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1 Introduction 

1.1 Proliferation and the mitotic cell cycle 

Cell proliferation (cell growth and cell division) is a basic process essential for growth 

and development of all life forms. This facilitates the population growth of unicellular life 

forms while in multicellular organisms contributes to embryonic development, body growth 

and repair, and renovation of organs and body structure. All eukaryotes proliferate through 

two different division mechanisms, mitosis (somatic cells) and meiosis (reproductive cells). 

During the proliferation process, a series of cyclic cellular and molecular changes occur in a 

given orderly sequence known as the four distinct phases (G1, S, G2, and division phase) of 

the cell cycle, of which both mitosis and meiosis are the final stages (Fig. 1). The G1-phase is 

the first growth phase where decision for cell division is made. The S-phase is characterized 

by replication or duplication of the centrosome and chromosomes and is followed by second 

growth phase (G2) where preparations are made for final division. The cell cycle has three 

checkpoints (G1-, G2-, and M-checkpoints) which verify the readiness of cells before 

undergoing division. During the division phase, two centrosomes move to opposite poles, 

replicated chromosomes segregate and finally the cell divides into two identical daughter 

cells. Each daughter cell receives one centrosome and a set of chromosomes. The division 

phase is subdivided into two phases, mitotic or M-phase and cytokinesis. According to 

molecular changes, the mitotic phase is further divided into four different subphases called 

prophase, metaphase, anaphase, and telophase (Fig. 2).  

 

Cell proliferation and cell cycle progression are tightly regulated events which 

determine correct duplication and segregation of each chromosome and ensure equal 

distribution of the complete genome at the end of cell division (1). Any escape from this 

regulatory mechanism leads to alterations in the genetic makeup of daughter cells, which 

subsequently can result in many abnormalities (including aneuploidy and cancer) and genetic 

disorders (2). Cyclic ON/OFF setting of different Cyclin-CDK complex activity is the core 

regulatory mechanism of the cell division cycle (Fig. 1). Cyclins are the regulatory units and 

CDKs represent the catalytic units of these regulatory complexes. In 2001, the Nobel Prize in 

Physiology and Medicine was awarded to three scientists (Leland H. Hartwell, Tim Hunt, and 
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Sir Paul Nurse) for the discovery of these cell cycle regulatory genes (3). So far several 

functional homologues and orthologs of cyclins and CDKs (Cell Division Kinase) have been 

identified (4). In parallel to Cyclin-CDK complexes, several other enzymatic and structural 

proteins and their complexes are involved in the regulation of proliferation whose expression 

and function is switched ON and OFF in order to regulate cell cycle progression and cell 

proliferation (5,6). 

 

G1�Phase

S�Phase

G2�Phase

G0�phase

P
Cyclin A

CDK�2

P
Cyclin A

CDK�1

P P

P
Cyclin B

CDK�1

P
Cyclin C

CDK�3

 
Fig. 1: The cell division cycle (mitosis). 
The mitotic cell cycle proceeds through four phases: G1 (gap 1), S (synthesis), G2 (gap 2) and M 
(mitosis). Cytokinesis is the end step of mitosis after which two identical daughter cells form. 
Switching ‘ON’ and ‘OFF’ of different Cyclin-CDK complex regulates cell progression through 
different phases and different checkpoints verify the readiness of cell to go into next phase. The G1-, 
G2-, and M-checkpoints confirm the readiness of the cell for division. 

Among such proteins, the Transforming Acidic Coiled Coil (TACC) protein family is 

one of the important classes which are expressed in a cyclic manner and displays a cell cycle 

regulatory function during mitosis. Members of this family are essential structural 
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components of the mitotic spindle apparatus and regulate centrosome-dependent assembly of 

spindle microtubules and their dynamics and stability (7-10). TACC3 is a vertebrate ortholog 

of this family that is known to be involved in cell cycle regulation by controlling spindle pole 

organization during mitosis. TACC3 depletion in NIH3T3 cells results into p53-p21WAF- 

mediated cell cycle arrest in the G1 and G2 phase (11). TACC3 gene expression has been 

found to be upregulated in different highly proliferative cells types including cancer cells 

(12). RNA expression profiling indicates that TACC3 gene expression commences with the 

start of S-phase, reaches to peak level during the G2/M phase, and subsequently decreased to a 

very low level at the end of mitosis (13). 

1.2 Centrosomes and the mitotic spindle apparatus 

The mitotic spindle apparatus is comprised of centrosomes, spindle microtubules, and 

associated protein complexes. The centrosome evolved in the metazoan lineage of eukaryotic 

development and is well characterized as primary microtubule organizing centre (MTOC). 

The normal function of the MTOC is necessary for chromosome alignment, segregation and 

cytokinesis during the cell cycle (14). The centrosome is comprised mainly of a 

perpendicularly aligned pair of centrioles surrounded by pericentriolar matrix (PCM) 

components. Centrosomes also duplicate and divide in a cyclic manner called “centrosome 

cycle” and function as spindle poles during cell division (15). Therefore the centrosome cycle 

is tightly linked to the cell cycle and is regulated by cell cycle regulatory proteins (16). 

Centrosome duplication or centriole replication is a semi-conservative process that begins 

immediately after the cell crosses the G1-checkpoint. The centrosome passes through a 

maturation process during early G2-phase where it augments the extent of PCM components. 

The maturation process stops via separation of orthogonally arranged pair of two centrioles 

with its own PCM components thereby generating two centrosomes at the end of G2-phase. 

During mitosis, the centrosomes move away from each other to form the bipolar spindle and 

at the end of cytokinesis each daughter cell receives one centrosome. Following cytokinesis, 

centrosomes have to pass through a centrosome disorientation process to resume the next 

“centrosome cycle” at the beginning of a new cell division cycle (15). 
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In the G2/M transition phase, prophase and metaphase cells pass through a massive 

microtubule rearrangement process and two centrosomes move opposite to each other and 

form the bipolar spindle apparatus (Fig. 2) (17). Upon entry into the G2/M phase and during 

mitosis, centrosomes dramatically boost up their microtubule nucleation capacity by 

recruiting the �-tubulin ring complex (�TURC). The �TURC along with additional accessory 

and essential protein complex enables microtubules to grow out of the centrosome. 

Microtubule nucleation and its elongation is a dynamic process that depends on microtubule 

polymerization (rescue) and depolymerization (catastrophe) rates and the presence of various 

microtubule stabilizing and destabilizing factors (18,19). The XMAP215 (Xenopus 

microtubule associated protein) family members, also called processive microtubule 

polymerases, polymerize microtubules and boost up the elongation steps (20). Other 

accessory and essential microtubule associated proteins (MAPs) helps in spindle microtubule 

stability. 

 

Prophase Metaphase Anaphase
Telophase Cytokinesis  

Fig. 2: Mitotic phase of cell division cycle.Prophase is the early phase and telophase is the late phase 
which is followed by cytokinesis. During prophase two centrosomes move towards opposite poles, 
chromosomes become shorter and thicker because of condensation and nuclear membrane disappears; 
in metaphase cells are characterized by high microtubule organization followed by chromosomal 
attachment to the plus end of microtubules with the help of kinetochores which leads to chromosomal 
arrangement at metaphase plate; at the end of metaphase two chromatids separate from each other by 
the action of the anaphase promoting complex (APC) move towards opposite poles during anaphase, 
telophase is identified by reformation of nuclear membranes by the end of cytokinesis two daughter 
cells formed each receiving one nucleus with one set of genome. 

During metaphase, majority of spindle microtubules appear to pass from one spindle 

pole to another known as ‘centrosomal fibers,’ whereas few of them called ‘K-fibers’ attach to 

the chromosomes at the centromeres by means of the kinetochore complex. The cell stays in 

metaphase until the last chromosome gets properly attached to K-fibers originated from both 

the spindle poles. This is an imperative consensus for the identical allocation of all 
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chromosomes at the metaphase plate. One (in yeast) to several microtubules (11-40 in 

humans) attach to kinetochore complexes (21). 

 

Anaphase begins with spindle microtubule depolymerization or catestrophe events due 

to the action of the microtubule depolymerase XKCM1/MCAK protein (22). This generates 

drag force or tension on centromeres for chromatid separation or chromosome segregation to 

the opposite spindle poles. During telophase, chromosomes reach the respective poles and two 

daughter nuclei are formed, followed by separation into two daughter cells by the end of 

cytokinesis (6). Thus microtubule dynamics (rescue and catastrophe) is an essential agreement 

made by mitotic cells for the arrangement of chromosomes at the equatorial plate and their 

further proper segregation among both daughter cells. 

 

The TACC3 protein is one of the most central PCM components which is known to 

form a protein complex with colonic and hepatic tumor over expressed gene (chTOG), a 

member of the evolutionary conserved XMAP215 protein family and Clathrin heavy chain 

(CHC) molecules (8,23-27). They localize at centrosomes and along the spindle microtubules 

in an Aurora-A kinase phosphorylation-regulated manner (28-33). Here, TACC proteins along 

with XMAP215 group members and other MAPs are the key players of spindle microtubule 

dynamics (8,34). Throughout G2/M transition phase, prophase and metaphase, cells display 

high TACC3 proteins level along with numerous other spindle microtubule stabilizing factors. 

With the beginning of anaphase, TACC3 gets degraded through the Cdh1-dependent 

proteasomal degradation pathway (35). Although several reports suggest that TACC3 in 

complex with chTOG plays a crucial role in spindle microtubule dynamics (8,24,25), to date 

the actual function of TACC3 and mechanism of TACC3-chTOG complex formation at the 

biochemical and biophysical level has not been clearly characterized. 

1.3 The family of centrosomal TACC proteins 

The centrosome represents a supra-molecular assembly of protein complexes 

comprised of more than 100 proteins and considered a fundamental subcellular organelle in 

all metazoans (36-38). Most centrosomal proteins (71.3%) contain coiled coil (CC)-like 

structures which add an essential structural role to centrosomal function (39,40). Members of 
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the centrosomal TACC family can also be identified by their conserved C-terminal CC 

domain (TACC domain) comprised of about 200 amino acids (34,41,42). TACC proteins 

evolved only within the metazoan lineage of eukaryotic evolution along with the centrosome 

and are categorized as a separate protein family (41). Amongst all metazoans, invertebrates 

have a single known member (Spc72 in Saccaromyces cereviceae, Alp7 in 

Schizosaccaromyces pombe, TACC in Dictyostelium discoideum, TAC1 in Caenohabditis 

elegans, and D-TACC in Drosophila melanogaster), while all vertebrates contain three TACC 

protein isoforms named TACC1, TACC2, and TACC3 (24,42-45). Of these three isoforms, 

TACC1 and TACC2 are expressed in various mitotic and postmitotic cell types and tissues. In 

contrast, the third isoform, TACC3 is exclusively found in proliferating tissues and cells like 

during embryonic development, in hematopoietic cells and stem cells, reproductive tissues 

and other postnatally proliferating tissues (12). TACC isoforms in vertebrates are found to be 

localized at centrosomes in a slightly different manner (42). At the spindle pole, the 

centrosomal TACC1 localizes weakly whereas TACC2 localizes strongly during mitosis and 

throughout the cell cycle. On the other hand, TACC3 localizes strongly in a more diffuse 

region around mitotic centrosomes (42). 

1.3.1 Evolution of TACC proteins 

TACC1 is the first member of the TACC protein family which was identified and 

characterized in human breast cancer specimen and found to be localized close to FGFR1 

region at human chromosome 8p11 (46). Subsequently, TACC2 and TACC3 were identified 

and mapped in human and mouse and also found physically linked with corresponding 

FGFR2 and FGFR3 regions of chromosomes 4p16.3 and 10q26, respectively (45,47). After 

this finding, it has been postulated that during evolution, TACC/FGFR gene pairs did undergo 

two gene duplication processes to give rise to the three distinct FGFR/TACC gene pairs on 

chromosome 4p16.3 (FGFR3/TACC3), 8p11 (FGFR1/TACC1), and 10q26 (FGFR2/TACC2), 

respectively. 

 

Till date, three isoforms of TACC proteins are recognized in all representative 

vertebrates except Xenopus where only two isoforms TACC3/Maskin (from Xenopus. laevis) 

and TACC2 (from Xenopus. tropicalis) have been reported (48,49). Therefore, the existence 

of a fourth FGFR member indicates consequently to the presence of a fourth TACC member 
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in all vertebrates. Although TACC4 in Oryctolagus cuniculus and RHAMM in humans have 

been identified as putative TACC family members, their true identity is still under debate 

(41,50). In an evolutionary tree of coiled coil structure-containing proteins (Fig. 3), the TACC 

family members are different from other coiled coil containing proteins (e.g. keratins, 

tropomyosins, and kinesins). However, RHAMM seems to form a separate family and is 

closer related to tropomyosin and kinesin like-proteins. 

 

 
Fig. 3: Phylogenetic tree of TACC family proteins. 
The TACC family members constitute a separate subfamily of coiled coil containing proteins, which is 
different from other coiled coil families such as the keratins, RHAMM, and tropomyosins (41). 
Number at lower left corner represents scale for branch length (http://www.biomedcentral.com/1471-
2148/4/16). 
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The function of TACC orthologs in simple metazoans (Spc72, Alp7, TACC and 

TAC1) is to regulate spindle dynamics during mitosis and this function remains conserved 

throughout evolution in all other metazoans (24,43,44,51). Furthermore, TACC protein family 

members of lower animals also indirectly play vital roles in different cellular processes, like 

nuclear export, DNA repair, transcription and translation by interacting with other bridging or 

intermediate proteins (41,52-55). In vertebrates, the TACC precursor has undergone a gene 

duplication process and thereby gained diverse functions in addition to its conserved function 

by generating the TACC isoforms. For example, the TACC3 protein in mouse interacts with 

FOG1 and ARNT proteins and thereby may functions as a transcriptional coactivator (56-58). 

The interaction of TACC1 with LSM7 and SmG signifies its putative role in several aspects 

of mRNA processing and homeostasis in polarized cells (59). Furthermore, involvement of 

TACC1 in tumor genesis was suggested based on its interaction with the GAS41/NuBI 1 

protein (59,60). Similarly, TACC2 interacts with GAS41 and the SWI/SNF chromatin 

remodeling complex (47). Additional interacting partners of TACC family proteins regulating 

cellular processes other than spindle microtubule dynamics are tuberous sclerosis complex 

(TSC2, interacts with human TACC3 and potentially regulates maintenance of nuclear 

envelop structure during the cell cycle) (61), eIF4E (interacts with X. laevis TACC3/Maskin 

and controls polyadenylation and translation) (62,63), pCAF (histone acetyltransferase 

interacts with human TACC2 and TACC3 isoforms) (64), and GAS41 (transcription factor 

interacts with the SPD repeat region of TACC3) (60). Thus, during evolution most of the 

vertebrates TACC family members gained ability to directly interact with transcriptional and 

translational factors thereby probably decreasing the dependency on other 

bridging/intermediate proteins. 

1.3.2 Structural organization of TACC proteins 

All TACC proteins are characterized by their highly conserved C-terminal TACC 

domain and an extremely variable N-terminus (Fig. 4). The TAC1 protein (TACC homologue 

in C. elegans) is the smallest member of this family which contains only a CC-domain 

without the highly variable N-terminus. Spc72 (TACC homologue in S. cereviceae) is 

different from other TACC family members in terms of the distribution of coiled coil regions. 

It has three coiled coil regions (as predicted by the COIL program), one in the N-terminus, the 

second very close to the C-terminus and the third in the central region. Alp7 (TACC 
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homologue in S. pombe) has a smaller N-terminal variable region whereas the other known 

TACC family members from higher eukaryotes contain a longer N-terminal variable region 

besides the C-terminal TACC signature domain. 

 

 
Fig. 4: Domain organization of TACC family members. 
The green color shows the highly conserved C-terminal TACC domain in all family members, light 
blue color indicates the conservation of 100 amino acid residues in the N-terminus of TACC3 
isoforms of higher eukaryotes, grey color shows random coil unstructured regions, dark grey indicate 
SPAZ motif, and the light green color indicates the SP-rich repeat region. Sc-Saccharomyces 
cereviceae, Sp-Schizosaccharomyces pombe, Tr-Takifugu rubripes, Xl-Xenopus laevis, Hs-Homo 
sapiens, Ms-Mus musculus, Dm-Drosophila melanogaster, Ce-Caenorhabditis elegans [Adapted and 
modified after Peset and Vernos, 2008 (34)]. 

The longer N-terminal regions are mainly comprised of random coil secondary 

structures as observed by secondary structure prediction tools. In the case of D-TACC and 

vertebrates TACC3 isoform, this region has specific binding sites for the serine-threonine 

kinase Aurora-A (32,33,65). The Aurora-A phosphorylates one serine residue (S863) of D-

TACC and three distinct serine residues of vertebrate TACC3 (S33, S620 and S626 in X. 

laevis; S34, S552 and S558 in H. sapiens) and thus regulates the localization of three TACC 

members to centrosomes and the plus end of spindle microtubules (32,33,65,66). The 

vertebrate TACC3 isoforms show a N-terminal conservation of about 100 residues, however 

the role of this conservation is not clear (41). In higher eukaryotes, the longer N-terminus of 

TACC family members displays furthermore the serine/proline (SP) rich repeat region named 

as ‘SPD [Serine, Prolin, and Glutamate (D) rich] repeats’ and ‘SPAZ (Ser-Pro-Azu-1) motif’ 
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(Fig. 4). These regions are represented in murine TACC3 as seven conservative repeat of 24 

amino acids each (45). These repeats are SP rich and contain PXXP motifs as bonafide SH3 

binding modules. Single interacting partners for this repeat region are not known yet. 

 

Lastly, the C-terminal TACC domain is comprised of about 200 amino acids (Fig. 4) 

forming a helical structure and containing unique HXXHCXC heptad repeats, which are the 

characteristic features of all coiled coil protein domains. The TACC domain of all TACC 

family members interacts with the C-terminus of XMAP215/chTOG proteins in order to 

regulate spindle microtubule dynamics (8,24,34). Furthermore, the TACC domain in higher 

metazoans, especially in vertebrates also interacts with ARNT, hGCN5L2, and MBD2 

(58,67). These all proteins are involved in transcriptional regulation and suggesting an unclear 

role of TACC family members besides their central role in mitosis. 

1.4 Biological role of TACC3 in mammalians 

The TACC3 gene is vital for embryonic development since it has been shown that 

TACC3 gene knockouts in the mouse result in embryonic lethality (10,13). In the developing 

embryo, lack of TACC3 expression results into excessive cellular apoptosis and growth 

retardation affecting hematopoietic and other organ systems, lastly resulting in prenatal death 

during mid to late gestation (13). In particular a role of TACC3 has been implicated in a 

normal mitosis process affecting sclerotome mesenchymal cells and therefore the formation of 

axial skeleton (10). In vivo disruption of TACC3 function results in the regression of mouse 

thymic lymphoma due to massive apoptosis. Also, TACC3 depletion induces multi-polar 

spindle formation causing mitotic arrest followed by apoptosis (68). These mutational mouse 

models provide a clear evidence for the critical role of TACC3 in chromosomal alignment, 

separation and cytokinesis in association with p53-mediated apoptosis (13). Cell based assays 

show that TACC3 depletion and dysfunction interferes with normal mitotic process by 

inducing multipolar spindle formation and aneuploidy. Such depletion induces low to severe 

mitotic spindle stress resulting in premature senescence and sensitization to paclitaxel-

induced cell death via p21WAF-mediated cell cycle arrest (11,69). 
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1.4.1 Expression profile, expression regulation, and subcellular localization of TACC3 

The expression of TACC3 is very high in rapidly proliferating cells during early 

embryonic development (58). In adult tissues, high TACC3 level are confined to haemopoetic 

(thymus, spleen and leukocytes) and reproductive tissues (ovary and testis) (13). In situ 

hybridization of mouse ovarian tissue sections showed that TACC3 is expressed in ovarian 

cells undergoing active growth and development (70). In growing oocytes TACC3 has been 

shown to localize in the cytosol (70). TACC3 is expressed in lung epithelial cells and in all 

regenerating tissues where cells divide continuously. 

 

In proliferating cells throughout the cell cycle, higher TACC3 expression has been 

detected during the late S- and G2/M-phase and succumbs to basal levels in the remaining 

phases (13). During interphase, TACC3 localizes in the cytosol and/or nucleus depending on 

the cell and cancer type, although TACC3 does not contain any so far identified nuclear 

localizing signal (42,71). In the S, G2 and M-phases, TACC3 associates with the spindle 

apparatus (centrosomes and spindle microtubules) in an Aurora-A kinase phosphorylation 

regulated manner (33,66). TACC3 overexpression using artificial constructs results in its 

accumulation in the cytosol thereby forming punctuate like oligomeric structures (42). The 

molecular reason for the formation of these oligomeric structures is not well understood. 

1.4.2 TACC3 interacting partners and their function 

In order to identify interacting partner(s) for TACC family members and to elucidate 

their interaction in cells, interaction mapping has been performed in different model systems 

using various approaches (34). So far, about ten different proteins have been identified and 

characterized which physically bind to TACC family members and exhibit an enzymatic or 

regulatory function in different cellular processes. The TACC-XMAP215 interaction has been 

mapped as a highly conserved interaction which is important for spindle pole organization and 

in particular microtubule dynamics and cell division (34). 

 

XMAP215 is a processive microtubule polymerase which catalyzes the addition of 

~25 ��-tubulin dimers to the plus end of microtubules during elongation (20). It was first 

isolated from Xenopus egg extracts (72). Similar to TACC proteins, XMAP215 is also 
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conserved in all metazoans that constitute a large family of microtubule-binding proteins. 

Alp14 (S. pombe), CP224 (D. discoideum), Zyg9 (C. elegans), and Msps (D. melanogaster) 

are members of this family from lower metazoans. XMAP215 (X. laevis) and chTOG/CKAP5 

(mammals) are the vertebrate orthologs. These proteins were observed to be co-localized with 

their respective TACC family members at the spindle pole body (in yeast), centrosome (in 

higher eukaryotes), as well as along the spindle microtubule during mitosis (8). The N-

terminus of XMAP215 family members contains two to five TOG domains (2 in yeasts, 3 in 

nematodes and 5 in higher eukaryotes) binding to tubulin dimers (20,73). The structure for 

TOG2 of Zyg9 (C. elegans) has been solved and found to contain seven HEAT repeat regions 

folded into a paddle like domain that wraps itself around one tubulin dimer (73). The C-

terminus of the protein interacts with the conserved C-terminal TACC domain of TACC 

family members (44). 

 

Similar to other TACC family members, TACC3 interacts with the C-terminus of 

chTOG/XMAP215 via its TACC domain (8,34,44). The critical role of TACC3-chTOG 

interaction in spindle pole organization and spindle microtubule dynamics and stability during 

mitosis has been proved using RNAi-based approaches and cell based assays (8,74). 

Formation of the TACC3-chTOG complex has been found to antagonize the microtubule 

depolymerase activity of XKCM1/MCAK (33). Deletion mapping of XMAP215 suggests that 

the evolutionarily conserved N-terminal domain has a microtubule-stabilizing activity and 

stimulates microtubule growth at plus-ends by inhibiting microtubule catastrophes (75). 

Conversely, in egg extracts from X. laevis, the C-terminal part of XMAP215 was described to 

be capable of suppressing the growth of microtubule by promoting microtubule catastrophes 

(75). However, although the TACC3-chTOG complex plays a pivotal role in microtubule 

polymerization and depolymerization, the definite function of TACC3 in this complex and 

mechanism of this protein-protein interaction are not clear. 

 

The subcellular localization of the TACC3-chTOG complex is regulated through 

Aurora-A kinase phosphorylation of TACC3 (S33, S620 and S626 in Xenopus; S34, S552 and 

S558 in Human TACC3). In Hs-TACC3, Aurora-A phosphorylation to S558 residues causes 

their localization to the centrosome (Fig. 5 and 6) (66). The activity of Aurora-A kinase 

during mitosis is regulated through two different pathways. The first depends on the LIM-
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protein Ajuba, which physically interacts with Aurora-A kinase leading to its 

autophosphorylation and further activation (31). The second mechanism involves a 

RanGTPase-TPX2 dependent pathway, where RCC1 (Regulator of chromosome condensation 

1) acts as a GEF (guanine nucleotide exchange factor) for RanGTPase and convert RanGDP 

into the GTP-bond form. RanGTP thereby interacts with ��-importin to relieve the inhibitory 

binding of ��-importin on TPX2. Free TPX2 has an inhibitory role on PPI which inactivates 

Aurora-A. In this way, active Aurora-A phosphorylates its substrates (Eg5, TPX2, PPI, and 

TACC3) and contributes to centrosome driven spindle assembly (76-78). 

 

TACC3 �-Tubulin merge

pTACC3 (S558) �-Tubulin merge

A

B

 
Fig. 5: Subcellular localization of TACC3 and pTACC3 during mitosis in HeLa cells. 
A. TACC3 colocalized with spindle microtubule during metaphase; B. Aurora-A phosphorylation of 
TACC3 at S558 position (pS558TACC3 in green) mediates its localization to the centrosomes during 
mitosis (In collaboration with Dr. Stephan Schmidt) (79). 

Another important regulator of mitosis is the Clathrin heavy chain (CHC) that is 

known to be mainly involved in endocytotic vesicular trafficking during interphase. During 

mitosis, CHC also interacts with TACC3 in its phosphorylated form and in Aurora-A kinase 
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phosphorylation dependent manner (Fig. 6). In immunoflorescence study, CHC has been 

shown to be co-localized with phosphorylated TACC3 at the centrosome and in slightly 

diffused region of the centrosome (27,80). Phosphorylation of second and third serine 

residues (S620 and S626 in Xl-TACC3; S552 and S558 in Hs-TACC3) near to the TACC 

domains are important for the CHC binding to TACC3 (27,80,81). Interaction of CHC to 

phosphorylated TACC3 regulates the stability and integrity of centrosomal spindle 

microtubule during mitosis (27,81,82). The role of CHC has been proposed in spindle 

microtubule cross linking and its stabilization at the centrosome (28). 

 

chromatids
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Fig. 6: Proposed model for regulation of mitosis by TACC3. 
TACC3 in a complex with chTOG localizes to the centrosome and along the spindle microtubules in 
an Aurora-A (pink) phosphorylation dependent manner. At the centrosome and along microtubules, 
the pS558TACC3-chTOG complex interacts with the Clathrin triskelion thereby regulating 
microtubule growth and providing cross linking. 

Lastly, in vitro interaction mapping assays identifies the TACC3 binding proteins 

involved in various cellular process other than mitosis (34). Cep120 interaction with TACC2 

and TACC3 regulates the maintenance of the neural progenitor pool during the neocortical 

development in the mouse (83). DOCK7 has been identified to interact with human or mouse 

TACC3, and their complex plays a role in regulation of interkinetic nuclear migration and 
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cortical neurogenesis (84). During interphase, TACC3 interacts with aryl-nuclear translocator 

(ARNT) (58) and FOG1 (56) proteins and acts as a putative transcriptional regulator or 

cofactor. TACC3 has been proposed to function as a transcriptional regulator due to its direct 

physical interaction with GAS41 (YEATS4), the histone acetyl transferase hGCN5L2 

(KAT2A), pCAF (KAT2B), retinoid X-receptor beta, and MBD2 proteins (60,64,67,78). 

TACC family members interact with most of the partner proteins via their TACC domain. 

Although being such an important molecular hub for the regulation of many cellular 

processes, the structure of the TACC domain is still not known. 

1.4.3 TACC3 mutations and altered expression in tumor cells 

The TACC3 gene has been found to be upregulated in a variety of tumor types and has 

been considered as a putative proto-oncogene. Several somatic mutations (Q4R, S33L, R37C, 

and Q58Q) and one germ line mutation (S93L) in TACC3 have been identified in human 

ovarian cancer samples (71,85). Furthermore, substitution missense mutations (E680K in 

human CNS, A148V & D412G in ovary tumors, G219E in upper digestive tract tumors) and 

frameshift mutations (M396fs*17 - insertion frameshift and F726fs*87 deletion frameshift) 

have been reported in the COSMIC (Catalogue of Somatic Mutations in Cancer) database of 

the Wellcome Trust Sanger Institute. Interestingly, the majority of the mutations examined 

from human ovarian cancer specimens and other tissues are observed in the N-terminal 

conserved region. However to which extent these mutations potentially alter the protein 

interaction and function of the N-terminus of Hs-TACC3 remains to be determined. 

 

In ovarian cancer, an upregulation of TACC3 along with 120 other genes has been 

observed to be in particular associated with chemoresistance and tumorigenesis (86). Also, an 

altered TACC3 expression has been detected besides 21 additional genes during breast cancer 

development (85). In non-small cell lung cancer, elevated  expression of TACC3 was 

correlated with a poor prognosis (87), whereas in breast cancer lower expression was 

considered as a predictor of poor prognosis (59). The TACC3 gene was mapped physically 

linked to the FGFR3 region close to the MMSET gene which is rearranged in t(4;14) 

translocation (45). A significant percentage of glioblastoma multiforme (GBM) tumor patients 

have been identified expressing a transforming FGFR3-TACC3 fusion protein generated by 

intrachromosomal translocation (88). In multiple myeloma, TACC3 overexpression was 
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positively correlated with the t(4;14) (p16·3;q32) translocation and p21WAF expression (89). A 

single nucleotide polymorphism in the TACC3 gene has been found to be present in a Chinese 

population and was correlated with increased risk of bladder cancer (90). Interestingly, 

disruption of TACC3 function leads to in vivo tumor regression illustrating that is a 

vulnerable component of the spindle assembly at least in lymphoma cells (68). 

