Cimini and Degrassi,
2005), and cytokinesis failure (Fujiwara et al., 2005), cannot be detected by the SAC
and therefore represent higher risk factors that may directly lead to aneuploidy in
mammals. Moreover, the capacity to delay mitotic progression when cells cannot
satisfy the SAC (i.e., in the presence of mistakes monitored by the SAC) depends on
several factors, which may lead to different cellular fates, such as adaptation and
abnormal mitotic exit ((Rieder and Maiato, 2004) and (Brito and Rieder, 2006)).

Kinetochores
In the beginning of mitosis when chromosome condensation starts, a protein network
assembles in the centromeric chromatin through the hierarchic recruitment of different
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proteins, forming the kinetochore. In general, kinetochores are macromolecular
complexes assembled on opposite sides of the centromere that mediate the
interactions between chromosomes and MTs, and integrates cell cycle regulators,
checkpoint proteins and other important mitotic proteins.
The vertebrate kinetochore is composed by the inner plate, the outer plate and the
fibrous corona (Figure 3). The inner plate exists throughout the cell cycle and it is
composed by centromeric chromatin containing DNA, nucleosomes with a histone
variant named CENP-A, and other auxiliary proteins. The inner plate is the most
internal part of the kinetochore and it functions as the raw structure for the assembly of
the outer kinetochore components. Outside the inner plate is an outer plate, which is
the site for MT attachment; it has about 20 attachment sites for the + ends of MTs
(kinetochore MTs).The most external part of the kinetochore is the fibrous corona that
usually is only observed by electron microscopy and in the absence of MTs. The
fibrous corona is composed by a dynamic network of resident and transient proteins
that together with the outer plate is involved in spindle checkpoint and MT attachment.
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Figure 3 – Organization of the animal kinetochore and respective locations of its
constituents (adapted from (Maiato et al., 2004a)).
All kinetochore proteins assemble in a highly ordered way, resembling a hierarchical
assembly pathway. The earliest protein that binds to kinetochores is CENP-A, which
drives the recruitment of the inner kinetochore proteins CENP-C, CENP-H and CENPI/MIS6. In metazoans, the recruitment of the outer kinetochore proteins PLK, ROD,
ZW10, Zwint-1, dynein, CENP-E, MPS-1, BubR1, Mad1, Mad2, and CLASPs is under
the control of the CENP-A dependent pathway. In contrast, the chromosomal
passenger proteins Aurora B kinase, INCENP, survivin and borealin/dasra B assemble
independently of CENP-A. The spindle checkpoint proteins BubR1 and Bub1 seem to
play a central role in recruiting other checkpoint components. Therefore, kinetochore
assembly requires that early kinetochore proteins are already present, as they will
allow the recruitment of others.
Kinetochore proteins can be classified according to their localization throughout the cell
cycle. CENP-A, CENP-C, and CENP-H are bound to centromeric chromatin all over the
cell cycle and are classified as constitutive components. Kinetochore proteins can also
be grouped by whether they are stable or dynamic at their kinetochore binding sites.
The above mentioned constitutive components and the stable outer kinetochore
components Ndc80 complex, KNL/KBP proteins, MIS proteins and CENP-F remain
nearly constant in level from prophase through late anaphase. The MT motors CENP-E
and dynein and the spindle checkpoint proteins are dynamic components that change
in concentration at kinetochores during mitosis. These proteins assemble at high
concentrations at kinetochores in the absence of MTs and are reduced in concentration
when kinetochores attach to spindle MTs. These changes in protein concentration and
dynamics at kinetochores are particularly mediated by MTs.
Whereas the dynamic outer kinetochore proteins CENP-E and dynein are depleted
from the kinetochore when MTs attach, others like EB1, APC and the Ran pathway
proteins associate with kinetochore only when MTs are attached. These proteins
recognize the + ends of MTs, ensure they are properly attached to kinetochores and
regulate MT dynamics while they remain attached.
Kinetochores perform three related and essential functions in the mechanical and errorchecking processes necessary for accurate chromosome segregation. First, they
connect centromeric DNA and plus-ends of spindle MTs; second, they stabilize plusend attachment during cycles of MT shrinkage and growth, ensuring force generation
required for chromosome movement; third, they act as sensors of MT attachment and
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regulate the onset of the metaphase-to-anaphase transition via the spindle assembly
checkpoint.

Microtubule Organizing Centers
Centrosomes are the major microtubule organizing centers (MTOCs) in the cell.
Centrosomes are involved in the organization of the mitotic spindle, formation of
primary cilia, progression through cytokinesis, and self-duplication once per cycle.
Centrosomes also determine the spatial organization of the MT network, which in turn
functions in organelle transport and positioning, cell shape, polarity and motility.
Centrosomes are also required for several regulatory functions including cell cycle
transitions, cellular responses to stress, and organization of signal transduction
pathways.
In animal cells, the centrosome is an organelle with approximately 1-2 µm in diameter,
it is composed by two barrel-shaped centrioles arranged perpendicular to one another,
surrounded by a proteinaceous matrix, the pericentriolar material (PCM). The PCM
contains γ-Tubulin Ring Complexes (γ-TuRCs), which are organized by the
centrosomal scaffold protein pericentrin. The centrosome comprises hundreds of
proteins, including many large coiled-coil scaffold proteins that promote MT nucleation,
and serve as docking sites for a growing number of regulatory activities according to
the cell cycle.
Following cytokinesis, a normal diploid cell inherits one centrosome with two centrioles
that replicate during S-phase, separates around G2-M, and become part of the spindle
poles during M phase. The molecular details of centrosome duplication remain poorly
understood. However, it is a consensus that duplication is initiated at the G1-S
transition and is coincident with CDK2-dependent phosphorilation of centrosome
substrates and the subsequent moving apart or “splitting” of the centriole pair.
Daughter centrioles then grow from the side of each centriole or near the PCM and
become mature full-length structures by the end of G2. By M-phase both centrosomes
have acquired the maximal amount of PCM.
Spindles that form in the presence of centrosomes are described as ‘‘astral’’ (since
they contain centrosome-nucleated, ‘‘astral’’ MTs at the spindle poles). The initial event
in astral spindle assembly is nucleation of MTs from a pair of centrosomes migrating
around the nucleus in early prophase. The centrosomes eventually position themselves
on opposite sides of the nucleus, and during this process the centrosomes mature and
acquire the capacity to nucleate dense arrays of short, unstable MTs known as
‘‘asters’’. Astral MTs continuously grow and shrink from the centrosomes, and following
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nuclear envelope breakdown, a subset of these MTs attach to kinetochores.
Centrosomes and kinetochores provide the spatial cues for the establishment of
bipolarity during astral spindle organization, but it is well established that MT motors
are also essential for spindle morphogenesis (Saunders et al., 1997); (Heald, 2000)
(Sharp et al., 2000).
Centrosomes are important for both the fidelity of chromosome segregation and the
positioning of the cleavage plane during cell division. Therefore, centrosomes can play
a causal role in generating aneuploidy through multipolar spindle formation, and
consequently chromosome missegregation. The precise control of centrosome number
is critical for genome stability. In recent years, Boveri’s early description of
centrosomes abnormalities in cancer cells has been extended to a large number of
different human tumours. The main centrosome abnormalities may be classified as
structural or numerical. Structural aberrations can be a consequence of imbalanced
protein levels or modifications that lead to centrosomes altered in size. Numerical
centrosomes aberrations often correlate with genomic instability and loss of tissue
differentiation.
The requirement for centrosomes in spindle assembly is not universal. In several
naturally occurring systems, such as cells of higher plants and some female meiotic
systems, spindles form in the absence of canonical centrosomes to define the position
of spindle poles. Such spindles are named as anastral, and they assemble via an
“inside-out” pathway. Chromatin appears to have the ability to facilitate MT nucleation,
followed by bipolar spindle organization by motor proteins. Although this MT nucleation
is usually associated to systems without centrosomes, it can also be found in cells with
functional centrosomes, constituting a centrosome independent spindle assembly
pathway. Capture of astral MTs by kinetochores might happen simultaneously with
chromatin-induced nucleation of MTs around the chromosomes. (Gruss et al., 2002)
Kinetochores are the responsible for the initiation of this chromatin MT nucleation, by
promoting the incorporation of tubulin subunits at the kinetochore level (Maiato et al.,
2004b). In vitro studies of purified Golgi membranes show that they are also able to
promote MT nucleation, in a γ-tubulin dependent way. This indicate that the Golgi
complex may be a MTOC, which is not surprising since the interaction between the
Golgi and the MT network is extensively known, and the Golgi apparatus colocalizes
with the minus-ends of MTs, which are usually associated to centrosomes. (ChabinBrion et al., 2001)
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Microtubules and Microtubule-Associated Proteins
The mitotic spindle is organized through a rearrangement of the interphase MT
cytoskeleton. From a biochemical perspective, MTs are polar, hollow polymers of α and
β-tubulin heterodimers. Both heterodimers are bound to GTP molecules however, αtubulin GTP is never hydrolysed, whereas β-tubulin bound GTP is hydrolysed to GDP
during MT assembly. This hydrolysis results in a conformational change of tubulin
heterodimers, which play a significant role in the dynamic turnover of MTs.
The conformational arrangement of tubulin subunits within a MT originates two different
ends. The plus-end, with β-tubulin cap, and at the opposite end, a ring with α-tubulin
exposed – the minus-end. This tubulin organization confers two important properties:
the two ends are structurally different, and each MT has a polarity. This polarity allows
MTs to act as directional tracks for molecular motor proteins (Nogales, 2001).
Based on intensive observations of the dynamic behaviour of MTs, Kirschner and
Mitchison proposed a ‘search-and-capture’ mechanism: during inter-conversion
between the growth and shortening of their plus ends, MTs explore cytosolic
components (e.g., plasma membranes, chromosomes, organelles) to interact with and
capture; and this process is followed by stabilization and reorientation of the
cytoskeleton (Kirschner and Mitchison, 1986).
According to the ‘‘search and capture’’ model of spindle assembly, astral MTs get
stabilized upon attachment to kinetochores, and bipolar attachments are established by
interaction of kinetochores on each replicated chromosome with astral MTs originating
at both spindle poles (Kirschner and Mitchison, 1986). However, search and capture
mechanism is not sufficient to explain the rates of spindle assembly during mitosis.
Chromosome induced nucleation of MTs is thought to play a role in spindle assembly.
Together with the search and capture of astral MTs by kinetochores, chromosome
nucleated MTs will interact with astral MTs and form a functional spindle in time for
mitosis occur at their normal rates. (Gruss et al., 2002)
In metaphase the mitotic spindle is composed of different MT populations, including
astral MTs, kinetochore MT fibres, and interpolar MTs formed by anti-parallel overlap of
astral MTs at the spindle midzone. The spindle is an inherent polar structure: the
minus-ends of the MT polymers are focused at the spindle poles, while plus-ends point
towards the cell equator or are attached at kinetochores. This symmetrical
arrangement of two opposing focal points of MT minus-ends is termed spindle
bipolarity, and is absolutely essential for spindle function. When bipolarity is
compromised, chromosomes cannot be equally distributed to daughter cells. Besides
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dynamic unstable, spindle MTs are able to flux (Desai and Mitchison, 1997). MT flux is
a net of flow of tubulin subunits from the plus to the minus-end without a significant
change in MT length, however the role of flux remains highly elusive (Rogers et al.,
2005). After chromosome segregation in anaphase, kinetochore MTs disassemble and
interpolar MTs play a major role in anaphase and cytokinesis. (Glotzer, 2001)
MTs affect cell shape, cell transport, cell motility, and cell division. All of these functions
involve the interaction of MTs with a large number of microtubule-associated proteins
(MAPs). Some MAPs promote MT polymerization and stability, while others induce
depolymerization. Several roles can be attributed to MAPs as the cell progresses
through mitosis including: 1) organization and maintenance of the bipolar spindle; 2)
attachment of MTs to kinetochores; 3) chromosome movement; and 4) cleavage-furrow
formation during cytokinesis. Several results obtained to date reveal that MAPs are
essential to coordinately regulate dynamic properties of MTs and their interactions with
various cellular structures.
MAPs can be divided as MT-based motor proteins and non-motor proteins. Motor
proteins use ATP hydrolysis to induce force and movement to the mitotic spindle;
among these are the kinesin and dynein families. As a consequence of MT polarity,
these motors can now be classified as either minus-end directed, with an activity
capable of moving cargo from the plus-end to the minus-end of the MT, or plus-end
directed, that move from the minus-end to the plus-end of the MT. Some non-motor
MAPs can promote MT destabilization, like Katanin, Stathmin, and kinesin B members.
Other non-motor MAPs promote MT stabilization (e.g. CLIP-170, CLASPs, APC,
MAP4, and EB1).
There are some proteins that specifically accumulate at the plus-ends of MTs. To date,
two distinct classes of such end-binding proteins have been described: those that
promote MT stabilization, and end-binding MT destabilizers that induce their
depolymerization. The first group comprises the so-called “plus-end tracking proteins”
(+ TIPs), which are specifically and directly concentrated at the growing plus ends of
MTs. One of the models for the accumulation of these proteins is their copolymerization
with tubulin dimers at plus ends of growing MTs, where they remain for a while, and
then dissociate from the tubulin. However, plus end tracking can also be a
consequence of the transport or association with other + TIPs. In both models, these
proteins are exclusively concentrated in the specialized transient segments at the plus
ends of MTs in growth phase (Akhmanova and Hoogenraad, 2005). Kin I kinesins
belong to the group of end-binding MT destabilizers proteins. These proteins move
along the surface of MTs, using ATP hydrolysis as energy to bind to the ends of MTs,
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removing tubulin subunits and thus triggering depolymerization. (Howard and Hyman,
2003)

