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Abstract :

Tubulin-tyrosine-ligase (TTL), the enzyme which catalyzes the addition of a C-terminal
tyrosine residue to alpha-tubulin in the tubulin tyrosination cycle, is involved in tumor
progression and has a vital role in neuronal organization. We show that in mammalian
fibroblasts, CLIP-170, and other microtubule tip tracking proteins comprising a CAP-Gly
microtubule-binding domain such as CLIP-115 and p150 Glued, localize to the tips of
tyrosinated microtubules but not to the tips of detyrosinated microtubules. In vitro, the head
domains of CLIP-170 and of p150 Glued bind more tightly to tyrosinated microtubules than
to detyrosinated polymers. In TTL null fibroblasts, tubulin detyrosination and CLIP-170 mis-
localization correlate with defects in both spindle positioning during mitosis and cell
morphology during interphase. These results indicate that tubulin tyrosination regulates
microtubule interactions with CAP-Gly microtubule tip proteins and provide explanations for

the involvement of TTL in tumor progression and in neuronal organization.



Introduction

In most eucaryotic cells, the C-terminus of alpha tubulin is subject to a cycle of
detyrosination-tyrosination in which the C-terminal tyrosine residue of alpha tubulin is
sequentially cleaved from the peptide chain by a carboxypeptidase (TCP) and re-added to the
chain by the tubulin-tyrosine-ligase (TTL) (Barra et al., 1988; Ersfeld et al., 1993). In both
animal models and human cancers, TTL is often suppressed during tumor growth, indicating
that TTL suppression and resulting tubulin detyrosination represent a strong selective
advantage for proliferating transformed cells (Kato et al., 2004; Lafanechere et al., 1998;
Mialhe et al., 2001). In whole animals, TTL is essential for neuronal organization: TTL null
mice die within hours after birth due to the disorganization of vital neuronal circuits (Erck et
al., 2005). In S.cerevisiae, where the tyrosination cycle does not occur but where the structure
of the alpha tubulin C-terminus is conserved, removal of the C-terminal aromatic residue of
alpha tubulin (a phenylalanine in yeast instead of a tyrosine) disables the interaction of
microtubule + tips with Biklp, the yeast equivalent of the mammalian microtubule + tip
tracking protein CLIP-170 (Badin-Larcon et al., 2004). Consistent with a role of tubulin
tyrosination in CLIP-170 localization, CLIP-170 is mis-localized in TTL null neurons, being
absent from the distal part of neurites and from growth cones (Erck et al., 2005).

In this study, we have used TTL null fibroblasts to probe the influence of tubulin tyrosination
on the recruitment of CLIP-170 and of other microtubule + tip proteins (+TIPs), at
microtubule ends. We find that tubulin tyrosination is required for proper localization of
microtubule +TIPs such as CLIP-170, CLIP-115 or p150 Glued, which comprise at least one
CAP-Gly microtubule-binding motif (Accession Number: PF01302; Bateman et al., 2004; Li
et al., 2002), whereas other microtubule +TIPs such as EB1, EB3, CLASP or MCAK, interact

similarly with tyrosinated or detyrosinated polymers. We provide evidence that tubulin



detyrosination affects directly the interaction between microtubules and CAP-Gly +TIPs, and

results in abnormalities in spindle positioning and in cell morphology.



Results

Tubulin tyrosination in WT and TTL null fibroblasts

We have previously shown that interphasic TTL null cells contain massive amounts of
detyrosinated (Glu) tubulin but also variable amounts of tyrosinated (Tyr) tubulin, originating
from tubulin synthesis (Erck et al., 2005). Here, we have examined the patterns of tubulin
tyrosination in relation to the cell cycle in WT or TTL null fibroblasts. When double stained
for Tyr tubulin and Glu tubulin, interphasic WT cells displayed extensive tyrosination of
cytoplasmic microtubules (MTs), with only a small subset of Glu MTs (Figure 1A), known to
correspond to poorly dynamic polymers (Gundersen et al., 1984; Kreis, 1987; Wehland and
Weber, 1987). Interphase TTL null fibroblasts contained extensive arrays of Glu MTs and
variable amounts of Tyr tubulin (Figure 1A). In four independent experiments, 11%-15% of
TTL null fibroblasts were Tyr tubulin negative, displaying only background signal when
stained with Tyr tubulin antibody (Tyr—, Figure 1A, B), 50%-60% of the cells showed weak
Tyr tubulin staining with mostly discontinuous MT staining (Tyr+, FigurelA, B), and 30%-
40% of the cells showed distinct staining of the whole MT network (Tyr+ +, Figure 1A, B).
All Tyr tubulin negative cells were also negative for the G2/S marker cyclin A (Furuno et al.,
1999) indicating that all were G1 cells (Figure 1C). In a series of control experiments (not
shown), in which MT stability was probed using cell exposure to the drug nocodazole, the
bulk of cytoplasmic MTs in all WT or TTL null cells were nocodazole sensitive, indicating
that in interphase TTL null cells, MT detyrosination was not due to increased MT stability.

In WT mitotic cells, Tyr tubulin antibody stained both the central region of the spindle and the
cell periphery, which contains a free tubulin pool and astral MTs. The Glu tubulin signal was
low, with a distinct staining of centrioles (Figure 1D). In TTL null mitotic cells, the Tyr
tubulin signal was evident in prophase and remained strong through the whole mitotic process

(Figure 1D). In metaphase or anaphase cells, spindle MTs were stained with both Tyr tubulin



and Glu tubulin antibody. Interestingly, in all metaphase cells examined, Tyr tubulin staining
was apparently restricted to the central region of the spindle, with no detectable signal at the
periphery of the cell, where Glu tubulin staining yielded both a diffuse signal corresponding
to the soluble tubulin pool and a distinct staining of astral MTs. The uneven distribution of the
Tyr tubulin signal among core spindle MTs, astral MTs, and the soluble tubulin pool could
result from staining artefacts. However, the same Tyr tubulin antibody which did not stain
astral MTs in metaphase TTL null cells always showed a distinct staining of metaphase astral
MTs in WT cells (Figure 1D).