 

The TACC3 plays a critical role in spindle assembly via the Aurora-A-TACC3-

chTOG axis. Therefore, TACC3 function and its inhibition along the Aurora-A-TACC3-

chTOG axis during mitosis could represent a promising target for cancer chemotherapy, 

provided that in particular the TACC3-chTOG interaction becomes molecularly elucidated in 

a greater detail. 
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2 Aims of the study 

During mitosis spindle microtubule assembly and disassembly is a very dynamic 

process (20). The centrosomal protein TACC3 in complex with the microtubule polymerase 

chTOG has been shown to play a pivotal role in the regulation of mitotic spindle assembly, 

dynamics, and stability (8,9,20,25,28,30,34). TACC3 knockout mice are embryonic lethal and 

TACC3 gene silencing leads to mitotic defects and cell cycle arrest (13). A role of TACC3 

has been implicated in tumor development thereby functioning as putative protooncogene 

(68,71). Structurally, it has been proposed that after de novo synthesis the TACC domain of 

TACC3 stays in a masked state, and unmasking is required for its proper centrosomal function 

(49). Furthermore, the TACC domain of TACC3 interacts with the C-terminus of chTOG and 

this complex localizes to the centrosome and along spindle microtubules in an Aurora-A 

kinase regulated manner (25,32,33,66,91,92). However, the molecular mechanism(s) of the 

TACC domain unmasking and subsequent TACC3-chTOG complex formation are still 

unclear. Therefore, this work aimed to address in particular the following questions: 

1. What are the molecular mechanisms of TACC domain masking and its subsequent 

unmasking? 

2. What is the critical region of the TACC domain required for binding to chTOG? 

3. What is the molecular structure of the TACC domain and TACC binding domain of 

chTOG? 

Answering these questions should provide novel molecular insight into TACC3-chTOG 

protein interaction and its regulation. Moreover, given the high expression and possibly the 

structural alteration of TACC3 linked to cancer development, blocking TACC3 binding to 

chTOG may represent a long term candidate anti-neoplastic approach. Hence, to answer the 

questions mentioned above, the following experimental objectives were defined: 

1. In depth in silico characterization of the TACC3 protein. 

2. Designing murine TACC3 and chTOG variants for overexpression in bacterial and 

mammalian cells followed by protein purification. 

3. In vitro characterization of murine TACC3 by different biophysical approaches. 

Protein-protein interaction analysis by means of analytical gel filtration, bait-prey 

interaction assays, and ITC measurement. 
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4. Analysis of the expression and localization of TACC3 variants in mammalian cells. 

5. Crystallization and structure determination of the TACC domain of murine TACC3 

alone and in complex with the C-terminus of chTOG. 

 



Material 
 

19�
�

3 Materials 

3.1 Chemicals 

Tab. 1: List of common chemicals 

No. Name of chemical Manufacturer and distributor Storage

1 Acrylamide Roth, Karlsruhe RT

2 Advance Milk Powder Roth, Karlsruhe RT

3 Adenosine-5'-triphosphate (ATP) Sigma Aldrich, München -20�C

4 Agarose “low melting” Roth, Karlsruhe RT

5 Ammonium persulphate (APS) Sigma Aldrich, München RT

6 Ampicilin Sigma Aldrich, München RT

7 Bovine serum albumin (BSA) AppliChem, Darmstadt +4�C

8 BSA standard (2 mg/ml) PIERCE, USA +4�C

9 Bromophenol blue Serva, Heidelberg RT

10 Rotipore 5x Bradford reagent solution  Roth, Karlsruhe +4�C

11 Commassie Brilliant Blue (CBB) Roth, Karlsruhe RT

12 Chloramphenicol Sigma Aldrich, München +4�C

13 Dimethyl sulfoxide (DMSO) AppliChem, Darmstadt RT

14 Dithiothreitol (DTT) GERBU Biotechnik, Wieblingen +4�C

15 dNTP QIAGEN, Hilden -20�C

16 EDTA Sigma Aldrich, München RT

17 EDTA free protease inhibitor cocktail Roche Applied Science +4�C

18 EGTA Sigma Aldrich, München RT

19 Ethanol Roth, Karlsruhe RT

20 Ethidium bromide (EtBr) Sigma Aldrich, München RT

21 Glycine Roth, Karlsruhe RT

22 Glycerin (glycerol) Roth, Karlsruhe RT

23 Glutathione MERCK Chemicals, Germany +4�C

24 Guanidium HCl Roth, Karlsruhe RT

25 HCL Roth, Karlsruhe RT

26 HEPES Sigma Aldrich, München RT
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27 Hefe extract Roth, Karlsruhe RT

28 Imidazole Sigma Aldrich, München RT

29 Igepal (NP40) Sigma Aldrich, München RT

30 IPTG  GERBU Biotechnik, Wieblingen +4�C

31 Kanamycin Sigma Aldrich, München +4�C

32 KCl MERCK Chemicals, Germany RT

33 KH2PO4 Roth, Karlsruhe RT

34 K2HPO4 Roth, Karlsruhe RT

35 LB agar powder AppliChem, Darmstadt RT

36 LB powder AppliChem, Darmstadt RT

37 MgCl2 Sigma Aldrich, München RT

38 �-mercaptoethanol Sigma Aldrich, München +4�C

39 Methanol Roth, Karlsruhe RT

40 TEMED AppliChem, Darmstadt +4�C

41 NaCl Sigma Aldrich, München RT

42 NaH2PO4 MERCK Chemicals, Germany RT

43 Na2HPO4 MERCK Chemicals, Germany RT

44 NaOH MERCK Chemicals, Germany RT

45 NiSO4 MERCK Chemicals, Germany RT

46 Performaldehyde (PFA) Sigma Aldrich, München RT

47 D-PBS GENAXXON, Germany +4�C

48 PreCast 4-15% gradient Tris gel Bio-Rad, München +4�C

49 ProQ Diamond Invitrogen, Darmstadt +4�C

50 Ponceau S Sigma Aldrich, München RT

51 Potassium acetate Sigma Aldrich, München RT

52 PMSF Sigma Aldrich, München RT

53 Reblot plus 10x Millipore, Schwalbach/Ts. +4�C

54 2-Propanol Roth, Karlsruhe RT

55 SDS Roth, Karlsruhe RT

56 Thymidine AppliChem, Darmstadt +4�C

57 Tris Roth, Karlsruhe RT

58 Triton-x-100 Sigma Aldrich, München RT
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59 Tween 20 AppliChem, Darmstadt RT

60 Tetracyclin ICN Biomedicals, Eschwege +4�C

61 Trypton Becton Dickson and Company RT

62 TCEP Roth, Karlsruhe +4�C

63 Urea Calbiochem, Darmstadt, Germany RT

64 Prestained protein ladder Fermentas, St. Leon-Rot -20�C

65 DNA ladder Fermentas, St. Leon-Rot -20�C

 

3.2 Antibiotics 

Tab. 2: List of antibiotics 

No. Name of Antibiotic Manufacturer and distributor Storage

1 Ampicilin Sigma Aldrich, München RT

2 Chloramphenicol Sigma Aldrich, München RT

3 Kanamycin Sigma Aldrich, München +4�C

4 Tetracycline ICN Biomedicals, Eschwege +4�C

 

3.3 Enzymes 

Tab. 3: List of enzymes 

No. Name of protein/enzyme Manufacturer and distributor Storage

1 Aurora-A kinase SignalChem -80�C

2 DNAse I Calbiochem, Darmstadt, Germany -20�C

3 Lysozyme Calbiochem, Darmstadt, Germany -20�C

4 Pfu DNA polymerase Fermentas, St. Leon-Rot -20�C

5 RNAse I QIAGEN, Hilden -20�C

6 Restriction enzymes Fermentas, St. Leon-Rot -20�C

7 TEV protease Produced and purified in lab -80�C

8 Thrombin Calbiochem, Darmstadt, Germany -20�C
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9 T4 DNA ligase Fermentas, St. Leon-Rot -20�C

10 Taq DNA polymerase QIAGEN, Hilden -20�C

 

3.4 Buffers and solutions 

Tab. 4: List of buffers and solutions 

No. Buffers and 

solutions 

Stock 

concentration 

Recipes Storage

1 APS 10% Dissolve 5 g of APS in 50 ml 

ddH2O, prepare 1 ml aliquots. 

-20�C

2 DNAse I 2 mg/ml Dissolve 100 mg of DNAseI in 50 

ml buffer (20 mM Tris-HCl pH 

7.6, 50 mM NaCl, 2 mM CaCl2, 2 

mM MgCl2, 3 mM DTT, 50% 

glycerol), prepare 0.5 ml aliquots. 

-20�C

3 DTT 1 M Dissolve in ddH2O, prepare 1 ml 

aliquot. 

-20�C

4 IPTG 1 M Dissolve in ddH2O, prepare 1 ml 

aliquot. 

-20�C

5 Lysozyme 50 mg/ml Dissolve 2 g of lysozyme in 40 ml 

of 30 mM Tris-HCl pH 7.5, and 

prepare 1 ml aliquot. 

-20�C

6 Thrombin 1 U/μl In 50 mM Tris pH 7.5, 50% 

glycerol, aliquot 250 μl. 

-20�C

7 Tris-HCl buffer 

(pH 7.5 and 8.0) 

1 M Dissolve 121.14 g of Tris in 800 

ml ddH2O; adjust pH, make up 

volume to 1 liter. 

RT

8 MgCl2 1 M Dissolve in ddH2O RT

9 NaCl 5 M Dissolve in ddH2O RT

10 CaCl2 1 M Dissolve in ddH2O RT

11 EDTA 0.5 M Dissolve 93.05 g Na2EDTA.2H2O RT
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in 400 ml ddH2O, adjust pH 8.0 

by adding 10 M NaOH, EDTA 

will dissolve near pH 8.0, make 

up volume to 500 ml. 

12 PMSF (100x) 100 mM Dissolve 0.35 g of PMSF in 20 ml 

Isopropanol, prepare 1 ml aliquot. 

+4�C

13 SDS-PAGE 

resolving gel 

buffer 

250 mM Tris-HCl 

pH 6.8; 0.2% SDS 

Dissolve 30.3 g Tris-base in 800 

ml ddH2O, adjust the pH to 6.8, 

add 20 ml of 10% SDS solution, 

and make up volume to 1 liter. 

RT

14 SDS-PAGE 

stacking gel 

buffer 

750 mM Tris-HCl 

pH 8.8; 0.2% SDS 

Dissolve 90.9 g Tris-base in 800 

ml ddH2O, adjust the pH to 8.8, 

add 20 ml of 10% SDS solution, 

and make up volume to 1 liter. 

RT

15 SDS-PAGE 

running buffer  

10x (250 mM Tris 

base, 1.92 M 

glycine, 1% SDS) 

For 1 liter dissolve 30.3 g Tris 

base, 144.1 g glycine and 10 g 

SDS in 900 ml ddH2O, and make 

up volume to 1 liter. 

RT

16 CBB stain for 

SDS-PAGE 

 Dissolve 2 g of CBB R250, 2 g of 

CBB G250 in 400 ml methanol 

and 100 ml acetic acid, and make 

up volume with dH2O to 1 liter. 

RT

17 SDS-PAGE 

destain solution 

1x 450 ml methanol, 75 ml glacial 

acetic acid, and make up volume 

to 1 liter. 

RT

18 Blot transfer 

buffer 

10x (stock) Dissolve 29 g glucine, 56 g Tris, 

3.7 g SDS, and make up volume 

to 1 liter. 

RT

19 Blot transfer 

buffer 

1x (working) 100 ml 10x blot-buffer, 700 ml 

water and 200 ml methanol. 

+4�C

20 TBS 10x (stock) Dissolve 30 g Tris, 80 g NaCl, 2 g 

KCl in 800 ml ddH2O and make 

RT
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3.5 Chromatography packing materials and columns 

Tab. 5: List of chromatography packing materials and columns 

No. Packing material and column Manufacturer and distributor Storage

1 Ni2+-NTA Agarose beads QIAGEN, Hilden +4�C

2 GSH-sepharose beads GE Healthcare, München +4�C

3 Superose 6 beads GE Healthcare, München +4�C

4 XK 26/20 column GE Healthcare, München RT

5 XK 16/20 column GE Healthcare, München RT

6 XK 16/70 column GE Healthcare, München RT

7 Superose® 6 HR 10/30 column GE Healthcare, München +4�C

8 Superose® 6 PC 3.2/30 column GE Healthcare, München +4�C

9 Superdex 200 HR 10/30 column GE Healthcare, München +4�C

10 Superdex 200 XK 16/70 column GE Healthcare, München +4�C

11 Superdex 200 XK 26/70 column GE Healthcare, München +4�C

12 Superose 6 XK 16/70 column Self packed in lab +4�C

 

up volume to 1 liter 

21 TBST 1x (working) Add 100 ml of 10x TBS, and 1 ml 

of Tween 20 (0.1%) to 800 ml 

ddH2O, make up volume to 1 liter  

RT

22 TAE buffer 

(Agarose gel 

electrophoresis 

buffer) 

50x Dissolve 242 g Tris in 800 ml 

ddH2O, add 100 ml of 0.5M 

EDTA (pH 8.0), 57.1 ml of glacial 

acetic acid, and make up volume 

to 1 liter. 

RT

23 TCEP 1 M Dissolve 2.5 g in 5 ml ddH2O, 

make up volume to 10 ml, and 

prepare 1 ml aliquot. 

-20�C
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3.6 Reagents for confocal laser scanning microscopy (cLSM) 

Tab. 6: List of reagents for cLSM 

No. Name of antibody (source) Manufacturer and distributor Storage

1 Alexa 488 anti-mouse IgG Invitrogen, Heidelberg +4 �C

2 Alexa 488 anti-rabbit IgG Invitrogen, Heidelberg +4 �C

3 Alexa 546 anti-mouse IgG Invitrogen, Heidelberg +4 �C

4 Alexa 546 anti-rabbit IgG Invitrogen, Heidelberg +4 �C

5 Alexa 568 anti-mouse IgG Invitrogen, Heidelberg +4 �C

6 Alexa 568 anti-rabbit IgG Invitrogen, Heidelberg +4 �C

7 Alexa 633 anti-mouse IgG Invitrogen, Heidelberg +4 �C

8 Alexa 633 anti-rabbit IgG Invitrogen, Heidelberg +4 �C

9 4',6-diamidino-2-phenylindole (DAPI) Sigma Aldrich, München +4 �C

10 Prolong Gold Antifade medium Invitrogen, Heidelberg -20 �C

 

3.7 Antibodies 

Tab. 7: List of antibodies 

No. Name of antibody (source) Manufacturer and distributor Storage

1 anti-mTACC3 N18 (rabbit) Provided by Dr. Roland Piekorz +4 �C

2 anti-mTACC3 C18 (rabbit) Provided by Dr. Roland Piekorz +4 �C

3 anti-GST polyclonal Ab (goat) Abcam, Cambridge, UK -20 �C

4 anti-hTACC3 H300 (rabbit) Santa Cruz Biotechnology, Europe +4 �C

5 anti-hTACC3 D2 (mouse) Santa Cruz Biotechnology, Europe +4 �C

6 anti-�Tubulin (rat) Abcam, Cambridge, UK -20 �C

7 anti-chTOG (rabbit) Abcam, Cambridge, UK -20 �C

8 anti-Clathrin heavy chain (rabbit) Abcam, Cambridge, UK -20 �C

9 anti-rabbit IgG HRP linked (goat) Cell Signaling, Boston, USA -20 �C

10 anti-mouse IgG HRP linked (goat) Dako, Denmark -20 �C

11 anti-goat IgG HRP linked (rabbit) Thermo Scientific, Bonn -20 �C
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3.8 Reagents and kits 

Tab. 8: List of reagents and kits 

No. Name of reagent and kit Manufacturer and distributor Storage

1 MaxiMidi-prep DNA extraction kit NucleoBond Ax RT

2 Mini prep DNA extraction kit QIAGEN, Hilden RT

3 Gel extraction kit QIAGEN, Hilden RT

4 PCR purification kit QIAGEN, Hilden RT

 

3.9 Oligonucleotides 

Tab. 9: List of primers 

Oligonucleotides for directional cloning Restriction Enzymes

Oligonucleotides for cloning of murine TACC3 variants 

pGEX4t1-nTEV_TACC3wt, Template: pMSCV-GFP_TACC3 wt 

pGEX4t1-nTEV_ TACC3-�R, Template: pMSCV-GFP_TACC3 �R 

FP 5' AATTGAATTCATGAGTCTGCATGTCTTAAATGACG 3' EcoRI

RP 5' GGCCGCGGCCGCTCAGATCTTCTCCATCTTAGAGATGAGG 3' NotI

pGEX4t1-nTEV_ TACC3-�N, Template: pMSCV-GFP_TACC3 wt 

pGEX4t1-nTEV_ TACC3-�N�R, Template: pMSCV-GFP_TACC3 �R 

FP 5' AATTGAATTCGAAGGCGAGTTACAGGAGG 3' (EcoRI) EcoRI

RP 5' GGCCGCGGCCGCTCAGATCTTCTCCATCTTAGAGATGAGG 3' 

(RP for amplification of TACC3) 

NotI

pET23b_GST-TACC3 N and pET-duet_GST-TACC3 N 

Template: pGEX4t1-nTEV_TACC3 (FP is designed to amplify GST_TACC3-N) 

FP 5' TATACATATGTCCCCTATACTAGGTTATTGG 3'  NdeI

RP 5' GATCCTCGAGCTCACTGTCCAGAAGACTTGTG 3' XhoI

pGEX4t1-nTEV_TACC3-7R, 3R, & 2R, Template: pGEX4t1-nTEV_TACC3 

FP 5' TATAGGATCCATGGAAGGCGAGTTACAGGAGG 3' BamHI

RP 5' TCGACTCGAGTCAACCTAGGACTTCTGATGGGTC 3' XhoI

pGEX4t1-nTEV_TACC3-NR, Template: pGEX4t1-nTEV_TACC3 



Material 
 

27�
�

FP 5' AATTGAATTCATGAGTCTGCATGTCTTAAATGACG 3'  

(FP for amplification of TACC3 wt) 

EcoRI

RP 5' TCGACTCGAGTCAACCTAGGACTTCTGATGGGTC 3' 

(RP for amplification of TACC3 7R) 

XhoI

pGEX4t1-nTEV_TACC3-CC1, Template: pGEX4t1-nTEV_TACC3 

 FP 5' GATCGGATCCGGTCTCCTTCCTGCTGAG 3' BamHI

RP 5' TCGACTCGAGGCCTTCAATCACTTCCTTCC 3' XhoI

pGEX4t1-nTEV_TACC3-CC2, Template: pGEX4t1-nTEV_TACC3 

FP 5' GATCGGATCCGGCTACCAGAAGAATGAAGAG 3' BamHI

RP 5' GGCCGCGGCCGCTCAGATCTTCTCCATCTTAGAG 3' NotI

pGEX4t1-nTEV_TACC3-CC, Template: pGEX4t1-nTEV_TACC3 

 FP 5' GATCGGATCCGGTCTCCTTCCTGCTGAG 3' BamHI

RP 5' GGCCGCGGCCGCTCAGATCTTCTCCATCTTAGAG 3' NotI

pFastBac-Htb_TACC3wt, Template: pMSCV-GFP_TACC3 

FP 5' AATTGAATTCAAATGAGTCTGCATGTCTTAAATGACG 3' EcoRI

RP 5' GGCCGCGGCCGCTCAGATCTTCTCCATCTTAGAGATGAGG 3’ NotI

pET23b_TACC3-7R, Template: pGEX4t1-nTEV_TACC3  

FP 5' TATACATATGCACCATCACCATCACCATGAAGGCGAGTTAC 

AGGAGG 3'   

NdeI

RP 5' GATCGGATCCTCAACCTAGGACTTCTGATGGGTC 3' BamHI

pCDNA 3.1_TACC3wt_GFP, Template: pMSCV-GFP_TACC3 

pCDNA 3.1_TACC3-�R_GFP, Template: pMSCV-GFP_TACC3 �R 

FP 5' AGTCAAGCTTGCCACCATGAGTCTGCATGTCTTAAATG 3' HindIII

RP 5' GGCCGCGGCCGCGATCTTCTCCATCTTAGAGATG 3' NotI

pCDNA 3.1_TACC3-�N _GFP, Template: pMSCV-GFP_TACC3 

FP 5' TTAAGCTTGCCACCATGGCTTCCACAAGTCTTCTG 3' HindIII

RP 5' GGCCGCGGCCGCGATCTTCTCCATCTTAGAGATG 3' NotI

pcDNA 3.1_TACC3-�CC_GFP, Template: pMSCV-GFP_TACC3 

FP 5' GCGCGGCCGCCACAATAGGCTCAGCAGGA 3' HindIII

RP 5' GGCCGCGGCCGCGATCTTCTCCATCTTAGAGATG 3' NotI

pcDNA 3.1_TACC3-�CC2_GFP, Template: pMSCV-GFP_TACC3 

FP 5' AGTCAAGCTTGCCACCATGAGTCTGCATGTCTTAAATG 3' HindIII
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RP 5' GGCCGCGGCCGCTTCAATCACTTCCTTCC 3' NotI

Oligonucleotides for cloning of murine TACC3 variants 

pcDNA4/TO-hTACC3-3xFlag, Template: pReceiver-M15-hTACC3wt 

FP 5' TTAACTTAAGCTTGCCACCATGAGTCTGCAGG 3' AflII

RP 5' GGCCGCGGCCGCTTGATCTTCTCCATC 3' NotI

Oligonucleotides for cloning of murine chTOG variants 

pET23b_chTOG-C, Template: murine cDNA from lever and brain 

FP 5' GATCGGATCCAAGCTGAAGCTATGTCTGGC 3' BamHI

RP 5' TCGACTCGAGCAGCTTCATTTGCGACTGC 3'      XhoI

pGEX4t1-nTEV_chTOG-C, Template: murine cDNA from lever and brain 

FP 5' GATCGGATCCAAGCTGAAGCTATGTCTGGC 3' BamHI

RP 5' TCGACTCGAGCAGCTTCATTTGCGACTGC 3' XhoI

Oligonucleotides for cloning of murine CHC variants (pTACC3 binding domain) 

pGEX4t1-nTEV-CHC317-549, Template: murine cDNA from lever and brain 

FP 5' GATCGGATCCGGAGTCAACAGAAAGGGAC 3' BamHI

FP 5' GGCCGCGGCCGCTCCTGGGTGATATCAGCAAGAG 3' NotI

Oligonucleotides for site directed mutagenesis 

pcDNA 3.1_TACC3-�CC1_GFP, Template: pMSCV-GFP_TACC3wt 

Primer1 5' TCTTCTGGTAGCCAAGGAGACCTCGAGGC 3' 

Primer2 5' CTCGAGGTCTCCTTGGCTACCAGAAGAATGAAGAG 3' 

pGEX4t1-nTEV_TACC3 S347E, Template: pGEX4t1-nTEV_TACC3 

Primer1 5' GTCGGCCTGGAGGAAGCAGGAGTTGTACGTGAAATTT GACC 3'  

Primer2 5' GGTCAAATTTCACGTACAACTCCTGCTTCCTCCAGGCC GAC 3' 

pGEX4t1-nTEV_TACC3 S347A, Template: pGEX4t1-nTEV_TACC3 

Primer1 5' GTCGGCCTGGAGGAAGCAGGCTTTGTACGTGAAATTT GACC 3' 

Primer2 5' GGTCAAATTTCACGTACAACGACTGCTTCCTCCAGGC CGAC 3' 

Sequencing primer for site directed mutagenesis 

FP 5' CAGTGAGCTGGTGACCCC 3' 

RP 5' TCCAAGTTCTCCTGCTGC 3' 
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3.10 Bacterial culture media 

Tab. 10: List of Bacterial culture media 

No. Type of media Composition Recipes 

1 Luria-Bertani 

(LB) media 

LB powder (5 g/l) 

yeast extract, 10 g/l 

NaCl, 10 g/l Trypton) 

Dissolve LB powder (25 g/l) in dH2O, 

sterilize by autoclaving (121�C & 15 lb), 

store at +4�C. 

2 LB Agar plate LB Agar powder 

(Yeast extract 5 g/l, 

NaCl 10 g/l, Trypton 

10 g/l, Agar 15 g/l) 

Dissolve LB agar powder (40 g/l) in dH2O, 

sterilize by autoclaving (121�C & 15 lb), 

cool to 60�C temperature, add antibiotic, 

pore 20-25 ml in 10 cm petri dish, wait till 

solidify; and store at +4�C. 

3 Terrific Broth 

(TB) media 

Trypton (12 g/l), Hefe 
extract (24 g/l), 
Glycerol (0.4%), 
KH2PO4 (2.31 g/l)and 
K2HPO4 (12.5 g/l) 

Dissolve 12 g Trypton, 24 g yeast extract 

and 4 ml glycerol in 900 ml dH2O. In 

parallel make 10x phosphate buffer solution 

by dissolving 23.1 g KH2PO4 and 125 g 

K2HPO4  in 1 liter dH2O, sterilize both 

solution by autoclaving and store at +4�C. 

Before using add 100 ml of 10x phosphate 

buffer to 900 ml medium. 

 

3.11 Vectors and plasmids 

Tab. 11: List of vectors and plasmid 

No. Vectors and plasmids Selection marker Vendor

1 pGEX4t1-nTEV Ampicilin GE Healthcare, München

2 pET 23b Ampicilin Novagen, USA

3 pET-Duet Ampicilin Novagen, USA

4 pCDNA 3.1 Ampicilin Invitrogen, Heidelberg
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3.12 Bacterial strains 

Tab. 12: List of bacterial strain 

No. Bacterial strains Selection marker Vendor

1 Escherichia coli XL1 blue Tetracycline Agilent Technologies, USA

2 Escherichia coli Rosetta (DE3) Chloramphenicol Novagen

 

3.13 Cell lines and culture media 

Tab. 13: List for mammalian cell lines and culture media 

No. Cell lines Culture Media 

1 HeLa DMEM supplemented with 10% FCS and 1x penicillin/streptomycin 

2 COS7 DMEM supplemented with 10% FCS and 1x penicillin/streptomycin 

 

3.14 Crystallization kits 

Tab. 14: List of kits for crystal screen 

No. Name of the screen Manufacturer

1 Nextal Classic I & II QIAGEN, Maryland USA

2 Nextal PEGs I & II QIAGEN, Maryland USA

3 Nextal JCSG Core I, II, III, & IV QIAGEN, Maryland USA

4 Nextal AmSO4 QIAGEN, Maryland USA

5 Nextal PACT QIAGEN, Maryland USA

6 Nextal Mb class I & II QIAGEN, Maryland USA

7 Nextal protein complex QIAGEN, Maryland USA

8 JB Membran 1, 2, 3, (72) QIAGEN, Maryland USA

9 MD MemStart MD1-21 (48) QIAGEN, Maryland USA

10 MD MemStart MD1-25 (48) QIAGEN, Maryland USA

11 Crystal Screen 2 Hampton Research, USA
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3.15 Instruments and equipments 

Tab. 15: List of Instruments 

No. Name of instrument Facility center 

1 Acta Purifier (GE Healthcare) Institute of Biochemistry and 

Molecular Biology II, HHU, 

Düsseldorf 

2 Acta Prime (GE Healthcare) 

3 Acta FPLC (GE Healthcare) 

4 Bio-Rad SDS-PAGE gel apparatus 

5 Bio-Rad agarose gel apparatus 

6 Beckman Coulter Avanti J-20-XP centrifuge 

7 Beckman Coulter optima LE80K ultracentrifuge 

8 Beckman Coulter DU800 spectrophotometer 

9 Confocal Microscopy (cLSM 510-Meta/Zeiss) 

10 Diana UV-lamp agarose gel scanner 

11 Eppendorf Mastercycler/Thermocycler 

12 Eppendorf centrifuge 5410R, 5415D, 5417R 

13 INTAS Chemocam Imager 

14 INTAS UV lamp agarose gel scanner 

15 Infors-HT Multitron incubation shaker 

16 MicroCal ITC 

17 Nikon Microscope (TE2000) 

18 PEQLAB Nanodrop 200c spectrophotometer 

19 Fluidizer 

20 Mass spectrometry facility BMFZ, HHU, Düsseldorf 

21 Multi Angle Light Scattering Facility Institute of Biochemistry, HHU 

Düsseldorf 

22 Crystallization Screening facility Crystal and X-Ray Facility, HHU 

Düsseldorf 

23 CD spectroscopy facility Institute of Physical Biology, HHU 

Düsseldorf 24 Analytical Ultracentrifugation facility 

25 Electron Microscopy (EM) MPI for Molecular Physiology, 

Dortmund 
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4 Experimental methods 

4.1 Microbiological methods 

In microbiology and molecular biology studies, because of the well characterized 

genome and widely studied genetics, Escherichia coli is the most commonly used model 

organism. Work of Stanley Cohen and Herbert Boyer in E. coli to create recombinant DNA 

revolutionized the modern protein technology (93). E. coli became the frequently used host 

for recombinant or heterologous protein production (94). In this work, E. coli strains have 

been used as microbiological tools for recombinant protein production. 

4.1.1 Bacterial culture 

Transformed E. coli was grown on a solid (LB Agar antibiotic selection plate) and/or 

in broth (LB and TB) media with selection antibiotic. In order to pick up single cell colonies 

an aliquot of E. coli inoculums were streaked on a LB Agar antibiotic plates and kept in 

incubation chamber (37�C for overnight) for growth of single cell colonies (95). For plasmid 

multiplication and protein production E. coli were grown in broth media in a two step process. 

In the first step, a single cell colony was inoculated into 5 ml of sterile LB or TB media (in a 

sterile 50 ml falcon tube) with the proper antibiotics for selection and allowed to grow by 

shaking (150 rpm) on the incubation shaker (37�C for overnight). In a second step, overnight 

grown cultures from single cell colonies were inoculated into fresh sterile TB media in a ratio 

of 1:100 in a flask and bacteria were allowed to grow by shaking on an incubation shaker 

(37�C). OD600 was recorded at 30 minute (min) intervals. 