CLASPs
CLASPs (CLIP-Associating Proteins) belong to a conserved family of plus-end tracking
protein.
CLASP protein family was originally identified in a genetic screen of Drosophila
melanogaster mutants and was named as Mast/Orbit {Lemos et al., 2000; Inoue et al.,
2000}. Other CLASP homologues were found in Xenopus leavis (Xorbit) {Lemos et al.,
2000} (Hannak and Heald, 2006), C. elegans (CLS-2) {Lemos et al., 2000} and
(Cheeseman et al., 2005), S. cerevisiae (Stu1p) {Pasqualone and Huffaker, 1994}, and
in S. pombe (Peg1) (Grallert et al., 2006). Mammalian CLASPs were identified in a
yeast two-hybrid screen as the interacting partners of CLIP-115 and -170 (Akhmanova
et al., 2001).
In the yeast two-hybrid assay performed by Akhmanova and colleagues, two similar
cDNAs were found to interact with CLIP-115, corresponding to CLASP paralogues,
Clasp1 and Clasp2. Clasp1 gene localizes to chromosome 2 and codes for a ~170 KDa
protein that is mainly expressed in brain, heart and testis ((Maiato et al., 2004a),
(Akhmanova et al., 2001)). Clasp2 gene maps to chromosome 3 and is also translated
in a ~170 KDa protein. Each gene is able to undergo alternative splicing events,
leading to distinct isoforms. Until now, there is only one isoform identified for CLASP1,
named CLASP1α. By contrast, CLASP2 has three distinct isoforms, CLASP2α, β and
γ. CLASP2 is mainly enriched in brain, and the β isoform seems to be brain specific. All
isoforms diverge on their N-terminal sequence due to alternative splicing (Akhmanova
et al., 2001).
Mast, the CLASP homologue in Drosophila cells, localizes to centrosomes,
kinetochores, MTs and spindle midbody during mitosis (Lemos et al., 2000). The same
mitotic distribution was also found in HeLa cells for CLASP1, which in addition
associates to plus-ends of growing MTs, in a comet-like fashion (Maiato et al., 2003a).
Generally, in the early stages of mitosis, CLASP1 localizes to centrosomes,
kinetochores, and spindle MTs, especially to the plus-ends of astral MTs. CLASP1
remains attached to kinetochores after completion of chromosome congression and
throughout anaphase. In the metaphase-anaphase transition, CLASP1 targets to the
spindle midzone and it finally concentrates to the midbody in telophase and
cytokinesis.
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Akhmanova et al described that in interphase cells CLASP1 and CLASP2 localize to
centrosomes, Golgi apparatus and to the plus-ends of MTs. This MT association shows
a similar pattern with CLIP-170 labelling. CLASP distribution in interphase varies with
the expression level of the protein: at low expression levels, CLASPs colocalize with
CLIP-170 and CLIP-115 at MT plus-ends; when highly overexpressed, CLASPs
accumulate along the whole length of MTs, inducing its rearrangement and bundling
and CLIP-170 relocalization to these bundles. (Akhmanova et al., 2001) (Maiato et al.,
2003a).
A carefull analysis of the CLASP protein sequence reveals that CLASP1 protein has
highly conserved domains. Maiato et al performed a functional study of different
CLASP1 regions and concluded that the C-terminal domain (aminoacids 1256 to 1538)
is required for kinetochore targeting and interaction with CLIP-115. Furthermore, the Nterminal of CLASP1 contains a conserved Dis1/TOG domain, typical of MT stabilizing
proteins. In human CLASP1, aminoacids 250 to 943 are responsible for MT targeting of
the protein, showing MT bundling and stabilization properties (Maiato et al., 2003a).
The N-terminal domain has a serine/arginine rich region capable to bind EB1 and EB3,
and sufficient to target CLASPs to the ends of growing MTs (Mimori-Kiyosue et al.,
2005). (Figure 4)

Figure 4 – Mapping of the microtubule and kinetochore binding domains of
CLASP1. HEAT repeats (red boxes) and a region of homology shared with Tau (blue)
are indicated. Localization of the various proteins to various mitotic compartments was
classified as present (+) or absent ( ) and lower (+/ ) or higher (+/+).- (adapted from
(Maiato et al., 2003a))
Human CLASP2 is structurally similar to CLASP1 and like CLASP1, it also has the
CLIP interaction domain (in the C-terminal), and the serine/arginine rich motif. The
CLASP2 C-terminal domain is sufficient to target the protein to the Golgi apparatus.
CLASP2α has the conserved dis1/TOG motif typical of MT stabilizing proteins.
CLASP2β isoform doesn’t have this homologous domain; instead the β isoform
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contains a short N-terminal motif, probably responsible for membrane anchoring
(Akhmanova et al., 2001).
Several binding partners of CLASP1 and CLASP2 were found in interphase.
Akhmanova et al showed that CLASPs are common protein partners of CLIP-115 and 170 (Akhmanova et al., 2001); also, both CLASPs are able to interact with EB1 and
EB3 (Mimori-Kiyosue et al., 2005); LL5β and ELKS interact with CLASPs through a
complex CLASP-LL5β-ELKS (Lansbergen et al., 2006).
These interphase interactions of CLASP1 and CLASP2 may reflect some of their
functional roles. Serum addition to wounded fibroblasts induces a redistribution of
CLASP2 to a subset of MT distal ends, suggesting that CLASP is involved in cell
polarization. Overexpression of CLASP1 in interphase induces a MT bundling which
suggests a role of CLASPs in MT stabilization. Consistent with this, stabilized and
acetylated MT bundles show a high accumulation of CLASP2 (Akhmanova et al.,
2001). The interaction with CLIP proteins regulates CLASP accumulation at the MT
tips, whereas the effect of CLASPs on MT dynamics is CLIP independent. To further
characterize the role of CLASPs in interphase, CLASP1 and CLASP2 RNAi was
performed in HeLa cells. Cells depleted for CLASP1 and CLASP2 induce a lower level
of acetylated tubulin, with a significant decrease in MT density. This phenotype wasn’t
observed when CLASP1 or CLASP2 were independently depleted. Together with the
similar localization patterns of CLASPs, this result suggests a functional redundancy of
CLASPs in interphase (Mimori-Kiyosue et al., 2005).
CLASP1 is the outermost kinetochore component (the last protein known to incorporate
at the kinetochore), and it localizes to the fibrous corona in a MT independent manner,
distinct from other + Tips like APC and EB1.
The first information on CLASP function in mitosis came from the analyses of mast
mutants in Drosophila. Both Mast RNAi in Drosophila S2 cells and analysis of mast
mutants showed a failure in chromosome congression and monopolar spindle
formation, due to a shortening in kinetochore MTs, ending up in a spindle collapse
(Lemos et al., 2000),(Maiato et al., 2002), (Maiato et al., 2005). FRAP analyses of
mature kinetochore-fibres (k-fibres) in Mast depleted cells show that they are not able
to flux. When these k-fibres were cut with a laser, the portion of the k-fibre that remain
attached to the kinetochore was unable to regrow in Mast depleted cells, opposed to
control cells. This result reveals that Mast promotes the incorporation of tubulin
subunits at the kinetochore level, allowing mature k-fibres to flux (Maiato et al., 2005).
These results were confirmed in HeLa cells through the microinjection of anti-CLASP1
antibodies: it induced a monopolar spindle with the chromosomes buried inside the
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aster, and bound to MTs (Maiato et al., 2003a). Together these results suggest a role
of CLASP1 in the normal dynamic behaviour of kinetochore associated MTs.

Figure 5 – Schematic depicting the role of CLASP at kinetochores. CLASP1 is
required for MT subunit addition into mature k-fibre, and in its absence the spindle
collapses because k-fibre progressively shortens by MT subunit loss at their minus
ends. (adapted from (Maiato et al., 2005))
In order to address the function of mammalian CLASPs in mitosis, Mimori-Kiyosue and
colleagues performed CLASP RNAi in HeLa cells. 70% of CLASP1 depletion showed
no effect on mitotic progression; nevertheless the same extent of CLASP1 and
CLASP2 depletion induces a raise in the mitotic index, with cells showing shorter
bipolar spindles, multipolar and disorganized spindles, scattered chromosomes and
collapsed spindles. It was further shown that the kinetochore-MT interaction was not
affected by the double RNAi. However, the rate of MT growth significantly increased,
due to the diminished MT stability induced by the lack of CLASPs. The dynamics of kfibres are also compromised, producing an increase in chromosome oscillations.
(Mimori-Kiyosue et al., 2006)
Drosophila Mast mutants show significant polyploidy, despite of a functional SAC
(Lemos et al., 2000). This is suggestive for a possible connection between CLASPs
and tumourigenesis and ultimately cancer. CLASPs bind to CLIP-170/Restin, CLIP115, EB1 and EB3, which is important for their targeting to MT plus-ends. Furthermore,
EB1 per se is known to interact with the tumour suppressor protein APC (Su et al.,
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1995). All these +TIPs are involved in aspects of MT attachment to kinetochores or cell
membranes. Moreover, +TIPs have been implicated in tumorigenesis: APC is highly
mutated in colorectal cancers (de la Chapelle, 2004) and CLIP-170/Restin and EB1 are
abnormally expressed in Hodgkin’s disease (Bilbe et al., 1992), gastric carcinomas and
esophageal squamous cell carcinomas, respectively (Nishigaki et al., 2005) (Wang et
al., 2005). On the other hand, kinetochore proteins like CENP-E have been related to
aneuploidy due to their requirement for efficient MT capture at kinetochores (Putkey et
al., 2002). Finally, like APC, CLASPs are regulated by GSK3β kinase, which has been
implicated in the transcriptional activation of key cell-cycle regulators and oncogenes
(Galjart, 2005).