Taken together, these results indicate that tubulin detyrosination is maximal in G1 TTL null
cells, where they can lack detectable tyrosinated tubulin. Tyr tubulin is present in G2/S and
throughout mitosis. Additionally, in metaphase TTL null cells, Tyr tubulin seems to be
specifically recruited to core spindle MTs, which include the slowly treadmilling kinetochore-
to-pole fibers (Mitchison, 1989). Tyr tubulin is apparently depleted in the soluble tubulin pool

and in the astral MTs which are in dynamic equilibrium with this free tubulin pool.

CLIP-170 localization in TTL null fibroblasts

Previous evidence suggests that CLIP-170 association with MT ends is inhibited by tubulin
detyrosination, whereas EB1 localization is un-affected (Badin-Larcon et al., 2004; Erck et
al., 2005). To asses CLIP-170 localization, WT or TTL null cells were transfected with GFP-
CLIP-170 cDNA and then double stained with GFP and EB1 antibodies. In interphase WT
cells, GFP-CLIP-170 labelling was widespread in the cells with most EB1 positive MT tips
being also positive for GFP-CLIP-170 (Figure 2A). In 30%-45% of the interphase TTL null
cells (CLIP-170 + + cells), MT tips also showed GFP-CLIP-170 comets. In 20%-35% of the
cells (CLIP-170 + cells), patterns were regionalized, with GFP-CLIP-170 localization at MT

ends being restricted to one part of the cell (Figure 2A). Finally, in about 25%-50% of the



cells (CLIP-170- cells), which were often round-shaped, GFP-CLIP-170 failed to associate
with MT ends and often formed large cytoplasmic aggregates (Figure 2A). For quantitative
analysis of GFP-CLIP-170 localization, 30 EB1 labelled MT ends were selected in each
individual cell, examined for GFP-CLIP-170 labelling and the ratio of GFP-CLIP-170
positive MT ends/EB1 positive MT ends was determined. All measurements were performed
blind to genotype. In about 50% of the TTL null cells, less than 20% of the EB1 labelled MT
ends were CLIP-170 positive (ratio of CLIP-170 positive/EB1 positive MT ends below 0.2),
which was never observed in WT cells (Figure 2B). In the remaining population of TTL null
cells, GFP-CLIP-170/EBL1 ratios had a similar distribution as in WT cells.

We tested the possibility that the lack of CLIP-170 association with growing MT + ends in
TTL null cells resulted from transfection artefacts. GFP-CLIP-170 aggregates in CLIP
negative cells could result from protein over-expression leading to artefactual perturbations of
CLIP-170 localization. However, in WT cells expressing high levels of CLIP-170, the
presence of large aggregates did not preclude CLIP-170 association with MT ends
(Supplementary figure S1). GFP-CLIP-170 association with MT ends could then be affected
by variations in MT growth rates or by tubulin tyrosination per se. Video-microscopy
experiments (Supplementary figure S2-4) did not support a role of MT growth rates which
were similar in WT cells and in TTL null cells, whether or not CLIP-170 was correctly
localized (Figure 2C). We then examined whether CLIP-170 localization was linked to
tubulin tyrosination in TTL null cells. Cells were transfected with GFP-CLIP-170 and double
stained with Tyr tubulin and GFP-antibodies. CLIP-170 localization was scored in 3 classes
(+ +, +, —) as above. CLIP-170 scoring was performed blind to the cell tyrosination status.
The vast majority of Tyr tubulin negative cells did not contain GFP-CLIP-170 at MT + ends

(CLIP-170 — cells, Figure 2D). By contrast, none of the Tyr + + cells was CLIP-170 negative



(Figure 2D). Overall, there was a highly significant relationship between MT tyrosination and
CLIP-170 localization (Figure 2D, b).

In WT mitotic cells transfected with GFP-CLIP-170 and double stained for GFP/EB1, many
GFP-CLIP-170 and EB1 comets were visible (Figure 3). Interestingly, in TTL null mitotic
cells, which contain abundant Tyr tubulin, GFP-CLIP-170 comets were also conspicuous
during most phases of mitosis, with the striking exception of metaphase, during which such
comets were always lacking.

Taken together our results indicate that, in TTL null cells, MT tyrosination is critical for
CLIP-170 association with MT ends with the remarkable exception of spindle metaphase MTs
which are tyrosinated and yet lack GFP-CLIP-170 comets (Figure 3). These metaphase Tyr
MTs may correspond mainly to kinetochore-to-pole fibers. One could then expect to see
clustered GFP-CLIP-170 comets at the metaphase plate but, in our conditions, such comets
were actually indistinct even in WT cells (Figure 3). The lack of astral MT comets in
metaphase TTL null cells correlates with the apparent lack of Tyr tubulin in metaphase astral
polymers in these cells. GFP-CLIP-170 comets re-appear in late anaphase (Figure 3)
presumably due to the redistribution of Tyr tubulin from the disassembling kinetochore-to-

pole fibers among other polymers.