 

Overnight grown pre-cultures were directly harvested for small scale plasmid isolation 

(plasmid mini preparation), whereas for large scale plasmid isolation (midi- and maxi- 

preparations) second cultures were grown [for 4-5 hours (h) at 37�C until OD600 reached 0.6-

0.8] and then harvested and processed for plasmid DNA isolation. For protein production 

second cultures were grown until OD600 reached above 0.7 and after that culture was induced 
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with an appropriate concentration of IPTG and then allowed to grow at 20�C overnight. Next 

day, cultures were harvested and processed for protein isolation and separation. 

4.1.2 Growth curve analysis of E. coli 

Growth curves of E. coli rosetta strain were analyzed for calculating the time required 

to reach the mid log phase or OD600 >0.7. In order to analyze the growth curve, bacteria were 

pre-cultured in TB media and 100 ml of second culture (as mentioned in section 4.1.1) was 

grown for recording absorbance at a wavelength of 600 nm (OD600) at 20 min intervals. 

Absorbance data were plotted against time to obtain a sigmoid curve (96). Time (in hours) to 

reach OD600 >0.7 was calculated from this plot, which is a very helpful factor for preparative 

cultures particularly when using IPTG induction for protein production. 

4.2 Bioinformatics 

In order to perform in silico characterization of TACC family members, the protein 

sequences of TACC family members from representative metazoans were retrieved from the 

NCBI database (Tab. 16). Different bioinformatics tools/programs were used for sequence 

based characterization of the TACC3 protein. Blast algorithm was used for similarity search 

and to identify a functional domain or motif in the less conserved N-terminal part of murine 

TACC3. To analyze the conservation of amino acids residues, motifs and domains and 

creating the evolutionary tree of vertebrate TACC family members, multiple sequence 

alignment was performed using the ClustalW algorithm (97). The alignment file was analyzed 

using the JALVIEW program (98). For the further analysis of coiled coil regions for 

redefining the coiled coil boundary in the murine TACC3 protein the COILS program was 

used in 14, 21 and 28 residues scan modes (99). Different proteomic tools from the EXPASY-

SIB bioinformatics resource portal were used for in silico characterization of the TACC3 

protein sequence (pI and theoretical molecular weight determination, phosphosite prediction, 

secondary structure prediction) (100). JAVA based DOG (domain graph) program was used 

to draw the schematic diagram of protein domain structures with functional motifs/sites (101). 
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Tab. 16: List of protein sequences retrieved from NCBI database 
No. Protein Organism NCBI protein sequence ID  

1 TACC1 Homo sapiens Accession: NP_006274.2; GI: 170763517 

2 TACC2 Homo sapiens Accession: NP_008928.1; GI: 11119414 

3 TACC3 Homo sapiens Accession: NP_006333.1; GI: 5454102 

4 TACC1 Mus musculus Accession: NP_796063.3; GI: 110681727 

5 TACC2 Mus musculus Accession: NP_001004468.1; GI: 52486843 

6 TACC3 Mus musculus Accession: NP_001035525.1; GI: 94681040 

7 TACC3 Oryctolagus cuniculus Accession: NP_001075615.1; GI: 126722961 

8 TACC3 Bos taurus Accession: NP_001093775.1; GI: 154152109 

9 TACC3 Xenopus laevis Accession: NP_001081964.1; GI:148235419 

10 TACC3 Takifugu rubripes Accession: NP_001011729; GI: 348041275 

11 chTOG Mus musculus Accession: NP_001159461.1; GI: 260166721 

12 chTOG Homo sapiens Accession: NP_001008938.1; GI: 57164942 

 

4.3 Molecular biology methods 

4.3.1 Preparation of competent E. coli  

Development of competency is an important prerequisite for bacterial transformation. 

Chemical and electro-competent cells of E. coli XL1 Blue and E. coli Rosetta (DE3) strains 

were useful for transformation of recombinant TACC3 and chTOG variants plasmids for their 

multiplication and protein production. To prepare the electro-competent bacteria, the bacterial 

culture was grown (section 4.1.1) in the presence of antibiotics (tetracycline for E. coli XL1 

Blue and chloramphenicol for E. coli Rosetta) for selection. The secondary culture (500 ml) 

was grown until OD600 reached in between 0.4-0.5 and the further procedures were followed 

on ice temperature or at +4�C according to standard protocols (102). In brief, harvest bacteria 

(by centrifugation at 5000×g; +4�C for 10 min), resuspend two times (in ice cold sterile 

ddH2O) and wash the pellet gently followed by single wash with sterile 10% glycerol. Finally, 

resuspend pellet in 2 ml of sterile 10% glycerol, prepare aliquots of 50 μl in pre-chilled 

eppendorf tubes, snap freeze in liquid N2 and store at -80°C. For chemical competent cell 

preparation all the steps performed were identical with two changes - in place of sterile 
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ddH2O and sterile 10% glycerol, sterile ice chilled 0.1 M CaCl2 without and with 15% 

glycerol was used, respectively (103). 

4.3.2 Plasmid vector maps 

pGEX-4t1-nTEV (Fig. 7A): This vector has the tac-promoter region and coding DNA 

for GST-tag followed by multiple cloning site (MCS). Used for cloning of TACC3, chTOG 

and CHC variants and N-terminal GST fused soluble protein production in bacterial 

expression host. Ampicillin resistance gene gives the benefit of double selection of 

transformed ‘E. coli Rosetta’ strain during expression culture together with chloramphenicol. 

This vector also inserts a TEV (tobacco-etch-virus) protease cleavage site along with a 

thrombin site in between the GST-tag and fusion partner which was useful for purification of 

TACC3 variants with the internal thrombin site. 

 

pCDNA3.1-GFP (Fig. 7B): Provided by Dr. Doreen Floss, Institute of Biochemistry 

and Molecular Biology II. Eukaryotic expression plasmid vector contains HindIII and NotI 

cloning sites followed by the EGFP coding DNA sequence. Used for cloning of TACC3 

variants fused to C-terminal EGFP and for its expression in mammalian cells. 

 

pET 3a (Fig. 7C): T7 promoter based plasmid vector, in which coding DNA for 

TACC3-CC with a C-terminal His-tag was inserted for protein production in E. coli 

expression strains. The ampicillin resistance gene gives the benefit of double selection of 

transformed ‘E. coli Rosetta’ strain during expression culture together with chloramphenicol. 

 

pET 23b (Fig. 7D): T7 promoter based plasmid vector, used for cloning of TACC3-N, 

TACC3-7R, and chTOG-C. This vector gives the advantage of a C-terminal His-tag fused to 

the protein to be produced in E. coli expression strains. The ampicillin resistance gene gives 

the benefit of double selection of transformed ‘E. coli Rosetta’ strain during expression 

culture together with chloramphenicol. 
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Fig. 7: Plasmid vector maps with unique restriction sites. 

4.3.3 Bacterial transformation  

Standard transformation protocols were applied according to the type of competent E. 

coli strains (102,104). Briefly, plasmid DNA (0.2-0.5 μg) was added to competent bacteria, 

followed by 5-20 min incubation on ice. Further heat shock (42�C for 90 sec; for chemical 

competent bacteria) or short electrical pulse/shock (in an electroporater for electrocompetent 

bacteria) followed by cold shock (5 min incubation on ice) was provided to competent 

bacteria for DNA uptake. The transformed bacteria were grown in sterile LB media (1 ml; 

37�C; 150 rpm for 30-60 min). After centrifugation (5000 rpm for 2 min), 800 μl media was 

discarded and the pellet was resuspended in the remaining 200 μl media. Afterwards 

resuspended bacteria were spread on LB agar plates with antibiotics for selection and kept in 
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an incubation chamber (37�C; overnight) for growth of single cell colonies. Electroporation 

was performed for colony screening after molecular cloning and chemical transformation for 

large scale plasmid isolation. 

4.3.4 Bacterial glycerol stock preparation 

Transformed E. coli Rosetta (DE3) bacteria were stored at -80�C as 25% glycerol 

stocks. To prepare glycerol stocks, 5 ml bacterial cultures were grown up to log phase (section 

4.1.1). Then 1.2 ml of log phase culture was mixed with 400 μl of autoclaved 100% glycerol 

in a labeled 1.8 ml sterile cryovial, vortexed to mix well, snap frozen in liquid N2, and stored 

at -80�C. 

4.3.5 Agarose gel electrophoresis 

In order to separate, identify, and purify amplified DNA fragments or plasmids, 

agarose gel electrophoresis was performed using standard protocols (102). In brief, prepare 

1% agarose gel in 1x TBE or 1xTAE buffer (section 3.4) with EtBr (ethidium bromide), 

transfer gel into electrophoresis chamber, load DNA sample with sample loading dye, 

perform electrophoresis (65V; 30-60 min or for a time period to achieve optimal separation). 

Finally, visualize DNA bands by illumination with UV light. Images were visualized and 

captured with the INTAS imager connected to an UV illuminator (102,105). 

4.3.6 Polymerase chain reaction (PCR) 

PCR was performed for fast copying and amplification of specific DNA fragments 

from a pool using sequence-specific primers (Oligonucleotides; section 3.11) and 

thermosensitive DNA polymerase (Taq, Pfu, and Vent polymerase) (106). All reaction 

ingredients (as mentioned in Tab. 17-19) were mixed in a 0.5 ml sterile thin walled tubes and 

reactions were carried out in 25 μl of total reaction volume. The reactions were carried out in 

an eppendorf thermocycler followed programming. The thermocycler program (Tab. 20) was 

designed according to the size of fragments to be amplified and the melting temperature (Tm) 

of primers. Amplification of targeted DNA fragments was analyzed on agarose gels (section 

4.3.5) and fragments were purified by a PCR purification kit. 



Experimental Methods 
 

38�
�

Tab. 17: Composition for Pfu polymerase reaction mixture 

Component Stock 
concentration 

Final 
concentration 

Volume 
(μl) 

Pfu DNA polymerase (Fermentas) 2.5 U/ μl 1.25 U 0.5
10x PCR buffer with 20 mM MgSO4  10x 1x 2.5
MgSO4 20 mM 0.6 mM 0.3
dNTPs mix  25 mM 2.5 mM 1.0
Forward (upstream) primer 10 pM 1.5 pM 1.5
Reverse (downstream) primer  10 pM 1.5 pM 1.5
Nuclease-free ddH2O    17.2
DNA template 0.25 μg/μl 0.125 μg 0.5
Total reaction volume 25 μl

 

Tab. 18: Composition for Vent polymerase reaction mixture 

Component Stock 
concentration 

Final 
concentration 

Volume 
(μl) 

Vent DNA polymerase (New England 
Biolab) 

2 U/ μl 1U/reaction 0.5

10x PCR buffer  10x 1x 2.5
MgSO4 20 mM 2.0 mM 1.0
dNTPs mix  25 mM 2.5 mM 1.0
Forward (upstream) primer 10 pM 1.5 pM 1.5
Reverse (downstream) primer  10 pM 1.5 pM 1.5
Nuclease-free ddH2O    16.5
DNA template 0.25 μg/μl 0.125 μg 0.5
Total reaction volume 25 μl

 

Tab. 19: Composition for Taq polymerase reaction mixture 

Component Stock 
concentration 

Final 
concentration 

Volume
(μl)

Taq DNA polymerase (QIAGEN) 5 U/ μl 1.25 U 0.25
10x PCR buffer  10x 1x 2.5
MgCl2 25 mM 2.5 mM 1
dNTPs mix  25 mM 2.5 mM 1
Forward (upstream) primer 10 pM 1.5 pM 1.5
Reverse (downstream) primer  10 pM 1.5 pM 1.5
Nuclease-free ddH2O    16.75
DNA template 0.25 μg/μl 0.125 μg 0.5
Total reaction volume 25 μl



Experimental Methods 
 

39�
�

Tab. 20: PCR program for  

Step Temperature Duration No. of Cycles 
Initial denaturation 95 �C 3 min  
Denaturation 95 �C 0.5-1 min 24-29 
Annealing 60-62 �C 2 min 
Extension 72 �C 2 min/kb for Pfu polymerase 

1 min/kb for Taq polymerase 
Final extension 72 �C 10 min  
Store 4 �C   

 

4.3.7 Plasmid DNA isolation 

Alkaline lysis in presence of SDS detergent is the basic principle for isolating plasmid 

DNA from Escherichia coli, which is followed by all currently available protocols (102,107). 

In this work, QIAGEN miniprep, Nucleobond AX midi and maxi-prep kits, and respective 

protocols were used to isolate plasmid DNA. In brief, harvest bacterial culture (section 4.1.1) 

(centrifugation at 5000 g, 10 min) resuspend pellet in pre-chilled resuspension buffer with 

RNAseI (P1 mini-prep buffer; RES midi- maxi-prep buffer), add lysis buffer (P2 mini-prep 

buffer; LYS midi-maxi-prep buffer), add neutralization buffer (miniprep buffer N; NEU midi-

maxi-prep buffer), clean cell debris, pass solution through DNA-binding column and subject 

column to high salt wash (miniprep buffer PB; WASH midi-maxi-prep buffer). Thereafter, 

wash the mini-prep column with PE buffer and elute the DNA with elution buffer or nuclease 

free water. For midi-maxi-prep columns, DNA was eluted with elution buffer followed by 

isopropanol precipitation and 70% ethanol washing of the DNA pellet. Upon drying, the DNA 

pellet was re-dissolved in nuclease free water. The purity of the DNA was analyzed by 

agarose gel electrophoresis and concentration was measured using a Nanodrop at OD260 nm. 

4.3.8 DNA cleavage by restriction enzymes 

In order to create recombinant plasmid DNA, amplified DNA (insert) and plasmid 

vector were digested with site specific restriction enzymes (REs). In this work some common 

REs (according to MCS and site inserted in primers) were used to cleave the duplex DNA 

generating sticky/cohesive end on both sides of linear DNA. The DNA (1-5 μg) was mixed 

with RE (1 U) and 1x RE buffer in a volume of 20-25 μl and the reaction were carried out by 
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incubation at 37�C for 3-4 h. After heat inactivation of the first enzyme, sequential digestion 

was performed using another specific RE to cleave the DNA at a second site. Digested DNA 

was separated on agarose gels and isolated using a gel elution kit (QIAGEN). 

4.3.9 Ligation of DNA fragments 

Digested amplified DNA (inserts) was ligated into plasmid vector (with 

complementary sticky end) using recombinant T4-DNA ligase. The reaction mixtures were 

prepared by mixing insert(s) and vector(s) in a ratio of 1:1 to 1:5 ratios (100-500 ng insert 

with 100 ng of plasmid vector) with T4-DNA ligase (2U), 1x T4-ligase buffer and 1 mM 

ATP. The reaction was carried out at 16 �C for overnight. Thereafter, the complete mixture 

was used to transform electrocompetent E. coli XL1 Blue bacteria. Clones were selected on 

recombinant DNA specific antibiotic selection LB agar plates. 

4.3.10 Molecular cloning 

In this work murine TACC3 and chTOG variants were inserted into prokaryotic 

plasmid expression vectors for protein production and purification. To facilitate the cloning, 

respective DNA fragments were amplified by PCR (section 4.3.6) using sequence specific 

primers and template DNA (section 3.9). Plasmid vectors were isolated (section 4.3.7) and 

vectors and inserts (PCR amplified product) were cleaved with site-specific REs (section 

4.3.8). Respective inserts and vectors were ligated and the ligated plasmid was selected 

following transformation on vector specific antibiotic selection LB agar plates (section 4.3.9). 

Bacterial colonies were screened by PCR followed by double digestion of cloned plasmids. 

Finally, correct insertion and identity of targeted DNA was confirmed by sequencing using 

vector specific sequencing primers (GATC biotech). 

4.3.11 Site directed mutagenesis 

To create single amino acid residue variants or internal deletion mutants of murine 

TACC3, full recombinant plasmid was amplified by PCR using Pfu polymerase and primers 

were designed for mutation. PCR amplification was achieved in a 25 μl reaction mixture 
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(Tab. 21) and reaction was carried out in a thermocycler by programming SDM specific 

temperature cycle (Tab. 22). 

Tab. 21: Composition of PCR reaction mixture for mutagenesis 

Component Stock 
concentration 

Final 
concentration 

Volume 
(μl)

Pfu DNA polymerase  2.5 U/ μl 1.25 U 0.5 μl
10x PCR buffer with 20 mM MgSO4  10x 1x 2.5 μl
MgSO4 20 mM 0.6 mM 0.3 μl
dNTPs mix  25 mM 2.5 mM 1.0 μl
Primer 1 10 pM 1.5 pM 1.5 μl
Primer 2 10 pM 1.5 pM 1.5 μl
Nuclease-free ddH2O    17.2 μl
DNA template 0.25 μg/μl 0.125 μg 0.5 μl
Total reaction volume 25 μl

 

Tab. 22: PCR program for mutagenesis 

Steps Temperature Duration No. of Cycles 
Initial denaturation 94 �C 3 min  
Denaturation 94 �C 0.5-1 min 

16 Annealing 80 �C 45 sec 
Extension 68 �C 8 min 
Final extension 72 �C 10 min  
Store 4 �C   

 

4.3.12 Recombinant gene test expression 

In order to check the expressibility of recombinant DNA, E. coli Rosetta strain was 

transformed and test expression cultures (5 ml for pre-culture and 50 ml for secondary 

culture) were grown after induction with 0.2 mM of IPTG (section 4.1.1). Bacteria were 

harvested, lysed by pulse ultrasonication (at 4�C; 30 sec pulse and 1 min rest) in normal Tris-

NaCl buffer (30 mM Tris-HCl pH 7.5, 150 mM NaCl, 3 mM DTT, 2 mM EDTA, 1 mM 

PMSF, and one protease inhibitor cocktail tablet per 50 ml of buffer) and centrifuged (10.000 

g, 10 min, 4 �C). Protein expression levels in the supernatant were analyzed by SDS-PAGE 

and immunoblotting. 
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4.4 Protein chemical methods – protein separation  

4.4.1 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)  

SDS-PAGE is a widely used and elaborately described protein separation method 

(108,109). This method was performed on polyacrylamide gel (7.5, 10, & 12.5 %; gels casted 

in lab, composition are mentioned in Tab. 23, and 4-15% precasted gradient gels from BioRad 

were used) using standard protocols. For sample preparation cell lysate, cell pellets or protein 

samples were mixed with 2x Laemmli buffer, boiled at 100�C for 10 min and centrifuged at 

8000 rpm for 5 min. The samples were loaded onto the gels, proteins were separated by 

electrophoresis and protein bands were analyzed either by staining (with CBB dye or ProQ-

Diamond stain) or by immunoblotting. 

Tab. 23: SDS-PAGE gels with resolving gels of different percentages 

Ingredients Stacking 
gel 3% 

Resolving 
gel 7.5 % 

Resolving 
gel 10 % 

Resolving 
gel 12.5 % 

Acrylamide-bisacrylamide (30%) 0.3 ml 1.5 ml 2 ml 2.5 ml 
Stacking gel buffer 1.5 ml - - - 
Resolving gel buffer - 3 ml 3 ml 3 ml 
H2O 1.25 ml 1.5 ml 1 ml 0.5 ml 
TEMED 10 μl 15 μl 15 μl 15 μl 
10% APS 20 μl 45 μl 45 μl 45 μl 

 

4.4.2 Immobilized metal ion affinity chromatography (IMAC) 

The IMAC protein separation method is based on interfacial interactions between 

histidine and cysteine residues of protein in solution and metal ions like Zn2+, Ni2+, Co2+, 

Cu2+, and Ca2+ fixed to a solid support made of hydrophilic cross linked polymer (110,111). 

In this work Ni2+-NTA agarose matrix (Ni2+ immobilized by nitrilotriacetic acid cross linked 

with agarose; QIAGEN) was used for purification of 6xHis-TACC3-7R and 6xHis-chTOG-C 

proteins using standard protocols (QIAGEN handbook). In brief, the steps were as follows: 

Harvesting cells in lysis buffer (30 mM Tris-HCl pH 7.5, 200 mM NaCl, 5 mM �-ME, 15 

mM imidazole and EDTA-free protease inhibitor cocktail); protein extraction by incubating 

(4�C for 10-15 min) the bacteria with DNaseI (10 μg/ml) followed by cell lysis in a fluidizer 
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(Microfluidics Corporation); soluble fraction isolation by centrifugation (30,000 g for 45 min 

at 4 �C); applying the supernatant to a pre-equilibrated (30 mM Tris-HCl pH 7.5, 200 mM 

NaCl, 5 mM �-ME, 20 mM imidazole) Ni2+-NTA agarose column followed by washing with 

3-5 column volumes of purification buffer; and finally, elution of the protein in fractions by 

setting a gradient of 50 mM imidazole (elution buffer I; 30 mM Tris, 200 mM NaCl, 5 mM �-

ME, 50 mM imidazole) to 500 mM imidazole (elution buffer II; 30 mM Tris, 200 mM NaCl, 

5 mM �-ME, 500 mM imidazole). Elution fractions were analyzed on SDS-PAGE for final 

purity. 

4.4.3 Glutathione (GSH) affinity chromatography 

The Glutathion-S-transferase (GST) fusion system is a frequently used method for 

high level soluble protein production and purification from bacterial lysates (112,113). The 

pGEX-4t1-nTEV vector was used for the production of GST fused TACC3 and chTOG 

variants in E. coli expression host (114). GST-fused proteins were isolated by passing the 

soluble fraction from the cell lysate through pre-equilibrated (with standard GSH-purification 

buffer; 30 mM Tris-HCl pH 7.5, 150-200 mM NaCl, 3 mM DTT, 1-2 mM EDTA) glutathione 

agarose column, followed by three times washing (each with two column volume of buffer; 

two times with standard GSH-purification buffer and once in between with high salt buffer - 

30 mM Tris-HCl pH 7.5, 150-200 mM NaCl, 3 mM DTT, 10 mM MgCl2, 10 mM ATP). 

Lastly, bound protein was eluted by passing GSH-elution buffer (30 mM Tris-HCl pH 7.5, 

150-200 mM NaCl, 3 mM DTT, 1-2 mM EDTA, 20 mM glutathione; adjust final pH 7.5) 

through the column. The purity of GST-fused protein was analyzed by SDS-PAGE (section 

4.4.1). 

 

This method was also used to remove the cleaved GST-tag (reverse GSH-affinity 

chromatography) after cleaving the tag from fusion protein with TEV (tobacco-etch-virus) or 

thrombin protease. To isolate TEV or thrombin cleaved protein, samples were passed through 

a pre-equilibrated (standard GSH-purification buffer) glutathione agarose column and elution 

fractions (containing the protein of interest) were collected. Fractions were analyzed on SDS-

PAGE and by immunoblotting for purity determination. Further the bound GST in the column 

was removed by passing one column volume of 6 M Guanidium-Cl followed by passing 2-3 

column volume of filtered ddH2O.  
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4.4.4 Gel filtration or size exclusion chromatography 

Gel filtration chromatography represents a widely used approach to separate protein 

molecules according to their size and shape (molecular mass and stock radii) in native or 

solution state. This method was also used for fast exchanging of the appropriate buffers as an 

alternative to the dialysis procedure. This method was employed to, separate protein 

molecules (GST from protein of interest after TEV or thrombin cleavage) or to exchange the 

buffer (of affinity purified proteins for sample preparation before ITC, CD spectroscopy & 

analytical ultracentrifugation). Protein samples were passed through gel filtration columns 

(Superdex 200 or Superose 6) using specific buffer: Tris-NaCl buffer (30 mM Tris-HCl pH 

7.5, 150-200 mM NaCl, 3 mM DTT, 1-2 mM EDTA); phosphate buffer [50 mM sodium 

phosphate (1.08% Na2HPO4 and 0.13% NaH2PO4) pH 7.5, 150 mM NaCl, 1 mM EDTA]; 

ITC buffer (30 mM Tris-HCl pH 7.5, 200 mM NaCl, 1 mM TCEP, 2 mM EDTA); and AUC 

buffer (30 mM Tris-HCl pH 7.5, 200 mM NaCl, 3 mM DTT, 1 mM EDTA). Elution fractions 

(fraction size: 0.5 ml for analytical column and 5 ml for preparative column) were collected 

and peak fractions were analyzed by SDS-PAGE and immunoblotting. 

4.5 Protein chemical methods – protein production and purification 

4.5.1 Preparative culture for recombinant protein production 

Preparative cultures (5-20 liter for each construct) were generated using enriched TB 

media for large scale protein production. E. coli Rosetta strain transformed with recombinant 

plasmid DNA of interest was grown as mentioned in section 4.1.1. To induce protein 

expression and overproduction in transformed E. coli, IPTG (0.2 mM, 20 �C) was added and 

cultures were allowed to grow at this temperature for overnight. 

4.5.2 Cell lysis and protein extraction 

Bacteria with overexpressed protein were harvested by centrifugation (10,000 g for 10 

min; Backman JLA 8.1000 rotor) and pellets were resuspended using IMAC-protein 

purification buffer (section 4.4.2) or GSH-purification buffer (section 4.4.3). Protein 

extraction was carried out by incubating (4�C for 10�15 min) the cells with DNaseI (10 
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μg/ml) and cell lysis was performed in a fluidizer (Microfluidics Corporation) at a pressure of 

10,000 psi (~690 bar). Soluble fractions were separated by centrifugation (30,000 g for 45 

min at 4 �C) and supernatants were transferred into clean flasks for further purification by 

affinity chromatography (section 4.4.2 and 4.4.3). 

4.5.3 Large scale purification of recombinant proteins 

For large scale recombinant protein purification GSH-agarose and Ni2+-NTA-agarose 

affinity purification methods were used (section 4.4.2 and 4.4.3). The supernatants (soluble 

fraction) after cell lysis and centrifugation (section 4.5.2) were applied to column with a flow 

rate of 1 ml/min. The remaining steps were performed as mentioned in section 4.4.2 and/or 

4.4.3. Purified His- or GST-fusion proteins were concentrated and passed through gel 

filtration columns (section 4.4.4; Superdex 200 XK26/60 or Superpose 6 XK16/60 column) 

for buffer exchange. GST fusion proteins were subjected to TEV (4 U/mg) or thrombin (2 

U/mg) digestion at 4�C for overnight. GST was removed by performing either reverse 

glutathione affinity purification or gel filtration chromatography or both in combination. 

Finally, the purity of proteins was analyzed by SDS- PAGE and CBB staining. 

4.6 Protein chemical methods – protein analytics  

4.6.1 Determination of protein concentration 

For any in vitro biochemical reaction or protein characterization, the correct 

concentration of a protein is an important factor. Especially for crystallization and protein 

characterization by ITC, there is a need for a higher protein concentration. To achieve the 

required concentration of a protein obtained after preparative scale, the protein was 

concentrated using Millipore amicon centricon columns followed by centrifugation at 4000 

rpm. Several methods are available for the determination of protein concentration with the 

representing Bradford assay the method of interest. The assay was performed according to a 

standard protocol (115). In brief, standard curves (amount of protein vs. absorbance) were 

plotted by mixing increasing amount of BSA (0.5-20 μg) to 500 μl Bradford reagent and 

absorbance at OD 595 nm was recorded in triplicate. The absorbance data were averaged and 

the standard linear equation was derived from the amount of BSA vs. absorbance (XY 
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distribution) plot. Protein samples were analyzed in an analogous manner and the 

concentration was calculated by analyzing the absorbance data using the obtained standard 

linear equation. TACC3 protein variants have an acidic pI and the purified proteins 

precipitated and formed clots in Bradford solution because of the acidic nature. Therefore, 

protein samples for concentration determination were prepared by diluting them in 1 M NaOH 

solution (116). Lastly, several aliquots (250 or 500 μl) were made for the highly concentrated 

purified proteins and were snap-frozen in liquid N2 and stored at -80 �C for further use. 

4.6.2 Immunoblotting (Western blotting) 

Protein samples were loaded onto SDS-PAGE and transferred to nitrocellulose 

membranes (Hybond C, GE Healthcare) by the tank blot (Bio-Rad wet/tank blotting system) 

method. Blots were blocked with 5% milk in TBST and probed (overnight at 4 �C) with 

primary antibodies (1:5000 dilutions or according to manufacturer’s instructions): anti-

mTACC3 N18, anti-mTACC3 C18 (both generated in rabbits); anti-GST (pAb Abcam, 

Cambridge, UK), and anti-chTOG (mAb Abcam, Cambridge, UK). After washing three times 

for 10 min with 1x TBST (1x TBS with 0.1% Tween 20) the blots were subjected for 

incubation (1h at RT) with respective horseradish peroxidase (HRP)-coupled secondary 

antibodies (1:5000 dilution or according to manufacturer’s instructions). Thereafter, blots 

were washed three times for 5 min with 1x TBST and specific signals were visualized using 

the ECL detection system (GE Healthcare, München) and visualization by INTAS chemostar 

imager. 

4.6.3 Analytical gel filtration chromatography 

AGFC was performed using Superose 6 10/300 GL column (GE Healthcare) 

connected to an ÄKTATM purifier with an UV900 detector (GE Healthcare). The column was 

equilibrated by passing two column volume of filtered and degassed Tris-NaCl buffer (30 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 3 mM DTT and 2 mM EDTA) with a flow rate of 0.5 

ml/min and calibrated with standard proteins of known molecular weight (GE healthcare): 

Thyroglobulin (669 kDa); Ferritin (440 kDa); Aldolase (158 kDa); Ovalbumin (43 kDa); 

Carbonic Anhydrase (29 kDa); Ribonuclease A (13.7 kDa); Aprotinin (6.5 kDa). Following 

calibration each protein sample (~50-200 μg) was injected into the column and elution 
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fractions (500 μl) were collected. For protein-protein interaction analysis proteins were mixed 

at an equimolar ratio (7-10 nmol of TACC3 and chTOG variants), incubated on ice for 30 

min, and then injected onto the column. Elution profiles were recorded using the 

UNICORN4.11 software program and peak fractions were analyzed on SDS-PAGE followed 

by CBB staining and immunoblotting. 