Localization and Affinity Purification
To understand protein function it is fundamental to know their specific localization and
molecular interactions in vivo. Therefore, it becomes important to define the physical
interactions between proteins in a cell, allowing the assignment of novel proteins to
specific functional classes and elucidate networks that contribute to specific biological
processes. There are several proteomic procedures that intend to purify protein
complexes. Tandem Affinity Purification (TAP) provides a clean isolation of native
protein complexes, even those present in limiting amounts in a cell. The principle
behind the TAP tag approach is to express a fusion protein with two distinct purification
tags, which have a specific cleavage protease site between them. (Rigaut et al., 1999)
A modified version of the TAP tag was named as Localization and Affinity Purification –
LAP. This technique is based in the same principles behind TAP purification, but it also
allows the localization of the tagged protein in living cells using a GFP fusion. The LAP
tag takes advantage of the expression of a fusion protein with two distinct purification
tags, which have a specific protease cleavage site between them. The fusion protein is
isolated by the binding of the GFP tag to an appropriate affinity matrix. This tag is
removed by cleavage with the specific protease, releasing the fusion protein into the
supernatant. A second round of purification further enriches for the fusion proteins
(Figure 6).
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Figure 6 – Overview of the LAP purification method (adapted from (Cheeseman
and Desai, 2005)).
Using GFP as the first purification tag has two additional advantages: transformed cells
or strains can be selected using either fluorescence microscopy or flow cytometry; the
localization pattern of the expressed fusion protein can serve as a potential indicator of
its functionality. This offers some indication of whether the exogenously expressed
protein maintains the functionality of the endogenous protein. LAP approach can be
applied to any organism in which it is possible to generate stable transformants.
For LAP procedure it is essential to generate a stable cell line expressing the LAP
fusion protein. After this, sufficient material is prepared for the purification. Cells are
lysed and insoluble material is removed by centrifugation. The fusion protein is then
isolated using protein A Sepharose with antibodies against GFP. The GFP moiety of
the fusion protein is then cleaved from the remaining portion using Tobacco Etch Virus
(TEV) protease, releasing the fusion into the supernatant. This protein is then isolated
a second time using a second affinity resin (S protein agarose).
This combination of purification steps results in a highly pure sample that can be
analyzed by mass spectrometry. In addition to mass spec, purified proteins obtained by
Lap tag can be used in other proteomic approaches such as kinase assays, interaction
tests by western blot and gel electrophoresis assays.
LAP purification has been successfully used to identify interacting proteins in several
organisms. Cheeseman et al isolated Mis-12 and KBP-1 interacting proteins in
synchronized worm extracts (C. elegans) and in mitotic enriched HeLa cells.
(Cheeseman et al., 2004) LAP was also used in mitotic enriched HeLa cells to identify
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the interacting proteins of the kinetochore proteins ZW10 and Zwint-1. (Kops et al.,
2005a)
Although this procedure results in high purity samples, it is possible that weakly
interacting proteins may not be isolated due to the more stringent LAP prep.
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Constructs
CLASP1α full length cDNA (Maiato et al., 2003a) was amplified by PCR using Pfu
Polymerase

(Fermentas)

and

the

set

of

GGACTCCGATGGAGCCTCGCATGGAGTCC

oligonucleotides:
3’;

Forward

Reverse

5’
5’

AATCCCAAGCTTAGCTGTGCGTGGAGACATCG 3’ (Sigma). CLASP1 PCR product
was cloned into pIC113 vector (Cheeseman and Desai, 2005) using the restriction sites
SpeI and HindIII.
CLASP2α full length cDNA (Akhmanova et al., 2001) was amplified by PCR with Pfu
Polymerase

(Fermentas)

and

oligonucleotides:

TCCCCGCGGGGAATGGAGCCCCGCAGCATGGA

3’

Forward
Reverse

5’
5’

TCCCCGCGGGGACTAACTTTGTCCAGAAAC 3’ (Sigma). PCR product was cloned in
pIC113 vector with the restriction sites from SacII. mRFP-CLASP2α construct was
kindly offered by Dr. Anna Akhmanova (Erasmus MC, The Netherlands).
Plasmid DNA from referred constructs was extracted with Plasmid Midi Kit (Qiagen)
and directly used for HeLa transfections.

Cell culture
Human HeLa cells (Scherer et al., 1953) were grown in D-MEM supplemented with
10% FBS (Gibco) at 37 °C in the presence of 5 % CO2 .The stable cell line derived
from HeLa was grown in the same conditions, but in the presence of 0,4 µg/µl of
selection antibiotic G418/neomycin (Calbiochem).
Clasp2 wild type and knock out Mouse Embryonic Fibroblasts (MEFs), were grown in a
mixture 1:1 D-MEM + Hams F-10 (Gibco) at 37 °C in the presence of 5 % CO2 and
supplemented with 10% FBS. All the experiments involving primary mouse fibroblasts
were performed before the 10th passage and were isolated as previously described
(Akhmanova et al., 2005).

HeLa Stable Cell Lines
HeLa cells were transfected with the construct pIC113-CLASP1 using Effectene
Transfection Reagent (Qiagen), according to the manufacturer’s protocol optimized for
6-well plate. 48 hours after transfection, cells in one well were diluted into 6 wells (1:6),
and selected with a mixture of D-MEM with 10% FBS and 0,4 µg/µl G418. Cells were
maintained in the selective medium until individual colonies appear. Each colony was
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isolated with trypsin and grown on 24-well plates with selective medium. Cell lines
derived from each colony were screened for the presence of GFP by fluorescence
microscopy in order to identify positive clones. The selected clones were analysed by
Western Blot, the one with lower expression was named HeCLA.

Immunofluorescence
For immunofluorescence (IF), HeLa cells were grown on poly-L-lysine treated
coverslips, while MEFs were grown on clean, non-treated coverslips. Cells were fixed
according to the antigens to be detected (see Table I), blocked with 10% FBS in PBS
containing 0.1% Tween, and then incubated with the diluted antibodies (Abs) in the
same buffer. Cells were washed with PBS and PBS containing 0.1% Tween before and
after incubation with secondary antibodies. Primary antibodies, working dilutions and
fixation conditions used are described in table I. Secondary antibodies used are
described in table II. All secondary antibodies were purchased from Molecular Probes
(Invitrogen). DNA was counterstained with DAPI (4,6-diamidino-2-phenylindole) and
preparations mounted with 0,5 % N-propyl gallate, 90% glycerol and 10% Tris
mounting media.
For chromosome spreads, cells were treated for 3 hr with 1 µg/ml nocodazole and
incubated for 20 min in 75 mM KCl and processed for immunofluorescence.
Table I – Primary antibodies used for immunofluorescence analysis.

Antigen

Ab Reference

Host

Fixation

IF Dilution

CLASP1

#2292

Rabbit

Methanol (- 20ºC)

1:300

CLASP1

Ra1793

Rabbit

Methanol (- 20ºC)

1:200

CLASP2

#2358

Rabbit

Methanol (- 20ºC)

1:300

α-Tubulin
γ-Tubulin

T 5168 (Sigma)
(clone B-512)
T 3320 (Sigma)

ACA
Bub1

Gift from Dr.
Stephen Taylor

Mouse

Paraformaldehyde
– PF (4%)

1:2000

Rabbit

PF (4%)

1:5000

Human

PF (4%)

1:20000

Sheep

PF (4%)

1:500
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Stephen Taylor

1:500

Mad2
CENP-E
GCC185
GM130

1:200
Gift from Dr. Bill

Sheep

Methanol (-20ºC)

1:500

Rabbit

PF (4%)

1:200

Mouse

PF (4%)

1:500

Earnshaw
Gift from Dr. Irina
Kaverina
Gift from Dr. Irina
Kaverina

Table II – Secondary Antibodies for Immunofluorescence

Ab Reference

Antigen

Host

Rabbit

Donkey

Alexa 488

Alexa 568

IF Dilution

1:2000
Sheep

Donkey

Mouse

Goat

Rabbit

Donkey

Sheep

Donkey

Human

Goat

Mouse

Donkey

Alexa 647

1:2000

1:2000
Rabbit

Donkey

Sheep

Donkey

FACS Analysis and Growth Curves
HeCLA cells growth curves were plotted considering only viable cells identified with
Trypan Blue (Sigma) staining, and doubling time was calculated from the equations
corresponding to the best fit.
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For FACS analysis, HeCLA cells were fixed overnight with 70% ethanol, at 4ºC,
washed with PBS, and treated with 100 µg/ml of RNAse (Sigma) during 3 hours at
37ºC. Just before FACS analysis, 5 µg/ml of Propidium Iodide in PBS was added and
cells were scanned in FACSort and analysed by CellQuest software both from Becton
Dickinson, San Jose, CA.

Western Blot
For Western Blot, total protein extracts from 106 cells were prepared in SDS-PAGE
sample buffer, separated by SDS-PAGE and blotted to nitrocellulose membranes.
Membranes were incubated with appropriate primary antibodies and detection was
performed with horseradish peroxidase-conjugated antibodies (Lemos et al., 2000)
(antibodies used for Western Blot are described in table III). The signal was developed
with the ECL Chemiluminescent Detection System (Amersham).
Table III – Antibodies used for Western Blotting

Antigen

Ab Reference

Host

Dilution

CLASP1

#2292

Rabbit

1:1000

CLASP1

Ra1793

Rabbit

1:500

CLASP2

#2358

Rabbit

1:2000

GFP

Ab290 (Abcam)

Rabbit

1:3000

Sheep

1:2000

Mouse

1:10000

CENP-E
α-Tubulin

Gift from Dr. Bill
Earnshaw
T 5168 (Sigma)
(clone B-512)

Mouse - HRP

Amersham

Sheep

1:5000

Rabbit - HRP

Amersham

Goat

1:5000

Sheep - HRP

Jackson

Donkey

1:1000
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RNAi in HeLa Cells
For CLASP1 and CLASP2 RNAi in HeLa and HeCLA cells, we used the siRNA oligos
CLASP1#A,

5’

GCCATTATGCCAACTATCT

3’:

CLASP1#B,

5’

GGATGATTTACAAGACTGG 3’; CLASP2#A, 5’ GTTCAGAAAGCCCTTGATG 3’;
CLASP2#B, 5’ GACATACATGGGTCTTAGA 3’, as described in (Mimori-Kiyosue et al.,
2005). Oligos B were purchased from Dharmacon; siRNA oligos A for CLASP1 and
CLASP2 were gently offered by Dr. Anna Akhmanova. Controls for RNAi transfections
were performed with 5 nM of Luciferase GL2 duplex 5'- CGTACGCGGAATACTTCGA 3' (Dharmacon). Synthetic siRNAs were transfected using HiPerFect Transfection
Reagent (Qiagen) with CLASP1 and CLASP2 oligos B at the effective concentration of
5 nM.

Fluorescence Microscopy and Image Analysis
Quantitative three-dimensional data sets of representative cells were collected using a
Zeiss Axiovert 200M driven by Axiovision software and equipped with a Zeiss Axiocam
MRm (Carl Zeiss, Inc.). Acquired images were subsequently blind deconvolved with
AutoQuant AutoDeblur Gold WF Version X1.4.0 (Media Cybernetics, Inc. Silver Spring,
MD). Deconvolution was performed with 0,062 x 0,062 µm spacings (according to the
pixel size of the camera) and adaptive Point Spread Function (PSF – a theoretical
parameter). Adobe Photoshop 6.0 (Adobe Systems) was used to process all images.