Effect of the inhibition or rescue of tubulin tyrosination on CLIP-170 localization in TTL
null fibroblasts

We used experimental manipulation of the tubulin tyrosination level in TTL null cells to test
the causal nature of the relationship between tubulin tyrosination and CLIP-170 localization.
For Tyr tubulin depletion we made use of previously described alpha tubulin sSiRNA which
suppress alpha tubulin synthesis and thereby Tyr tubulin pool in TTL null cells (Erck et al.,

2005). WT controls or TTL null fibroblasts were transfected with GFP-CLIP-170 and exposed



to alpha tubulin siRNA. These siRNAs have no effect on tubulin tyrosination in WT cells
where tubulin is tyrosinated by TTL. In these cells, the MT network was somewhat
disorganized (Erck et al., 2005 and figure 4A), but MT ends remained uniformly positive for
GFP-CLIP-170. In contrast, alpha tubulin siRNAs induced extensive suppression of
tyrosinated tubulin in TTL null cells (figure 4 A, B) in which most MT ends were CLIP-170-
negative (Figure 4A, C). Conversely, co-transfection of TTL null cells with TTL cDNA
together with GFP-CLIP-170 increased dramatically both the level of MT tyrosination, and
the proportion of cells with CLIP-170 at MT ends (Figure 4 A-C). These results strongly
indicate that CLIP-170 mis-localization is causally related to tubulin detyrosination in TTL

null cells.

Differential binding of CLIP-170 head domain to tyrosinated and detyrosinated
microtubules

Is the influence of tubulin tyrosination on CLIP-170 interaction with MTs direct or indirect?
To approach this question, we examined the interaction of the CLIP-170 head domain, which
contains the CAP-Gly motifs of CLIP-170 (Perez et al., 1999; Scheel et al., 1999), with Tyr or
Glu MTs. When WT fibroblasts were transfected with a YFP construct (CLIP-HD-YFP)
containing the CLIP-170 head domain, both YFP comets and a lengthwise decoration of MTs
were observed (Figure 5A). Interestingly, the comets and the lengthwise MT signal were both
lacking in TTL null Tyr negative cells (Figure 5A). CLIP-170 head domain (His-CLIP-
170H1) was then added to solutions of affinity-purified Tyr or Glu tubulin (Paturle et al.,
1989). Subsequently, tubulin polymerization was initiated and taxol was added to stabilize
MTs. Taxol-stabilized MTs were then exposed to increasing NaCl concentrations prior to co-
sedimentation assay of CLIP-170 with MTs, which is a standard procedure to measure the

stringency of interaction of MTs with MT binding proteins (Bulinski et al., 1999). At low



10

ionic strength, the CLIP-170 head domain bound to both Tyr and Glu MTs. Interestingly, the
CLIP-170 head domain began to be eluted from Glu MTs at 100 mM NaCl (Figure 5B, **),
and was almost completely dissociated from MTs at 200mM NaCl (Figure 5B, ##), whereas,
at similar NaCl concentrations, the bulk of CLIP-170 head domain was still associated with
Tyr MTs (Figure 5B).

These results indicate a direct influence of tubulin tyrosination on CLIP-170 interaction with
MTs. We note that CLIP-170 fails to bind to Glu MTs at intracellular NaCl concentrations

(150 mM).

Tubulin tyrosination affects microtubule interaction with CAP-Gly tip tracking proteins.

The CAP-Gly microtubule-binding domain of CLIP-170 is also present in the MT tip tracking
proteins CLIP-115 and p150 Glued. The head domains of CLIP-115 and of CLIP-170 are
homologous, and in this study, in all qualitative and quantitative cellular assays, CLIP-115
behaved like CLIP-170, binding to Tyr but not to Glu MTs (Figure 6A and data not shown).
Interestingly, p150 Glued also behaved like CLIP-170. In in vitro MT binding assays, a
differential binding of p150 Glued to Tyr or Glu MTs was always detectable, although less
evident than in the case of CLIP-170 (Figure 6B). We have shown above that, in contrast,
EB1 and EB3, two highly related proteins whose MT binding domain does not comprise a
CAP-Gly motif, are unaffected by MT tyrosination in vivo (Figure 2-6, S2-4). MCAK, which
has recently been shown to tip track MTs (Moore et al., 2005), and CLASPs, a previously
identified +TIP (Akhmanova et al., 2001), also decorated MT + tips in Tyr negative TTL null
cells (Figure 6A). We conclude that tubulin tyrosination affects MT interactions with CAP-

Gly +TIPs, in the absence of obvious effects on the behaviour of other +TIPs.

Cell morphology in TTL null fibroblasts
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CAP-Gly +TIPs are involved in MT interactions with the cell membrane (Akhmanova et al.,
2001; Brunner and Nurse, 2000; Busch and Brunner, 2004, Komarova et al., 2002;
Lansbergen et al., 2004; Mimori-Kiyosue et al., 2005) and there is evidence that tubulin
detyrosination affects cell morphogenesis in neurons (Erck et al., 2005). In this study, we used
a standard shape factor (defined by 4nA/P? where A means the area and P the perimeter in
Metamorph Software) for quantitative analysis of cell shape. This shape factor varies from 0
to 1, for elongated or circular shapes, respectively. Compared to WT cells, CLIP negative
TTL null cells had an increased shape factor, indicative of a more regular, round, shape
(Figure 7A a-b). CLIP positive TTL null cells had an average shape factor comparable to that
of WT cells, although there was an excess population of cells with a low shape factor (Figure
7A a-b), indicative of irregular and elongated cell shape.