4.6.4 Immunoprecipitation 

Purified TACC3 before and after thrombin digestion (~10-15 μg) was mixed with 2 μl 

of stock antibodies (anti-mTACC3 N18 and anti-mTACC3 C18) and incubated at 4 °C for 

overnight. Thereafter, 25 μl of Protein A/G agarose beads presoaked in BSA were added, 

volume made up to 100 μl with IP buffer (30 mM Tris-HCl pH 7.5, 200 mM NaCl, and 2 mM 

EDTA) and samples incubated at 4 °C for 1 h by continuous mixing on a rotor. Following 4-5 

washing steps with IP buffer, immune complexes were subjected onto SDS-PAGE and 

immunoblotting was performed with primary (anti-mTACC3 C18 and anti-mTACC3 N18) 

and HRP conjugated secondary (anti-rabbit) antibodies, respectively. 

4.6.5 GST pull down assay 

The GST pull down (bait-prey interaction) assay was performed by using GSH-

sepharose (GE Healthcare) beads to analyze the interaction between purified TACC3 and 

chTOG variants. The prey proteins were obtained by cleaving the GST tag with TEV protease 

followed by removing of the GST tag by gel filtration or reverse GSH affinity purification. 

GSH-sepharose beads (GE healthcare) in a volume of 100 μl were washed three times with 

Tris-NaCl buffer (30 mM Tris-HCl pH 7.5, 200 mM NaCl, 3 mM DTT, and 2 mM EDTA). 

GST and GST-fused proteins (10-20 μM) were added and incubated (at 4 °C for 1 h) in a final 

volume of 200 μl. Blocking (2 h at 4 °C) with 5% BSA was performed followed by three 

times washing with Tris-NaCl buffer followed by the next incubation (4 °C for 2 h) with an 

equimolar ratio of the “prey” protein. After five washing steps, 100 μl of 2x Laemmli buffer 

was added, samples were heat denaturated at 100°C for 5 min and finally SDS-PAGE was 

performed followed by CBB staining and immunoblotting. Because of the weak interaction 

the pull down of TACC3-CC (prey) with GST-TACC3-7R (bait) was performed with a small 

modification in this method. For this, first bait and prey were mixed and incubated (overnight 
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at 4°C), and then GSH-sepharose beads presoaked in 5% BSA were added for the final pull 

down. 

4.6.6 Isothermal titration calorimetry (ITC) 

The ITC experiment was performed with the assistance of M.Sc. Eyad Fansa (AG 

Ahmadian, Institute of Biochemistry and Molecular Biology II). Purified TACC3 variants and 

chTOG protein samples were prepared by exchanging the buffer by gel filtration 

chromatography (Superose 6 XK 16/70 column; GE Healthcare) using ITC buffer (30 mM 

Tris-HCl pH 7.5, 200 mM NaCl, 1 mM TCEP, 2 mM EDTA). For the TACC3-7R protein, 

buffer was exchanged by an overnight dialysis against ITC buffer using Slide-A-Lyzer 

cassettes (Thermo Scientific). All measurements were carried out at 20 °C using a VP-ITC 

microcalorimeter. Proteins in the syringe were titrated with 10-30 fold higher concentrations 

to the proteins in the thermo-sensitive cell. For each titration 10-30 injections were made at 

150-180 sec intervals, with each consisting of 8 μl, 10 μl, or 15 μl of the titrant. The reference 

power was set at 13 μcal sec-1 and the cell was stirred continuously at 310 rpm. Final data 

analysis was carried out using Origin software (Microcal Software). A non-linear least 

squares fit to a single binding site model was considered to obtain values for the binding 

constant, stoichiometry, and heat of binding. Control measurements were performed by 

titrating buffer to the protein and vice versa for comparison. 

4.6.7 Aurora-A kinase assay 

Human Aurora-A kinase (SignalChem) was used and all reaction steps were followed 

according to the manufacturer’s instructions. In brief, the assays were performed in a volume 

of 25 �l by adding 5 �l (0.1 �g/�l) of Aurora-A kinase (diluted in kinase assay buffer: 5 mM 

MOPS pH 7.2, 2.5 mM �-glycerol phosphate, 5 mM MgCl2, 1 mM EGTA, 0.4 mM EDTA 

and 50 ng/�l BSA) together with 1 �g of purified TACC3 protein. The final volume was 

adjusted to 20 �l with sterile ddH2O and reactions were started by adding 5 �l of 10 mM ATP 

(dissolved in 25 mM MOPS pH 7.2, 12.5 mM �-glycerol phosphate, 25 mM MgCl2, 5mM 

EGTA and 2 mM EDTA) followed by incubation (at 30°C for 15 min). Reactions were 

stopped by the addition of 10 �l of 6x Laemmli buffer followed by heat denaturation (100°C 

for 5 min). Phosphorylated proteins were then separated onto SDS-PAGE gel and detected by 
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Pro-Q Diamond phosphostaining followed by subsequent CBB staining for the visualization 

of the total protein loaded. 

4.6.8 Pro-Q Diamond phosphoprotein gel staining 

Fluorescent staining of SDS-PAGE gel using the Pro-Q Diamond phosphoprotein gel 

stain (Molecular Probes, Invitrogen) was performed to analyze the phosphorylation status of 

purified TACC3. Following the kinase assay, protein samples were resolved by SDS-PAGE 

and gels were incubated two times in the fixation solution (50% methanol, 10% acetic acid), 

first for 30 min and then for overnight. Thereafter, the gels were washed three times for 10 

min with deionized ultrapure water, followed by incubation in Pro-Q Diamond 

phosphoprotein gel stain solution. The gels were destained with destaining solution (20% 

acetonitrile in 50 mM sodium acetate, pH 4) and washed two times for 5 min with ultrapure 

water. Images were obtained after 120 min of staining followed by three successive destaining 

washes. Pro-Q Diamond fluorescent gel images were acquired with the INTAS imager 

attached to a 300 nm UV transilluminator. Subsequent to image acquisition, gels were stained 

for total protein loading using CBB staining for comparing phosphorylated protein profiles 

and protein loading. 

4.7 Protein biophysical methods 

4.7.1 Sample preparation for MALDI-TOF mass spectrometry  

For mass spectrometric analysis, protein samples were desalted by exchanging the 

buffer using NAP-25 columns (GE healthcare). Protein samples (5-10 μl) followed by ddH2O 

were applied to the column and elution fractions were collected in drops. Desalted protein 

samples were sent to the central mass spectrometry facility (BMFZ) of the Heinrich-Heine-

University. 

4.7.2 Multi angle light scattering (MALS) 

The MALS experiment was performed in collaboration with the lab of Prof. Lutz 

Schmitt (Institute for Biochemistry, Heinrich-Heine-University). The light scattering 
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measurements were done on a MALS instrument (miniDAWN™ TREOS; Wyatt Technology) 

under an asymmetric Field Flow Fractionation condition (Eclipse™ AF4, Wyatt Technology). 

Protein separation according to size was achieved within a very thin flow, which is exposed to 

a perpendicular force field. For exact mass calculation, UV absorptions at 280 nm (Agilent 

Infinity 1260) and refractive index signals (OptilabRex, Wyatt Technology) were also 

collected. For both TACC3 protein samples (before and after thrombin digestion) the same 

experimental procedures were performed. In brief, the AF4 membrane was equilibrated with 

Tris-NaCl buffer (30 mM Tris-HCl pH-7.5, 150 mM NaCl and 2 mM EDTA). Fifty microliter 

of protein sample (~3 to 4 mg/ml) was injected on the membrane under inflow of buffer. The 

movement of the sample on the terminal point of the AF4 membrane was monitored and the 

amount of scattered light and UV absorption (A280) were detected in a time-dependent 

manner. The raw data were analyzed and processed with ASTRA software (Wyatt 

Technology). The amount of scattered light at maximum UV absorption was used to calculate 

molecular mass averages and polydispersity index of the protein samples. The amount of light 

scattered is related to the molar mass by the equation: (K*C)/R(	,c)=[1/MwP(	)] + 2A2C. 

Where Mw is weight averaged molar mass, K is constant, C is solute concentration, R(	,c) is 

excess Rayleigh ratio of the solution as a function of scattering angle q and concentration C, 

P(	) is angular dependence of scattered light, and A2 is the second virial coefficient and 

depend on osmotic pressure. 

4.7.3 Analytical ultracentrifugation - sedimentation velocity (AUC-SV) 

The AUC-SV experiment was performed in collaboration with Dr. Luitgard Nagel-

Steger (AG Willbold, Institute for Physical Biology, Heinrich-Heine-University). The 

experiment was performed using an Optima XL-A analytical ultracentrifuge (Beckman 

Coulter) with a 4-hole titanium rotor (AnTi-60; Beckman). For SV experiments, cells with a 

standard aluminum two-channel centerpiece and quartz windows were used. Samples were 

prepared by gel filtration using Tris-NaCl buffer (AUC buffer; 30 mM Tris-HCl pH-7.5, 200 

mM NaCl, 3 mM DTT and 1 mM EDTA) and concentrated up to 20 μM. The rotor 

temperature was equilibrated at 10°C in the vacuum chamber. After loading the sample (400 

μl) as well as reference buffer (420 μl), radial scans at 280 nm with 20 μm radial resolution 

were recorded at 3 to 5 min intervals during sedimentation at 37.000 rpm. Partial specific 

volume of the protein, solvent density, and solvent viscosity were calculated from standard 
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tables using the UltraScan II program (Version 14.3). The collected radial scans were 

analyzed using the continuous distribution [c(s)] analysis module in the SEDFIT program 

(Version 12.1) as well as two-dimensional spectral analysis combined with genetic algorithm 

(GA) and final Monte Carlo statistics (MC) as implemented in UltraScan II. SEDFIT data 

evaluation was performed as follows: Sedimentation coefficient increments of 0.1 S were 

used in the appropriate range for each sample. The frictional coefficient was allowed to float 

during the fitting. The weight average sedimentation coefficient was obtained by integrating 

the range of sedimentation coefficients in which peaks were present. The c(s) distribution was 

converted to a c(s20, w) distribution using the SEDFIT program. Additional data were 

evaluated with the UltraScan II software, which in contrast to c(s) in SEDFIT provides each 

detected species with an individual shape factor, i.e. frictional ratio. After a primary data 

evaluation by 2DSA the time invariant noise was subtracted. These noise corrected data were 

fitted according to a model of non-interacting species with a parsimoniuosly regulated genetic 

algorithm to find the sum of solutions of the Lamm equation with the lowest number of 

individual species that describes the measured data best.  

4.7.4 Circular dichroism (CD) spectra analysis 

The CD spectroscopic measurements were performed at the Institute for Physical 

Biology, AG Willbold, Heinrich-Heine-University. The measurements were accomplished on 

a J715 spectropolarimeter (JASCO) using sodium phosphate buffer [50 mM sodium 

phosphate (1.08% Na2HPO4 and 0.13% NaH2PO4) pH 7.5, 150 mM NaCl, 1 mM EDTA] as 

a control. Protein samples were prepared by buffer exchange (against sodium phosphate 

buffer) by gel filtration. The CD spectrum was measured in the wavelength range of 190 nm 

to 260 nm with a data pitch of 0.2 nm with ten accumulations per reading. The spectrum was 

recorded as change in ellipticity [�
] (milli degree or mdeg) and converted into molar 

ellipticity (in deg.cm2/dmol) using the following formula: Molar ellipticity [�] in 

deg.cm2/dmol = [�
 (in mdeg) × mean residue weight]/[pathlength (in mm) × concentration 

(mg/ml)]. The standard value of mean amino acid residue weight (110 kDa) was considered in 

above formula. Final data processing was carried out with the help of the K2D3 CD spectra 

analysis program by selecting 41 data points from 200 nm to 240 nm at a data pitch interval of 

1 nm followed by final curve fitting (117).  
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4.7.5 Negative staining and electron microscopy (EM) 

The staining and electron microscopy (EM) was carried out with the help of M.Sc. 

Daniel Prumbaum and Dr. Stefan Raunser, Max-Planck-Institute for Molecular Physiology, 

Dortmund, Germany. For sample preparation, purified proteins were passed through gel 

filtration column, the peak elution fractions were collected, and concentrated to 1-2 mg/ml. 

Specimens were prepared using the conventional negative staining procedure (118). Briefly, a 

4 μl drop of diluted samples were adsorbed for 40 s to a thin carbon film on a freshly glow-

discharged 400 mesh copper grid (G2400C, Plano GmbH, Wetzlar). Excess solution was 

blotted onto filter paper (Whatman No. 4). After washing with two drops of deionized water 

and once with freshly prepared 0.75% uranyl formate (SPI Supplies/Structure Probe), 

specimen were exposed to the staining solution for about 2 min. Excess stain solution was 

removed and specimen were air-dried (118). For EM imaging, a Joel JEM-1400 electron 

microscope equipped with a LaB6 filament was used and operated at an acceleration voltage 

of 120 kV. Digital micrographs were taken at a corrected magnification of 53,800x and a 

defocus value of -1.5 μm using a 4k x 4k CMOS camera F416 (TVIPS) at low-dose 

conditions. 

4.7.6 Crystallization trials 

The crystallization trials were made with collaboration of Dr. Astrid Höppner, Crystal 

and X-ray facility, Heinrich-Heine-University. The crystallization trials were performed for 

TACC3 before and after thrombin digestion, alone and in complex with chTOG-C as well as 

for TACC3-CC1 alone and in complex with chTOG-C. The samples were prepared by 

passing the protein through gel filtration column, pooling the single peak elution fractions and 

concentrating them to 5-10 mg/ml. The purity of proteins was confirmed by SDS-PAGE. In 

order to screen the crystallization conditions, the crystallization drops were set up in 96 well 

plates using the sitting drop method performed by HYDRA II Matrix robotics and crystal 

screens from QIAGEN. The screens used for the trial are listed in Tab. 14. The plates were 

kept in a vibration free incubator at 12�C and/or room temperature for crystal nucleation and 

growth. Images were documented with the FORMULATRIX robotic scanner and imager at 1, 

2, 3, 5, 7, 9, 11, 13, 15, and 21 days interval and analyzed further for the growth of crystals. 
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To determine the minimal stable domain(s) of TACC3 that can be crystallized, protein 

samples were subjected to partial protease (trypsin and chymotrypsin) digestion. The proteins 

were mixed with the protease in a molar ratio of 1:1000, 1:500 and 1:100 followed by time 

dependent incubation at 37�C. Reactions were stopped by adding 2x Laemmli buffers and 

heat denaturation. Samples were analyzed on SDS-PAGE followed CBB staining. 

4.8 Cell biological methods 

The mammalian cell culture work and confocal laser scanning microscopy were 

performed with the help of M.Sc. Madhurendra Singh, Institute for Biochemistry and 

Molecular Biology II. 

4.8.1 Mammalian cell culture and transfection 

HeLa and COS7 cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% fetal calf serum (FCS; Invitrogen), 100 U/ml penicillin and 

100 �g/ml streptomycin (Genaxxon) at 7% CO2 and 37°C in standard cell culture incubator. 

Cell culture work was performed in six well cell culture plates (TPP) containing sterile glass 

cover slips in each well. Cells were allowed to grow up to a confluency of 50-70% and then 

transfected with 2 μg of recombinant plasmid DNA by using the FuGENERHD transfection 

reagent (for COS7 cells) or Calcium phosphate method (for HeLa cells). Cells were allowed 

to grow for 8 h after adding the transfection mixture, thereafter the medium was replaced with 

fresh medium followed by a further incubation period of 24-48 h. Transfection efficiency of 

recombinant DNA (EGFP alone and EGFP-fused TACC3 variants) was analyzed on a 

NIKON TE2000 microscope at a 40x magnification. 

4.8.2 Confocal laser scanning microscopy (cLSM) 

HeLa and COS7 cells were grown on sterile glass coverslips, washed once with 

PBS+/+, fixed in 4% paraformaldehyde in 1x PBS for 20 min and permeabilized with 0.2% 

Triton X-100 in 1x PBS for 5 min at room temperature. Paraformaldehyde was neutralized 

with 1% glycine in 1x PBS for 20 min. After washing one time with PBS+/+, cells were 
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blocked with 4% BSA in 1x PBS for 30 min and then incubated with primary antibodies 

diluted in PBS containing 1% BSA overnight at 4�C. The following antibodies were used: 

anti-Human TACC3 (D2 mouse mAb; Santa Cruz), anti-Tubulin (Rat mAb; Acris GmbH), 

anti-chTOG (Rabbit polyclonal antibody; abcam), and anti-CHC (Rabbit polyclonal antibody; 

abcam). Following incubation with these primary antibodies, cells were washed three times 

with 1x PBS. Thereafter, incubation with secondary antibodies (Alexa 488-IgG anti-Mouse; 

Alexa 546-IgG anti-Rabbit; Alexa 633-IgG anti-Rat) dissolved in PBS containing 1% BSA 

was performed for 1 h. For visualizing DNA/chromosomes, cells were treated with DAPI 

(1:10,000) for 5 min and finally coverslips were mounted on glass slides using Prolong Gold. 

The slides were examined under a Zeiss cLSM 510 Meta (Zeiss) microscope at a 63x 

magnification under emersion oil. Images were collected and processed with the Zeiss LSM 

image browser software. Alternatively, slides were analyzed and pictures were taken using 

Nikon TE2000 microscope at 40x magnification. 
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5 Results 

5.1 Subcellular colocalization of TACC3 with its known effectors 

TACC3 localizes in the cytosol and nucleus in interphase cells (42). During the G2/M 

and mitotic phases of the cell cycle it co-localizes with its partner and effector proteins CHC 

and chTOG at the centrosome and along spindle microtubules (8,27,29,30,33,34). To validate 

their colocalization, immunostainings of HeLa cells were performed in the lab by using 

primary antibodies (against TACC3, �Tubulin, chTOG, CHC) and Alexafluor (Alexa 488, 

546, 633)-labeled secondary antibodies (Fig. 8). The cells were stained with DAPI to detect 

chromosomes/DNA. As expected, during metaphase TACC3 clearly appears to be colocalized 

with chTOG as well as CHC at the mitotic spindle apparatus. 
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Fig. 8: Colocalization of TACC3 with chTOG and CHC in metaphase cells. 
Images of metaphase cells were collected under a Zeiss cLSM 510 Meta microscope at a 63x 
magnification. A, at the spindle apparatus TACC3 colocalizes with chTOG and spindle microtubules 
(white). B, CHC co-localizes with TACC3 at centrosomes and a slightly diffused region around the 
centrosomes. 
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5.2 Sequence based in silico analysis of TACC protein family members 

The TACC protein family evolved separately in the metazoan lineage, parallel to other 

protein families containing the coiled coil structure. All vertebrates express three TACC 

isoforms (TACC1, TACC2, and TACC3), while in other metazoans only one member is 

known (41). The phylogenetic distance tree of the TACC family members in higher 

eukaryotes was analyzed by multiple sequence alignment using the ClustalW program. The 

alignment data (newick file format) was used to make the final evolutionary tree by means of 

the iTOL (interactive tree of life) online program (Fig. 9). 

 

Scale

 
Fig. 9: Phylogenetic tree of TACC protein family members in higher eukaryotes. 
The TACC3 evolutionary branch is separated from TACC1 and TACC2 earlier during evolution. The 
arrow in the center indicates the origin of the tree. The number indicates the branch length. On to left 
corner is a scale (0.1) for branch length. (Tr-Takifugu rubripes; Xl-Xenopus laevis; Bt-Bos taurus; Oc-
Oryctolagus cuniculus; Hs-Homo sapiens; Ms-Mus musculus; Dm-Drosophila melanogaster; Ce-
Caenorhabditis elegans). 
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The evolutionary distance tree of TACC family members in higher eukaryotes reveals 

a separate branch for the evolution of TACC3. The TACC1 and TACC2 isoforms evolved 

together and they also got separated earlier during evolution. The tree further indicates that 

the TACC1 and TACC2 isoforms are relatively close to the D-TACC (D. melanogaster) and 

TAC1 (C. elegans) TACC family members in contrast to all TACC3 isoforms. The reason(s) 

behind the separate evolutionary branch for TACC3 isoforms are still unknown. Nevertheless, 

the separate evolutionary branch of vertebrate TACC isoforms indicates the adoption of some 

non-overlapping functions different from the conserved role in mitosis. 

 

All TACC protein family members share the C-terminal conserved CC-domain 

consisting of about 200 amino acids residues, referred to as TACC domain (42). The COILS 

program based scanning (in a 14, 21 and 28 residues window scanning mode) of the C-

terminal 250 residues displays a high score (COILS score=1) for CC-structure formation for 

all TACC family members (Fig. 10). This program is based on a mathematical algorithm and 

scans for heptad repeats (HXXHCXC; H-hydrophobic residues, X-any amino acid, and C-

charged residues) in the backbone of the �-helix (99). 

 

Surprisingly, a fall in the COILS score (in 28 residues window scan mode; Fig. 10, red 

arrows) was observed in the center of the CC-domain of the TACC3 isoforms from human, 

mouse, and other higher vertebrates. The residues with low COILS scores in the center of the 

CC-domain were identified as a CC-structure breaking peptide region. Interestingly, thus low 

COILS score region was absent in the CC-domains of TACC1, TACC2, and all lower 

vertebrates (X. laevis and T. rubripes) TACC3 isoforms. The central region with a low COILS 

score is indicated as the CC-structure breaking peptide region. 

 

Sequence alignment of vertebrate TACC family members demonstrates a very high 

conservation of amino acid residues in their C-terminal region (Fig. 11) (41,42). In the TACC 

domain, residues in the left part of the C-terminus are comparatively less conserved than the 

residues towards the end of the C-terminus. The CC-structure breaking peptide region is 

present in the highly conserved region of the CC-domain. Only few residues in this region are 

different from TACC1, TACC2, and the lower vertebrate TACC3 sequences. 
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Fig. 10: In silico prediction of coiled coil structures in the C-terminus of the TACC protein 
family members using COILS program. 
The C-terminal 250 amino acid residues were scanned in 14 (green line), 21 (blue line), and 28 (red 
line) residues window scanning modes. High scores for CC-structure formation were observed at the 
C-terminus of TACC protein family members. Double headed red arrows indicate the region with 
lowest probability for forming CC-structures in the center of the TACC domain of human, mouse and 
other higher vertebrate TACC3 isoforms. Fig. A, and B, displays the COILS scores for the TACC 
domain of vertebrate TACC family members. For murine TACC3, CC-structures before and after the 
low COILS score region are named the CC1 and CC2 modules respectively [Tr- Takifugu rubripes, 
Xl- Xenopus laevis, Bt- Bos Taurus, Oc- Oryctolagus cuniculus, Hs- Homo sapiens and Ms- Mus 
musculus]. 

The presence of the CC-structure breaking peptide in the highly conserved region of the CC-

domain could be possibly explained as inability to meet up the regular heptad repeat pattern 

required to form a CC-structure in this region. The sequence alignment (Fig. 11) also reveals a 

difference in the pattern of sequence conservation before and after the CC-structure breaking 

peptide region. The residues before this region are less conserved than the residues following 

this region. In murine TACC3, the CC-modules before and after the breaking peptide were 

named as CC1 and CC2, respectively (Fig. 10B). Thus, the evolution of the CC-structure 
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breaking peptide region gives a clue at the structural level about the separate evolutionary 

branch of the TACC3 isoforms. 

 

 
Fig. 11: Sequence alignment showing conservation of residues in the CC-domain of vertebrate 
TACC family members. 
The red box indicates the CC-structure breaking peptide region. Light and dark blue color indicates 
less and highly conserved residues, respectively. Lines with a light and dark blue color correspond to 
the CC1 and CC2 regions of murine TACC3, respectively. 

A sequence alignment for the variable N-terminal part of TACC family members was 

also performed. This analysis revealed a conservation of about hundred N-terminal residues 

only in the TACC3 isoforms (Fig. 12A). The sequence blast analysis, of the first 100 residues 

from the N-terminus of TACC3 isoforms shows sequence identities of up to 74% (Fig 12C). 

The high percentage of sequence identity in the N-terminal region of TACC3 isoforms 

indicates functional specificity compared to TACC1 and TACC2, and this could be the 

second possible explanation for the separate TACC3 evolutionary branch. Hitherto interacting 

partners for the conserved N-terminal region are unknown and its functional role is unclear. 

Some mutations in this region of TACC3 in human breast cancer samples have been reported, 

however, a putative role of these TACC3 variants in tumor growth are not known (71). 
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Fig. 12: Conservation of N-terminal residues and Aurora-A phosphorylation sites in TACC3 
isoforms. 
A, Sequence alignment demonstrates conservation of about hundred amino acid residues from the N-
terminus and one Aurora-A phosphorylation site (indicated with the arrow) only in TACC3 isoforms 
(red box). B, Further, Aurora-A phosphorylation sites (indicated with arrows) are conserved only in 
TACC3 isoforms. C, Up to 74% identity was observed in the N-terminal region of TACC3. Query 
indicates the input sequence (100 residues from the TACC3 N-terminus) used for NCBI blast analysis. 
Database indicates the output aligned sequence. Numbers represent the percentage identity between 
two respective sequences. 
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TACC3 displays in total three known Aurora-A phosphorylation sites. One is present 

in the N-terminal region (S33 in Xenopus and S34 in human and mouse TACC3 isoforms; 

Fig. 12A, indicated with arrow) and another two phosphorylation sites are present close to the 

CC-domain (S620 & S626 in X. laevis and S552 & S558 in H. sapiens; Fig. 12B). Similar to 

Hs-TACC3 (H. sapiens-TACC3) and Xl-TACC3 (X. laevis-TACC3), sequence comparison 

also identified analogous Aurora-A phosphorylation sites (S34, S341, & S347) in murine 

TACC3. However, the role of the Aurora-A phosphorylation site (S33/S34) in the highly 

conserved N-terminal part is still unclear. The role of Aurora-A phosphorylation at S626 (Xl-

TACC3) or S558 (Hs-TACC3) has been shown in the regulation of TACC3 recruitment to the 

centrosome during mitosis (27,33,66). The role of Aurora-A phosphorylation of Xl-TACC3 at 

S620 and S626 seems to be critical for CHC binding and RanGTP-dependent spindle 

assembly (27). 
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Fig. 13: The interaction network for human (A) and murine (B) TACC3. 
A, Alignment of the seven repeats (R1-R7) of TACC3 each contains 24 amino acids. The box shows 
the PPXXP motif conserved in all seven repeats (P-prolin; X-any amino acid). B, and C, Web based 
interaction was analyzed on 31 August 2012 by the use of the String 9.0 program. The program 
combines various database and scientific literatures to find a connection between two proteins. The 
color of the line joining two proteins indicates the type of evidence or type of connection as indicated 
in index (lower right corner). 
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Murine TACC3 is distinct from the human and other vertebrate TACC3 isoforms by 

having seven perfect repeats, each comprising 24 amino acids (Fig. 13A). Interestingly, these 

repeats contain several serine (S), prolin (P) and glutamate (E) residues which are identical to 

the imperfect SPD repeats of Hs-TACC3 and Xl-TACC3 (34,60). One PPXXP motif was 

identified to be present in each repeats of murine TACC3 (Fig 13A, black box). Indeed, such 

motifs are known to interact with SH3 domains (119). However, interactome analysis using 

the String 9.0 program did not reveal any SH3 domain-containing protein(s) interacting with 

murine TACC3 (Fig. 13B & C). 
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Fig. 14: The C-terminus of XMAP215/chTOG is highly identical in vertebrates and contains 
mainly �-helical secondary structures. 
A, Secondary structure prediction (using NPS@ server at Lyon, France) results for murine chTOG and 
XMAP215 from X. laevis shows a high percentage of �-helical secondary structure (blue color). Red 
and purple colors represent extended and random coil regions, respectively. TOG1-5 indicates ��-
tubulin heterodimer binding domains and numbers below show their exact position in XMAP215. The 
TACC binding domain is present at the C-terminus of the protein and similar to the TOG domains it 
also contains �-helical repeats. B, Sequence alignment of C-terminal sequence from chTOG (H. 
sapiens and M. musculus) and XMAP215 reveals a very high conservation of residues. 
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The chTOG/XMAP215 family members are major interacting and effector proteins of 

TACCs. The CC-domain of TACC proteins is known to interact with the C-terminus of 

chTOG/XMAP215 proteins throughout metazoans (8,24,34,51,92). The N-termini of 

chTOG/XMAP215 proteins contain two to five highly conserved TOG domains (Fig. 14A) 

that are known to bind to tubulin heterodimers (20,73,75). Apart from its N-terminal 

conservation, the C-terminus of the chTOG/XMAP215 is also conserved. The sequence 

alignment of chTOG (H. sapiens and M. musculus) with XMAP215 (X. laevis) displays a very 

high amino acid conservation of the C-terminus (Fig. 14B). The chTOG sequences from H. 

sapiens and M. musculus are almost identical. Sequence based secondary structure prediction 

demonstrated the presence of �-helical multi-repeat arrays in both TOG domains and the C-

terminal TACC binding domain of chTOG/XMAP215 (Fig. 14A). This pattern of secondary 

structure is typically present in the Ankyrin, tetratrico peptide, HEAT [Huntingtin, elongation 

factor 3 (EF3), protein phosphatase 2A (PP2A), and the yeast kinase TOR1] and ARM 

(Armadillo) (120-124) repeats. These repeats are characterized by an array of �-helices, 

packed against each other around a common axis to form a continuous superhelix or solenoid 

(125). The structure for the TOG2 domain from C. elegans has been solved and found to 

contain seven HEAT repeats (73). However, no evidence suggests the presence of such 

repeats in the C-terminus of chTOG. 