LAP Procedure
For LAP purifications, HeCLA cells were grown in 15-cm dishes until

70% confluent,

and 100 ng/mL nocodazole was added for 14 h to enrich the population for mitotic
cells. Cells were washed with lysis buffer (50 mM HEPES at pH 7.4, 1 mM EGTA, 1
mM MgCl2, 100 mM KCl, 10% glycerol), drop-frozen in liquid N2, and ground using a
mortar and pestle. Ground frozen cell extracts were sonicated in lysis buffer with 0.05%
NP-40, and proteins were collected in a highspead supernatant through two
centrifugations (16,500g 10 minutes at 2ºC, followed by 103,320 g 20 minutes at 2ºC).
300 mM KCl and wash buffer (50 mM HEPES at pH 7.4, 1 mM EGTA, 1 mM MgCl2,
300 mM KCl, 10% glycerol, 0,05% NP-40, 1mM DTT) were added to this supernatant
and immunoprecipitated. The fusion proteins were isolated using anti-GFP antibodies,
kindly offered by Dr. I. Cheeseman, coupled to protein A agarose. TEV protease was
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then added to the bound proteins and incubated overnight at 4°C. The cleaved protein
was then incubated with S protein agarose (Novagen) and eluted using 50 mM Tris (pH
8.5), 8 M urea.
Urea eluted proteins were analysed by mass spectrometry in Dr. John Yates III Lab, as
described in (Link et al., 1999). A small sample from urea eluted was run in a low BisAcrylamide

gel

and

silver

stained

to

visualize

immunoprecipitated

proteins

(Shevchenko et al., 1996).
cDNA Synthesis
Frozen HeLa cells were treated with Trizol Reagent (Invitrogen) to extract cell’s RNA.
The extracted RNA was quantified and transcribed to cDNA using the RevertAid™ First
Strand cDNA Synthesis Kit (Fermentas).
CLASP1 sequencing
In order to sequence CLASP1 gene, 19 pairs of oligonucleotides were selected (table
IV).
Table IV – Primers for CLASP1 sequencing
Forward

Reverse

1

CCCCAGATTGCATCTTTGAA

CCCAAGAGGTAGCAAGTCCA

2

CAGGTTGGCCAAGAACTGAT

AGGCAGAGACAGATGCCTTC

3

GCACAGTGCTGCCAAGTCTA

ATCTGCCCTCACACGTTCTC

4

ATGCCTCTGGAGCACAGACT

TTCCCATTCCAACGTTTCTC

5

CGACGATGAAGATTCTGTGG

CCAAAAGACGCAAATGTTGA

6

TTATTCCAGCCGAGACCTTG

GGATGTGTGTGTGCCGAATAA

7

GGGGCATCTGTCATCAGTTC

TGCTCTGCTTCTCTGCTGAA

8

GAAGGCGCTGTTTTGAATTT

GACCCAGTCGTTGACACAGA

9

CTAAATCGTCCGCTGTCTGC

GCTGGGACTGTGAAACCACT

10

CTTTGCCTCCAGGGTCATAC

CTGCTCTCACGGCTGGTATC

11

ATGTAGCCGGGAAACAAGTC

CGCTCAGAGCAAACACTTGA

12

GCTGTTGCTGATGCTTTGAA

ATGAGGGTCAGCAAACATCC

13

TCTGGGCCTGCAGAACTTAC

GGATTGCAACTTTGACCTTGA

14

TGGATCTGTGCAAGCAAAAG

TTCTTGAGGTGGTTGTGCAG
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15

AGACGTGAGAAAGGCAGCAC

GAGTAAGAGCGCCTGAGAG

16

ACCTCACCCACCAACTGTTC

GTCCGGCCTCCTTCTACTTC

17

AAACGAGATGGCAAAAAGGA

GAAGTGCTCCTCCCAGACAC

18

ATTCTGACCTGGTGGCTGAC

AGCACCTTGATGCACTGCT

19

GCCCACAAAGACTCCCATAA

TAGCTGTGCGTGGAGACATC

HeLa cDNA was used as a template for the PCR reaction with TAQ DNA polymerase
(Fermentas). For each oligo pair a PCR reaction was made, originating 19 DNA
fragments that were runned in 2% agarose gel and the corresponding band extracted.
Amplified CLASP1 products were processed for sequencing, using BigDye Terminator
Cycle Sequencing Ready Reaction Kit (Perkin Elmer Applied Biosystems Division,
Foster City, CA). The sequencing product was precipitated with ethanol and
ressuspended in formamide. Precipitated products were sequenced in BI Prism 377
DNA Sequencer (Perkin-Elmer). Sequencing was performed on both strands using the
original primers.
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CLASP1 is a MAP that plays a key role in the regulation of MT dynamics, both in
interphase and mitosis. In mitosis, CLASP1 is thought to promote MT subunit addition
at the kinetochore level, allowing kinetochore MTs to flux. In interphase, CLASP1
induces MT stabilization and it is involved in cell polarization. To fully understand the
roles of CLASP1 during interphase and mitosis, it is crucial to characterize its
molecular context. Taking advantage of a LAP tagging approach, we performed a
proteomic study in HeLa cells to determine the interactors of CLASP1 both in
interphase and mitosis.
HeCLA cell line
In order to perform a proteomic study of CLASP1 interacting partners we generated a
stable HeLa cell line expressing the construct pIC113-CLASP1α, as described in
materials and methods. Several clones were visually screened for GFP fluorescence.
Protein extracts obtained from positive clones were prepared and analysed by Western
blotting with GFP and CLASP1 antibodies (Figure 7).
A)

1

2

3

1

2

3

GFP

α-Tubulin

B)

CLASP1

GFP-CLASP1
CLASP1

α-Tubulin

Figure 7 – Western blot analysis of EGFP-CLASP1 expression in the stable HeLa
cell line. Protein extracts from 106 cells were prepared from parental HeLa (lane 3) and
HeLa cells stably expressing GFP-CLASP1 (clones 2, and 33, respectively lanes 1,
and 2). Proteins were resolved by SDS-PAGE according to their molecular weight,
transfered to nitrocellulose membranes, and incubated with antibodies that specifically
recognize GFP (A), CLASP1 (B), and α-tubulin (as a loading control).
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GFP antibody recognizes a 200 KDa band in clones 2 and 33 that does not appear in
parental HeLa. This 200 KDa protein has the same molecular weight as the fusion
protein GFP-CLASP1α. To confirm that clones 2 and 33 were positive for CLASP1 the
membrane was probed with CLASP1 antibody. Besides the endogenous CLASP1
band, a second band of approximately 200 KDa was observed, which corresponds to
GFP-CLASP1. This result shows that clones 2 and 33 are positive for GFP-CLASP1,
indicating that the construct pIC133-CLASP1α was stably incorporated to the clone cell
generated.
Following visual comparison of the band intensities between endogenous CLASP1 and
GFP-CLASP1 we concluded that the amount of GFP-CLASP1 expressed by clone 33
is significantly higher than the endogenous CLASP1. Thus, clone 33 is over-expressing
GFP-CLASP1. A similar analysis performed for clone 2, suggests that this clone is
expressing GFP-CLASP1 levels comparable to the endogenous one. Therefore, clone
2 was selected for further studies and the cell line was named HeCLA.
In order to analyze potential physiological effects of CLASP1 gene extra copies, we
performed a cell viability study on HeCLA cell line. This assay allowed us to determine
the growth curves of HeCLA cells and determine its doubling time. The number of
viable cells at different time points (counted by Trypan Blue staining at 0, 24, 48, 72
and 96 hours) was calculated and a growth curve for both cell lines was obtained by
plotting the number of viable cells in function of time. To determine the doubling times
of these cells, the natural logarithm of cell number was plotted in function of time
(Figure 8).

Par ent al HeLa
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Figure 8 – Viability study of parental HeLa and HeCLA cells. Viable cells were
assayed by Trypan Blue and the respective growth curves were determined. To
establish the doubling times of each cell line, the natural logarithm of cell number was
plotted and the doubling time calculated from the respective equations.
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Parental HeLa and HeCLA growth curves were plotted and the respective logarithmic
forms were determined. HeLa cells have a doubling time of 20,7 hours, while HeCLA
cells take 19,9 hours to duplicate. There is a slight difference in doubling times, but it
can be explained by the standard deviations on both counts. From this analysis we
concluded that parental HeLa and HeCLA cells show similar growth curves and growth
parameters.
In order to determine the cell cycle profile of the new cell line, HeCLA cells were
prepared for FACS analysis (Figure 9). DNA distribution was assayed by labelling with
propidium iodide and cells were FACS scanned for their ploidy.
A)

B)

Figure 9 – DNA distribution analysis of parental HeLa and HeCLA cel lines. Cells
were stained with propidium iodide and scanned by FACS. The first peak represents
the G0/G1 population (n=2), the gap corresponds to cells in S phase, and the second
peak characterize the G2/M population (n=4).

57

FACS profiles of parental HeLa and HeCLA are very similar, without any significant
difference in DNA content between G0/G1, S and G2/M populations. Furthermore,
HeCLA cells don’t appear to have an increase in polyploid cells. Thus, HeCLA and
parental HeLa have similar growth curves and cell cycle profiles, indicating that the
expression of GFP-CLASP1 do not compromise cell behaviour.
In order to analyse GFP-CLASP1α localization, HeCLA cells were immunostained for
α-tubulin and the DNA counterstained with DAPI. Several images were acquired with a
fluorescence microscope, deconvolved and processed as described in materials and
methods (Figure 10).
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Figure 10 – Localization pattern of GFP-CLASP1 in HeCLA cell line. HeCLA cells
expressing GFP-CLASP1 (green) were fixed in 4% PF, and stained for α-tubulin (red)
and DNA (blue) counterstained with DAPI. Corresponding merged image of cells
throughout mitosis show DNA, α –tubulin, and EGFP-CLASP1 localizations.
As shown in figure 10, GFP-CLASP1α localizes to kinetochores from prometaphase
until anaphase A. During mitosis, GFP-CLASP1α also associates to centrosomes and
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spindle MTs, and in anaphase targets to the spindle midzone and midbody (in
telophase).
These studies in HeCLA cells allowed us to confirm that the localization of GFPCLASP1 is the same as described in Maiato, et al 2003. (Maiato et al., 2003a),
suggesting that the protein is functional.
In order to confirm CLASP1 localization in the centrosomes, we stained HeCLA cells
for α and γ-tubulin, as shown in figure 11.
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Figure 11 – Localization pattern of GFP-CLASP1 and γ-tubulin in HeCLA cell line.
HeCLA cells expressing GFP-CLASP1 (green) were fixed in cold methanol, and
stained for α-tubulin, γ-tubulin, and DNA (blue) counterstained with DAPI.
Corresponding merged image of cells throughout mitosis show DNA, α –tubulin, γtubulin, and EGFP-CLASP1 localizations.

CLASPs Co-Localization
Mammalian CLASPs are paralogue genes mapped to different chromosomes; the
existence of a single CLASP orthologue in yeast and flies is an indicator that
mammalian CLASPs may play similar roles. In fact, these proteins share similar
interphasic distribution (Akhmanova et al., 2001). CLASP1 and CLASP2 are known to
share high sequence homology. To determine the regions of homology and the extent
of this similarity, we aligned CLASP1 and CLASP2 sequences. Alignment results show
that CLASP1 and CLASP2 have 64% of similarity in their sequence. The domains with
higher homology include the MT and kinetochore binding regions (Appendix A).
Because of the high sequence homology between CLASP1 and CLASP2, it was
reasonable to hypothesize that both proteins could share the same mitotic distribution.
To test this possibility and characterize the simultaneous localization of both CLASPs
in mitotic cells, we transiently transfected HeCLA cells with CLASP2α fused to
monomeric Red Fluorescence Protein (mRFP). 48 hours after transfection, cells were
fixed in 4% PF and processed for immunofluorescence with α-tubulin and
counterstained with DAPI (Figure 12).
Expression of mRFP-CLASP2 in HeCLA cells revealed a significant overlap, with both
proteins colocalizing throughout mitosis (Figure 12). During prometaphase and
metaphase CLASP1 and CLASP2 accumulated at centrosomes, kinetochores, and the
mitotic spindle. From middle anaphase, both CLASPs occurred as a band at the
spindle midzone, and later, during telophase and cytokinesis, they accumulated in the
midbody. Centrosome accumulation of CLASP1 and CLASP2 was detected throughout
mitosis (Figure 12 – arrowheads). Thus, during mitosis CLASP2 colocalizes with
CLASP1 to multiple and specific structures of the mitotic apparatus of human cells.
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Figure 12 – Simultaneous expression and colocalization of CLASP1 and CLASP2
throughout mitosis in proliferating cells. HeLa cells stably expressing EGFPCLASP1 (green, right column) were transiently transfected with mRFP-CLASP2 (red)
and stained for α-tubulin (green, left column) and DNA (blue) counterstained with DAPI.
Corresponding merged images of cells throughout mitosis show DNA and α –tubulin
staining (left column) and EGFP-CLASP1 and mRFPCLASP2 (right column). Higher
magnifications of indicated chromosomes show kinetochore colocalization of EGFPCLASP1 and mRFP-CLASP2 and the corresponding merge during prometaphase and
metaphase. Bar, 10 µm.
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Previous immunofluorescence studies suggested that CLASP1 localizes to the outer
corona of kinetochores (Maiato et al., 2003a). To further characterize the

relative

localization of both CLASP proteins at the kinetochore, we coexpressed mRFPCLASP2
in HeLa cells stably expressing EGFP-CLASP1 and analyzed chromosome spreads
prepared in the absence of MTs (Figure 13, D–D’’).
We found that CLASP2 significantly colocalized with CLASP1 at kinetochores in the
absence of MTs. Furthermore, we determined the localization of CLASP2 relative to
well-established kinetochore markers in chromosome spreads. Anti Centromere
Antibodies (ACAs) that recognize CENP-A, CENP-B, and CENP-C label the
centromeric heterochromatin throughout the inner kinetochore plate. We found that
mRFP-CLASP2 localized externally to ACA antigens at kinetochores. These
observations strongly suggest that CLASP2 is likely associated with the kinetochore
fibrous corona.