It has been suggested that the presence of CLIP-170 at MT tips is important for MT
dependent regulations of actin assemblies, such as lamellipodia (Fukata et al., 2002;
Gundersen, 2002). Normal fibroblasts display a distinct polarity by extending a single
lamellipodium in the direction of cell migration (Pollard and Borisy, 2003). Accordingly,
most WT cells revealed such a pattern (Figure 7B a). In contrast, similar cell polarity was
lacking in Tyr negative TTL null cells (Figure 7B a). In Tyr positive TTL null fibroblasts,
cells often displayed numerous extensions with several large lamellipodia and resulting
conspicuously irregular cell shape (Figure 7B a). In a quantitative analysis, the ratio of the
perimeter of large lamellipodia extensions to the total cell perimeter was dramatically
diminished in Tyr negative TTL null cells compared to other cells (Figure 7B b), and the
number of large lamellipodia extensions per cell was increased in Tyr positive TTL null cells,

compared to WT cells (Figure 7B c).
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We conclude that cell morphology is perturbed in TTL null cells, probably due to
abnormalities in cell polarity, which seems inhibited in Tyr negative cells and disorganized in

Tyr + + cells.

Defects in spindle positioning in mitotic TTL null fibroblasts

We used printed micro-patterns of fibronectin to study spindle positioning in WT or TTL null
fibroblasts. Micro-patterns constrain extra-cellular matrix organization and thereby
organization of both actin assemblies and cell adhesions, which are important for spindle
positioning (Thery et al., 2005). We observed similar organization of actin assemblies or of
cell adhesions in TTL null cells and WT cells placed on micro-patterns (data not shown).
Spindle positioning then depends crucially on astral MT interactions with the metaphase cell
cortex (Thery et al., 2005). These interactions involve CAP-Gly +TIPs (Busson et al., 1998),
which fail to associate with astral MT ends in TTL null cells.

The majority of mitotic spindles of WT cells grown on L shaped patterns were oriented along
the hypotenuse (Figure 8A, a-c). In contrast, there was a wide dispersion of spindle
orientations in TTL null cells (Figure 8A, d-f), with about 70% of the spindle angle deviating
by more than 15° from the median angle compared to only 30% in WT cells (Figure 8B),

indicating an impaired control of spindle positioning in TTL null cells.
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Discussion

In this study, we show that tubulin tyrosination is central for MT interaction with CAP-Gly
+TIPs, and that, in cells, TTL suppression and resulting tubulin detyrosination affect spindle
positioning and cell morphology.

Tyrosinated tubulin is not fully suppressed in TTL null cells (Erck et al., 2005), where Tyr
tubulin arises from synthesis of new tubulin molecules. Tyr tubulin levels vary in interphase
cells that can exhibit complete detyrosination. In contrast, mitotic cells always contain
tyrosinated tubulin. The constant presence of Tyr tubulin in mitotic TTL null cells compared
to interphase TTL null cells is intriguing. We do not know whether this uniform presence of
Tyr tubulin reflects an increased tubulin synthesis when cells enter mitosis, or an inhibition of
TCP or both.

Our data provide preliminary but convergent evidence for a preferential recruitment of Tyr
tubulin in kinetochore-to-pole MTs compared to Glu tubulin, in TTL null cells. Recent work
in Drosophila indicates that tubulin incorporation in the treadmilling kinetochore-to-pole MTs
during metaphase depend on specific regulations which require CLASP (Mathe et al., 2003).
Possibly, tubulin incorporation in kinetochore-to-pole fibers also requires CAP-Gly proteins
or other unknown proteins whose interaction with MTs depends on tubulin tyrosination,
which would account for the selective recruitment of Tyr tubulin in the core spindle, in TTL
null cells. We do not know whether mitotic cells could tolerate the complete suppression of
tyrosinated tubulin. We have observed fully detyrosinated mitotic cells in sSiRNA experiments
(not shown). In these cells the spindle was conspicuously disorganized but we found it hard to
know whether spindle anomalies were due to tubulin detyrosination per se or to other

dysfunctions related to the inhibition of alpha tubulin synthesis.
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In TTL null cells, tubulin detyrosination affects the recruitment of CAP-Gly proteins at MT
ends whereas EB1 localization is unaffected. Additionally, we observe that tubulin
tyrosination affects the interaction of MTs with CAP-Gly +TIPs in purified systems, in vitro.
Clearly, as suggested by previous studies (Badin-Larcon et al., 2004; Galjart and Perez, 2003;
Perez et al., 1999), CLIP-170 and p150 Glued localization at MT ends depends crucially on
direct interactions between these +TIPs and MTs, even if interactions between both proteins
and their interaction with EB1 may also be involved (Akhmanova and Hoogenraad, 2005;
Hayashi et al., 2005; Lansbergen et al., 2004; Vaughan et al., 1999). Interestingly, a likely
structural basis for the remarkable influence of tubulin tyrosination on CAP-Gly +TIPs
interaction with tubulin has recently arisen from a study of the interaction of EB1 with p150
Glued (Hayashi et al., 2005). The EB1 C-terminus is identical to alpha tubulin C-terminus and
the C-terminal tyrosine of EB1 has a crucial contribution in its interaction with the CAP-Gly
domain of p150 Glued (Hayashi et al., 2005). Very recently, a similar role of the C-terminal
tyrosine of EB1 has been reported in the case of EB1 interaction with CLIP-170 (Komarova et
al., 2005). Thus, the role of the C-terminal aromatic residue of EB1 and of alpha tubulin in
regulating interactions with CAP-Gly +TIPs is apparently conserved among organisms, from
yeast to mammals, and may concern additional CAP-Gly proteins (Bateman et al., 2004; Li et
al., 2002).