5.3 Generation of recombinant plasmids for the expression of murine TACC3 

and chTOG variants 

Cell based studies showed that TACC interaction with chTOG plays an important role 

in spindle microtubule dynamics and stability during mitosis (8). By considering the 

importance of these molecules, this work aimed to investigate the biochemical, biophysical, 

and atomic details of the individual proteins and their complex formed upon interaction. After 

defining this objective, the foremost requirement was to design all recombinant expression 

plasmids based on previous and current information. Retroviral pMSCV-TACC3 and 

pMSCV-TACC3-�R expression vectors and pGEX-5x3-TACC3 bacterial expression plasmid 

were provided by Dr. Roland Piekorz. Those were used to further subclone TACC3 variants. 

The cDNA from mouse liver, brain, and heart were provided by Dr. Fabian Kuck from where 

the coding DNA sequence for the C-terminus of chTOG was amplified. 
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5.3.1 Cloning of TACC3 full length and TACC3 mutants 

Coding DNA sequences for TACC3 variants in mammalian and bacterial expression 

vectors were sub-cloned into pGEX-4t1-NTEV (bacterial expression) and pcDNA3.1-EGFP 

(mammalian cell expression) vectors. Complete list of the recombinant constructs designed 

for this study is depicted in Tab. 24. Fig. 15 provides an overview of the domain organization 

of all TACC3 and chTOG variants over-expressed in bacteria and mammalian cell lines. The 

pGEX-4t1-NTEV plasmid based construct was designed to produce and isolate the N-terminal 

GST fused protein with an additional TEV protease site in addition to the thrombin site for 

cleaving the GST-tag. The pET series vector based construct was designed for His-tag fused 

protein production and its isolation by the IMAC technique. For cloning of GST-TACC3-N 

into the pET series vector (Tab. 24, No. 12), complete cassette (GST-TACC3-N) was 

amplified from the pGEX-4t1-NTEV-TACC3 construct and inserted into the target vector 

after restriction digestion. The murine TACC3 coding DNA was also inserted into a vector 

(pFastBack-htb) for protein expression in Sf9 insect cells. To analyze the S347 

phosphorylation site, TACC3-S347E and TACC3-S347A mutants were obtained by site-

directed mutagenesis (Tab. 24, No. 16-17) in the pGEX-4t1-NTEV-TACC3 construct. In 

order to analyze the subcellular localization of TACC3 variants, respective cDNAs were 

inserted into the mammalian cell expression vector pcDNA 3.1 EGFP (Fig. 15B). During the 

screening of the pGEX-4t1-NTEV-TACC3-7R clones, clones containing only two or three 

repeats were identified. The work also aimed to identify new interacting partners for TACC3, 

especially proteins binding to variable N-terminal region of TACC3. Thus the coding 

sequence for human TACC3 was cloned into the pcDNA4/TO-3xFLAG mammalian cell 

expression vector. The identity of all constructs was confirmed through DNA sequencing 

(GATC Biotech). 

5.3.2 Cloning of the C-terminal domain of chTOG (chTOG-C) and the pTACC3 
binding domain from Clathrin heavy chain (CHC) 

The C-terminus of chTOG has been shown to mediate the interaction with the CC-

domain of TACC3 (34,92). Therefore for an in depth in vitro TACC3-chTOG interaction 

analysis, the cDNA for the C-terminus of murine chTOG was cloned into the bacterial 

expression vector pGEX-4t1-NTEV (Tab. 24, No. 18). Fig. 15D displays domain arrangement 

of the full length chTOG (with the N-terminal five TOG domains and C-terminal TACC 
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binding domain) and GST-chTOG-C. Further to this, we also cloned the pTACC3 binding 

motif from CHC (Tab. 24, No. 19) in the pGEX-4t1-NTEV vector, with the intention to 

characterize the in vitro TACC3-CHC complex formation and interaction. 

Tab. 24: List of constructs cloned for bacterial and mammalian expression of TACC3 
and chTOG variants. 

No. Insert Cloning region† Vector Cloning sites 

Recombinant plasmid construct for bacterial expression of murine TACC3 
1 TACC3 1-630 pGEX-4t1-NTEV EcoRI and NotI 
2 TACC3-�R �141-308 pGEX-4t1-NTEV EcoRI and NotI 
3 TACC3-�N 119-630 (�1-118) pGEX-4t1-NTEV EcoRI and NotI 
4 TACC3-�N�R �1-118 & �141-308 pGEX-4t1-NTEV EcoRI and NotI 
5 TACC3-NR 1-322 pGEX-4t1-NTEV EcoRI and XhoI 
6 TACC3-7R 119-324 pGEX-4t1-NTEV BamHI and XhoI 
7 TACC3-3R 119-212 pGEX-4t1-NTEV BamHI and XhoI 
8 TACC3-2R 119-288 pGEX-4t1-NTEV BamHI and XhoI 
9 TACC3-CC 414-630 pGEX-4t1-NTEV BamHI and NotI 
10 TACC3-CC1 414-530 pGEX-4t1-NTEV BamHI and XhoI 
11 TACC3-CC2 530-630 pGEX-4t1-NTEV BamHI and NotI 
12 GST-TACC3-N 1-124 pET23b NdeI and XhoI 
13 TACC3-7R 119-322 pET23b NdeI and BamHI 
14 GST-TACC3-N 1-124 pET Duet NdeI and XhoI 
15 TACC3 1-630 pFastBack-htb EcoRI and NotI 
Site directed mutagenesis of murine TACC3 
16 TACC3 S347A 1-630 pGEX-4t1-NTEV EcoRI and NotI 
17 TACC3 S347E 1-630 pGEX-4t1-NTEV EcoRI and NotI 
18 TACC3-�CC2 �413-529 pcDNA3.1-EGFP HindIII and NotI 
Murine chTOG variant 
19 chTOG-C 1574-2032 pGEX-4t1-NTEV BamHI and XhoI 
Murine Clathrin Heavy Chain Variants (pTACC3 binding motif) 
20 CHC(317-549) 317-549 pGEX-4t1-NTEV BamHI and NotI 
Recombinant plasmid construct for mammalian cell expression of murine TACC3 
21 TACC3 1-630 pcDNA3.1-EGFP HindIII and NotI 
22 TACC3-�R �141-308 pcDNA3.1-EGFP HindIII and NotI 
23 TACC3-�N 119-630 pcDNA3.1-EGFP HindIII and NotI 
24 TACC3-�CC 1-413 pcDNA3.1-EGFP HindIII and NotI 
25 TACC3-�CC2 1-530 pcDNA3.1-EGFP HindIII and NotI 
Recombinant plasmid construct for mammalian cell expression of human TACC3  
26 TACC3 1-838 pcDNA4/TO-

3xFlag 
AflII and NotI 

‘�’ indicates deletion mutants; ‘†’ indicates the position of amino acid residues cloned 
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Fig. 15: Domain organization of expressed fusion protein variants. 
A, N-terminal GST fused murine TACC3 variants. B, C-terminal EGFP fused murine TACC3 
variants. In A and B, repeats are represented with a small ‘r’ followed by their number beginning from 
the N-terminus. C, C-terminal 3xFLAG tag fused human TACC3 construct. Light grey color in center 
denotes the SPD repeat region. Blue color indicates the N-terminal conserved region and the green 
color marks the highly conserved coiled coil domain. CC1 and CC2 indicate two separate coiled coil 
modules in the CC-domain of murine and human TACC3. D, the primary structure of murine chTOG 
(upper) and GST-fused chTOG-C protein (lower). 
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Tab. 25: Expression and purification status of cloned constructs 

No. Fusion protein Expression status Purification 
status 

1 pGEX-4t1-NTEV-TACC3 Expressed in E. coli rosetta purified 
2 pGEX-4t1-NTEV-TACC3-�R Expressed in E. coli rosetta purified 
3 pGEX-4t1-NTEV-TACC3-�N Expressed in E. coli rosetta purified 
4 pGEX-4t1-NTEV-TACC3-�N�R Expressed in E. coli rosetta purified 
5 pGEX-4t1-NTEV-TACC3-NR Expressed in E. coli rosetta purified 
6 pGEX-4t1-NTEV-TACC3-7R Expressed in E. coli rosetta purified 
7 pGEX-4t1-NTEV-TACC3-3R Expressed in E. coli rosetta n.d. 
8 pGEX-4t1-NTEV-TACC3-2R Expressed in E. coli rosetta n.d. 
9 pGEX-4t1-NTEV-TACC3-CC Expressed in E. coli rosetta purified 
10 pGEX-4t1-NTEV-TACC3-CC1 Expressed in E. coli rosetta purified 
11 pGEX-4t1-NTEV-TACC3-CC2 Expressed in E. coli rosetta purified 
12 pET23b-GST-TACC3-N Expressed in E. coli rosetta purified 
13 pET23b-TACC3-7R Expressed in E. coli rosetta n.d 
14 pET Duet-GST-TACC3-N Expressed in E. coli rosetta n.d. 
15 pFastBack-htb-TACC3 n.d. n.d. 
16 pGEX-4t1-NTEV-TACC3 S347A Expressed in E. coli rosetta purified 
17 pGEX-4t1-NTEV-TACC3 S347E Expressed in E. coli rosetta purified 
18 pGEX-4t1-NTEV-chTOG-C Expressed in E. coli rosetta purified 
19 pGEX-4t1-NTEV-CHC(317-549) n.d. n.d. 
20 pcDNA3.1-EGFP-TACC3 Expressed in COS7 cells n.a 
21 pcDNA3.1-EGFP-TACC3-�R Expressed in COS7 cells n.a. 
22 pcDNA3.1-EGFP-TACC3-�N Expressed in COS7 cells n.a 
23 pcDNA3.1-EGFP-TACC3-�CC Expressed in COS7 cells n.a. 
24 pcDNA3.1-EGFP-TACC3-�CC1 Expressed in COS7 cells n.a 
25 pcDNA3.1-EGFP-TACC3-�CC2 Expressed in COS7 cells n.a. 
26 pcDNA4/TO-hTACC3wt-3xFLAG Expressed in HeLa Cells n.d. 
n.d. not done; n.a., not applicable 

 

5.4 Overexpression and purification of recombinant TACC3 and chTOG-C 

variants 

To check the functionality of pGEX and pET backbone-based expression recombinant 

plasmid, they were transformed into the competent E.coli rosetta expression host. The 

expression and purification status for all recombinant plasmids is summarized in Tab. 25. 

Most of the GST-fused proteins were purified on a large scale using a combination of 

approaches mentioned in the method section. Thereafter, proteins were subjected for tag 
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cleavage using thrombin and TEV protease (Tab. 26). A temperature around 0 �C (on ice) was 

found to be most suitable for cleaving GST from all fusion proteins except for GST-chTOG-

C. The GST tag from GST-chTOG-C fusion protein could be rather removed completely by 

elevating the reaction temperature to +4-8 �C. Subsequent to GST tag separation, the proteins 

were subjected to further characterization by different biochemical and biophysical 

techniques. The GST-tag from GST-TACC3-�N and GST-TACC3-�N�R protein could be 

only cleaved by thrombin, but not by TEV protease. It seems that the binding site is masked 

by other secondary structures in the protein which makes it inaccessible for TEV protease. 

Tab. 26: Thrombin and TEV digestion to remove the GST-tag from fusion proteins 

No. GST fusion protein Reaction temperature (overnight) 
Ice temperature +4-8 �C Room temperature 

Thr. TEV Thr. TEV Thr. TEV 
1 GST-TACC3 + + + + n.d. n.d. 
2 GST-TACC3-�R + + + + n.d. n.d. 
3 GST-TACC3-�N + - + - n.d. n.d. 
4 GST-TACC3-�N�R + - + - n.d. n.d. 
5 GST-TACC3-NR + + + + n.d. n.d. 
6 GST-TACC3-7R + + + + n.d. n.d. 
7 GST-TACC3-CC + + + + n.d. n.d. 
8 GST-TACC3-CC1 + + + + n.d. n.d. 
9 GST-TACC3-CC2 + + + + n.d. n.d. 
10 GST-TACC3-N + + + + n.d. n.d. 
11 GST-chTOG-C partial partial + + + + 
Thr.-Thrombin; ‘+’ means cleaved the GST tag; ‘-’ means GST tag could not be cleaved; n.d. not done 

 

5.5 TACC3 displays an unique interdomain/intramolecular interaction 

5.5.1 Identification of a novel and unique thrombin site in TACC3 

To enable the characterization of the TACC3 full-length protein, purified GST-

TACC3 protein was digested with thrombin protease. Very surprisingly, even after the 

complete removal of the cleaved GST-tag (by reverse GSH-affinity purification), still two 

fragments were observed on SDS-PAGE followed by CBB staining (Fig. 16A, inset). This 

finding could be only explained by the presence of an internal thrombin site in the murine 

TACC3 protein. In order to identify a putative thrombin cleavage site, MALDI-TOF mass 
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spectrometry after desalting the sample was performed (Dr. Sabine Metzger, BMFZ, central 

mass spectrometry facility, Heinrich-Heine-Universität). 
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Fig. 16: MALDI-TOF mass spectrometry based determination of molecular sizes confirms the 
presence of a novel thrombin site in murine TACC3. 
A, Upper panel shows plot of signals obtained against mass/charge (m/z) ratio. The lower panel 
indicates the measured mass for the smaller fragment after thrombin digestion. Inset (upper panel) 
displays the two protein fragments obtained after thrombin digestion followed by reverse GSH-
chromatography. B, Sequence alignments showing conservation of the PR/G (thrombin cleavage site) 
in the TACC3 protein sequence from M. musculus (amu–atomic mass unit). 

The measured mass for the smaller fragment was found to be 25208.0 Da (Fig. 16A, 

lower panel). In parallel the protein sequence of the murine TACC3 was also scanned 

manually for the presence of a thrombin site. An unique PR/G sequence adjacent to the CC-

domain was identified which is similar to a typical thrombin cleavage site (Fig. 16B) (126). 

To verify this further the theoretical mass of the protein fragment following this thrombin site 
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(216 amino acid residues) was calculated and found to be 25209.8 Da (Fig. 16A, lower panel, 

inset). This result was comparable to the mass of smaller fragment obtained by mass 

spectrometry. Further to this, the smaller fragment was identified as the C-terminal part and 

larger fragment as the N-terminal part of the TACC3, by uses of N- and C-terminal specific 

antibodies (Fig. 18C). Combining all together, the data confirm the presence of a putative 

thrombin site in vicinity of the CC-domain of murine TACC3. Based on this finding, the TEV 

protease was used to cleave the GST tag (Fig. 17). The purified proteins were subjected to 

thrombin digestion to reconfirm its action on murine TACC3 (Fig. 17A-D). Although this 

thrombin site might not have any functional relevance, it was used as an unique and important 

tool for the in vitro characterization of TACC3 as described below. 

Tab. 27: Sequence based properties of TACC3 and chTOG variants. 
No. Protein  Polypeptide 

chain length (aa) 
Molecular size 

(kDa) 
Isoelectric point 

(pI) 
1 TACC3 630 70.468 4.56 
2 TACC3-�R 462 52.323 4.94 
3 TACC3-�N 512 57.241 4.45 
4 TACC3-�N�R 344 39.096 4.80 
5 TACC3-NR 322 35.197 4.23 
6 TACC3-7R 204 21.970 3.81 
7 TACC3-CC 216 25.209 5.32 
8 TACC3-CC1 122 14.448 5.01 
9 TACC3-CC2 101 11.683 6.36 
10 TACC3-N 124 13.930 5.31 
11 chTOG-C 459 51.889 8.08 
aa, amino acid 

 

To next perform an in vitro biophysical and biochemical characterization of TACC3 

and chTOG, the required wild type proteins and deletion mutants were purified after bacterial 

overexpression (Fig. 17). The sequence based theoretical properties (molecular size and pI; 

Tab. 27) of all the variants were determined by using the ProtParam tool from the ExPASy 

(http://expasy.org/proteomics) bioinformatics resource portal (127). The theoretical molecular 

weight of the wild type murine TACC3 protein is 70.4 kDa. However, on SDS-PAGE this 

protein migrates like ~120 kDa molecular size (Fig. 17A, lane 2). A similar abnormal 

migration behavior has been also reported for TACC3 from other species (71). After thrombin 

digestion of murine TACC3, the C-terminal (smaller) fragment migrates on SDS-PAGE gel 

according to its size while the N-terminal fragment (~45 kDa) migrates like a ~90 kDa 
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molecular size (Fig. 17A, lane 3). The GST-TACC3-�N deletion mutant shows the same 

migration pattern on SDS-PAGE (Fig. 18C). Interestingly, when the central seven repeat 

region was deleted (TACC3-�R), the protein migrated normally on SDS-PAGE, according to 

its molecular size (Fig. 17B lane 2). In contrast and very remarkably the repeat region 

(TACC3-7R) migrates like a 60 kDa molecular size (Fig. 17E, lane 5) although its real size is 

~22 kDa. Even the acidic nature of proteins (pI values shown in Tab. 27) was considered for 

this abnormal migration on SDS-PAGE gels, however, the actual cause for this migration 

behavior are still missing. The conformational rigidity of polyproline regions (PP or PPP) in 

the polypeptide backbone could be a possibility for this abnormal migration behavior. 

 

A

Thrombin

TACC3 TACC3-�R GST-TACC3-�N

GST-TACC3-�N�R

170
130
95
70

55

43

34

25

15
10

170

130

95
70
55
43
34
25

15

10

kDa

kDa - + - + - +

- +

Thrombin

170
130
95
70

55

43

34

25

15

kDa

B

E

170
130
95
70

55

43

34

25

15

kDa

F

Thrombin

170
130

95
70
55

43
34
25

15

kDa Thrombin

C

D

170
130
95
70

55

43

34

25

15

kDa

TACC3
TACC3-N7R

TACC3-CC

TACC3-�R

TACC3-N
TACC3-CC

TACC3-7R

TACC3-CC 
+ GST

GST-TACC3-�N

TACC3-CC 
+ GST

GST-TACC3-�N �R

M M M

M
M M

 
Fig. 17: Purity of murine TACC3 and chTOG variants as analyzed by SDS-PAGE and CBB 
staining. 
Thrombin cleaves the purified murine TACC3 protein at an unique internal site. A to D, purified 
proteins before and after thrombin cleavage are shown. E, Purified fragments of the murine TACC3 is 
indicated. F, Purified C-terminal of the murine chTOG, which interacts with TACC proteins (M, 
Marker or protein ladder; �, deletion). 
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5.5.2 The N- and C-terminal fragments of TACC3 form an intramolecular complex 

Thrombin cleaves the murine TACC3 at the internal site localized near to the CC 

domain and divides the protein into two fragments, TACC3-N7R and TACC3-CC (Fig. 18A). 

To facilitate the separation of both the fragments and to determine the native approximate 

molecular mass, TACC3 protein before and after thrombin digestions was injected to a pre-

equilibrated Superose 6 10/300 column. The column was calibrated with standard molecular 

weight proteins (LMW and HMW calibration kit; GE Healthcare) and a linear equation (from 

lnMr. vs Kav plot) was derived for calculation of the molecular mass (Fig. 18B, inset). 
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Fig. 18: TACC3-N7R and TACC3-CC form an intramolecular complex. 
A, The primary structure of murine TACC3 shows the thrombin site (Thr.) in the vicinity of the CC-
domain. N18 and C18 depict the epitopes for antibodies specifically recognizing the N- or C-terminal 
of murine TACC3. B, Analytical gel filtration (Superose 6 10/300 column) elution profiles for TACC3 
before (solid line) and after the thrombin digestion (dotted line). ‘Vo’ denotes the void volume of the 
column. Inset shows the plot of lnMr vs. elution volume for standard molecular weight proteins. C, 
SDS-PAGE analysis shows the protein in peak elution fractions followed by CBB staining and 
immunoblotting by the use of TACC3 specific antibodies (�TACC3-N18 and �TACC3-C18). 
Immunoprecipitation of TACC3 before and after thrombin cleavage by use of �TACC3-N18 and 
�TACC3-C18 antibodies (D and E). 
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Before and after thrombin cleavage murine TACC3 eluted in rather earlier peak 

fraction of ~1200 kDa and ~630 kDa respectively (Fig. 18B). This indicated a higher 

oligomeric mass of the protein or an elongated rod like structure, or both. Interestingly, only 

one peak appeared for the thrombin cleaved TACC3 and the peak profile shifted to the right 

as compared to uncutted protein. The elution peak fractions were analyzed on SDS-PAGE 

followed by CBB staining and immunoblotting using TACC3 specific antibodies (�TACC3-

C18 and �TACC3-N18). In case of thrombin digestion, two fragments were observed to co-

elute on gel filtration (Fig. 18C). Coelution of two fragments on a gel filtration column 

indicates an intramolecular interaction and the formation of one protein complex. 

 

Thereafter immunoprecipitation, using N- and C-terminal specific antibodies 

(�TACC3 N18 and �TACC3 C18, respectively), was performed (Fig. 18D & E). In the case 

of thrombin cleavage, TACC3-CC could be immunoprecipitated with �TACC3 N18 and 

TACC3-N7R could be immunoprecipitated with �TACC3 C18 antibodies, respectively. Thus 

these results confirm the interaction and co-elution of both thrombin cleaved TACC3 

fragments as observed by analytical gel filtration. 

5.5.3 The central repeat region of TACC3 is required for its intramolecular interaction 

To identify the domain(s) involved in the intramolecular interaction of TACC3, the N-

terminal conserved region (Fig. 19A) and the central seven repeat regions (Fig. 20A) were 

deleted one by one. Analogous to the wild-type TACC3 protein, elution profiles for these 

mutants before and after thrombin digestion were analyzed using Superose 6 10/300 based 

analytical gel filtration columns. Since the GST-tag could not be cleaved from the GST-

TACC3-�N mutant using the TEV protease (Tab 26), thus GST-fusion protein was directly 

subjected to thrombin digestion and further analysis. 

 

Deletion of the conserved N-terminal region did not show any effect on the elution 

pattern of the GST-TACC3-�N mutant. The �N mutant elutes earlier in the peak fraction of 

~1200 kDa protein similar to wild-type TACC3 (Fig. 19B, solid line). Following thrombin 

digestion, the protein fragments eluted into two separate peak fractions. Similar to the 

thrombin cleaved wild type protein, the earlier eluting peak has an approximate size of 630 

kDa, and the calculated mass for the late eluting peak was ~50 kDa. Employing SDS-PAGE 
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followed by CBB staining and immunoblotting, the first peak from left was identified as an 

intramolecular complex of two fragments (TACC3-7R/TACC3-CC) and second peak as GST 

protein (Fig. 19C). Thus, these results suggested that the deletion of the N-terminal conserved 

region does not impair the intramolecular interaction of TACC3. 
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Fig. 19: Deletion of the first 118 amino acid residues from the N-terminus of TACC3 does not 
impair the intramolecular complex formation of TACC3 after thrombin digestion. 
A, Primary structure of GST-TACC3-�N, two thrombin sites are indicated with arrow. B, Analytical 
gel filtration (Superose 6 10/300 column) elution profiles of GST-TACC3-�N before (solid line) and 
after (dashed line) thrombin cleavage. ‘Vo’ denotes the void volume of the column. C, SDS-PAGE 
based analysis of peak elution fractions followed by CBB staining and immunoblotting. In the lower 
panel a GST specific antibody was used. 

Next, the role of the central repeat region in intramolecular complex formation was 

addressed. Interestingly, thrombin digestion of TACC3-�R resulted in the separation of two 

fragments as two separate peaks on gel filtration (Fig. 20B). SDS-PAGE followed by 

immunoblotting analysis identified an earlier eluting peak as the C-terminal fragment and a 

late eluting peak as the N-terminal fragment of TACC3 (Fig. 20C). The TACC3-CC protein 

was still eluting in the same peak fraction like the intramolecular complex (Fig. 18B), but the 

peak for TACC3-N now shifted right to a peak fraction of 160 kDa. Thus, these results 
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suggested an important role of the seven repeat regions in the intramolecular complex 

formation of TACC3.  

 

Moreover, deletion of the seven repeat region not only affected the migration behavior 

on SDS-PAGE (shown earlier; Fig. 17), but also had an impact on the elution pattern on the 

gel filtration column. In comparison to the wild-type protein (~1200 kDa; Fig. 18B solid line), 

the peak for the TACC3-�R deletion mutant shifted slightly right and appeared in a peak 

fraction of ~1100 kDa of molecular size (Fig. 20B, solid line). Thus, in contrast to the role in 

intramolecular interaction, the seven repeat region contributes also to the overall native 

structure (shape, size, and stock radii) of the TACC3 protein. 
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Fig. 20: Deletion of the serine prolin-rich seven repeat region precludes the intramolecular 
complex formation of TACC3. 
A, Primary structure of TACC3-�R with one internal thrombin site that divides this mutant into two 
parts: TACC3-N and TACC3-CC. B, Analytical gel filtration (Superose 6 10/300 column) elution 
profile of TACC3-�R before (solid line) and after (dashed line) thrombin cleavage. ‘Vo’ denotes the 
void volume of the column. C, Peak elution fractions were analyzed on SDS PAGE (4-15% gradient 
gels) followed by CBB staining (upper panel) and immunoblotting (middle panel, blot with �TACC3 
C18 antibody; lower panel blot with �TACC3 N18 antibody). 

5.5.4 The central repeat region interacts with the CC2 region of TACC domain 

In order to prove a direct interaction between the seven repeat region (TACC3-7R) 

and TACC3-CC, pull down assays were performed together with all required controls. GST-

TACC3-7R was employed as bait and purified TACC3-CC was used as prey. The results were 
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analyzed on SDS-PAGE gradient gel (4-15 %) followed by immunoblotting. As indicated in 

Fig. 21 (lane 9), when mixing GST-TACC3-7R with TACC3-CC, TACC3-CC could be 

efficiently precipitated using GSH-sepharose beads. This indicates that TACC3-7R can 

directly interact with TACC3-CC. The weaker signal for TACC3-CC in lanes 7 and 8 

indicates unspecific binding of the protein with the beads (as compared to the clearly higher 

level of TACC3-CC in lane 9 that is visualized by the C18 antibody, but not by the �GST 

antibody). 
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Fig. 21: Pulldown assay-based interaction analysis between TACC3-7R and TACC3-CC. 
Purified GST-TACC3-7R was used as bait to pull down TACC3-CC (prey). The probes from the pull 
down experiment were analyzed on SDS-PAGE (4-15% gradient gel) followed by CBB staining and 
immunoblotting (�TACC3 C18 and �GST antibodies). First three lanes from left (lane 1, 2, & 3) are 
the input (10%), followed by the central three lanes (lane 4, 5, & 6) of buffer control (indicated with 
�). The last three lanes (lane 7, 8, & 9) show the pull down of TACC3-CC. Lane 9 depicts the pull 
down of TACC3-CC by GST-TACC3-7R. * indicates BSA. 
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Next to this, the interaction of TACC3-7R with the TACC3-CC domain was further 

characterized using an alternative experimental approach, i.e. ITC measurements. In ITC, 

when two protein interacts with each other heat of the system changes (increase for 

exothermic reaction and decrease for endothermic reaction) in comparison to reference 

samples. In order to identify the region of the CC domain interacting with the seven repeat 

region, shorter mutants (Fig. 17E; CC1 and CC2) were purified and heat changes after 

association between two molecules (CC1 vs. seven repeat region and CC2 vs. seven repeat 

region) were determined in ITC experiment (Fig. 22A to D). The results were compared to 

control experiments (Fig. 23E to G) in which either of the purified proteins was titrated to 

buffer or the buffer was titrated to the proteins. 
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Fig. 22: TACC3-7R interacts with the CC2 region, but not with the CC1 region of the CC-
domain. 
In each figure the upper panel shows the raw data and the lower panel shows the integrated data from 
the titration. A, Heat changes were not observed after titration of CC1 (485 μM) to 7R (40 μM) 
indicating lack of association. B, Titration of 7R to CC2 with 13-fold, 18-fold, and 30-fold protein 
concentration difference reveals an increased level of heat change within this titration. C, D, & E, 
indicates control experiments for comparison. 
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Interestingly, a significant heat change was observed after titration of the seven repeat 

regions to CC2 (Fig. 22B). However, association was not observed when CC1 was titrated to 

the seven repeat regions. Surprisingly, in the case of titration of these repeats to CC2, the 

saturation level could not be obtained at the end of titration even at an increased fold 

concentration difference (7R concentration in syringe 13, 18 and 30 fold higher than the CC2 

concentration in the ITC cell). The failure to reach the saturation level could be explained as 

continuous association and dissociation between both proteins because of multiple binding 

sites in seven repeat. 

 

The repeat region has seven identical repeats and six identical junctions (Fig. 23). 

Therefore, 6-7 binding sites in the seven repeat regions could be possible for CC2. In order to 

find a perfect binding position, association and dissociation (between CC2 and the seven 

repeat region) may continue. This could be a possible reason for the observation that the heat 

changes fail to reach the saturation level during titration even at a 30-fold concentration 

difference. Despite this problem the results altogether suggest an interaction between CC2 and 

the seven repeat region. A nonlinear curve fitting in a single and sequential binding site mode 

indicates thereby a low affinity between the seven repeat region and CC2. 

 

CC2
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Fig. 23: Model showing multiple sites in the seven repeat regions for CC2 binding. 
In the seven repeat region, either seven (repeats, r1-r7) or six (junctions between the repeats, j1-j6) 
different binding sites are possible for CC2. 