Figure 13 – Colocalization of CLASP1 and CLASP2 at the kinetochore. HeLa cells
stably expressing EGFP-CLASP1 (green) were transiently transfected with mRFPCLASP2 (red) to address their kinetochore localization in chromosome spreads
prepared in the presence of 10 µM nocodazole to depolymerise MTs. ACA (blue in D’’’)
was used as inner kinetochore marker and DNA was counterstained with DAPI (blue in
D’’’’). Interpolated zoom of the selected region in D’’’’ shows significant colocalization of
EGFP-CLASP1

with

mRFP-CLASP2

at

kinetochores.

Bar,

10

µm.
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CLASP1 and CLASP2 localization in Mouse Embryonic Fibroblasts
Although CLASP proteins colocalize during mitosis, no functional connection between
CLASP1 and CLASP2 has been described to date. By using Clasp2 KO MEFs (Drabek
et al., 2006) we analysed whether the absence of CLASP2 causes any impairment in
CLASP1 localization.
Wild type and Clasp2 knock out embryonic day 13.5 MEFs were processed for
chromosome spreads (see material and methods). Later, cells were fixed in cold
methanol and immunostained for CLASP1 and the DNA couterstained with DAPI
(Figure 14).

Figure 14 – Chromosome spreads for WT and Clasp2 KO mouse embryonic
fibroblasts. MEFs were immunostained to reveal CLASP1 localization at the
kinetochores. CLASP1 was detected with antibody (green) and DNA was
counterstained with DAPI (blue). Corresponding merged images of cells show DNA
andCLASP1 staining. Bar, 5 µm.
Chromosome spreads analysis of WT and Clasp2 KO MEFs reveal that there is no
difference in CLASP1 distribution in kinetochores. This suggested that CLASP2
absence does not compromise CLASP1 localization in mitosis.
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Mad2 Localization in CLASP2 Wild Type and Knock Out MEFs
CLASP1 localization in KO MEFs is not compromised by the absence of CLASP2.
However, since CLASP1 is involved in kinetochore-MT attachment during mitosis the
interaction between kinetochores and MTs could be impaired by the absence of
CLASP2. To test this possibility, we stained WT and Clasp2 KO MEFs for Mad2 and
ACA. (Figure 15)
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Figure 15 – Kinetochore localization of Mad2 in WT and Clasp2 KO MEFs. MEFs
were immunostained to reveal Mad2 and ACA localizations at kinetochores and the
mitotic spindle. Mad2, ACA, and α-tubulin were detected with antibodies and DNA was
counterstained with DAPI (blue). Corresponding merged images of cells throughout
mitosis show DNA and Mad2 staining (right column), Mad2 and ACA (left column), and
DNA and α-tubulin (central column). Bar, 5 µm.
Mad2 is a checkpoint protein that localizes to kinetochores in the absence of MT
attachment. When MTs attach to the kinetochore, Mad2 is recruited to the spindle
poles in a dynein dependent manner. (Howel, et al 2001)
From the analysis of Mad2 localization in WT and KO cells, we observed that the
protein concentrates on unattached kinetochores both in WT and Clasp2 KO MEFS.
Once the attachment to MTs occurs, Mad2 localization disappears from kinetochores,
and it is recruited to spindle poles.
The localization of Mad2 in WT and KO cells provides strong evidence that the
kinetochore-MT interaction is not significantly compromised by the lack of CLASP2. In
addition, Clasp2 KO cells still showed a correct Mad2 localization, suggesting that the
checkpoint was functional.
The fact that kinetochore-MT interaction, and Mad2 checkpoint response are not
compromised by the absence of CLASP2 suggest a possible redundancy between
CLASP1 and CLASP2 in mitosis.
CLASP1 RNAi
Studies in Clasp2 KO MEFs suggest that CLASP1 localization and kinetochore-MT
interaction are not generally affected by CLASP2 depletion. To address the contribution
of each CLASP, we performed RNAi depletion for both proteins in HeCLA cells.
HeCLA cells were transfected with CLASP1 siRNA, as described in materials and
methods. 72 hours after transfection, cells were collected for western blotting and the
protein extracts obtained probed with CLASP1 antibody – Ra1793. (Figure 16)
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Figure 16 – Western blot analysis of CLASP1 expression in mock and RNAi
transfected cells. Protein extracts were prepared 72 hours after transfection with 5 nM
of control and CLASP1 siRNA oligos; proteins were resolved in SDS-PAGE and
transferred to nitrocellulose membranes. The membrane was incubated with antibodies
against CLASP1, and α-tubulin (as a loading control).
Endogenous CLASP1 was significantly depleted; however GFP-CLASP1α is still
expressed at considerable levels upon RNAi treatment. To characterize the mitotic
distribution of HeCLA cells after CLASP1 RNAi, we quantified the mitotic parameters in
control and CLASP1 RNAi treated cells (Figure 17).
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Figure 17 – Frequency of mitotic parameters in control and CLASP1 RNAi treated
HeCLA cells. RNAi columns show average numbers from two independent
experiments, and error bars correspond to standard deviation. In total, 5000 – 8,000
cells were scored for each genotype. (M.I., mitotic index; P, prophase; PM,
prometaphase; M, metaphase; A, anaphase; T+C, telophase plus cytokinesis).
Depletion of CLASP1 by RNAi did not affect the mitotic parameters of the population of
cells analysed. The mitotic index is not affected after RNAi treatment and the
distribution of mitotic figures remains similar to control cells. Thus, we concluded that
CLASP1 RNAi by itself is not sufficient to cause a mitotic phenotype. However, it is still
possible that the ectopic GFP-CLASP1α present after RNAi is still capable to sustain
cell viability after depletion of endogenous CLASP1.
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CLASP2 RNAi
HeCLA cells were also transfected with CLASP2 siRNA oligos A and B (materials and
methods). In order to determine the effective concentration for CLASP2 knock down,
we transfected cells with 5 and 50 nM of each oligo. 72 hours after transfection, cell
extracts were prepared for western blotting analysis and tested with anti-CLASP2 and
anti-α-tubulin antibodies (Figure 18).
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Figure 18 – Western blotting analysis of CLASP2 knock down by RNAi in HeCLA
cells. HeCLA cell lysates, mock transfected or transfected with CLASP2 siRNA oligos
A and B, were prepared 72 h after transfection. Proteins were separated by SDSPAGE according to their molecular weight and transferred to nitrocellulose membranes,
which were incubated with antibodies against CLASP2, and α-tubulin (as a loading
control).
By western blotting analysis, we observed two bands in CLASP2 staining. The second
band probably corresponds to GFP-CLASP1α. Since CLASP1 and CLASP2 share
such a high homology, it is very difficult to get specific antibodies for both proteins.
Even though, we observed that the most efficient depletion of CLASP2 was obtained
with 50 nM of siRNA oligo A and 5 nM of siRNA oligo B. Although CLASP2 antibody
also recognizes GFP-CLASP1, we observed a significant reduction in the levels of
CLASP2.
72 hours after transfection, cells were methanol fixed and immunostained for α-tubulin,
and visualized by fluorescence microscopy. Control (mock transfected) and RNAi cells
were analysed and quantified, and we concluded that CLASP1 or CLASP2 knock down
does not cause a phenotype. These results are consistent to the ones obtained in
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interphase HeLa cells (Mimori-Kiyosue et al., 2005) and more recently in mitosis
(Mimori-Kiyosue et al., 2006).
CLASP1/CLASP2 RNAi
Single CLASP depletion by RNAi does not cause a clear mitotic phenotype. This can
be a consequence of a redundancy between both proteins in mitosis. To test this
possibilty we performed simultaneous CLASP1 and CLASP2 RNAi in parental HeLa
cells. Once the conditions for the efficient knock down of CLASP1 and CLASP2 were
established, we transfected HeCLA cells with the selected oligos. To deplete CLASP1,
cells were transfected with 5 nM of siRNA oligo B, whereas CLASP2 depletion was
achieved with 5 nM of siRNA oligo B (materials and methods). 72 hours after
transfection, cells were collected for western blotting analysis and tested with a mixture
of anti-CLASP1 and anti-CLASP2 antibodies (Figure 19).
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Figure 19 - Western blotting analysis of CLASP1 and CLASP2 knock down by
RNAi in parental HeLa cells. HeLa cell lysates, mock transfected or transfected with
CLASP1 and CLASP2 siRNA oligos B, were prepared 72 h after transfection. Proteins
were separated by SDS-PAGE according to their molecular weight and transferred to
nitrocellulose membranes, which were incubated with antibodies against CLASP2, and
α-tubulin (as a loading control).

In order to quantify the mitotic phenotype, mock transfected and RNAi treated HeCLA
cells were analysed. 72 hours after transfection, cells were fixed in PF, immunostained
for α-tubulin and the DNA counterstained with DAPI. Quantification of mitotic
parameters was made by counting 5,000 to 8,000 cells from two independent
experiments of each genotype. The control and RNAi results are plotted in Figure 20.
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Figure 20 – Frequency of mitotic parameters in control and CLASP1/CLASP2
RNAi tranfected HeCLA cells. The charts show average values from two independent
experiments, and error bars represent the standard deviation. In total, 5000 – 8,000
cells were scored for each genotype.
From the analysis of the mitotic parameters we can observe a small increase in the
mitotic index in RNAi treated cells. The most significant changes in the mitotic
phenotype are the increase in prometaphase cells after RNAi, followed by a decrease
in telophase/cytokinesis cells. Consistently metaphase, anaphase and telophase cells
decreased, possibly due to a mitotic decay in prometaphase, which explains the higher
mitotic index.
The differences in mitotic parameters in RNAi cells are in agreement with the mitotic
abnormalities that were observed (Figure 21). Overall, the increase in prometaphase
cells is consistent with the increased number of abnormal prometaphases, namely
tripolar, tetrapolar, CENP-E like (chromosomes distributed near the spindle poles) and
anaphase-like phenotypes. We also observed some multipolar metaphases, and
monopolar spindles in RNAi treated cells. The main mitotic abnormalities are shown in
Figure 22.
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Figure 21 – Frequency of mitotic abnormalities in control and CLASP1/CLASP2
RNAi treated cells. The chart shows average values from two independent
experiments, and error bars correspond to standard deviation. In total, 5000 – 8000
cells were scored for each genotype.