TTL suppression in fibroblasts compromises spindle positioning in cells placed on micro-
patterned matrix. Recent studies have shown that metaphase spindle positioning in cells
grown on micro-patterns depends both on the organization of the ECM, which is controlled by
the micro-pattern, and on astral MT interactions with the cell cortex (Thery et al., 2005). Such
interactions are mediated by molecular complexes involving CLIP-170 (or CLIP 115) and

p150 Glued (Busson et al., 1998; Coquelle et al., 2002). It is likely that the inhibition of CAP-
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Gly +TIPs interaction with detyrosinated astral MTs in TTL null cells accounts for the
impaired control of spindle positioning.

TTL suppression also affects the control of cell shape and of cellular extensions in fibroblasts.
In fully detyrosinated cells, where CAP-Gly proteins do not interact with MT ends, cell
polarization is diminished, and this agrees with previous work indicating a central role of
CLIP-170 in MT dependent regulations of actin assemblies (Fukata et al., 2002). In TTL null
cells containing enough Tyr tubulin to localize CAP-Gly +TIPs properly, the cell morphology
was still perturbed, with multiple cell extensions and an irregular shape. May be there are
subtle perturbations of CAP-Gly TIP function in such cells where MTs are still extensively
detyrosinated, or tubulin detyrosination may affect proteins other than +TIPs. These
possibilities are under examination in our laboratories.

What is the relationship of the phenotypes observed in TTL null fibroblasts with the role of
TTL in tumor progression and in brain development? Impaired control of spindle positioning
has previously been proposed as one factor favoring tumor invasiveness (Vasiliev et al.,
2004). In TTL null tissues in mice, putative defects in spindle positioning due to tubulin
detyrosination are apparently compensated, may be through the action of geometrical
constraints (Yu et al., 2000). The situation may be different in the brain where TTL null mice
display variable degree of ventricle enlargement indicative of cell loss (Erck et al., 2003; Erck
et al., 2005). Spindle positioning in neuronal progenitors is a complex and highly regulated
process crucial for the control of progenitors proliferation/differentiation in the neuronal
epithelium (Faulkner et al., 2000; Haydar et al., 2003). Spindle positioning could be perturbed
in TTL null mice with resulting abnormalities in neuronal differentiation/proliferation
equilibrium. With regard to the control of cell morphology, our data are consistent with
studies that indicate an important role of CAP-Gly +TIPs for the control of cell shape

(Brunner and Nurse, 2000{Fukata, 2002 #795; Fukata et al., 2002; Gundersen, 2002). Such
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defects in cell shape control are apparently compensated in TTL null non-neuronal tissues,
which are apparently normal, whereas they are probably deleterious in neurons, which exhibit
an erratic time course of neurite extensions (Erck et al., 2005). Neuronal cells may be
especially sensitive to defects in cell shape controls, given the extreme size and complexity of
neurite extensions. Finally, our data suggest that defects in cell shape may be associated with
alterations of cell polarity. Such defects may affect cell motility as well as cell-ell or cell-
matrix adhesions, which could be involved in the facilitating effect of tubulin de-tyrosination
on tumor growth.

Our data demonstrate that tubulin tyrosination is essential for MT interaction with CAP-Gly
proteins, but do not give definite clues to understand why a great number of eucaryotic cells
developed a tyrosination cycle by introducing a detyrosination reaction. The bulk of tubulin is
detyrosinated in differentiated cells (Gundersen et al., 1984), and it may be the case that
tubulin detyrosination is used to disconnect MT-membrane interactions, in terminally
differentiated cells which do not need to change shape or divide any longer. The identification
of TCP and subsequent TCP suppression will be necessary for a full understanding of the
tyrosination cycle. Clearly though, this cycle is an important aspect of MT physiology, being

involved in MT functions which are conserved, vital, and important for tumor progression.
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Materials and methods

Antibodies

Primary antibodies: Glu tubulin (Paturle-Lafanechere et al., 1994), Tyr tubulin (clone YL1/2,
(Wehland and Weber, 1987); EB1 (BD Transduction Laboratories), GFP (Molecular Probes),
Cyclin A (Clone CY-A1, SIGMA).

Cell culture and immunofluorescence microscopy

Mouse embryonic fibroblasts (MEFs) were prepared from E13.5 embryos, as previously
described (Erck et al., 2005). Cells were maintained at 37°C with 5%C0O2 and 3% O2.
Immunofluorescence procedure: after fixation (-20C methanol or 4 % PFA containing 4.1%
sucrose, followed by cell permeabilization with 0.1 % Triton X-100 in PBS) and incubation
with primary antibodies, cells were incubated with either Cy3, Cy5 (Jackson Immunoresearch
laboratories) or Alexa 488 (Molecular Probes) secondary antibodies. To visualize F-actin,
rhodamine-phalloidin (Molecular Probes, Eugene, OR) was included with the secondary
antibody.

Fluorescence images were captured with a CoolSnap ES charge-coupled device camera
(Roper Scientific, Trenton, NJ) in a straight microscope (Axioskop 50, Zeiss) controlled by
Metaview software (Universal Imaging Corp). When necessary, images were scanned using a
piezo device adapted to a 100x/1.3 PL-Neofluor objective and treated by deconvolution

microscopy using calculated point spread function.

Cell transfection

GFP-CLIP-170 cDNA was provided by Dr F.Perez, (Curie Institute, Paris); EB3-mRFP was
provided by Dr V. Small (Vienna, Austria); GFP-CLIP-115 (Hoogenraad et al., 2000); EGFP-
p150Glued (Hoogenraad et al., 2001) and GFP-CLASP1 (Akhmanova et al., 2001), GFP-
MCAK (Wordeman et al., 1999) has been described. Mouse TTL coding sequence was
inserted in pcDNAS3 (Invitrogen). CLIP-170 head-YFP, aa 1-278 was generated in pclink
vector.