5.5.5 Synopsis of the studies addressing the intramolecular interaction of TACC3 

To summarize the data obtained from the studies based on ‘deletion mutant’ analysis 

of TACC3 employing gel filtration, the bait-prey based protein-protein interaction assays and 

the determination of heat changes after protein association in ITC experiments, a model for 
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the intramolecular interacting state of TACC3 is proposed (Fig. 24). Here, the central repeat 

region has been shown to interact with the CC2 module, thereby the N-terminal part likely 

masks the TACC domain of TACC3. Deletion of the conserved N-terminal region (the first 

~118 amino acids; TACC3-�N) does not have any detectable impact on the intramolecular 

interaction. However, deletion of the seven repeat (TACC3-�R) precludes the intramolecular 

interaction between the two N- and C-terminal fragments of TACC3 after thrombin cleavage. 
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Fig. 24: Schematic diagram depicting the intramolecular interaction between the seven repeat 
region and the CC2 module. 
A, Two fragments (N7R and CC) stay together in a complex after thrombin cleavage of murine 
TACC3. B, Deletion of the N-terminal conserved residues fails to interfere with the intramolecular 
interaction between the two TACC3 fragments after thrombin cleavage. C, Deletion of the seven 
repeat region results in separation of the two TACC3 fragments following thrombin cleavage. 

5.6 In vitro characterization of the TACC3-chTOG intermolecular interaction 

5.6.1 The C-terminal TACC domain of TACC3 interacts with the C-terminus of 

chTOG 

In metazoans, the TACC family members have been shown to colocalized with their 

respective XMAP215 family members at the centrosome and along the spindle microtubule 

and thereby regulating the spindle dynamics (8,34). The TACC family members in S. pombe 

(Alp7), D. discoideum (TACC), C. elegans (TAC-1), D. melanogaster (D-TACC), X. laevis 

(TACC3/Maskin), and H. sapiens (TACC1, TACC2 and TACC3) interact with their 
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respective XMAP215 partners (8,24,25,33,44,51,66). Here, in vitro characterization of the 

murine TACC3-chTOG protein complex was performed. For that, two independent sets of 

experiments were carried out. In the first set up, purified TACC3 protein was mixed with an 

excess amount of purified chTOG-C followed by incubation for 30 min on ice. Thereafter, the 

mixed protein sample was injected to the pre-equilibrated Superose 6 10/300 column and 

elution fractions (0.5 ml/fraction) were collected and analyzed on SDS-PAGE followed by 

CBB staining (Fig. 25). Furthermore, both proteins were also injected to the column 

separately and the shift in elution peaks of the mixed sample was compared to the peak profile 

of both individual proteins. 
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Fig. 25: TACC3 interacts with the C-terminus of chTOG. 
The upper panel shows the elution profile for TACC3 (solid line), chTOG-C (dotted line), and the 
complex of both proteins (small dashed line) from a Superose 6 10/300 column. The lower panel 
depicts CBB stained 10% SDS-PAGE gels, showing elution fractions (9-18 ml) from respective 
protein profiles. ‘Vo’ denotes the void volume of the column. 
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As indicated in Fig. 25, the TACC3 and chTOG proteins elute in peak fractions 

corresponding to molecular size of ~1200 kDa and ~160 kDa. The earlier elution of TACC3 

has been discussed in section 5.5.2 (Fig. 18). The chTOG-C protein has a monomeric size of 

52 kDa and its elution in the peak fraction of 160 kDa protein indicates a trimeric (52 × 3 = 

156 kDa) structure. Evidence showing such a trimerization of chTOG/XMAP215 proteins is 

still missing. Interestingly, the yeast homologue (Stu2 and Alp 14) of XMAP 215 family 

contains a coiled coil domain in their C-terminal region and is responsible for 

homodimerization of the protein (128). Further, upon mixing of both proteins (TACC3 and 

chTOG-C), a clear and significant left shift of the chTOG-C peak fraction was observed. 

Analysis of the elution fractions (9-18 ml) by SDS-PAGE clearly revealed an interaction 

between TACC3 and chTOG-C nearly at a 1:1 stoichiometric ratio. Comparable results have 

been described for the interaction of Xl-TACC3 (Maskin) with XMAP215 (33). 
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Fig. 26: The C-terminus of chTOG binds to the C-terminal TACC domain of TACC3.  
Pull down of TACC3-CC (prey) using GST-chTOG-C as bait. Image displays 4-15% gradient SDS-
PAGE analysis followed by CBB staining (upper panel), and immunoblotting (middle and lower 
panel) antibody (� denotes buffer control, * denotes BSA). 
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The C-terminal TACC domain of Alp7 (TACC3 homologue in S. pombe) has been 

shown to interact with the C-terminal region of Alp14 (XMAP215 homologue in S. pombe) 

(92). In the literature, similar interaction patterns were suggested for TACC-XMAP215 in all 

other metazoans (8,34). Therefore, in a second set of experiments, the purified TACC3-CC 

(prey) i.e. the TACC domain was employed and subjected to pull down using GST-chTOG-C 

as bait. As indicated in Fig. 26, the TACC domain could be detected at a high level upon 

GST-chTOG-C based pull down (lane 9) as compared to the unspecific binding of the TACC 

domain to GST-sepharose beads (lane 8). This finding reveals a high binding affinity of the 

C-terminus of chTOG for the TACC domain. Thus, murine TACC3 interacts with its effector 

protein chTOG via its TACC domain. 

5.6.2 The C-terminus of chTOG binds selectively to the CC1 module of the TACC 

domain 

Two separate coiled coil modules (CC1 and CC2) with a different level of amino acid 

conservation were defined within the TACC domain of murine TACC3 (Fig. 10 and 11). The 

CC2 to module was identified to be involved in the intramolecular interaction with the SPE-

rich seven repeat region of TACC3 (Fig. 22 and 24). Therefore, next we specified the chTOG 

binding motif within the TACC domain of murine TACC3. For this, two different 

experimental set ups were planned and performed. 

 

In the first set up, purified chTOG-C was mixed at an equimolar amount (7 nmole of 

each protein) with purified CC1 and CC2 in different combinations and analyzed on a 

Superose 6 10/300 column. The peak elution patterns after mixing the proteins were 

compared with the peak elution pattern of the individual proteins. Thereby, elution fractions 

(0.5 ml/fraction) were collected and analyzed on SDS-PAGE (4-15% gradient) followed by 

CBB staining. 

 

As indicated in Fig. 27, CC1 (14.4 kDa), chTOG-C (51.8 kDa), and CC2 (11.6 kDa) 

appeared in peak fractions corresponding to a molecular size of 300, 160, and 85 kDa 

respectively. When chTOG-C was mixed with either CC1 (Fig. 27A) or CC2 (Fig. 27B) 

individually, single peaks of the protein complexes were detected and a left peak shift was 
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observed in both cases. The peak fractions of chTOG-C/CC1 and chTOG-C/CC2 

corresponded to molecular weights of 500 and 183 kDa respectively. The left peak shift was 

complete for chTOG-C/CC1 and rather partial and moderate for chTOG-C/CC2. These 

observations revealed a high affinity and selectivity of chTOG-C for binding to the left half 

(CC1) of the TACC domain as compared to a rather low affinity for the right half (CC2). 
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Fig. 27: The C-terminus of chTOG displays a comparatively higher affinity for CC1 when mixed 
individually with two separate module of the TACC domain, CC1 and CC2. 
In both A and B, upper panels display elution profiles (Superose 6 10/300 column). In the lower three 
panels elution fractions (A, 12.5-17 ml; B, 13.5-18 ml) were analyzed on SDS-PAGE gradient (4-
15%) gels followed by CBB staining. 

As chTOG-C appeared to bind to both CC1 (strong interaction) and CC2 (weak 

interaction), a possible state of triple complex formation was assumed in which chTOG-C 

binds to both CC1 and CC2 together. To address this hypothesis another set of experiments 

with proper controls were planned and performed. In a first control experiment, the interaction 

between CC1 and CC2 was tested as described above. After mixing both proteins in an 

equimolar ratio, a left peak shift was not detected on gel filtration column (Fig. 28A). This 

indicated that CC1 and CC2 do not form complexes with each other. 
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Fig. 28: The chTOG-C specifically interacts with the first half (CC1) but not to the second half 
(CC2) of the TACC domain. 
A, After mixing CC1 with CC2, both proteins elute in their original peak fractions. B, Analysis of an 
equimolar mixture of CC1, CC2, and chTOG-C for complex formation. The left peak shift of CC1, but 
not CC2, with chTOG-C indicates a specific interaction between CC1 and chTOG-C. Elution fractions 
from 13.5-18 ml (A) and 12.5-18 ml (B) were analyzed on SDS-PAGE followed by CBB staining and 
immunoblotting. Anti-TACC3 (C18) antibody can recognize CC2 but not CC1 region of the TACC 
domain from murine TACC3. Elution fractions for the mixed protein sample were also analyzed by 
immunoblotting by use �-TACC3-C18 and �-chTOG antibodies (lower panels in red box). 

Lastly, all three proteins (CC1, CC2, and chTOG-C) were mixed together in an 

equimolar ratio (7 nmole of each) and analyzed on Superose 6 10/300 column followed by 

SDS-PAGE and CBB staining. As indicated in Fig 28B, and comparable to the result in Fig 

28A, the elution peak for the CC1/chTOG-C complex shifted significantly to the left thereby 

leaving behind CC2 in its original peak. Thus, even when mixing all three proteins together, 

chTOG-C still showed a clear selectivity in binding to CC1, but not to CC2. 
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Interestingly the TACC domain could display a parallel or antiparallel structural 

orientation (Fig. 29). The antiparallel orientation can be only possible when CC1 interacts 

with CC2. However, on gel filtration CC1 did not show any binding with CC2 (Fig. 28A). 

Thus, these findings clearly indicate that the TACC domain of murine TACC3 forms a 

parallel coiled coil structure. 
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Fig. 29: Possible model for helical orientation in the TACC domain of murine TACC3. 

Next, we employed the ITC-method as a complementary approach to address the 

interaction between CC1, CC2, and chTOG-C. In this experimental series CC1 (400 μM) and 

CC2 (155 μM) were titrated to chTOG (25 and 15 μM, respectively) and then to buffer 

(control experiment) for comparison (Fig. 30). When CC1 was titrated to chTOG-C, a clear 

heat change was observed because of the association (exothermic process) of the two proteins 

(Fig. 30A) as compared to the control (Fig. 30B). Heat changes reached the saturation level 

after 11 injections (each consisting of a volume of 15 μl). In contrast, the association between 

CC2 and chTOG could not be detected in analogous ITC experiment consistent with the 

finding in Fig. 27 and 28. Taken together, these data suggest that chTOG-C displays a binding 

pocket for CC1 but not for CC2. 

 

Later, a calculation of the binding affinity between chTOG-C and CC1 was performed 

employing a nonlinear single binding site curve fitting of the raw data was performed using 

the MicroCal software. Analyzing the data for the CC1-chTOG-C complex at a minimum chi-

square value, the calculated dissociation constant (Kd) was 0.704 μM (±3.39E5 M-1) with a 

stoichiometry (N) of 0.831 (±0.0180 sites) and a negative entropy of �H=-2218 ±67.82 

cal/mol. The low Kd value and the near to one to one stoichiometry value indicate a very 

strong affinity and 1:1 interaction between chTOG-C and CC1 and hence between chTOG 
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and TACC3. The obtained stoichiometry also fits well with findings obtained from the gel 

filtration analysis (Fig. 25 and 27A). 
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Fig. 30: chTOG displays a high binding affinity to CC1 characterized through a 1:1 binding 
stoichiometry. 
Results from ITC experiment showing changes in heat of association, when CC1 and CC2 titrated to 
chTOG-C (A and C) and buffer (B and D; for controls). 
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5.6.3 Binding of chTOG-C to the CC1 module uncouples the intramolecular 
interaction between the CC2-domain and the seven repeat regions 

The CC1 and CC2 modules of the TACC domain were identified to be involved in 

intermolecular binding to chTOG (section 5.6.2, Fig. 28) and an intramolecular interaction 

with the seven repeat region (section 5.5.4, Fig. 22), respectively. Therefore, an important 

next point was to address and understand the relevance of the intramolecular interaction 

between CC2 and the seven repeat regions in terms of the intermolecular interaction between 

CC1 and chTOG. Hence, two sets of the experiments were carried out in the following order. 

In the first set, pulldown assays were performed by using GST-chTOG-C as bait and TACC3 

as prey before and after its thrombin cleavage (Fig. 31). In a second set of experiments, gel 

filtration analysis of the TACC3-chTOG-C complex, that has been subjected to thrombin 

cleavage was performed. 

 

Pull down assays were performed using 100 μl of GSH-sepharose beads in a final 

reaction volume of 200 μl, by mixing 5 μM of GST-chTOG or GST alone with 10 μM of 

TACC3 before and after its thrombin cleavage. Interestingly, as indicated in Fig. 31, GST-

chTOG-C was able to pull down the TACC3 (lane 10, blue box) and after thrombin cleavage 

of TACC3 also the TACC domain (lane 13, red box), but not to the N-terminus containing 

seven repeat region (TACC3-N7R). This important finding was also confirmed by 

immunoblotting using antibodies against the N- and C-terminus of murine TACC3 (N18 and 

C18, respectively). 

 

Next, the results were further confirmed using gel filtration analysis of the TACC3-

chTOG-C complex after thrombin cleavage. First, TACC3 protein was mixed with an excess 

amount of chTOG-C and thereafter subjected to thrombin digestion. Samples were then 

injected to the Superose 6 10/300 column and the elution pattern was compared with the 

intramolecular N7R/CC complex obtained after thrombin digestion of the TACC3 (Fig. 32, 

upper panel). 
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Fig. 31: GST-chTOG-C pulls down the TACC domain but not the repeat region containing N-
terminus (N7R) after thrombin cleavage of TACC3. 
Blue and red lines indicate the pull down lanes (10 & 13) for TACC3 before and after thrombin 
cleavage respectively (� indicates the buffer control). 

Interestingly, subsequent to thrombin digestion, the preformed TACC3-chTOG-C 

complex elutes in the peak fractions (~800 kDa) with a left clear peak shift relative to the 

N7R/CC complex peak (~630 kDa) (Fig. 32). Excess amount of chTOG-C elutes in the 

original peak (~160 kDa) consistent with Fig. 25. On the SDS-PAGE gel, TACC3-N7R 

appears to elute in the same fractions in both cases (Fig. 32, red box). In contrast, TACC3-CC 
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elution shifted together with chTOG-C to fractions left from the peak fraction of the N7R/CC 

complex (Fig. 32, blue box). Correlating these results with the findings obtained from the pull 

down assay (Fig. 31), one can conclude that loss of intramolecular interaction between N7R 

and TACC domain occurs when chTOG binds to the TACC domain of TACC3. 
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Fig. 32: Binding of the C-terminus of chTOG to the TACC domain precludes the intramolecular 
interaction of TACC3. 
Upper panel displays the elution profiles after thrombin digestion of TACC3 (dashed line) and the 
TACC3-chTOG-C complex (dashed line with dot). After thrombin cleavage of the TACC3-chTOG-C 
complex, a peak shift left to the N7R/CC (intramolecular) complex peak was observed (upper panel). 
 Lower two panels display elution fractions from 9-18 ml on the 10% SDS-PAGE followed by CBB 
staining. The red box indicates the N7R protein alone (in the lower panel) and co-eluting with the 
TACC domain (in the middle panel). The blue box indicates the left shift of TACC domain co-eluting 
with chTOG-C. The excess amount of chTOG-C elutes in its original peak fractions. 
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5.7 Aurora-A phosphorylation of TACC3 is independent from its TACC 
domain masked and unmasked state 

The mitotic and centrosomal protein kinase Aurora-A is an important and specific 

regulator of the TACC3-chTOG complex (Fig. 6). In particular, phosphorylation of TACC3 

by Aurora-A is required for its recruitment to the centrosome (25,30,33,66). Two fragments 

after thrombin cleavage of recombinant murine TACC3 stay in a complex (Fig. 18) and this 

state has been named as the TACC domain masked state. The seven repeat region is the 

critical domain for the intramolecular interaction and thus the masking action (section 5.5.3, 

Fig. 20). Interestingly, chTOG-C binding to TACC domain precludes the complex formation 

(section 5.6.3, Fig. 31 and 32). In this regard, Aurora-A has been proposed to be an important 

factor for unmasking of TACC domain from Xl-TACC3/Maskin (49). 
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Fig. 33: Aurora-A phosphorylates murine TACC3 independent of its intra- or intermolecular 
protein binding status. 
In vitro Aurora-A mediated phosphorylation of purified murine TACC3 was performed at 30 �C and 
phosphorylation was detected on SDS-PAGE followed by Pro-Q Diamond phosphoprotein staining 
(left panels) and compared with the total protein loading detected by CBB staining (right panels). 

Therefore, to study the impact of the intra- and intermolecular interaction of murine 

TACC3 on its Aurora-A phosphorylation, in vitro kinase assays were performed. GST-fused 

active Aurora-A (Signal Chem) was mixed with recombinant murine TACC3 in the ratio of 

1:2 (0.5 μg enzymes with 1 μg substrate) and reactions were carried out in the presence of 
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ATP at 30 �C for 15 min. Phosphorylated proteins were detected by Pro-Q Diamond 

phosphostaining within the SDS-PAGE gels (Fig. 33).  

 

As indicated in Fig. 33, the active kinase could phosphorylate TACC3 before and after 

thrombin cleavage, i.e. in the state of an intramolecular interaction, where TACC domain is 

likely masked. Moreover, deletion of the central repeat region (Fig 33C) or binding of 

TACC3 to its effector chTOG (Fig. 34D) did not impair Aurora-A phosphorylation of 

TACC3. All together, these results suggest that Aurora-A phosphorylation of TACC3 is 

independent of the intra- and intermolecular protein interaction status of TACC3. Consistent 

with these results, employing the Aurora-A kinase inhibitor VX-680 or -phosphatase, it has 

been shown that the TACC3-chTOG interaction is independent of Aurora-A phosphorylation 

(80). 

5.8 Comprehensive biophysical characterization of purified murine TACC3 

and TACC3 variants 

The murine TACC3 protein displays a high oligomeric status as examined on the 

Superose 6 10/300 column (Fig. 18). Although, two fragments after thrombin cleavage of 

TACC3 stay together by forming a protein complex, but their elution pattern indicates a big 

change in their conformations and size (Fig. 18). Deletion of the N-terminus conserved region 

did not impair the elution pattern on gel filtration column (Fig. 19). However, a significant 

changes in stoke radii (TACC3: 1200 kDa; TACC3-�R: 1100 kDa) appear after deletion of 

the seven repeat region (Fig. 20). Lastly, the TACC domain of TACC3 appears to contain a 

parallel coiled coil structure (Fig. 29). Thus, based on these previous results, several 

biophysical methods were employed to characterize the structure and oligomerization of 

TACC3 in greater detail. 

5.8.1 Circular dichroism (CD) spectroscopy 

First, the CD spectra of purified murine TACC3 were determined to examine the 

variation in the amount of secondary structure before and after thrombin cleavage as well as 

after deletion of the seven repeat regions (TACC3-�R). The spectra were scanned in a 
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wavelength range of 190-260 nm wavelengths with a data pitch 0.2 nm. Spectra from 190-200 

nm were removed during data processing because of noise backgrounds whereas 41 data 

points between 200-241 nm (with a data pitch of 1 nm) were used for further processing and 

secondary structure calculation by the use of the K2D online program (117). 

 

As indicated in Fig. 34, for all analyzed proteins two minima (	208 and 	222) were 

obtained which justifies that TACC3 displays mainly �-helical secondary structures. 

Importantly, the spectrum of TACC3 remains unchanged after its thrombin cleavage. This 

indicates that in vitro thrombin cleavage of TACC3 did not cause any change in the amount 

and type of secondary structures. Therefore, the right shift of the elution peak of thrombin 

cleaved TACC3 on gel filtration column (Fig. 18) can be explained either as conformational 

changes (which cause a change in stock radii) without affecting the secondary structure or as 

decrease in oligomeric status of protein. 

 

In contrast, the deletion of the seven repeat region causes an upward shift in the 

spectra at 	208 (Fig. 34A). This upward shift at 	208 can be interpreted as a loss in the helical 

content of TACC3 after deletion of the seven repeat region. The calculation of the percentage 

of �-helical content vs. �-sheet structure after processing of the raw data confirms a 

significant �-helicity for the TACC3-�R mutant (Fig. 34B). This clear loss in the helical 

content after deletion of the seven repeat region argues for the presence of some �-helices in 

this region apart from the C-terminal TACC domain of TACC3. 
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Fig. 34: TACC3 protein is comprised mainly of �-helical secondary structures. 
A, The solid and dashed line shows the CD spectra of TACC3 before and after thrombin cleavage, 
respectively. The dotted line is the spectrum of the TACC3-�R mutant. B, amount of secondary 
structures calculated by the use of the K2D program (117). 



Results 
 

93�
�

5.8.2 Multi angle light scattering (MALS) 

The murine TACC3 protein has theoretical polypeptide mass of 70 kDa (Tab. 27). 

Irrespective of their monomeric mass, during gel filtration chromatography murine TACC3 

elutes in a peak fraction corresponding to a molecular weight of ~1200 kDa (Fig. 18) and 

migrates at a molecular weight of 120 kDa on SDS-PAGE (Fig. 17). Therefore, to determine 

the actual native molecular mass, MALS experiments were performed in an asymmetric flow 

field flow fractionation (AF4) mode (129). In this method, narrow band of sample is injected 

into buffer stream flowing through an elongated chamber and allowed to move freely on a 

cellulose membrane in the direction of stream. Signals (UV280 absorbance, refractive index 

and amount of scattered light) at outflow position were detected at right angle with time by 

use of MALS detector. The numerical values for the amount of light scattered at different 

time point were then used to calculate the molar mass of the molecule. The molar mass at 

maximum UV280 absorbance or refractive index was considered as molecular size of the 

protein or protein-complex. 
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Fig. 35: MALS based determination of the molecular mass and homogeneity of TACC3 before 
and after thrombin cleavage. 
A, MALS-AF4 profiles show the molar mass at the maximum UV absorbance of 280 nm. B, Physical 
parameter obtained from the MALS experiment. Mn (number-average), Mw (weight average), and Mz 
(z-average) represents different averages of molecular weight and ‘Mp’ is peak molecular weight. The 
value in the brackets indicates the percentage of error. These molar mass averages are calculated from 
the amount of light scattered data as described in method section (Analyzed and confirmed in 
collaboration with Dr. Britta Reis and Prof. Dr. Lutz Schmitt) 
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At the maximum UV280 absorbance, TACC3 before and after thrombin cleavage, 

appears to have molecular size of 420 kDa and 73 kDa, respectively (Fig 35A). The 

polydispersity index (PDI) for the TACC3 sample was clearly higher than one (PDI>>1; Fig. 

35B) which indicates heterogeneous size distribution of the purified TACC3 protein. In 

contrast, thrombin cleavage of TACC3 caused a transition from polydispersive to 

monodispersive (PDI=1) size distribution. Constant with the results obtained by gel filtration 

chromatography (Fig. 18), only one peak (UV280) appeared after the thrombin cleavage of 

TACC3. This further supports the observation that after thrombin cleavage of TACC3 the N- 

and C-terminal fragments stay as one protein complex. 

5.8.3 Analytical ultracentrifugation sedimentation velocity (AUC-SV) 

To further facilitate the determination of the size and shape characteristics of murine 

TACC3, AUC-SV experiments were performed for TACC3 before and after thrombin 

cleavage. Raw data were processed and analyzed by the SEDFIT program (version 12.1) by 

applying the Monte Carlo statistics (Fig. 36). Tab. 28 depicts the statistics from two 

independent experiments. 

Tab. 28: Statistics from the AUC-SV experiments. 

Protein Amount (%) MW (kDa) S20,w (S) f/f0 

TACC3   Species 1  87.71 108.91 
(108.03, 109.87) 

3.12 
(3.12, 3.12) 

2.55 
(2.53, 2.57) 

Species 2 12.29 57.40 
(57.10, 58.20) 

4.72 
(4.68, 4.77) 

1.10 
(1.09, 1.12) 

TACC3 
(Thrombin 
cleaved) 

Species 1 62.30 52.55 
(52.17, 52.92) 

2.20 
(2.19, 2.21) 

2.22 
(2.21, 2.24) 

Species 2 29.32 61.92 
(60.98, 62.86) 

1.28 
(1.22, 1.27) 

4.26 
(4.24, 4.29) 

Species 3  8.63 66.09 
(63.68, 68.50) 

3.78 
(3.77, 3.80) 

1.51 
(1.47, 1.55) 

MW, molecular weight; S20,w (S), sedimentation rate at 20 �C; f/f0, frictional coefficient. The number in the 
bracket denotes values obtained from two independent experiments. 
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Fig. 36: AUC-SV experiment to explain the size and shape characteristics of TACC3. 
AUC-SV scans (raw data) showing sedimentation of TACC3 before (A) and after thrombin digestion 
(B). The collected absorption (A280) scan data were processed with SEDFIT program and by 
implementing the Monte Carlo statistics method. C, Plot depicting the molecular weight and the 
relative frequency of analyzed proteins after processing of the raw data (analyzed and confirmed in 
collaboration with Dr. Luitgard Nagel-Steger). 

As indicated in Fig.36 and summarized in Tab. 29, murine TACC3 appears as one 

major species (87.71%) with a molecular weight of 108.91 kDa (1.5 times higher than the 

monomeric mass). However, after thrombin digestion two major species with molecular 

weights of 52 kDa (62%) and 62 kDa (29%) were observed which can be interpreted as 

dissociation of their N- and C-termini, two intramolecular interacting fragments, during the 

run. As observed in ITC experiments (section 5.5.4), the weak affinity between the two 

fragments could be the reason for the dissociation. Moreover, the theoretical mass for the 

TACC domain is 25 kDa, which is exactly half of the mass of the dissociating species (52.5 

kDa). The theoretical mass for the N-terminal fragment is ~45 kDa which is closer to the mass 
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of the other dissociating species (61.9 kDa). Based on this calculation it can be concluded that 

the TACC domain has a dimeric structure. Further to this, the TACC3 protein displays a 

higher frictional ratio (f/f0=2.55) and slower sedimentation rate [S20,w (S)=3.12] as compared 

to thrombin cleaved TACC3. After thrombin digestion the frictional ratio was still higher with 

a comparatively faster sedimentation of the protein fragments. Such behavior of a protein 

indicates that it displays three-dimensionally a highly extended shape and structure. 

Importantly their shape characteristics could be a possible reason for the earlier elution of 

TACC3 on the gel filtration column (Fig. 18). 

5.8.4 Analysis of purified murine TACC3 by Electron Microscopy (EM) 

Next, electron microscopy of murine TACC3 following negative staining was 

performed to visualize the shape and to obtain a low resolution structure. Protein samples 

were prepared by gel filtration and peak fractions were collected and concentrated up to 1-2 

mg/ml for final negative staining (118). Images were collected on a Joel JEM-1400 electron 

microscope equipped with a LaB6 filament (130). The particles length and width were 

measured using the EMAN1 boxer program (131). 

 

As indicated in Fig. 37, under electron microscope after negative staining, TACC3 

appeared to display an elongated fiber like structure with variable lengths. The dimension 

(length and width) of fibers was calculated by using the EMAN1 boxer program resulting in 

particle length values of ~25 nm to 250 nm and a width variation of between 3-15 nm. Most 

of the particles appear to have an average length of ~50 nm. Interestingly, similar to the 

previous finding of 30 nm length for the TACC domain of TACC2 (42), the minimum length 

observed for the TACC3 fiber was about 25-30 nm and is very similar to the calculated length 

(30 nm) of the TACC domain consisting of about 200 amino acid residues (42). 
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Fig. 37: EM image shows fiber like appearance of TACC3. 
TACC3 molecules form fiber like structures (left and middle panel), the middle panel depicts enlarged 
single TACC3 particles. The left panel depicts the quantitative analysis of particle length and width by 
use of EMAN1 boxer program (analyzed and confirmed in collaboration with M.Sc. Daniel 
Prumbaum and Dr. Stefan Raunser) 

5.8.5 Isolated CC2-domains form multimeric 2D-sheets like structures at a higher 

concentration. 

In this work, purified CC1 and CC2 proteins were concentrated at a temperature of 4 

�C. Interestingly, during the concentration process the CC2 molecules deposited on the 

membrane of the concentrator (Amicon Centricon; 3000 Da) in an ordered manner. After 

shaking they detached from the membrane wall and appeared floating in solution, where they 

were clearly visible by eye. An aliquot of this mixture was dropped on glass slides and 

imaged under a NIKON TE2000 microscope at a 4x-optical zoom (Fig. 38). 
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Bar 100 μm  
Fig. 38: 2D sheet like polymeric structure of the purified CC2 domain. 
Inset displays the enlarged view of 2D sheet like structures. Images were collected under a NIKON 
TE2000 microscope at 4-fold magnification. 

Under the microscope, CC2 did appear to form a random aggregate, but rather folded 

sheet-like regular polymers (Fig. 38). Similar polymeric structures were also observed by 

immunoelectron microscopy in HeLa cells overexpressing the GFP-fused TACC domain (42). 

At this time point the concentration of the CC2 protein was determined to be 150 μM in a 

Bradford assay. In contrast, the protein solution for CC1 stayed clear even at a quit higher 

concentration (>400 μM). After combining this result with the fiber like structure formation 

by TACC3 under electron microscope and previously shown data from immunoelectron 

microscopy (42), we concluded that the CC2 region is responsible for formation of fiber like 

or regular polymeric structure after overexpression in eukaryotic cells. 

5.8.6 Synopsis of the biophysical characterization of TACC3 

In this work, the murine TACC3 protein was extensively studied at the biophysical 

level. Tab. 29 summarizes the physical properties for TACC3 as determined by different 

biophysical methods. In vitro, this protein displays an abnormal molecular weight and 
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oligomeric status. On SDS-PAGE gel, TACC3 migrates higher than its actual molecular size 

of 70 kDa (Fig. 17A). However, after deletion of the SPE-rich seven repeat region, it migrates 

normally according to its real molecular weight (Fig. 17B). Therefore, the reason for the 

abnormal migration of TACC3 lies primarily in its central SPE-rich seven repeat region. 