71

Figure 22 – Mitotic abnormalities observed in CLASP1/CLASP2 RNAi. Figure A
and B show mitosis in control versus RNAi treated cells, respectively. CLASP1 (green)
and α-tubulin (red) were detected with specific antibodies and DNA was counterstained
with DAPI (blue). Corresponding merged images of cells throughout mitosis show DNA,
CLASP1 and α-tubulin (central column).Bar, 5 µm.
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Characterization of CLASP1 Interacting Proteins during Mitosis
Once HeCLA cell line was generated and characterized we proceeded with the LAP
purification in order to determine CLASP1α interactors during mitosis. Cell extracts of
mitotic enriched populations were prepared through the addition of 100 ng/mL of
nocodazole and processed to collect the protein fractions, as described in (Cheeseman
and Desai, 2005). The LAP tag consist of a GFP domain followed by a cleavage site for
the TEV protease and a S-peptide domain. The LAP purification strategy consists of an
initial purification step using beads coupled to GFP antibodies and followed by a TEV
protease cleavage. This cleavage step allows to specifically elute the target fusion
protein and its interactors. This eluate is then incubated with S protein agarose beads
and the target proteins eluted with 8M urea. In order to confirm the presence of
CLASP-1, a small sample of the urea eluate was run in a low bis-acrylamide gel and
the gel was silver stained, as described in materials and methods (Figure 23). The
remaining eluate was used for mass spectrometry analysis.
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Protein

% Sequence Coverage

Size (KDa)

CLASP1

51,2

169,4

Restin/CLIP-170

43,7

156,8

GCC185

41,9

184,6

Astrin

29,2

134,1

CENP-J
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153,0

KIAA0802

15,4

177,8
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13,2

83,2

LL5β

8,4
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CENP-E

7,2
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4,1
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Figure 23 – Purification of CLASP1-interacting proteins from mitotic enriched
HeCLA cell extracts. Proteins LAP purified from HeCLA cell extracts were fractionated
on low bis-acrylamide gels and visualized by silver staining. Mass spectrometric
analysis of CLASP1 purification indicating the percent sequence coverage obtained for
the indicated proteins. For this analysis, the entire eluate was analyzed (not specific
bands).
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The most abundant band in the gel is likely to correspond to the bait protein CLASP1
and migrates with an apparent molecular weight of approximately 150 kDa, a size in
agreement with the estimated molecular weight of CLASP1. Other bands, migrating
with higher or lower molecular weights are likely to be CLASP1 interactors, and this
possibility was confirmed by the mass spectrometry analysis. This analysis was
performed in the lab of Dr. John Yates III (La Jolla, CA) where they used tandem mass
spectrometry, followed by SEQUEST software analysis. Using the SEQUEST
algorithm, acquired fragmentation spectra of peptides are correlated with predicted
amino acid sequences in translated genomic databases. This software analyses the
resulting peptides, aligns, and identifies them taking into account the number of
resulting peptides, the molecular weight and a defined parameter named the
percentage of sequence coverage. This parameter corresponds to the extent of
coverage that individual residues are recognized in the protein sequence. Importantly,
it does not quantify the strength of the interaction, it only indicates the confidence of the
identification of the protein.
Through mass spectrometry analysis of CLASP1α interacting proteins we found an
extensive list of possible interactors. However, most of these proteins resulted to be
false positives, since there are typical contaminations of the LAP purification protocol of
HeLa cells (Appendix B), such as some heat shock proteins and components of the
cytoskeleton (tubulin, lamin and other intermediate filaments). Following analysis of the
provided list we selected the proteins that specifically interact with CLASP1α
considering the number of peptides and the parameters mentioned above. We also
took into account the proteins that have previously been implicated in mitosis. Figure
23 lists the specific proteins with the respective protein name, percentage of sequence
coverage, and size.
The analysis of the selected proteins confirmed interactions that were previously
described for CLASP1α: the interaction with CLIP-170 (Akhmanova et al., 2001) and
with LL5β (Lansbergen et al., 2006).However, novel interactors such as CENP-E,
astrin, CENP-J/CPAP and the novel protein KIAA0802 were found.
Restin/CLIP-170 is a + TIP protein, whose interaction with CLASP1 was described in
interphase. Restin is an isoform of CLIP-170 that was detected at high levels in ReedSternberg cells of Hodgkin’s lymphomas. In interphase HeLa cells, CLIP-170 has been
reported to accumulate in ‘patches’ along the MT network and at the plus ends of MTs.
In mitotic cells, CLIP-170 localizes to prometaphase kinetochores, which indicates a
potential role for CLIP-170 in chromosome segregation. In general, CLIP-170 promotes
MT growth and localizes the dynein-dynactin complex (Galjart, 2005).

Master in Molecular Medicine and Oncology
Results

GCC185 is a Golgi localized Coiled Coil protein with a molecular weight of 185 KDa, it
contains a conserved aminoacid sequence named GRIP. GCC185 is a peripheral
membrane protein specifically distributed to the outer subcompartment of trans Golgi,
defined as trans-Golgi network (TGN). (Luke et al., 2003)
CENP-E is a plus-end directed motor protein that belongs to the kinesin family. It is an
integral component of the kinetochore fibrous corona that is required for stable
attachment of kinetochore MTs and for chromosome congression to the metaphase
plate. (McEwen et al., 2001)
CENP-J is a centrosomal protein also known as CPAP or MCPH that is associated with
the γ-tubulin complex (Hung et al., 2000). CENP-J has a MT destabilizing motif that
binds to tubulin heterodimers and inhibits MT assembly (Hung et al., 2004). Recent
RNAi studies suggest that CENP-J is required for centrosome integrity and spindle
bipolarity in human cells (Cho et al., 2006).
Astrin is a 134 KDa protein identified in a mass spec analysis of MAPs. Astrin is a nonmotor coiled coil protein that associates with spindles throughout mitosis and localizes
to kinetochores of congressed chromosomes (Mack and Compton, 2001). RNAi for
astrin induces a mitotic phenotype with multipolar and highly disordered spindles,
without chromosome congression (Gruber et al., 2002).
MARK2 is a MT affinity-regulating kinase responsible for the phosphorilation of MAPs
(Bohm et al., 1997), and seems to regulate cell polarity. Overexpression of MARK2
leads to a disorganization of the MT cytoskeleton, while its knockdown prevents the
development of a nonradial MT network in polarized cells (Cohen et al., 2004).
LL5β is a phosphatidylinositol (3,4,5)-Trisphosphate sensor, whose recruitment to the
cell cortex is influenced by PI3 kinase activity, but does not require MTs (Paranavitane
et al., 2003). Recently, LL5β was identified as a CLASP partner in interphase cells, in a
complex between CLASP, ELKS and LL5β. LL5β is required for cortical CLASP
accumulation and MT stabilization in HeLa cells (Lansbergen et al., 2006).
Ninein is a centrosomal protein that only associates with the mother centrioles (Piel et
al., 2000). Ninein acts as a MT anchoring protein (Mogensen et al., 2000), and is able
to dock to the γ-TURC complex, suggesting a role for ninein in MT nucleation
(Delgehyr et al., 2005).
Our subsequent study relied on the Golgi protein GCC185.
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Cellular Localization of GCC185 during Mitosis
GCC185 is a coiled coil protein that belongs to the Trans-Golgi-Network (TGN) being
involved in secretory and transport pathways. GCC185 has a conserved GRIP coiled
coil domain that is implicated in membrane transport and association to TGN.
During interphase CLASP1 localizes to the centrosome, and it also accumulates at the
Golgi apparatus. Studies performed by Akhmanova et al showed that CLASP2
stabilizes interphasic microtubules, promoting post-translational modified forms of
tubulin, such as detyrosination and acetylation that concentrate to the region of the
Golgi apparatus (Akhmanova et al., 2001). Therefore, it is possible that the association
between GCC185 and CLASP1α in mitosis has a functional link, creating a bridge
between the Golgi apparatus and mitosis.
Early in mitosis, during prophase, the Golgi ribbon is broken down to discrete stacks
(Colman et al., 1985), which themselves undergo more extensive fragmentation as
cells progress into metaphase, yielding clusters of small vesicles and tubules in
addition to a variable amount of free vesicles in the cytoplasm ((Lucocq and Warren,
1987); (Lucocq et al., 1987), (Lucocq et al., 1989); (Misteli and Warren, 1995)). The
mitotic Golgi clusters are partitioned between the two nascent daughter cells by a
mechanism that appears to utilize the microtubules of the mitotic spindle ((Shima et al.,
1997), (Shima et al., 1998)). During telophase, the vesicles and tubules of the mitotic
clusters fuse to generate stacked cisternae, which then coalesce and connect to reform
the Golgi ribbon ((Lucocq et al., 1989); (Souter et al., 1993)).
In order to explore the link between GCC185 and CLASP1α in mitosis, we performed a
staining of HeCLA cell line with anti GCC185 and anti α-tubulin antibodies (Figure 24).
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Figure 24 – Cellular localization of GCC185 in mitotic HeCLA cells. HeCLA cells
were immunostained for GCC185, α-tubulin, and the DNA was counterstained with
DAPI. Corresponding merged images of cells throughout mitosis show DNA and αtubulin staining (on the right column) and GFP-CLASP1 and GCC185 (on the left
column). Bar, 5 µm.
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In prophase GCC185 colocalizes with CLASP1 around the centrosomal region; in
figure 24 is depicted the centrosome separation and the typical staining of CLASP1 in
prophase, which is consistent with GCC185 staining. In prometaphase, GCC185
localizes in the centrosomes and also in the spindle, a staining that overlaps with
CLASP1 except for the typical CLASP1 kinetochore localization. In metaphase and
anaphase, GCC185 was dispersed all over the cytoplasm without a typical localization.
In telophase, GCC185 distribution is more specific with a typical staining near the
centrosomes and perinuclear region. These results indicate that, during mitosis, the
observed localization of GCC185 overlaps with CLASP1.
Characterization of CLASP1 Interacting Proteins during Interphase
In vitro assays suggest that the Golgi has the ability to nucleate MTs (Chabin-Brion et
al., 2001). Recent evidence pointed that MT nucleation by Golgi membranes occurs in
vivo, and that CLASPs are involved in this process in interphase cells (I. Kaverina,
personal communication, ASCB, CA). Considering that CLASP1 and CLASP2 localise
to the Golgi and taking into account their possible involvement in MT nucleation, we
tested the possibility of a molecular connection between CLASPs and Golgi MT
nucleation. Therefore, protein extracts obtained from interphase HeCla cells were used
for LAP purification and the resulting fractions were analysed by mass spectrometry.
Like for the mitotic preps the mass spec analysis in interphase cells gave a list of
several possible interactors and a list of putative interactors is given in table V.
Table V – Mass spectrometric analysis of CLASP1 purification in interphase
extracts. For the analysis, the entire eluate was analyzed (not specific bands), and the
percentages of sequence coverage obtained for the indicated proteins are listed below.
Protein

% Sequence Coverage

Size (KDa)

CLASP1

61.1

169.4

Restin/CLIP-170

52.5

156.8

GCC185

26.6

184.6

Desmoglein

13,2

113,7

CENP-J

9.7

153

CLIP-170 interaction was found in interphase cells, consistently with the results
described by Akhmanova et al. Curiously the interaction with EB proteins and LL5β
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was not found in our mass spec analysis of interphase extracts, while the interaction
with GCC185 and CENP-J/CPAP was confirmed in interphase cells.
Cellular Localization of GCC185 during Interphase
The interaction between CLASP1 and GCC185 provided the molecular link between
MT nucleation in Golgi apparatus and its dependence on CLASP1. To further
characterize this interaction, we acquired images of interphase HeCLA cells. Figure 25
describe the staining of GCC185 and α-tubulin in HeCLA cells and GCC185 and
GM130 (the Golgi marker) in interphase. Like previously described, GCC185 localizes
to the juxtanuclear Golgi region of the cell (Luke et al., 2003), and perfectly overlaps
with GM130 staining. This result confirms the Golgi localization of GCC185. When
compared to CLASP1, GCC185 staining is coincident to the Golgi associated pool of
CLASP1. This co-localization between CLASP1 and GCC185 re-enforces the possible
interaction between the two proteins.
The treatment of interphase cells with nocodazole induces MT depolymerisation and
consequent redistribution of Golgi proteins and the de novo assembly of Golgi stacks
(Yang and Storrie, 1998). To test this hypothesis, we studied the effects of nocodazole
treatment on GCC185 distribution during interphase. HeCLA cells were treated with 1
µg/ml of nocodazole for three hours, were fixed with paraformaldehyde and stained for
GCC185 and α-tubulin or GCC185 and GM130. (Figure 25)
Like previously described, CLASP1 targeting to the cell periphery is MT independent,
and we didn’t expect any dramatic change in CLASP distribution after nocodazole
treatment. In figure 25 we can see that CLASP1 still localises to the cell cortex, and
around the nucleus. However, after nocodazole treatment GCC185 looses its typical
juxtanuclear localization and appears scattered throughout the cytoplasm, especially
dispersed around the nucleus. This is consistent with the dispersion of the Golgi
complex in mini-stacks after nocodazole treatment. We can also observe that GCC185
reorganizes around the nucleus like CLASP1 does. Like we expected, the same
pattern is displayed by GM130. In figure 25 we can observe that there is a small portion
of CLASP1 in the juxtanuclear region that resembles MT nucleation. However this
CLASP1 distribution does not correspond to MT nucleation, since tubulin staining did
not show this pattern.
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Figure 25 – Cellular localization of GCC185 and GM130 in interphasic HeCLA
cells. HeCLA cells were immunostained for GCC185 and α-tubulin (A), or GCC185 and
GM130 (B) the DNA was counterstained with DAPI. A) Corresponding merged images
of cells throughout mitosis show DNA and α-tubulin staining (on the right column) and
GCC185 and GFP-CLASP1 (on the left column). B) Corresponding merged images of
cells throughout mitosis show DNA and GFP-CLASP1 staining (on the right column)
and GCC185 and GM130 (on the left column). Bar, 5 µm.
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Mutational Analysis of CLASP1 protein in HeLa cells
CLASP1 is a +TIP protein that plays essential roles in MT-kinetochore attachment
during mitosis (Maiato et al., 2005). Furthermore, in interphase CLASP1 is able to
stabilize MTs (Akhmanova et al., 2001), and recent evidences suggest that CLASP1 is
able to promote non-centrosomal nucleation of MTs (Kaverina et al, personal
communication). Since several +TIPs have been implicated in tumourigenesis, and
CLASP1 showed a role in interphase and mitosis, we investigated a possible link
between CLASP1 and tumourigenesis.
In order to search for mutations in CLASP1 gene we designed a set of primers that
cover the whole transcribed sequence of the gene (table III). Using HeLa cDNA as a
template, we amplified 19 fragments by PCR (corresponding to the 19 pair of oligos)
and these fragments were sequenced. The sequences were analysed and aligned with
published CLASP1 sequences. Four major modifications were found in HeLa cells: a
point mutation, in position 1312; and three deletions.
The mutation occurs in nucleotide 1312 and corresponds to a transition of a thymine
base to a cytosine. The mutated DNA was translated and aligned with CLASP1
sequence (Appendix C) with homology of 100%. So, we classified the mutation as
missence, since it doesn’t modify the translated protein.
Furthermore in our sequence analysis we found three deletions. The first occurs from
nucleotide 2018 to 2035; this mutation corresponds to a partial loss of exon 21 in
CLASP1 sequence. The deletion of these 18 nucleotides translates in the loss of 6
amino acids (aa) without loosing the reading frame (Appendix D). The lost amino acids
are localized in the CLASP1 MT binding domain (673 to 678 aa). Therefore, this
deletion can compromise the ability of CLASP1 to interact and stabilize MTs, although
it doesn’t affect the remaining protein.
The second deletion takes place from nucleotide 2212 to 2320, which induces the
skipping of 109 nucleotides. This deletion corresponds to the total loss of CLASP1
exon 23, but in addition it looses the last guanine of exon 22. When this sequence is
translated the resulting protein has 738 aa, that share 737 aa with CLASP1 (Appendix
E). However, the deletion induces a premature stop codon that truncates the protein.
Consequently, the truncated protein looses part of CLASP1 MT binding domain and the
entire kinetochore binding domain.
The last deletion seems to be a CLASP1 alternative splicing form. The deletion occurs
from 3374 to 3490 nucleotides, and it corresponds to the total loss of exon 23 of
CLASP1. The deletion of 117 nucleotides translates in the loss of 39 aa from position
1125 to 1164, without impairing CLASP1 reading frame (Appendix F). This deletion
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doesn’t affect either the kinetochore or the MT binding domains. Overall, the deletion
seems to correspond to another CLASP1 isoform.
The deletions identified are schematically represented in Figure 26.