MEF cultures were transfected using 1pg of DNA and Lipofectamine Plus (Invitrogen)
following manufacturer’s protocol. For co-transfection experiments using RFP and GFP

constructs, we used 1ug of total DNA and pilot transfection were performed to determine the
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respective proportion of each DNA which lead to transfected cells positives for both RFP and
GFP. For rescue experiments, we performed co-transfection with GFP-CLIP-170 and TTL
cDNA (ratio 1/4); the efficiency of the co-transfection was evaluated by the presence of both
GFP-CLIP-170 protein and of Tyr tubulin (as a result of the presence of TTL).

Anti tubulin siRNA, were used as previously described (Erck et al., 2005).

Micro-pattern fabrication.

L shaped fibronectin micropatterns of 35 um long were made as described previously (Thery
et al., 2005). MEFs were resuspended in DMEM10%SVF and deposited on the printed
coverslip at a density of 10* cells per cm2.

Time lapse video microscopy

To analyse MT dynamics, we cultured MEFs in 35 mm glass Petri dishes (Iwaki, Dutscher).
48 hrs after co-transfection with GFP-CLIP-170 and EB3-mRFP, cells were placed in a
humidified incubator at 37°C with 5% CO2 inside the video microscopy platform.
Fluorescent images were captured every 3 seconds with a CoolSnap HQ charge-coupled
device camera (Roper Scientific, Trenton, NJ) in an inverted motorized microscope (Axiovert
200M, Zeiss) controlled by MetaMorph software (Universal Imaging, Downingtown, PA). To
measure MT growth rate, we quantified EB3-mRFP velocity in more than 30 cells belonging
to three independent MEFs culture arising from independent embryos. To analyse mitotic
spindle position, MEFs were plated on L shaped fibronectin micropatterns and placed inside
the video microscopy platform at 37°C with 5% CO2. Time lapse of Z series images (Z=4)
were collected in multi-position in Trans illumination each 3 minutes for 20h. To quantify
mitotic angle, we designed a line perpendicular to metaphase plate and we measured the angle
between this line and the micropattern hypotenuse using MetaMorph software. More than 60

mitotic angles were analyzed for each experiment.

Preparation of tyrosinated and detyrosinated tubulin

Affinity-purified tyrosinated or detyrosinated tubulin was prepared as previously described
(Paturle et al., 1989). For storage, both forms of tubulin were concentrated to at least 5 mg/ml,
using centricon 30 and transferred to PEM buffer (pH 6.65, 100 mM PIPES, 1ImM EGTA and
1mM MgCl,) made with D,0 instead of H,O, containing 1mM GTP and 10mM MgCl,. The

mixture was stored at -80°C before use. These buffer and storage conditions allow the full
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preservation of the polymerization capacities of affinity purified tubulin species (Giraudel et
al., 1998).

Protein Purification, Microtubule Polymerization and Co-sedimentation assay
His-CLIP-170 H1 (aa 1-350) cloned into pET19b vector was provided by Dr F.Perez. His-
p150Glued head domain (aa 99-296) cloned into pET28 vector has been described
(Lansbergen et al., 2004). Both constructs were expressed in bacteria and proteins were
purified as described previously (Scheel et al., 1999). Western blot analysis revealed a double
band with a molecular weight of 40 kd for His-CLIP-170 H1, and a single band with a
molecular weight of 25 kd for His-p150Glued head domain (data not shown).

Prior to co-sedimentation assays, tyrosinated and detyrosinated tubulin were centrifuged for
10 min at 70,000 rpm and 4 °C in a TLA100 Beckman rotor. Microtubule polymerization was
performed by incubating Tyr or Glu tubulin with His-CLIP-170 H1 or His-p150Glued (molar
ratio of 1/8 and 1/5 respectively) in PEM with 1ImM GTP, 5mM MgCl,, and 20% Glycerol at
37°C for 20 min. MTs were stabilized with Taxol and exposed to increasing concentration of
salt (0, 200mM and 200mM of NaCl in PEM 20% Glycerol) for 10 min at 37°C. The reaction
mixture was ultra-centrifuged in a PEM 60% Glycerol cushion for 30 min at 70000 rpm at
30°C, then, supernatants and pellets were analyzed by SDS PAGE gels and stained with

Coomassie blue.
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CLASP: CLIP-associating protein; WT: Wild type; TTL KO: Tubulin-tyrosine-ligase null.
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Figure 1: Tubulin tyrosination in WT or TTL KO fibroblasts

(A) Double-immunostaining of Tyr and Glu tubulin in WT or TTL KO interphase fibroblasts. MT network of WT
fibroblasts was mainly composed of Tyr tubulin. TTL KO fibroblasts contained extensive arrays of Glu
microtubules and variable amounts of Tyr tubulin, scored in three classes: Tyr - : background signal; Tyr+: weak
and discontinuous Tyr tubulin staining of microtubules; Tyr+ +: distinct continuous staining of most of the
microtubule network. (B) TTL KO fibroblast distribution in the three Tyr tubulin classes (n=308). (C) Proportion of
Cyclin A positive cells (5/G2 cells) in Tyr -, Tyr + or Tyr + + interphase TTL KO fibroblasts (n=125). Note that all
the Tyr - cells were also Cyclin A negative. (D) Double-immunostaining of Tyr and Glu tubulin in WT and TTL KO
mitotic fibroblasts. Note that in metaphase TTL KO mitotic fibroblasts Tyr tubulin is only detectable in central
spindle microtubules, whereas astral MTs are composed of Glu tubulin. More than 50 mitotic cells were
examined in each genotype. Scale bar 10 um.
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Figure 2: CLIP-170 localization in WT or TTL KO fibroblasts