Analogous to this region of murine TACC3, Hs-TACC3 and Xl-TACC3 isoforms also 

contain imperfect SPD repeats that might be contributing to their higher migration on SDS-

PAGE. Similar migration pattern appeared also during gel filtration where TACC3 and 

TACC3- �R protein elutes in the fraction of ~1200 and ~1100 kDa size, respectively (Fig. 18 

and 20). 

Tab. 29: Comprehensive physical properties of TACC3 

Biophysical method TACC3 TACC3 + Thr. TACC3-�R 
Theoretical size 70.468 kDa TACC3-N7R, 45.259 kDa; 

TACC3-CC 25.209 kDa 
52.323 kDa 

Apparent size on 
SDS-PAGE gel 

~120 kDa TACC3-N7R ~ 95 kDa 
TACC3-CC ~ 25 kDa 

55 kDa 

MALDI-TOF n.d. TACC3-CC ~ 25.208 kDa n.d. 
SEC 1200 kDa 630 kDa 

(intramolecular complex) 
1100 kDa 

MALS Mp~420 kDa Mp~73 kDa n.d. 
AUC-SV MW~108.9 kDa 

S20,w (S)~3.12 
f/f0~2.55 

Species 1 
MW~52.5 kDa 
S20,w (S)~2.20 
f/f0~2.22 

Species 2 
MW~61.9 kDa 
S20,w (S)~1.28 
f/f0~4.26 

n.d 

CD �-Helix ~55.51% ~53.22% ~43.28% 
�-Sheet ~10.36% ~10.11% ~14.43% 

EM Elongated fiber 
of 25-250 nm 

n.d. n.d 

n.d., not done; S20,w (S), sedimentation rate at 20 �C temperature; f/f0, frictional ratio; SEC, size exclusion 
chromatography; CD, Circular dichroism D-spectroscopy; EM, electron microscopy 

 

In an alternative method of absolute molecular mass determination by light scattering 

(MALS), purified TACC3 displays a molecular mass of 420 kDa at the maximum UV280 

absorbance corresponding to its hexameric size (Fig. 35). However the TACC domain of 

murine TACC3 appears to have a parallel dimeric coiled coil structure (section 5.8.3). Under 

electron microscope after negative staining, TACC3 appears to contain fiber like elongated 

structure (Fig. 37) and similar to this an elongated shape was also predicted from the AUC-

SV experiments (Tab. 28) because of slower sedimentation and high frictional ratio. 
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5.9 Subcellular localization and punctuate-like structures of overexpressed 

TACC3 and deletion mutants in interphase cells 

As an important further step, the subcellular localization and potential aggregation of 

TACC3 deletion mutant was analyzed in transient transfection studies employing the 

pcDNA3.1-EGFP vector system and COS7 and HeLa cells. TACC3 (H. sapiens and X. laevis) 

and its TACC domain have been shown to localize in the cytoplasm and at the spindle 

apparatus (8,42,132). Therefore, to analyze the subcellular localization of murine TACC3 

variants, pcDNA-3.1-EGFP based constructs (Tab. 24 and Fig. 15) were transiently 

transfected into COS7 and HeLa cells. After 48 h cells were fixed and stained with �-Tubulin 

specific antibodies (microtubules) and DAPI (DNA) and analyzed under a NIKON TE2000 

microscope at a 40x magnification to visualize EGFP-fused TACC3 and its deletion 

mutants(Fig. 39 and 40). 

 

As indicated in Fig. 39 and 40, punctuate like structures were typical in interphase 

cells when transfected with C-terminal EGFP-fused expression constructs for TACC3, 

TACC3-�N, and TACC3-�R. In case of TACC3-�CC2 and TACC3-�CC2, the punctuate 

structures were less prominent and rather weak. In the case of the TACC3-�CC the structures 

were completely absent. The expression and localization of the EGFP fused TACC3-�CC 

protein was comparable to control EGFP expression. This observation supports the finding of 

the formation of highly ordered polymeric structures in the cytosol consisting of several layers 

of a regularly spaced electron-dense matrix when TACC domain of TACC2 was 

overexpressed in HeLa cells (42). The reasons for the formation of these regular structures are 

still unknown, however, their formation clearly depends on the presence of the C-terminal 

TACC domain. 
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Fig. 39: Subcellular localization of EGFP-fused TACC3 variants during interphase in COS7 
cells. 
The green color indicates the expression and localization of EGFP and EGFP-fused TACC3 wild type 
and its variants. Blue and red colors indicate DNA (DAPI) and microtubules (�-tubulin) respectively. 
Arrows indicate the cell enlarged in the right panels (Images were collected and analyzed with the help 
of Mr. Madhurendra Singh) 

Furthermore, as indicated in Fig. 39, TACC3, TACC3-�N, and TACC3-�R appeared 

to localize mainly in the cytoplasm but the TACC3-�CC mutant localized in both the 

cytoplasm as well as in the nucleus. Moreover, similar to TACC3-�CC, TACC3-�CC1 was 

also localized in both cytoplasm and nucleus (Fig. 40). In contrast, the localization pattern of 

the TACC3-�CC2 mutants was completely different from other TACC3 variants analyzed. It 

appeared to localize in a perinuclear manner (Fig. 40). The TACC3-�CC1 mutant contains 

the CC2 module (interacting with the seven repeat region) and the TACC3-�CC2 mutant 

contains the CC1 module (interacting with chTOG). The difference in the localization pattern 

of these two TACC domain mutants in interphase cells opens the questions whether CC1 and 
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CC2 take over additional regulatory and/or protein interaction function apart from the mitotic 

phase. 
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Fig. 40: Subcellular localization of EGFP-fused TACC3 variants during interphase in HeLa 
cells. 
The green color indicates the expression and localization of EGFP and EGFP-fused TACC3 wild type 
and its variants. Blue and red colors indicate to the DNA (DAPI) and microtubule (�-tubulin) 
respectively. Arrows indicate the cell enlarged in the right panels (Images were collected and analyzed 
with the help of M.Sc. Madhurendra Singh) 
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5.10 Crystallization trials of the TACC3-chTOG-C protein complex, TACC3 
deletion mutants, and chTOG-C 

One of the main objectives of this work was to determine the crystal structure of 

TACC3 alone and/or in complex with its effector protein chTOG. Successful crystallization 

needs a homogeneous protein solution. Therefore, the single peak fractions from gel filtration 

column were collected and concentrated up to 5-7 mg/ml final protein concentration. 

Unfortunately, at higher concentration this protein precipitated and formed aggregates. 

Several thousands of QIAGEN screens in several trials were performed with purified TACC3 

before and after thrombin cleavage and for the TACC3-chTOG-C complex (in collaboration 

with Dr. Astrid Höppner, Crystal and X-Ray Facility, HHU, Düsseldorf). In almost all 

conditions the protein (complex) precipitated and crystals failed to grow. Later we observed 

the fiber-like structure of different dimensions (Fig. 37) and a polydisperse or heterogeneous 

nature (Fig. 35) for the wild type TACC3 protein. Thus, this could have been literally the 

reason behind the unsuccessful crystallization trials for TACC3 alone and in complex with 

chTOG. 

 

In order to identify a small stable domain of TACC3 with a homogeneous nature, 

partial protease digestion experiments with trypsin and chymotrypsin were performed. 

Trypsin and chymotrypsin were mixed with purified TACC3 in different ratios (1:1000, 1:500 

and 1:100). The time dependent reaction was performed at 37�C reactions and initiated by 

adding the enzyme and stopped by adding 2x Laemmli buffer followed by heat denaturation 

(90�C). Samples were analyzed on 8.5% SDS-PAGE gels followed by CBB staining for the 

digested fragments. 

 

As indicated in Fig. 41, purified TACC3 displays a clear resistance to digestion at 

lower concentration of trypsin (1:1000 and 1:500). However, at increased concentrations 

several fragments were obtained along with a small amount of the full-length protein. 

Similarly, TACC3 also resists the digestion by chymotrypsin even at its higher concentration 

of chymotrypsin (1:100, data not shown). The resistance to protease digestion could be 

possibly explained with the fiber-like structure of the purified TACC3 as observed by EM 

(Fig. 37). 
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Fig. 41: Partial protease digestion of purified TACC3. 
Murine TACC3 exhibits a relative resistance to trypsin (A) and chymotrypsin digestion. The ratios of 
the enzyme to the TACC3 protein in the reaction mixtures are indicated. 

Needle�(crystal)

CC1�crystals

 
Fig. 42: Crystals of the CC1 module of the TACC domain. 
Right panel displays the needle of CC1 crystal obtained during screening and right panel shows the big 
crystals of CC1 protein grown under the condition of salt with 30% ethanol. Inset shows the enlarged 
view of the growing crystals. 

As a next step, different domains of TACC3 were subcloned and purified (Fig. 15 and 

17). The isolated CC1 module of the TACC domain of TACC3 was found to be most stable, 

soluble and homogeneous and it showed a high affinity to the C-terminus of the microtubule 

polymerase chTOG (Fig. 27A). Therefore, new crystallization trials for the CC1-domain and 
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C-terminal domain of chTOG were performed. In almost all conditions, chTOG-C 

precipitated and crystals did not appear. Interestingly, three different crystallization conditions 

were identified for CC1, which appeared to form crystal needle (Fig. 42). After several trials 

of condition optimization, the quality and size of the crystals improved and CC1 appeared to 

form crystals with bipyramidal geometry under crystallization conditions of salt with 30% 

ethanol. However, the crystals were still fragile and sensitive to ethanol evaporation during 

picking up on a cryogenic loop. Therefore, further trials using the microbatch method under 

oil (prevents ethanol evaporation) is ongoing for obtaining stable crystals. 
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6 Discussion 

The centrosomal TACC protein family member TACC3 is a multi-domain protein. 

TACC3 in complex with the microtubule polymerase XMAP215/chTOG regulates spindle 

microtubule assembly and its stability and dynamics during mitosis in a Aurora-A kinase 

dependent manner (8,25,33,42,133). The TACC domain of TACC3 and the C-terminus of 

XMAP215/chTOG mediates the interaction of both proteins. The TACC domain of Xl-

TACC3 has been proposed to form a masked and unmasking may be required for its function 

at the spindle pole (49). 

 

In the present work, TACC3, its deletion mutants and isolated domains were studied 

to identify the critical region of the TACC domain for binding to the C-terminus of the 

microtubule polymerase chTOG. Furthermore, the mechanism of masking of the TACC-

domain of murine TACC3 by its N-terminal region and its further unmasking by 

intermolecular interaction have been investigated at molecular level. 

 

TACC family members from different representative species have been elaborately 

studied in the last few years and also identified as an important regulatory molecules for 

spindle microtubule dynamics (30,34). TACC3 is associated with tumor development and was 

recognized as a new antineoplastic drug target (68). Therefore, in this work an attempt has 

been made to characterize various biophysical parameters of TACC3 to get insight into 

structural details of the molecule. Moreover, attempts have been made to crystallize full 

length TACC3 and small variants (alone and in complex with the C-terminus of chTOG) for 

X-ray structure determination. Needles (crystals) for the first half (CC1 region) of the TACC 

domain have been successfully obtained and their further crystal quality and condition 

optimization is currently ongoing. 
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6.1 An overview of structural and functional characteristics of evolutionary 

conserved TACC family proteins 

The TACC family members are identified by their conserved C-terminal CC-domain 

comprised of about 200 amino acids (34,41,42). In higher eukaryotes, TACC family members 

are evolved with longer N-terminal domain with very few helices or �-sheet like folded 

structure(s) (41,42,51). In contrast, TAC1 from C. elegans does not have a N-terminal domain 

and consists mainly of the TACC domain (24,41). The vertebrates evolved with three 

isoforms of TACC family proteins called TACC1, TACC2 and TACC3 (42,45,46). The 

TACC3 protein has a separate branch of evolution than TACC1 and TACC2 (41). However, 

very less information is available about the specific role of these three isoforms explaining 

their evolution in vertebrates. 

 

About hundred residues from the N-terminus are conserved only in TACC3 isoforms 

and so far no interacting partner for this region is known (41). One regulatory Aurora-A 

phosphorylation site (S33 in Xl-TACC3 and S34 in higher vertebrate TACC3) is present in 

this conserved region (27,41). Several proteins like Msps/XMAP215 family members, FOG1, 

ARNT, MBD2, and hGCN5L2 have been identified to interact solely with the TACC domain 

thereby regulating various cellular processes (56,57,67,134-136). Interaction of the TACC 

domain with Msps/XMAP215 family members and the functions upon binding is found to be 

conserved during evolution (8,41,42). Furthermore, RNA processing elements (LSM7 and 

SmG), one adaptor protein TRAP, and the transcription regulator GAS41 were found to 

interact with the longer N-terminal region of the human TACC1 isoform (25,34,137,138). The 

transcription regulator GAS41 also interacts with TACC2 (138). Nevertheless, the actual 

role(s) of these interactions in an in-vivo setting are still unknown. In the N-terminal 

conserved region of human TACC3, several point mutations have been identified from breast 

cancer patients samples, but the significance of such mutations in tumor development is 

currently unknown (71). 

 

Beside the rather conserved N- and C-termini of murine TACC3, the central region 

displays the semiconserved repeat region and two Aurora-A phosphorylation sites which are 

required for centrosomal localization of TACC3 and further in spindle microtubule dynamics 
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and stability during mitosis (27,33,34,60,66,70). The function of the repeat region was 

unknown prior to this work. In murine TACC3, the seven SPE-rich repeats are involved in an 

intramolecular interaction with the TACC domain thereby playing a critical role in TACC 

domain masking. Interestingly, each repeat contains one PXXP motif which mirrors a well 

characterized SH3-domain binding motif (Fig. 43) (119). However, SH3-domain containing 

interacting partners for TACC3 has not been described yet. 

 

Although, the primary structure and function for TACC domain remained conserved 

during evolution, the TACC domains of mammalian TACC3 are different from TACC1 and 

TACC2 isoforms and from isoforms of other vertebrates in terms of the coiled coil pattern. As 

indicated in Fig. 43, the TACC domain of mammalian TACC3 isoforms is further subdivided 

by a coiled coil breaking peptide region (low COILS score region) into two modules called 

CC1 and CC2 (57). 

 

identity upto 74%

PPXXP

murine TACC3

COILS Score1.0 1.0<0.1
 

Fig. 43: Primary structure of murine TACC3. 
The highly conserved TACC domain is present at the very C-terminus. The COILS program scan 
identifies a low score region at the center of the TACC domain which divides it into two separate 
modules, namely CC1 and CC2. About 100s of amino acid residues from N-terminus (blue) are also 
conserved in vertebrate TACC3 isoforms. The highly variable central region contains a serine (S), 
prolin (P), and glutamate (E)-rich seven repeat region (r1-7), each consisting of 24 amino acid 
residues. Each repeat contains a “PPXXP” motif. S34, S341 and S347 indicate the three different 
Aurora-A phosphorylation sites. 

The amino acid residues in the CC2 module and coiled coil breaking motif are highly 

conserved in all TACC family members while the residues in the CC1 module are 

comparatively less conserved (Fig. 11). The highly conserved CC2 module of murine TACC3 

is involved in an intramolecular interaction with the SPE-rich seven repeat region. This 

intramolecular interaction plays an important role in TACC domain masking through the 

longer N-terminal region of murine TACC3. A similar masking action has been also proposed 

for Xl-TACC3, as other vertebrate TACC family members contains analogous SPD-imperfect 

repeat in their longer N-terminal region (34,60). Therefore, based on this work it is proposed 

that an identical mechanism of masking of the TACC domain exist for the rest of the 
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vertebrate TACC3 proteins. In contrast, it is evident from this work that the TACC domain 

alone is unstable as it forms point-like structures when over-expressed and also purified 

protein precipitates even at very low concentration (42). Therefore, providing stability to the 

TACC domain could be a potential reason behind the masking action by the N-terminal 

domains. Intramolecularly, the less conserved CC1 module of the TACC domain interacts 

with the C-terminus of the microtubule polymerase chTOG (Fig. 28 and 30), and this 

interaction and function downstream remains conserved during evolution (8,34,41). In 

contrast, only one protein is known so far that binds to the rather conserved CC2 molecule, 

FOG1, a transcriptional co-repressor of GATA1 (134). 

 

As mentioned earlier vertebrates evolved with three TACC family proteins of which 

the third member displays a separate evolutionary branch (41). The reason(s) behind the 

separate evolutionary branch for TACC3 isoforms are missing. Conservation of hundred 

residues from the N-terminus in all TACC3 isoforms and evolution of the low COILS score 

region or coiled coil braking motif in TACC domain of mammalian TACC3 makes it distinct 

from TACC1 and TACC2 isoforms and indicates clearly TACC3 isoform specific function. 

This hypothesis can be also be supported by the finding, that TACC3 knockout mice are 

embryonic lethal (10,13), however, TACC2 knockout mice have no obvious phenotype (139). 

 

During mitosis subcellular localization of TACC3 depends on its phosphorylation by 

Aurora A kinase (25,33,76,140,141). In D-TACC, only one Aurora-A phosphorylation site 

(S863) is known, while in vertebrate TACC3 isoforms three sites have been identified (S33, 

S620 and S626 in Xl-TACC3; S34, S552 and S558 in Hs-TACC3; S34, S341 and S347 in 

Mm-TACC3) (32,33,66). Phosphorylation by Aurora A at S863 (D-TACC), S620 (Xenopus 

Maskin/TACC3), and S558 (human TACC3) is crucial and sufficient for their centrosome 

recruitment (27,32,33,141). In contrast, phosphorylation at S620 and S626 in Xl-TACC3 is 

important for Clathrin heavy chain binding and CHC-dependent spindle microtubule stability 

and dynamics (27,142). To date, the role of phosphorylation of the first serine residue (S33 in 

Xl-TACC3 and S34 in mammalian TACC3) by Aurora A are not well understood (27). 
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6.2 Biophysical properties of the TACC3 protein 

All TACC family members have coiled coil �-helical regions at their C-terminus, 

while the N-terminal region contains few helices or �-sheet-like secondary structures 

(34,41,42,135). Structure(s) for any TACC family members or their domain is not available in 

the protein data bank (PDB). Current evidence suggests that the coiled coil structures can be 

present in the form of a dimer/trimer with a parallel/antiparallel fashion (143,144). In 

agreement with this, gel filtration, light scattering, and electron microscopy data suggest a 

higher oligomeric status for murine TACC3. On the other hand, AUC-SV experiments 

designates the dimeric elongated structure of the TACC domain of murine TACC3 (134). 

Besides this, intra-domain interaction studies using deletion mutants gave a clue for a parallel 

orientation of the TACC domain (Fig. 29). 

 

Under the electron microscope, purified murine TACC3 protein displayed a fiber-like 

elongated structure of different dimensions (lengths and diameter). The smallest fibers had a 

length of about ~25-30 nm and this length is matching with the theoretical length for the 

TACC domain comprised of 200s amino acid residues (42). TACC3 forms unusual 

punctuates-like structures in a TACC-domain dependent manner, when transiently 

transfection and overexpression in COS7 and HeLa cells (Fig. 39 and 40). Similarly, Gergely 

et al also observed punctuate like structure and highly ordered polymers with regular spacing 

of 30 nm when GFP-fusion construct of TACC domain of TACC2 was overexpressed in 

HeLa cells (42). The overexpressed TACC3-�CC mutant did not appear to form any 

punctuate-like structures. Furthermore, deletion of the CC1 module of the TACC domain 

inhibited the punctuate-like structures formation in comparison to wild-type TACC3 while 

after deletion of the CC2 module, smaller and fewer point-like structures were still detectable 

in HeLa cells (Fig. 40). Moreover, purified CC2 domain from murine TACC3 shows the 

similar behavior at higher concentrations i.e. it forms 2-D sheet-like structures (Fig. 38), 

whereas purified CC1 domain was soluble even at higher (>5 mg/ml). Therefore, the 

punctuate-like structure formation in eukaryotic cells is dependent on the presence of the full 

length TACC domain of TACC3. 
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Lastly, on SDS-PAGE gels the denatured form of TACC3 always migrated 

abnormally higher than its actual size [(Mm-TACC3 (70 kDa) migrates like 120 kDa; Hs-

TACC3 (90 kDa) migrates like 140 kDa)] (71). The acidic pI (~4.5) of the protein has been 

reasoned to be responsible for this abnormal migration behaviour. Interestingly, after deletion 

of the SPE-rich central repeat region, murine TACC3 migrates normally although still having 

an acidic pI~4.9 (Fig. 17). Therefore, the actual causes for such abnormal behavior are present 

in the SPE-rich seven repeat region and possibly in the polyproline stretches. 

6.3 Masking and unmasking of the TACC domain through intra- and 

intermolecular protein interactions 

Cell-based assays have been performed to analyze the expression and localization of 

TACC family members (34). In interphase, TACC3 protein localizes in the cytosol and during 

mitosis, Aurora-A regulates their localization to the centrosome and spindle microtubule 

(33,42). It was postulated that, the TACC domain of Xl-TACC3 is masked by its N-terminus, 

which then gets unmasked upon Aurora-A phosphorylation prior to centrosomal localization 

and function (49). Deletion mutant based interaction studies suggested that in murine TACC3 

the SPE-rich seven repeat region interacts with the CC2 module and thus the N-terminal 

region indeed masking the TACC domain (Fig. 44). However, in contrast to the proposed 

“unmasking” role of Aurora-A (49), competitive protein-protein interaction demonstrated that 

chTOG binding to CC1 is sufficient to releases the intramolecular interaction between the 

CC2-domain and seven repeat region of murine TACC3 (Fig. 31 and 32). Consistent with a 

lack of an “unmasking” role of Aurora-A is lastly the observation, that Aurora-A 

phosphorylation of murine TACC3 is independent from its intra- or intermolecular binding 

(masked/unmasked) states (Fig. 33). 

 

Altogether, the finding of this work suggest that TACC domain gets masked by its 

longer N-terminal region which is mediated through intramolecular interaction between the 

SPE rich seven repeat region and the CC2 module (Fig. 44). Microtubule polymerase chTOG 

binding to CC1 elicits conformational changes in the CC-domain that induces the release of 

intramolecular interaction and precludes the masking effect by the N-terminal region. 

Although this concept goes against the previous postulate of the unmasking through Aurora-A 
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phosphorylation(49), nevertheless, it gives a direct proof and principle for TACC3-chTOG 

interaction and regulation. Aurora-A phosphorylation of TACC3 or the TACC3-chTOG 

complex is responsible for their directional recruitment to the centrosome (66). This work, 

however, does not strike out a potential in vivo co-operative action of both chTOG binding to 

CC1 and Aurora A phosphorylation of TACC3 in the course of unmasking of the CC-domain. 

CENTROSOME

chTOG
CC1 CC2
CC1 CC2

repeats

repeats

CC1 CC2
CC1 CC2

repeats

repeats

chTOG

chTOG

Aurora-A

 
Fig. 44: Model for the masking and unmasking of the TACC domain and recruitment of the 
TACC3-chTOG complex to the centrosome. 
The intramolecular interaction between seven repeat region and CC2 mediates the masking of the 
TACC domain. chTOG binding to CC1 precludes the intramolecular interaction and releases the 
masking effect on the TACC domain. Finally, Aurora A phosphorylation of TACC3 or the TACC3-
chTOG complex triggers recruitment to the centrosome. 
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6.4 Molecular insight into TACC3 action and regulation of mitosis 

To date the cellular role of TACC family members in mitosis, particularly in spindle 

microtubule dynamics, have been well described. Alp7 (S. Pombe), TACC (D. discoideum) 

and TAC1 (C. elegans) are the simplest members of this family which are known to interact 

with the XMAP215 ortholog Alp14, CP224, and Zyg9 respectively (24,51,92). D-TACC (D. 

melanogaster) along with the three vertebrate isoforms TACC1, TACC2 and TACC3 are the 

representative members of this family in higher eukaryotes (42,46). All of them are known to 

interact with their XMAP215 homologues via their conserved TACC domain and regulate 

spindle microtubule stability and dynamics (8,34). The TACC family members in higher 

eukaryotes are different from the simplest eukaryotes with having a longer N-terminal domain 

and a role of this domain has been shown in this work to mask the TACC domain (34,49). 

 

The expression patterns of the three mammalian TACC protein isoforms (TACC1, 

TACC2, and TACC3) have been extensively studied. In contrast to the rather postmitotic 

expression of TACC1 and TACC2, TACC3 is found in high level in particularly in 

regenerating and proliferating tissues, hematopoietic cells, epithelial cells, testis and ovary 

(13,58,70). High TACC3 expression levels are very prominent in embryonic developmental 

stages. Consistent with this, TACC3 knockout mice are embryonically lethal, a phenotype 

accompanied by reduced cell numbers due to mitotic defects and apoptosis (13). A study 

based on the generation of several conditional, null and hypomorphic TACC3 mouse mutants 

demonstrated that TACC3 is essential for the proper cell division of sclerotomal 

mesenchymal cells during formation of the axial skeleton (10). Cellular depletion of TACC3 

in murine NIH3T3 cells results into p21WAF mediated cell cycle arrest in the G1 and G2 phase 

(11). Consistent with this, TACC3 knockdown in human MCF7 cells triggers cell cycle arrest 

through induction of premature senescence (69). Comparable with other cell cycle regulatory 

proteins, TACC3 expression is also increased and decreased in a cyclic manner during cell 

cycle progression. Minimal expression of TACC3 has been observed during interphase, while 

in G2/M phase TACC3 reaches highest level before it again returns to basal amounts by the 

end of the cell cycle (13). Taken together, these reports altogether summarize the critical role 

of TACC3 in cell division during the mitotic phase of the cell cycle. 
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The information available about sub-cellular localization of TACC proteins during 

interphase of the cell cycle is rather scanty. Experiments based on human TACC protein 

isoforms and Xl-TACC3 indicate their nuclear localization (42,91). During interphase, all 

three human TACC isoforms localize in the cytosol and then are found in particular during 

mitosis at the centrosome with a slightly different distribution pattern (33,42,132,133,145). 

This observation together with N-terminal conservation of 100s amino acid residues only in 

TACC3 isoforms pinpoints to the non-overlapping function(s) of all three TACC protein 

isoforms in human and other vertebrates (34). TACC3 isoforms localizes to the centrosome 

and along spindle microtubules in an Aurora-A phosphorylation dependent manner 

(25,31,33,76,91). Thereby being crucial for microtubule dynamics (polymerization and 

depolymerization), TACC3 is essential for spindle dependent chromosome alignment and 

mitotic survival (8,29,34). 

 

In transient cell transfection studies using HeLa and COS7 cells, Mm-TACC3 appears 

to form punctuate-like structures in TACC domain-dependent manner in interphase cells (Fig. 

39 and 40). Similar structures have also been observed for the TACC domain of Hs-TACC2 

in HeLa cells (42). Deletion of the CC1 or CC2 modules of the TACC domain of Mm-

TACC3 inhibits the punctuate structure formation as compared to wild type TACC3-GFP. 

During mitosis, the TACC domain alone is sufficient to colocalize with chTOG at the 

centrosome and spindle microtubules (42,132). This arise possibly the question for the role of 

the longer N-terminal region besides the masking action on the TACC domain. In this regard, 

this work explicitly describes the role of the N-terminal region of Mm-TACC3 in 

intramolecular interaction and TACC domain masking which is possibly required for TACC 

domain stability before the TACC-chTOG complex formation. 

 

In a first subcellular localization study in HeLa cells during the metaphase stage 

employing GFP-fusion proteins (data not shown), both TACC3-�CC1 and TACC3-�CC2 

deletion mutants were found to localize at the centrosome and along the spindle. However, the 

TACC3 wild-type protein and the TACC3-�CC2 mutant both localized at the centrosomes 

and along spindle microtubules, while TACC3-�CC1 mutant was predominantly found at the 

centrosomes and rather weekly at spindle microtubules. Moreover, the GFP fused TACC3-

�CC mutant (lacking the TACC domain) was also examined and the localization pattern was 

found to be similar to the TACC3-�CC1 mutant. The result was surprising, given a former 
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report that the GFP-fused TACC domain of Xl-TACC3 was capable to localize per se to the 

centrosome, where as the GST-fused N-terminal domain of Xl-TACC3 failed to do so (132). 

Similar to the wild-type protein TACC3-�CC, TACC3-�CC1, and TACC3-�CC2 all mutants 

still contain the three Aurora-A phosphorylation sites which regulate both directional 

recruitment of TACC3 to the centrosome as well as binding to the Clathrin heavy chain 

(CHC). Therefore, a possible phosphorylation of the GFP-fused TACC3-�CC mutant and its 

further binding to CHC may explain its centrosomal recruitment independent of the TACC 

domain. Thus, it will be important to analyze the localization of GFP-fused phosphoinhibitory 

and phosphomimetic (3A and 3E) mutants of TACC3-�CC during mitosis. 

 

The interaction of TACC3 with the processive microtubule polymerase 

XMAP215/chTOG is well described (23,92). This function upon complex formation has been 

implemented in the regulation of spindle microtubule stability and dynamics during mitosis 

(8,27,33,49,66,132). However the role of the adapter protein TACC3 in TACC3-chTOG 

complex and in spindle microtubule stability and dynamics is not fully understood. The N-

terminus of XMAP215/chTOG proteins contains two to five TOG domains. TOG domains 

bind to ��-tubulin heterodimers and add them to the plus end of spindle microtubules in the 

GTP bound form (20,73,75). The C-terminus of microtubule polymerase chTOG interacts 

with the CC1 module and unmasks the TACC domain of murine TACC3 (Fig. 28 and 30). 