Figure 26 – Schematic representation of CLASP1 deletions found in a
sequencing analysis in HeLa cells.
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CLASP1 and CLASP2 Play Redundant Roles during Mitosis
In this work we investigated the mitotic role of mammalian CLASPs. While CLASP1
has been studied both in interphase and in mitosis, nothing is known about CLASP2
function in mitosis. Here, we characterized the distribution of CLASP2 and its colocalization with CLASP1 throughout mitosis. We found that both proteins were
targeted to the same mitotic domains, including kinetochores, centrosomes, spindle
midzone and midbody. The similar cellular localization of CLASP1 and CLASP2 in
mitosis suggests that both proteins participate in the same mitotic processes.
Previous studies involving injection of peptide antibodies that recognize CLASP1 but
not CLASP2 into HeLa cells was sufficient to compromise mitosis, strongly suggesting
that CLASPs have specific functions, but not excluding the possibility that they may act
cooperatively to ensure cell viability (Maiato et al., 2003a) (Maiato et al., 2003b).
Indeed, recent RNAi studies in HeLa cells have shown that the phenotype caused by
partial depletion of both CLASPs during interphase can be rescued by expression of
CLASP2 alone, suggesting that CLASP1 and CLASP2 play redundant roles in MT
stabilization (Mimori-Kiyosue et al., 2005). However, in those experiments only a partial
depletion of one or both CLASPs was achieved, leaving open the possibility that
residual CLASP levels can still be sufficient to mask essential phenotypic aspects.
To test the idea that CLASPs play redundant roles in mitosis we analyzed Clasp2
knock out MEFs (Drabek et al., 2006) to determine the cellular distribution of CLASP1.
Knock out cells show a variety of mitotic defects, but in general, mitotic progression
was not impaired (Pereira et al., 2006). However, the absence of CLASP2 could
somehow compromise mitotic fidelity, by impairing the SAC. In order to rule out this
possibility, Mad2 distribution in Clasp2 KO MEFs versus WT MEFs was determined,
and we found no differences between the two situations. Accordingly, WT and KO
MEFs treated with nocodazole show similar mitotic arrests, indicating that Clasp2 KO
cells have a functional SAC. However, there are several mitotic defects that are
invisible to the SAC. The presence of multiple poles, incorrect kinetochore–MT
attachments, cytokinesis defects, or adaptation to a mitotic delay are just a few known
examples that can generate aneuploidy, without being prevented by the SAC. Primary
mammalian cells lacking Clasp2 exhibit several of these defects that are either invisible
to or bypass the SAC (Pereira et al., 2006). Overall, these results suggest that cells
can overcome CLASP2 absence with CLASP1 activity. Together with interphase data,
these results strengthen the idea of CLASP1 and CLASP2 redundancy in cells.
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The present studies were all performed at the cellular level. However, it would be
important to assess the outcome of CLASPs depletion in the context of different tissues
and organisms. The availability of Clasp2 KO mice may be helpful. Accordingly, in the
absence of CLASP2, mice are viable, yet they have a reduced body weight, severely
affected germ cell development and distinct hematopoietic defects (Drabek, Vermeij,
Nikoli, Drabek, Vreeburg, Grootegoed, Mommaas, Limpens, Hendriks, Grosveld,
Italiano Jr., and Galjart, unpublished data), supporting the idea that absence of Clasp2
does not completely hamper cell proliferation during embryonic development but has
consequences in proliferating tissues. Moreover, the animals showed decreased brain
size which is in agreement to the expression of several CLASP2 isoforms that are
specific to the brain. It is possible that the absence of CLASP2 in the brain somehow
impairs mitosis, originating a smaller organ, as it is the case for Drosophila (Lemos et
al., 2000).
In conclusion, it is not known whether the existence of multiple CLASPs reflects an
overlapping role to make a process more efficient, or whether they work in separate
cellular processes. Study of Clasp1 KO mice will help to elucidate how CLASP1 and
CLASP2 act in the cell. Nevertheless, data collected until now suggest that CLASP1
and CLASP2 are redundant proteins and can act as backup mechanisms when one of
the proteins is missing.
To further understand CLASP roles in mitosis, we performed RNAi for CLASP1 and
CLASP2 in HeLa cells. In our studies, single CLASP depletion did not cause a mitotic
phenotype, which is in agreement with the results obtained in interphase cells (MimoriKiyosue et al., 2005). On the other hand, reducing the levels of both CLASPs by RNAi
causes severe mitotic spindle defects (mainly multipolar cells), and abnormal DNA
content (aneuploidy). Once again, RNAi results support the idea of CLASPs
redundancy in mitosis: only when both CLASPs were depleted, we were able to detect
mitotic spindle defects.
Accordingly, early stages of Drosophila CLASP knockdown by RNAi induce monopolar
spindles due to spindle collapse. In later stages of RNAi depletion, cells become
multipolar and polyploid (Maiato et al., 2002). Mast mutants also show an increase in
monopolar cells, but also in polyploid cells, with multipolar spindles ((Lemos et al.,
2000) & (Inoue et al., 2000)). In CLASP1/CLASP2 RNAi, we only found a small
increase in monopolar spindle cells. The main spindle defects were associated with
multipolarity and polyploidy. These results are consistent to the ones found in mast
mutants and late stages of Mast RNAi. Indeed, cells submitted to RNAi treatment for 72
hours are under a mitotic arrest, and may have adapted to an earlier arrest getting out
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of mitosis without chromosome segregation and cytokinesis, leading to polyploid cells.
It is possible that at early stages of CLASPs knockdown, cells exhibit other spindle
defects like monopolar spindles. This would explain the increase in multipolar spindles
and DNA content observed in our RNAi experiments. To confirm this hypothesis, a time
course RNAi study will be required in order to determine the mitotic phenotype at
different time points of CLASP depletion.
Taking into account that both CLASPs localize to centrosomes throughout the cell
cycle, increased numbers of multipolar spindles due to RNAi treatment can also be
explained as a consequence of aberrant centrosome replication during S phase, or
centrosome fragmentation. In our studies, we checked for γ-tubulin to determine
centrosome number. Although γ-tubulin is a typical centrosome marker, there may be
γ-tubulin foci that do not correspond to centrosomes. Therefore, it will be important to
use a centriole marker (such as centrin or ninein) to confirm the multipolar phenotype
and to accurately determine centrosome number. Alternatively, electron microscopy
(EM) studies could be performed in RNAi treated cells, and determine centrosome
number in the alleged multipolar cells.
Another possible cause for the observed mitotic phenotype is cytokinesis failure in
knock down cells. In the absence of CLASPs, cells may not be capable to organize a
functional cleavage furrow leading to failure of cytokinesis. As a consequence, cells
may become polyploid, with several centrosomes. In agreement, cytokinesis failure
was observed in Clasp2 KO MEFs and is thought to be in the basis of chromosome
instability on those cells (Pereira et al., 2006).
To understand how polyploidy arises, it will be essential to perform live cell studies in
CLASP-depleted cells. Taking advantage of cells labeled with fluorescent α-tubulin, we
could compare mitotic progression and spindle assembly in normal versus CLASP
depleted cells. By performing these live cell studies we will be able to look for mitotic
spindle assembly (to confirm if there are several MTOCs) and check how cytokinesis
occurs in both situations. Live cell studies in different RNAi time points will also provide
the information about the consequence of early versus late depletion effects in mitotic
progression.
Although additional studies will be required for understanding the mitotic defects after
CLASPs knockdown, we envision that when CLASPs levels are low, MT dynamics are
compromised and cells lack the ability to assemble a functional spindle. Consequently,
cells exit mitosis without proper chromosome and centrosome segregation leading to
multipolar cells with increased DNA content (aneuploidy).
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Proteomic Characterization of CLASP1 Interacting Protein Network
To fully understand CLASP1 and CLASP2 functions, it would be important to know
their interacting protein network. Mammalian CLASP1 has some known protein
interactors in interphase: CLIP115, CLIP170 and EB1 (Akhmanova et al., 2005) and
(Mimori-Kiyosue et al., 2005), respectively. Work in Xenopus meiotic extracts, showed
that Xorbit (CLASP homologue) interacts with CENP-E (Hannak and Heald, 2006). In
order to extend this knowledge we performed a proteomic analysis of CLASP1
interacting proteins during mitosis. Several proteins were identified by mass
spectrometry and their relevance for mitosis and CLASP1 function was assessed.
CENP-E was one of the interactors found in our proteomic analysis, in agreement with
the result in Xenopus. CENP-E is an outer kinetochore protein that is related to
chromosome congression (Kapoor et al., 2006) and is required for a functional
kinetochore-MT interface during mitosis (McEwen et al., 2001).
Astrin was also found to interact with CLASP1 in our proteomic analysis. Astrin is a
MAP that localizes to centrosomes, spindle MTs, and MT attached kinetochores (Mack
and Compton, 2001). Whenever Astrin is depleted by RNAi in HeLa cells,
chromosomes were unable to congress, leading to multipolar and highly disordered
spindles (Gruber et al., 2002).
Both CENP-E and Astrin are proteins that localize to kinetochores, and like CLASP1,
they are essential for chromosome congression. Therefore, we are in the presence of
three proteins that may control the process of chromosome congression and spindle
assembly. It will be important in the future to perform an extensive study to determine
the hierarchical dependency of these proteins at the kinetochore, and their
interdependence for chromosome congression.
Our preliminary results indicated that CENP-E is required for CLASP1 to localize to
kinetochores (unpublished results). This suggests a hierarchy for CENP-E and
CLASP1 recruitment to the kinetochore. Moreover, CLASP1/CLASP2 RNAi originates
in some cells a CENP-E like phenotype. Taking this into account, one could raise the
question of whether the problems in chromosome congression observed after
perturbation of CENP-E are a direct consequence of CLASP1 or CENP-E activity at the
kinetochore. To resolve this problem, it will be important to determine CENP-E
localization in double CLASP RNAi (to establish if this is a unilateral or bilateral
dependence). Live cell studies on both RNAi situations will shed light about the
effective recruitment of both proteins to kinetochores, and will help to clarify how
chromosome congression occurs.
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Curiously, in our proteomic screening, we found some centrosomal proteins (such as
ninein and CENP-J) that interacted with CLASP1 in mitosis. The presence of
centrosomal proteins as CLASP1 interactors is not a surprise, since CLASP1 is always
present at centrosomes throughout the cell cycle. However, this result suggests that
there is still an unknown function for CLASP1 at centrosomes.
Like CLASP1, CENP-J depletion induces a mitotic arrest with multipolar spindles (Cho
et al., 2006). CENP-J associates with γ-tubulin complex (Hung et al., 2000), and it is
mutated in a genetic disorder called autosomal recessive microcephaly (MCPH),
characterized by the small brain size of patients (Woods et al., 2005). On the other
hand, Ninein associates with the mother centrioles (Piel et al., 2000), and is thought to
be involved in MT nucleation (Delgehyr et al., 2005). Taking into account the
localization and function of these CLASP1 interactors, we could speculate that
somehow CLASP1 is involved in the regulation of centrosome integrity and in MT
nucleation. If true, this function at centrosome level explains the mitotic phenotypes
found in our CLASPs RNAi experiments. Moreover, CLASP1/CENP-J interaction in
mitosis may provide an explanation for the small brain size found in Clasp2 KO mice.
It will be important in the future to determine whether CLASP1 is required for the
targeting of CENP-J and Ninein to centrosomes (or the other way around). Simple
RNAi studies for CLASP1/CLASP2, ninein, or CENP-J will provide useful information.
Moreover, it will be important to determine the specific effects of CLASP1 depletion at
the centrosome level.