(A) EB1 and CLIP-170 localization in WT or TTL KO fibroblasts. Fibroblasts were transfected with GFP-CLIP-170 cDNA and
double stained with EB1 and GFP antibodies.In WT cells (n=52), CLIP-170 and EB1 co-localized at MT tips. TTL KO
fibroblasts (n=98) showed several pattern of CLIP-170 distribution which were scored in three classes: CLIP-170 + +:
CLIP-170 at MT tips; CLIP-170 +: MT tip localization of CLIP-170 restricted to a part of the cell; CLIP-170-: no detectable
CLIP-170 at microtubule ends (B) Quantitative analysis of CLIP-170 localization in WT or TTL KO fibroblasts. MTs plus ends
were identified by EB1 positive signal and the percent of CLIP-170 positive tips within EB1 MTs tips was quantified (ratio
CLIP-170/EB1). (a) Distribution of CLIP-170 positive tips in WT (n=36) or TTL KO (n=71) cells. Note that in almost 50% of TTL
KO cells CLIP-170 barely associates with MTs tips (ratio CLIP-170/EB1 < 0.2). (b) Mean values + - S.E.M. of the ratio
CLIP-170/EB1 in WT or TTL KO cells.*** p<0.001 (t test). (C) MT growth rate measurement in WT or TTL KO cells (mean + -
S.E.M.). Cells were double-transfected with GFP-CLIP-170 and EB3 RFP cDNAs and the velocity of microtubule growth was
measured using video-microscopy (NWT tips=70; n TTL KO CLIP+ tips=70;n TTL KO CLIP- tips=84; supplementary data
S2-S4).(D) Analysis of CLIP-170 MT tip localisation in function of the tyrosination level in TTL KO fibroblasts. (a): proportions
of CLIP—, CLIP+ and CLIP+ + cells as a function of the tyrosination level in TTL KO fibroblasts (n=98). (b) Mean value + -
S.E.M. of CLIP grade in TTL KO fibroblasts as a function of tubulin tyrosination. CLIP grade was of 0, 1, 2 for CLIP-, CLIP+ and
CLIP+ + cells, respectively. *** p<0,001 (t test). Note that the average CLIP-170 grade of Tyr- cells is close to 0 (no CLIP-170
at MTs tips).
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Figure 3:CLIP-170 and EB1 distribution in mitotic spindle

WT or TTL KO fibroblasts were transfected with GFP-CLIP-170 cDNA and double stained with GFP and EB1 antibodies.
At least 30 mitotic cells were examined in each genotype.In WT mitotic cells,numerous GFP-CLIP-170 and EB1
comets were evident. GFP-CLIP-170 and EB1 comets were also conspicuous in prophase, late anaphase and telophase
TTL KO cells. In contrast, no distinct GFP-CLIP-170 comets were observed in metaphase TTL KO cells. Scale bar 10um.
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Figure 4:Inhibition or rescue of tubulin tyrosination in TTL null fibroblasts

(A) WT or TTL KO fibroblasts were transfected with GFP-CLIP-170 cDNA and either treated with siRNA against
alpha-tubulin (+siRNA) or transfected with TTL cDNA (+TTL). In control experiments, cell transfection with scramble
siRNA or TTL vector alone gave similar results, shown as “control” Cells were triple-stained with Tyr tubulin, GFP and EB1
antibodies. Scale bar: 10um. (B) (a) Analysis of tyrosination levels in WT or TTL KO cells (Tyr -, Tyr +, Tyr + +) in non-treated
cells (Control WT n=52, Control TTL KO n=98), in cells treated with RNAi against Tyr tubulin (+siRNA WT n=50 ,+siRNA TTL
KO n=82) and in cells transfected with TTL (+TTL WT n=50,+TTL TTL KO n=96).In WT cells, treatments had not effect on
tubulin tyrosination.In TTL KO cells, Tyr Tubulin siRNA treatment increased the percentage of Tyr — cells as compared to
control conditions. (b) Comparison of tubulin tyrosination grades (mean + - S.E.M.). The tyrosination grade was 0, 1,or 2
for Tyr -, Tyr + and Tyr + + cells, respectively, *** p<0.001 (t test). TTL cDNA transfection significantly increased the
percentage of Tyr + + cells as compared to control conditions. (C) (a) Analysis of CLIP-170 distribution in WT or TTL KO
cells,in non-treated cells (Control WT n=52, Control TTL KO n=98), in cells treated with siRNAi against alpha-tubulin
(+siRNA WT n=50 ,+siRNA TTL KO n=82) and in cells transfected with TTL cDNA (+TTL WT n=50,+TTL TTL KO n=96).In
TTL KO cells, no CLIP+ + cell was observed following exposure to siRNA and no CLIP- cell was observed following TTL
cDNA transfection. (b) CLIP-170 grades in TTL KO fibroblasts (mean + - S.E.M.). CLIP-170 grading was as in figure 2. ***
p<0.001 (t test).
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Figure 5: Differential binding of CLIP-170 head domain to Tyr and Glu MTs in vivo and in vitro

(A) Triple staining of Tyr tubulin, EB1 and CLIP-170 head domain in WT or TTL KO fibroblasts transfected with
CLIP-170HD-YFP cDNA.In WT cells, over expressed CLIP-170HD-YFP decorated the whole MT network and accumulated
at MTs tips.In TTL KO cells Tyr —, CLIP-170HD-YFP remained soluble in the cytoplasm. Scale bar: 10um