Thus, TACC3 may simply act as an adaptor protein for chTOG thereby forming a microtubule 

stabilizing factor as suggested previously (8). Aurora-A phosphorylation TACC3 then recruits 

this microtubule stabilizing factor to the centrosome (Fig. 6), where it forms a complex with 

CHC and counteracts the microtubule destabilizing activity of the kinesin XKCM1/MCAK 

(27,33,146,147). Another study based on the use of XMAP215 deletion mutants in Xenopus 

laevis egg extracts supports thereby the role of the N- and C-terminus of XMAP215 in 

microtubule polymerization (rescue) and depolymerization (catestrophe) respectively (75). 

Therefore, one possible and crucial role of TACC3 could be in the engagement or scavenging 

of the catestrophe promoting C-terminal domain of chTOG thereby promoting rescue events 

through the N-terminal domain of chTOG. 

 

The Clathrin triskelion is a vesicle trafficking protein complex (148), that plays a 

critical role during mitosis especially in spindle microtubule stability at the centrosome (Fig. 

6) (26-28,30,81,82). It also interacts with TACC3 in an Aurora-A phosphorylation dependent 
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manner (27,81). Binding of CHC to TACC3 depends on its Aurora-A phosphorylation at the 

S552 and S558 residues in human TACC3 (S620 and S626 in Xl-TACC3) (27,146). Whereas, 

phosphorylation of S558 of Hs-TACC3 (S626 of Xl-TACC3 or S347 of Mm-TACC3) 

regulates their centrosomal localization (33). The domain proximal to the N-terminus of CHC 

binds directly to the Aurora-A phosphorylation sites near to the TACC domain of TACC3 

(28,146). The C-terminus of CHC is known to interact with Clathrin light chain (CLC) in 

order to form the triskelion complex (149). Thus, the role of the TACC3-CHC interaction has 

been proposed in cross linking and stabilization of spindle microtubule bundles at the 

centrosome (28). In contrast, unphosphorylated TACC3 form has been shown along the 

spindle microtubules and at their plus ends (33). Further studies of phosphomimetic mutants 

of TACC3 and the inhibition and silencing of Aurora-A kinase function revealed that TACC3 

mislocalizes from both the centrosome and the spindle microtubules (33,66). These 

observations collectively call for the presence of an unknown protein phosphatase (PP), that 

dephophorylates TACC3 after Aurora-A phosphorylation for the subsequent spindle 

microtubule localization of TACC3. 

 

In D. melanogaster, role of the Mars protein has been implicated in linking of 

centrosomes to spindle microtubules and in proper spindle organization during the rapid 

mitotic cycles in early embryogenesis (150). Interestingly Mars directly interacts with protein 

phosphatase 1 (PP1) and thereby mediates the controlled dephophorylation of D-TACC (151). 

Tousled-Like Kinase (TLK) functions in parallel to Mars and their balance activity is required 

for cells to progress correctly through mitosis, thus ensuring chromosomal fidelity (152). In 

vertebrates, HURP (hepatoma up-regulated protein) is a Mars related protein and constitute a 

part of the Ran-dependent complex involved in spindle formation (150,153,154). It controls 

spindle stability and dynamics to achieve an efficient kinetochore capture, timely 

chromosomal congression and proper interkinetochore tension during mitosis (150,155). Also, 

HURP gets phosphorylated and stabilized by the mitotic kinase Aurora-A, and was proposed 

to possess a transforming function during mitosis (156,157). However, a probable role of 

HURP in controlled dephosphorylation of TACC3 is not determined yet. 

 

As discussed before, similar to various other cell cycle regulatory proteins, the level of 

TACC3 in cells is tightly regulated throughout the cell cycle (11,13,33). Followed by 

interphase and/or during the G2/M-phase TACC3 level are dramatically upregulated and 
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decline rapidly to a minimal level by the end of division (13). Importantly, the pattern of 

TACC3 level remains in line to that of several cell cycle marker proteins like cyclin B1, 

Cdh1, and Cdc20 (35,158,159). All these proteins are known to be degraded during mitotic 

exit via the proteasomal degradation pathway (35,159). Therefore, proteasomal degradation of 

TACC3 protein has also been proposed during mitotic exit. In HeLa cells, TACC3 has been 

shown to interact with Cdh1 which facilitates the degradation of several mitotic proteins 

thereby activating the E3 ubiquitin ligase APC/C. It was observed that Cdh1 promotes 

ubiquitination of TACC3 and its further degradation in cells during mitotic exit (35). Overall, 

one can assume that degradation of TACC3 “releases” the catastrophe promoting domain of 

XMAP215/chTOG, thereby catalyzing the required depolymerization of spindle microtubules 

during mitotic exit. 

6.5 TACC3 interaction network and regulation of cellular processes 

To date, several attempts from different model organisms describe a direct or indirect 

interaction of the TACC family members with proteins involved in the microtubule dynamics, 

and in the regulation of transcription and translation. As listed in Tab. 30, a list of proteins 

known to interact with TACC family members in higher eukaryotes (D. melanogaster and 

vertebrates) and the regulation of various cellular processes are briefly described. 

Tab. 30: Interacting partners of TACC family members in higher eukaryotes 

TACC Family 
members 

Interacting 
Partners 

Regulation of cellular process after 
interaction 

Ref.

TACC 
 (Drosophila 
melanogaster) 

Msps Microtubule dynamics (23)
Aurora-A kinase TACC-Msps activation  (32)
Cnn (centrosomin) Recruitment of TACC/Msps complex 

and �-tubulin to centrosomes 
(160)

Mars Attachment of centrosomes to mitotic 
spindle 

(150)

Maskin 
(Xenopus laevis) 

XMAP215 Microtubule anchorage at centrosome (33,49)
Aurora-A kinase Centrosome dependent microtubule 

assembly 
(33,91)

Control of sequential protein synthesis 
during oocyte maturation 

(161)

Importin-� Nuclear localization (91)
CPEB and eLF-4E Translation regulation (62)

TACC3 chTOG/CKAP5 Spindle pole organization From this 
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(Mus Musculus) Aurora-A kinase Cell cycle regulation and spindle pole 
organization 

work

FOG1 FOG1 localization and transcription 
regulation 

(56)

ARNT n.d. (proposed function: transcription 
regulation) 

(58)

DOCK7 Interkinetic nuclear migration and 
cortical neurogenesis 

(84)

 Cep120 Interkinetic nuclear migration and 
neocortex development 

(83)

TACC1 
(Homo sapiens) 

chTOG/CKAP5 n.d. (proposed function: mRNA 
translation, cell division in conjugation 
with spindle pole organization) 

(25)

Aurora-A kinase n.d. (proposed role in centrosomal 
localization and spindle pole 
organization during anaphase and 
telophase) 

(25)

Aurora-B kinase n.d. (possible role in cytokinesis) (162)
TDRD7 (tudor) n.d. (25)
LSM7 and SNRPG n.d. (proposed role in mRNA 

processing and homeostasis) 
(137)

YEATS4 n.d. (proposed role in transcriptional 
regulation) 

(138)

TACC2 
(Homo sapiens) 

 chTOG/CKAP5 n.d. (proposed function in microtubule 
dynamics) 

(163)

YEATS4  n.d. (proposed role in transcriptional 
regulation) 

(47)

TTK n.d. (proposed role in mitotic spindle 
maintenance) 

(164)

TACC3 
(Homo sapiens) 

chTOG/CKAP5 Spindle pole organization (8)
Aurora-A kinase Cell cycle regulation and spindle 

pole organization 
(25,66,140)

NDEL1 Centrosomal maturation and mitotic 
entry 

(165)

CLTC Centrosomal localization (27,146)
Notch4/Int3 and 
CDC10/Ankyrin 
repeat 

Regulation of notch signaling (166)

TSC2 Maintenance of nuclear envelope 
structure and control of cell division 

(61)

DOCK7 Interkinetic nuclear migration and 
cortical neurogenesis 

(84)

Ref., References; n.d., not described 
 

Several proteins are known to interact with the TACC domain of TACC family 

members (Fig. 45), however only few proteins have been found to interact with the highly 

variable N-terminal region (34). Independent from the conserved interaction with 
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XMAP215/chTOG, the TACC domain of murine and human TACC3 isoforms has been 

described to interact with FOG-1, ARNT and MBD2 proteins thereby potentially regulating 

transcription processes (56-58,67,134,135). 

FOG1 - Transcription
ARNT - Transcription

chTOG – MT dynamics

chTOG – MT dynamics
Aurora-A kinase –
cell cycle regulation
MBD2 – HAT/Transcription
CHC– MT dynamics
ARNT - Transcription

mTACC3

hTACC3

DOCK7 - Neurogenesis

DOCK7 - Neurogenesis

?

?

Aurora-A kinase –
cell cycle regulation

TSC2 – Maintenance of 
nuclear envelope structure

?
 

Fig. 45: Proteins known or proposed to interact with different domains of human and murine 
TACC3. 
Most of the partner proteins bind to the CC-domain (green) of TACC3. The DOCK7 and TSC2 
binding domain in TACC3 is currently unknown. 

Recently, three new TACC3 interacting partners (CHC, TSC2 and DOCK7) of 

TACC3 have been described. CHC was found to interact with pTACC3 and the role upon 

interaction has been implicated in the stability of centrosomal spindle microtubule bundles 

(30,82,146). Interaction of TSC2 with TACC3 regulates the maintenance of nuclear envelop 

structure during cell division (61). DOCK7 (Dedicator of cytokinesis 7), a member of the 

DOCK180 protein family, is the latest described interaction partner of TACC3. DOCK7 

binding to TACC3 regulates the interkinetic nuclear migration and cortical neurogenesis in 

human and mouse brain development (84). Lastly, the TACC domain from TACC1 and 

TACC2 isoforms interacts to another transcriptional regulator, hGCN5L2 however its 

function upon interaction is unknown (64). Thus, the interacting network of TACC family 

members is currently in growing stage. This raises an interest to find out the new interacting 

partner and multifunctional roles of TACC family members in various cellular processes. 
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6.6 Pathobiological relevance of TACC3 function and dysfunction 

Initially all three TACC genes have been identified from human breast cancer patient 

samples and later on found to be physically linked with corresponding FGFR regions on three 

different chromosomes (41,45,46). The FGFR loci of these chromosomes are linked to the 

development of cancer and many other pathological conditions in human (167). Interestingly, 

human and mouse TACC3 demonstrated that the gene is upregulated in various cancer types. 

Thereby it alters the controlled cell growth and differentiation processes 

(12,25,45,56,85,87,168-170). Along with FGFR3, MMSET and p21WAF, the TACC3 

expression has been correlated with the multiple myeloma phenotype (89). Single amino acid 

variants of TACC3 have been identified from various human cancer patients sample screening 

(71,85,171). Expression of TACC3 and its upstream regulator Aurora-A has shown to be 

deregulated in thyroid cancer tissues (172,173). Recently, in brain tumor glioblastoma 

multiforme, a small subset (3.1%) of a transforming in frame fusion of FGFR and TACC 

genes and their involvement in a lethal form of tumor development has been reported (88). A 

single nucleotide polymorphism in the TACC3 gene (4p16 human chromosomal locus) has 

been identified in a Chinese population being associated with a increased risk of bladder 

cancer (90).  

 

Alterations in microtubule dynamics and associated protein function disrupt the 

mitotic cell division process (34,42,174). Abnormal TACC3 expression and therefore function 

leads to enhanced centrosomal abnormalities, activation of apoptotic and senescence 

programs, and loss of anchorage-independent growth (13,42,69,135,175). In vitro TACC3 

depletion induces the multipolar spindle formation and causes mitotic arrest followed by 

apoptosis. These evidences collectively suggest that TACC3 is a transforming but also 

therapeutically susceptible component of the spindle apparatus. Therefore it could be a 

promising therapeutic target for anti-mitotic and cancer chemotherapy. Interestingly, magnetic 

resonance imaging (MRI) based study has been implicated that, conditional loss of TACC3 in 

vivo in tumors caused there massive regression and apoptosis as recently shown in a model of 

mouse thymic lymphoma (68). 



Discussion 
 

121�
�

6.7 Conclusions and perspectives 

Based upon current and previous knowledge, here a sequential model is proposed for 

the role of TACC3 in spindle microtubule stability and dynamics (Fig. 46). The G2/M-phase 

is characterized by a huge change in microtubule arrangement and upregulation of the TACC3 

expression level (13). This work stay grounded to explain the events of the spindle assembly 

factor TACC3 prior to its centrosomal recruitment. Immediately after de novo synthesis in the 

cell, murine TACC3 stays in a masked state and seems to be required for the stability of the 

TACC domain. The masking action is caused by intramolecular interaction between the 

central SPE-rich seven repeats and the CC2 module of the TACC domain. Furthermore, this 

work also identified the CC1 module as a chTOG interacting motif, with this interaction 

precluding the intramolecular interaction of TACC3 and thus unmasking the TACC domain. 

Our data indicate that Aurora-A phosphorylation of TACC3 is independent of intra- and 

intermolecular interaction status. TACC3 interacts with the C-terminus of chTOG, which has 

been shown to be involved in microtubule depolymerizing activity (75,92). The N-terminus of 

chTOG binds directly to microtubules and catalyze their polymerization (9,20,73,174). 

Considering all together, it seems that binding of the TACC domain to chTOG “engages or 

captures” its “catastrophe” promoting domain (75). This interaction also leads to the 

inactivation of XKCM1/MCAK depolymerizing activity (33,147). 

 

As an important regulatory step, Aurora-A phosphorylation of TACC3 recruits the 

TACC3-chTOG complex to the centrosome, where it catalyzes spindle microtubules 

nucleation and elongation (32,33). The Mars-PP1 complex in D. melanogaster catalyzes the 

controlled dephosphorylation of D-TACC (151). This suggests a similar role for its vertebrate 

homologue, the HURP protein that is also a target of the mitotic kinase Aurora-A (150,156). 

This dephosphorylation event potentially leads to recruitment of TACC3-XMAP215/chTOG 

complex to the plus end of microtubule and along spindle microtubules. At the plus end of 

spindle microtubules, the complex upholds the rescue or polymerization process. All these 

events seem to be tightly regulated by Aurora-A kinase. At the time of the mitotic exit or 

during anaphase, Cdh1 interacts with TACC3 and endorses its ubiquitination and proteasomal 

degradation. Therefore, this releases the catestrophe promoting C-terminal domain chTOG 

thereby switching the balance towards depolymerization events of spindle microtubules. 
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Thus, TACC3 regulates spindle microtubule stability and their dynamics (rescue and 

catastrophe) during mitosis. 
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Fig. 46: Schematic model for the role of TACC3 in spindle microtubule dynamics during mitosis. 

The literature reveals an importance of Aurora-A dependent regulatory mechanisms 

and action of TACC3-chTOG complex during mitosis. The proteins along the Aurora-A 

kinase-TACC3-chTOG axis have been shown to be involved in the development of many 

tumor types (65,68). This work clearly shows that the CC1 module of murine TACC3 acts as 

a minimal binding domain for chTOG. Therefore, subcellular localization studies on CC1 and 

CC2 deletion mutants of human and murine TACC3 in mammalian cells will provide further 

insight about the unmasking mechanism and the interaction and colocalization with chTOG 

and the localization pattern of the TACC3-chTOG protein complex at the mitotic spindle 

apparatus. Additional studies on HURP, a Mars related protein, in context to TACC3 

dephosphorylation will provide a new dimension to the current understanding of the spindle 

microtubule dynamics process. 
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This work fruitfully characterized murine TACC3 at the biochemical and biophysical 

level. Intramolecular interaction or TACC domain masking in murine TACC3 was identified 

in vitro by subjecting purified TACC3 and the TACC3-�N and TACC3-�R mutants to 

thrombin cleavage at the internal thrombin site. Here, the CC2 module and the seven repeat 

region mediated the intramolecular interaction while the CC1 module of the TACC domain 

showed a strong intermolecular interaction with the C-terminus of chTOG. Therefore, 

thrombin cleavage and further in vitro analysis of the purified TACC3-�CC1 and TACC3-

�CC2 mutants will provide a further proof for intramolecular interaction. 

 

Lastly and importantly, this work has crystallized for the first time the minimal stable 

CC1 domain of murine TACC3. Therefore, the X-ray structure determination of CC1 alone 

and in complex with its interacting domain from chTOG will provide the required atomic 

level details for potentially designing an antimitotic drug targeting TACC3-chTOG 

interaction as basis for a novel antineoplastic approach. 
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7 Summary 

The centrosomal protein TACC3 belongs to the TACC (Transforming Acidic Coiled 
Coil) family of mitotic spindle-associated proteins, which display a highly conserved C-
terminal coiled coil (TACC) and protein interaction domain and a rather functionally 
uncharacterized N-terminus. TACC3 is critical in particular for embryonic development and 
stem cell proliferation, a phenotype that became evident upon TACC3 gene inactivation in the 
mouse. 

TACC3 is highly expressed in a cell cycle-dependent manner during the G2/M phase 
where its centrosomal localization depends on its phosphorylation mediated by the mitotic 
kinase Aurora-A. Functionally, TACC3 forms a complex with the microtubule polymerase 
chTOG (colonic and hepatic Tumor Overexpressed Gene) thereby regulating spindle 
microtubule stability and dynamics and hence correct chromosomal segregation. It was 
proposed that the TACC domain of the X. laevis TACC3 homologue is being “masked” by an 
unknown molecular mechanism and that phosphorylation by Aurora-A kinase may “unmask” 
the C-terminus possibly required for binding to XMAP215, the chTOG homologue of X. 
laevis. However, despite this, the modus and directionality of this protein interaction that is 
mediated through the TACC domain of TACC3 and the C-terminus of chTOG/XMAP215 
were largely uncharacterized at the molecular level at the beginning of this work. 

Therefore, GST-fused murine TACC3 deletion mutants and single fragments as well 
as the C-terminal part of murine chTOG were overexpressed in E. coli, purified, and 
thereafter subjected to an in-depth analysis regarding their molecular interaction, Aurora-A 
mediated phosphorylation, and lastly subcellular localization employing various biochemical, 
biophysical, and cell imaging-based methods, the latter following transient transfection of 
GFP-fused constructs. In particular, the following major questions were addressed: 
(I) Does the N-terminus of TACC3 mask the C-terminal TACC domain via an 

intramolecular interaction? Which domain of TACC3 is involved in such an 
intramolecular interaction? 

(II) How does the TACC domain interact with the C-terminus of chTOG? Which part of 
the TACC domain is involved in this intermolecular interaction? Does the interaction 
of chTOG with the TACC domain interfere with an intramolecular interaction and thus 
TACC domain masking? 

(III) Is Aurora-A-mediated phosphorylation of TACC3 dependent from its intramolecular 
(“masked”) or intermolecular (chTOG-bound) interaction state? 

(IV) What structural insight can be gained from the biophysical analysis of TACC3? 
Subjecting murine TACC3 to an in-depth in silico comparison within the vertebrate and 
mammalian TACC family revealed that TACC3 contains (i) a conserved N-terminal domain 
of approximately 100 amino acids, (ii) a central serine/prolin-rich repeat region, and (iii) a 
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TACC domain consisting of two previously not described coiled coil modules, CC1 and CC2, 
separated by a breaking peptide region. CC2 displays thereby a clearly higher conservation 
than CC1. 

Based on these findings and addressing the first point, it is shown in protein-protein 
interaction studies using complementary methods (pulldown, gel filtration analysis, ITC) that 
the central repeat region undergoes a specific intramolecular interaction with the CC2 module 
of the TACC domain of TACC3 thereby likely mediating the previously proposed masking 
function. In contrast, the CC1 module within the TACC domain binds selectivily to the C-
terminus of chTOG and thereby precludes the intramolecular interaction between CC2 and the 
central repeat region. With this, intramolecular “masking” of the TACC domain may regulate 
its stability prior to chTOG binding. Interestingly, in in vitro kinase assays, TACC3 was 
efficiently phosphorylated by Aurora-A independent of its intra- or intermolecular interaction 
status thereby suggesting that, in contrast to its critical function in centrosomal recruitment of 
TACC3 or the TACC3-chTOG complex, Aurora-A does not play a decisive role in the 
“unmasking” action of the TACC domain prior to chTOG binding. Thus, these findings 
overall establish a novel role of the TACC domain of TACC3 where CC1 and CC2 as two 
functionally diverse modules which direct and determine TACC3-chTOG protein complex 
formation probably prior to its Aurora-A regulated centrosomal localization. 

Purified murine TACC3 was characterized at a biophysical and structural level. 
Employing various methods, including gel filtration, multi angle light scattering (MALS), 
analytical ultracentrifugation (AUC), and electron microscopy (EM) clearly revealed an 
elongated, fiber-like oligomeric structure of full length TACC3 with the coiled coil-
containing TACC domain displaying a parallel �-helical orientation throughout the CC1 and 
CC2 modules. Interestingly, the oligomeric/multimeric nature of TACC3 could be confirmed 
by transient transfection studies of TACC3-GFP fusion proteins in eukaryotic cells. The 
occurrence of punctuate-like structures in interphase cells was thereby dependent on the 
presence of the TACC domain and clearly reduced when either one of the CC modules was 
deleted. In first crystallization attempts crystals for the CC1 module could be successfully 
generated which are now being optimized and subjected to molecular structure determination. 

The clinical relevance of human TACC3 alterations becomes increasingly evident. 
Various alterations in TACC3 gene expression have been linked to cancer development and 
several TACC3 point mutations have been identified in primary human tumors. Recently, a 
Fibroblast Growth Factor Receptor 3-TACC3 gene fusion with transforming activity has been 
reported in glioblastoma patients. Thus, future work will focus on the molecular elucidation of 
the mechanistic impact of cancer associated structural TACC3 alterations on TACC3-chTOG 
interaction and function and ultimately chromosomal segregation and stability. In particular, 
blocking the molecular CC1-chTOG binding interface may represent a candidate anti-
neoplastic approach against TACC3 and chTOG overexpressed in tumors.  
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8 Zusammenfassung 

Das zentrosomale Protein TACC3 ist ein Mitglied der TACC (Transforming Acidic 
Coiled Coil) Proteinfamilie, deren Mitglieder am mitotischen Spindelapparat lokalisieren und 
sich strukturell durch eine hochkonservierte, C-terminale coiled coil-
Proteininteraktionsdomäne (TACC-Domäne) auszeichnen. Der N-Terminus der TACC-
Proteine ist hingegen funktionell unverstanden und wenig charakterisiert. TACC3 nimmt eine 
essentielle Rolle insbesondere in der Embryonalentwicklung und Stammzellproliferation ein, 
was durch die embryonale Letalität TACC3-defizienter Mauslinien deutlich wurde. 

TACC3 wird in seiner Expression zellzyklusabhängig reguliert und hierbei in hohen 
Mengen während den G2/M-Phasen vorgefunden. Aurora-A-Kinase-vermittelte Phospho-
rylierung von TACC3 reguliert hierbei dessen subzelluläre Lokalisation und zentrosomale 
Rekrutierung. Funktionell geht TACC3 einen Komplex mit der Mikrotubulipolymerase 
chTOG (colonic and hepatic Tumor Overexpressed Gene) ein und reguliert dadurch die 
Stabilität und Dynamik von Spindelfasern und somit eine gleichmässige chromosomale 
Segregation während der Zellteilung. Literaturbefunde liesen vermuten, dass die TACC-
Domäne des TACC3-Homologs aus X. laevis durch einen unbekannten Mechanismus in 
einem „maskierten“ Zustand vorliegt. Es wurde hierbei angenommen, dass Aurora-A-
Phosphorylierung von Xl-TACC3 einen „demaskierenden“ Effekt auf die TACC-Domäne 
ausübt und somit deren Bindung an XMAP215, dem chTOG-Homolog aus X. laevis, 
ermöglicht. Die Interaktion der TACC-Domäne von TACC3 mit dem C-Terminus von 
chTOG/XMAP215 und deren Regulation waren jedoch zu Beginn dieser Arbeit auf 
molekularer Ebene unverstanden. 

Daher wurden GST-Fusionsproteine von Deletionsmutanten und -Fragmenten von 
murinem TACC3 sowie der C-Terminus von murinem chTOG nach Überexpression in E. coli 
und nachfolgender Aufreinigung einer eingehenden molekularen Charakterisierung 
unterzogen (intra- und intermolelulare Komplexbildung und Interaktionsanalyse, 
Phosphorylierung durch Aurora-A-Kinase, subzelluläre Lokalisation). Hierbei wurden 
verschiedene biochemische und biophysikalische Methoden sowie bildgebende Verfahren, 
letztere nach transienter Transfektion von GFP-Fusionskonstrukten, eingesetzt, um im 
Besonderen die folgenden Fragen zu klären:  
(I) „Maskiert” der N-Terminus von TACC3 die C-terminale TACC-Domäne durch eine 

intramolekulare Interaktion? 
(II) Wie interagiert die TACC-Domäne mit dem C-Terminus von chTOG? Welcher Teil der 

TACC-Domäne ist beteiligt an dieser intermolekularen Bindung? Interferiert die 
Interaktion zwischen chTOG und der TACC-Domäne mit deren intramolekularen 
„Maskierung“? 
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(III) Beeinflusst der intramolekulare („maskierte“) oder intermolekulare (chTOG-gebundene) 
Status von TACC3 dessen Aurora-A-vermittelte Phosphorylierung? 

(IV) Welche strukturellen Erkenntnisse über murines TACC3 lassen sich mit Hilfe 
biophysikalischer Methoden gewinnen? 

Ein eingehender in silico-basierter Vergleich von murinem TACC3 mit TACC-Proteinen aus 
Vertebraten und Säugetieren zeigte, dass TACC3 (i) einen konservierten, N-terminalen 
Bereich von ungefähr 100 Aminosäuren aufweist, (ii) eine zentrale Domäne bestehend aus 
sieben serin- und prolinreichen Wiederholungen (SPR-Domäne) zeigt, und (iii) durch eine C-
terminale TACC-Domäne bestehend aus zwei coiled coil-reichen Modulen, CC1 und CC2, 
charakterisiert ist. CC2 ist hierbei deutlich stärker konserviert als CC1. 

Proteininteraktionsstudien mittels komplementärer Methoden (Pulldown, Gelfiltration, 
ITC) zeigten, dass die SPR-Domäne eine spezifische Bindung mit dem CC2-Modul eingeht 
und anscheinend die intramolekulare Interaktion mit der TACC-Domäne und somit deren 
„Maskierung“ vermittelt. Im Gegensatz hierzu bindet CC1 intermolekular selektiv an den C-
Terminus von chTOG, mit der Folge, dass die intramolekulare SPR-CC2-Interaktion 
aufgehoben wird. Möglicherweise reguliert die intramolekulare Maskierung der TACC-
Domäne deren Stabilität bevor chTOG bindet. Interessanterweise konnte TACC3 in in vitro 
Kinaseassays unabhängig von seinem intra- oder intermolekularem Proteinbindungsstatus 
effizient durch Aurora-A Kinase phosphoryliert werden. Aurora-A scheint daher keine 
entscheidende Rolle in der „Demaskierung“ der TACC-Domäne (und in der TACC3-chTOG 
Interaktion) zu spielen, im Gegensatz zur wichtigen, regulierenden Funktion in der 
zentrosomalem Rekrutierung von TACC3 bzw. des TACC3-chTOG-Komplexes. Insgesamt 
definieren diese Befunde CC1 und CC2 als zwei funktionell diverse Module innerhalb der 
TACC-Domäne von TACC3, die die Bildung des TACC3-chTOG Komplexes regulieren und 
vermitteln, bevor dieser Aurora-A-abhängig an die Zentrosomen rekrutiert wird. 

Aufgereinigtes murines TACC3 wurde des Weiteren auf biophysikalischer und 
struktureller Ebene eingehend charakterisiert. Der Einsatz verschiedener Methoden, wie 
Gelfiltration, multi angle light scattering (MALS), analytische Ultrazentrifugation (AUC), 
und Elektronenmikroskopie (EM) ließ erkennen, dass murines TACC3 eine elongierte, 
faserartige oligomere Struktur aufweist. Hierbei zeigt die TACC-Domäne mit ihren beiden 
Modulen CC1 und CC2 eine parallele �-helikale Orientierung. Hinweise auf eine 
oligomere/multimere Natur von TACC3 konnten auch in vivo in transienten 
Transfektionsstudien eukaryonter Zellen mit Hilfe von TACC3-GFP-Fusionsproteinen 
gewonnen werden. Hierbei war das Auftreten von punktähnlichen Strukturen/Aggregaten klar 
abhängig von der Anwesenheit der C-terminalen TACC-Domäne und hierbei deutlich 
reduziert, wenn eines der beiden CC-Module deletiert wurde. In ersten 
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Kristallisationsexperimenten konnten Kristalle für das CC1-Modul erhalten werden, deren 
Qualität derzeit optimiert wird mit dem Ziel der molekularen Strukturaufklärung. 

Die klinische Relevanz humaner TACC3-Veränderungen zeichnet sich mehr und 
mehr ab. TACC3 Genexpressionsveränderungen sind assoziiert mit Krebsentwicklung, wobei 
verschiedene TACC3-Punktmutationen in humanen Primärtumoren identifiziert werden 
konnten. Des Weiteren konnte kürzlich eine Fibroblast Growth Factor Receptor (FGFG) 3 – 
TACC3 Gentranslokation, deren Produkt als Fusionsprotein transformierend wirkt, in 
Glioblastoma-Patienten beschrieben werden. Einerseits ist bisher ungeklärt, inwieweit sich 
diese tumorassoziierten, strukturellen TACC3-Veränderungen molekular auf die TACC3-
chTOG-Interaktion und -Funktion und somit auf die chromosomale Segregation und Stabilität 
auswirken. Andererseits stellen TACC3 und chTOG, im Besonderen der CC1-chTOG-
Komplex, mögliche antineoplastische Zielstrukturen dar. 
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