Once again, assessing spindle assembly and centrosome

behavior in CLASP depleted cells (by live cell imaging) will shed light into this problem.
By imaging cells depleted for CLASP1/CLASP2 and subsequent treatment with
nocodazole and nocodazole wash-out will provide information about how MT
nucleation occurs, and its dependency on CLASPs.
GCC185 was also found to associate with CLASP1 in mitosis. GCC185 is a Golgi
protein that belongs to the TGN and is related to protein membrane trafficking (Luke et
al., 2003). In interphase cells, CLASP1 and CLASP2 accumulate at the Golgi
apparatus and this accumulation is related to the presence of stabilized MTs
(Akhmanova et al., 2001). However, there is no information concerning Golgi function
during mitosis or a relation between CLASP1 and Golgi vesicles during mitosis.
CLASP1 and GCC185 Interaction: Functional Implications
In order to clarify the relationship between Golgi and mitosis, we determined the mitotic
distribution of GCC185. The results suggest that in early stages of mitosis GCC185
localizes around centrosomes, and disperses in metaphase and anaphase. However,
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in telophase, GCC185 re-localizes to the perinuclear region and centrosomes.
Furthermore, there is some overlapping between GCC185 and CLASP1 localization
during mitosis, specifically in prophase, prometaphase and telophase.
Motivated by the suggestive evidence that there is a CLASP1 dependent MT
nucleation by Golgi membranes (Kaverina et al, unpublished observations), we
performed the same proteomic approach in interphase extracts. Among others, we
found GCC185 as a CLASP1 interacting protein. This interaction provides the
mechanistic link between MT nucleation by the Golgi apparatus and its dependence on
CLASP1.
Since CLASP1 and GCC185 interact during mitosis, we could speculate that the Golgi
apparatus can promote MT nucleation also in mitosis. Therefore, besides centrosomal
and chromatin induced MT nucleation, there could be a third MT nucleation pathway
dependent on Golgi apparatus and CLASP1 activity. This is an exciting idea to pursue,
and it will be important to determine the contribution of this supposed MT nucleation by
Golgi vesicles during mitosis. For that, centrosome ablation by laser microsurgery may
be an efficient tool to assess this contribution. Moreover, GCC185 depletion by RNAi
will provide important information about CLASP1 function both in interphase and
mitosis (and vice versa), since it prevents the targeting of CLASP1 to the Golgi.
CLASPs, Aneuploidy and Cancer
We propose that CLASPs have overlapping roles during mitosis and have evolved to
ensure mitotic fidelity. This scenario may change when one of the corresponding
paralogues is absent or deficient, sporadically compromising the accuracy of the
process and leading to the genesis of aneuploidy. Over time, this situation may confer
advantageous and selective properties for cell survival and contribute to the origin of
cancer. Like it is the case of other +TIPs, it is reasonable to speculate that CLASPs
may have a role in tumourigenesis.
Since CLASP depletion is accounted with aneuploidy it is possible that CLASPs may
be deregulated in several human cancers. CLASPs bind to CLIP-170/Restin, CLIP-115,
EB1 and EB3, which is important for their targeting to microtubule plus-ends (Galjart,
2005). Furthermore, EB1 per se is known to interact with the tumour suppressor protein
APC (Su et al., 1995). All these +TIPs have been implicated in tumorigenesis: APC is
highly mutated in colorectal cancers (de la Chapelle, 2004) and CLIP-170/Restin and
EB1 are abnormally expressed in Hodgkin’s disease (Bilbe et al., 1992), gastric
carcinomas and esophageal squamous cell carcinomas, respectively (Nishigaki et al.,
2005) and (Wang et al., 2005). Presently, both EB1 and APC are considered as
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molecular markers of chromosome instability (CIN). Finally, like APC, CLASPs are
regulated by GSK3β kinase (Akhmanova et al., 2001), which has been implicated in the
transcriptional activation of key cell-cycle regulators and oncogenes (Harwood, 2001).
Taking this into account, it is reasonable to speculate that CLASPs may be targets for
aneuploidy-related mutations and ultimately cause cancer.
In the present study, we found that CLASP1/CLASP2 depletion is associated to
aneuploidy. We reasoned that given the redundancy of CLASPs during the cell cycle
and their essential function at the kinetochore-microtubule interface, mutations or
altered expression levels of these proteins may lead to chromosome missegregation
and consequently to aneuploidy.
To pursue this idea, we performed a mutational screening in CLASP1 cDNA derived
from a HeLa cell line (derived from cervix carcinoma). In our mutational analysis we
found three deletions: two of them may correspond to CLASP1 alternative spliced
isoforms (737→1538 and 1125→1164), and the other derives from the partial loss of
exon 21 (673→679). Deletion 737→1538 leads to the total loss of the kinetochore
binding domain of CLASP1, which is crucial for protein activity. If this deletion is
confirmed, it will originate an aberrant protein that can compromise mitotic progression
and fidelity. It will be important to confirm the described deletions not only in HeLa but
also in other cancer derived cell lines, and determine if there are cancer specific
isoforms of CLASP1.
Several CLASP1 mutations were found within the same cell line. This could be a
reflection of chromosome instability that leads to random mutations, or that CLASP1
gene is a main target for mutations. Expression analyses suggested that there are
cancer specific splicing events for CLASP1 gene (Maiato, unpublished observations).
The obvious potential of this finding for future diagnostic and therapeutical purposes
demands further clarification of the cellular role played by each alternatively spliced
CLASP isoform. Furthermore, it will be important to understand the regulatory role
played by the splicing machinery in the control of CLASP function.
Overall CLASP1 and CLASP2 are redundant proteins in mitosis, whose absence can
originate several mitotic defects, and ultimately aneuploidy.
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Appendix A - CLASP1 and CLASP2 Sequence Alignment
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Boxes depict aminoacid residues that match CLASP1 sequence.

Schematic representation of CLASP1α microtubule and kinetochore binding domains.
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Appendix B - LAP Procedure Typical Contaminations
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Locus

CLASP1

Description
heat shock 70kDa protein 8 isoform 2; heat shock
cognate protein, 71-kDa; heat shock 70kd protein 10;

gi|24234686|ref|NP
_694881.1|

35,3

heat shock cognate protein 54; constitutive heat
shock

protein

70;

lipopolysaccharide-associated

protein 1; LPS-associated protein 1; heat shock 70kD
protein 8 [Homo sapiens]
heat shock 70kDa protein 8 isoform 1; heat shock
cognate protein, 71-kDa; heat shock 70kd protein 10;
gi|5729877|ref|NP_
006588.1|

28,6

heat shock cognate protein 54; constitutive heat
shock

protein

70;

lipopolysaccharide-associated

protein 1; LPS-associated protein 1; heat shock 70kD
protein 8 [Homo sapiens]
gi|14389309|ref|NP
_116093.1|
gi|17921991|ref|NP
_524575.1|
gi|17921993|ref|NP
_005992.1|
gi|17986283|ref|NP
_006000.2|
gi|46409270|ref|NP
_997195.1|
gi|5174477|ref|NP_
006073.1|

22,9

tubulin alpha 6 [Homo sapiens]

16,3

tubulin, alpha 2 isoform 2 [Homo sapiens]

19,6

tubulin, alpha 2 isoform 1 [Homo sapiens]

22,8

tubulin, alpha 3; tubulin, alpha, brain-specific; hum-atub1; hum-a-tub2 [Homo sapiens]

19,6

similar to alpha tubulin [Homo sapiens]

22,8

tubulin, alpha, ubiquitous [Homo sapiens]
heat shock 70kDa protein 5 (glucose-regulated

gi|16507237|ref|NP
_005338.1|

38,5

protein, 78kDa); Heat-shock 70kD protein-5 (glucoseregulated protein, 78kD); heat shock 70kD protein 5
(glucose-regulated protein, 78kD) [Homo sapiens]

gi|27436929|ref|NP
_005518.2|
gi|4885431|ref|NP_
005337.1|
gi|17921989|ref|NP
_005991.1|
gi|9507215|ref|NP_
061816.1|
gi|13676857|ref|NP
_068814.2|
gi|27436946|ref|NP
_733821.1|
gi|27436948|ref|NP

12,5
19,8
15,2
11,6
5

heat shock 70kDa protein 1-like; heat shock 70kD
protein-like 1 [Homo sapiens]
heat shock 70kDa protein 1B; heat shock 70kD
protein 1B [Homo sapiens]
tubulin, alpha 1; testis-specific alpha tubulin; tubulin
alpha-1 chain [Homo sapiens]
tubulin, alpha 8; tubulin, alpha-like 2 [Homo sapiens]
heat shock 70kDa protein 2; Heat-shock 70kD
protein-2; heat shock 70kD protein 2 [Homo sapiens]
lamin A/C isoform 1 precursor; 70 kDa lamin; progeria

3,9

1

(Hutchinson-Gilford

type);

Charcot-Marie-Tooth

disease, axonal, type 2B1 [Homo sapiens]
lamin A/C isoform 3; 70 kDa lamin; progeria 1
4,1

(Hutchinson-Gilford

type);

Charcot-Marie-Tooth
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Appendix C - CLASP1 and CLASP1 Mutation (nt 1312) Sequence
Alignment
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Boxes depict aminoacid residues that match CLASP1 sequence.
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Appendix D - CLASP1 and CLASP1 Deletion (from aa 673 to 679)
Sequence Alignment
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Boxes depict aminoacid residues that match CLASP1 sequence.

Schematic comparison of CLASP1α sequence and CLASP1 deletion from aminoacids
673 to 679.
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Appendix E - CLASP1 and CLASP1 Deletion (from aa 737 to 1538)
Sequence Alignment
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Boxes depict aminoacid residues that match CLASP1 sequence.

Schematic comparison of CLASP1α sequence and CLASP1 deletion from aminoacids
737 to 1538.
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Appendix F - CLASP1 and CLASP1 Deletion (from aa 1125 to 1164)
Sequence Alignment
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Boxes depict aminoacid residues that match CLASP1 sequence.

Schematic comparison of CLASP1α sequence and CLASP1 deletion from aminoacids
1125 to 1164.