(B) Microtubule-binding assay. CLIP-170 head domain (His-CLIP-170 H1) was co-polymerized with Tyr or Glu tubulin. Tyr
and Glu-MTs were stabilized with Taxol and incubated with increasing concentrations of NaCl, as indicated. Equal
amount of supernatants (S) and pellets (P) were separated by SDS/PAGE and stained with Coomassie blue. His-CLIP-170
H1 shows a double band with a molecular mass of 40 kD. In the presence of 100 mM NaCl, the bulk of His-CLIP-170 H1
remained bound to Tyr-MTs (*) whereas only about half of His-CLIP-170 H1 remained bound to Glu-MTs (**).In the
presence of 200 mM NaCl, the majority of His-CLIP-170 H1 was still bound to Tyr-MTs (#) whereas only a small proportion
of His-CLIP-170 H1 remained bound to Glu-MTs (##).
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(B) Microtubule-binding assay of p150 Glued head domain.p150 Glued head domain (p150 GluedHD) was
co-polymerized with Tyr or Glu tubulin. Tyr and Glu-MTs were stabilized with Taxol and incubated with increasing
concentrations of NaCl, as indicated. Equal amount of supernatants (S) and pellets (P) were separated by SDS/PAGE and
stained with Coomassie blue. p150 GluedHD showed a band with a molecular mass of 25 kD. In the presence of 100 mM
NaCl, the bulk of p150 GluedHD remained bound to Tyr-MTs (*) whereas only about half of p150 GluedHD remained
bound to Glu-MTs (**).In the presence of 200 mM NadCl, a sizeable proportion of p150 GluedHD was still bound to
yr-MTs (#) whereas only a very small proportion of p150 GluedHD remained bound to Glu-MTs (##).
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Figure 7: Morphological analysis of WT or TTL KO fibroblasts.
(A) Morphology: a shape factor (4w area/perimeter?) was determined in WT or TTL KO fibroblasts. (a) Shape factor
distribution in WT (n=43), TTL KO CLIP+ (n=36) or TTL KO CLIP- fibroblasts (n=34). Note that TTL KO population showed
a bimodal shape factor distribution. (b) Shape factor mean values + - S.E.M. Compared to WT or to CLIP+ TTL KO
fibroblasts, CLIP- TTL KO cells exhibited a significant increase in the shape factor, *** p < 0.001 (t test).

(B) Polarization: (a) representative images of WT or TTL KO fibroblasts double stained for actin and Tyr tubulin. WT cell
showed a polarized morphology with a large lamellipodia. In contrast, Tyr - TTL KO fibroblast showed no polarization
and abundant stress fibers. Tyr+ TTL KO fibroblasts generally presented two or more lamellipodia. Scale bar: 10um. (b)
Quantitative analysis of the percentage of cell perimeter occupied by lamellipodia in WT (n=68) or Tyr—, Tyr+, Tyr+ +
TTL KO cells (n=83). *** p<0.001 (t test). (c) Number of lamellipodia per cell in WT (n=68) or Tyr—, Tyr+/-, Tyr+ + TTL KO
cells (n=83). Tyr+ + TTL KO cells exhibited an increase of the number of large lamellipodia extensions compared to WT
fibroblasts. * p<0.05*** p<0.001 (t test).
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Figure 8: Mitotic spindle orientation in WT or TTL KO fibroblasts.

(A) Double-immunostaining of Tyr and Glu tubulin in a WT (a) or TTL KO (d) interphase fibroblasts grown on an L shaped
fibronectin micropattern. Scale bar: 10um. (b,e) Example of time-lapse acquisition of a WT (b) or a TTL KO (e) cells during
mitosis. Time-lapse pictures were used to measure the mitotic angle (red line) in function of the hypotenuse angle of the
pattern (green line).(c, f) The distribution of mitotic angles in WT (c)(n=50) and TTL KO (f) (n=51) populations is shown.
TTL KO cells showed a disperse spindle orientation compared to WT cells. (B) Percentages of mis-aligned spindles
(spindle angle deviating by more than 15° from the median value in WT (n=50) or TTL KO populations (n=51).TTL KO
fibroblasts exhibited a large increased of mis-aligned spindles compared to WT cells, ***p<0.001 (t test).
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Supplementary Data

Figure S1: GFP-CLIP-170 over-expression in WT fibroblasts

WT fibroblasts were transfected with GFP-CLIP-170 cDNA and triple stained with Tyr
tubulin, EB1 and GFP antibodies. Note that in WT cells expressing high levels of CLIP-170,
the presence of large aggregates did not preclude CLIP-170 association with microtubule

ends. Scale bar: 10 um.

Figure S2: Microtubule Growth rate in a WT fibroblast. Images of a WT cell expressing
EB3-RFP and GFP-CLIP170 cDNAs were collected every 3 seconds in each channel.

Figure S3 Microtubule Growth rate in a TTL KO CLIP+ fibroblast. Images of a TTL KO
cell expressing EB3-RFP and GFP-CLIP170 cDNAs were collected every 3 seconds in each
channel. GFP-CLIP-170 showed a widespread distribution throughout the cell, with most
EB3-RFP positive microtubule tips being also positive for GFP-CLIP-170.

Figure S4: Microtubule Growth rate ina TTL KO CLIP- fibroblast. A TTL KO cell was
double transfected with EB3-RFP and GFP-CLIP170 cDNAs. CLIP-170 mis-localization was
evident by the presence of GFP-CLIP-170 aggregates that didn’t interfere in MT growth rate
measured with EB3-RFP positive MT tips. Images were collected every 3 seconds in each

channel.



