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Abstract. CLIP-170 is a cytoplasmic linker protein that
localizes to plus ends of microtubules in vivo. In this
study, we have characterized the microtubule-binding
properties of CLIP-170, to understand the mechanism
of its plus end targeting. We show that the NH,-termi-
nal microtubule-interacting domain of CLIP-170 alone
localizes to microtubule plus ends when transfected
into cells. Association of CLIP-170 with newly-formed
microtubules was observed in cells microinjected with
biotinylated tubulin, used as a tracer for growing micro-

tubules. Using in vitro assays, association of CLIP-170
with recently polymerized tubulin is also seen. Cross-
linking and sedimentation velocity experiments suggest
association of CLIP-170 with nonpolymerized tubulin.
We conclude from these experiments that the microtu-
bule end targeting of CLIP-170 is closely linked to tu-
bulin polymerization.
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cific organization of their cytoplasmic components
is mainly dependent on their interphase microtu-
bule network, which is involved in defining the position
and mediating the transport of organelles (for review see
Cole and Lippincott-Schwartz, 1995). Important for these
functions are the dynamic properties of microtubules,
which enable them to explore rapidly the cytoplasmic
space and may allow selective stabilization in response to
localized cues (Kirschner and Mitchison, 1986). The intrin-
sic assembly properties of tubulin are modulated by inter-
actions with other proteins (for review see Mandelkow
and Mandelkow, 1995; Desai and Mitchison, 1997) which
are responsible for important differences seen between
the assembly properties of microtubules in vitro and in
vivo (Cassimeris et al., 1988; Sammak and Borisy, 1988;
Schulze and Kirschner, 1988), and for their interaction
with intracellular organelles (Rickard and Kreis, 1996;
Goodson et al., 1997). Identification and characterization
of these proteins are important for an understanding of
the role of microtubules in cellular organization.
CLIP-170 has a localization to the plus ends of a subset

THE ability of cells to establish and maintain a spe-
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of microtubules in vivo that is unique among microtubule-
binding proteins (MBPs)! so far described (Rickard and
Kreis, 1990; Rickard, 1998) although another MBP, the
APC protein, has a localization at plasma membrane sites
which is dependent on intact microtubules (Néthke et al.,
1996). CLIP-170 has been shown to be involved in binding
of endocytic carrier vesicles to microtubules in vitro (Pierre
et al., 1992), and has also been localized to prometaphase
kinetochores (Dujardin et al., 1998). Mutational analysis
of CLIP-170 showed that the NH,-terminal domain can
bind to microtubules (Pierre et al., 1992, 1994). The
COOH-terminal domain is important in targeting it to ki-
netochores in prometaphase cells (Dujardin et al., 1998)
and in directing it to patchy structures which appear in in-
terphase cells on overexpression (Pierre et al., 1994). Since
early endosomes usually form near the plasma membrane
close to microtubule plus ends, and prometaphase kineto-
chores establish interactions with microtubule plus ends, it
is possible that targeting of CLIP-170 to microtubule plus
ends may be determined by its interaction with these or-
ganelles.

An alternative mechanism for the plus end localization
of CLIP-170 could be related to the assembly properties
of tubulin alone. During microtubule assembly, the GTP

1. Abbreviations used in this paper: bt, biotin; CLIP, cytoplasmic linker
protein; GMPCPP, guanylyl-(a,)-methylene-diphosphonate; GTPyS,
guanosine 5'-O-(3-thiotriphosphate) tetralithium salt; MAP, microtubule-
associated protein; MBP, microtubule-binding protein; rh, rhodamine.
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bound to B-tubulin is hydrolyzed. Because this hydrolysis
is not mechanistically coupled to assembly, there is forma-
tion of a small cap of terminal GTP- or GDP-Pi-bound tu-
bulin subunits, conformationally distinct from the GDP
polymer (Carlier and Pantaloni, 1981; Melki et al., 1990,
1996). Stochastic loss of this cap causes destabilization and
rapid disassembly of a subpopulation of microtubules, a
behavior termed dynamic instability (Mitchison and
Kirschner, 1984a). Using the GTP analogue GMPCPP,
which appears to stabilize the GTP conformation of the
tubulin lattice (Vale et al., 1994; Hyman et al., 1995), it has
been shown that kinesin moves microtubules polymerized
with GMPCPP more quickly than microtubules polymer-
ized with GTP (Vale et al., 1994), and kinetochores bind
preferentially to GMPCPP-microtubules (Severin et al.,
1997), suggesting that MBPs may distinguish between the
different conformations of the polymer. This property
could allow targeting of an MBP to the elongating end. Al-
ternatively, interaction of MBPs with tubulin subunits or
oligomers before assembly has been suggested as a mecha-
nism for increasing the polymerization rate (Erickson and
Pantaloni, 1981; Carlier et al., 1984; Drechsel et al., 1992;
Pedrotti and Islam, 1994). In the case of XMAP215, a
protein purified from Xenopus oocytes, increase in the
polymerization rate is restricted specifically to microtu-
bule plus ends (Gard and Kirschner, 1987; Vasquez et al.,
1994), the main assembly site in vivo. Such an interaction
would also promote association of the MBP preferentially
at the elongating end. Localization of an MBP to the plus
ends of microtubules by either of these mechanisms could
allow both regulation of assembly of microtubules and
promotion of interaction of microtubule ends with cyto-
plasmic organelles.

In this study, we have examined the association of
CLIP-170 with microtubules, to characterize the basis for
its in vivo localization. We have found that the NH,-termi-
nal microtubule-binding domain of CLIP-170 alone can lo-
calize to microtubule plus ends in cells, indicating that in-
teractions of the tail domain with other structures are not
essential for its correct targeting. We show that the associ-
ation of CLIP-170 with the plus ends of microtubules is co-
ordinated with polymer assembly, since the protein local-
izes preferentially to growing microtubules, both in vivo
and in vitro. Finally, we provide evidence suggesting that
of the two possible mechanisms for the plus end targeting
of the protein that we considered, the more likely is copo-
lymerization of CLIP-170 with tubulin oligomers, rather
than specific recognition of a transient conformational cap
at the ends of microtubules. The specific localization of
CLIP-170 with the dynamic plus ends of microtubules
raises the possibility that it may assist microtubules to ex-
plore the cellular space, helping them to find and capture
organelles for subsequent transport.

Materials and Methods

Materials

Paclitaxel was a gift of the Drug Synthesis and Chemistry Branch, Devel-
opmental Therapeutics Program, Division of Cancer Treatment, National
Cancer Institute (Bethesda, MD). Nocodazole (Sigma) and paclitaxel
were stored as stock solutions in DMSO at —20°C. GTP and guanosine-5'-
O-(3-thiotriphosphate) tetralithium salt (GTPyS) came from Boehringer
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Mannheim and were stored as stock solutions in water at —20°C. MES
was purchased from Calbiochem-Novabiochem. Pipes, EGTA, DTT,
and SDS were from Sigma. Guanylyl-(a,B)-methylene-diphosphonate
(GMPCPP) was a gift of A. Hyman (European Molecular Biological Lab-
oratory, Heidelberg, Germany). All other reagents were of analytical
grade.

Cell Culture and Transfections

HeLa cells were grown as described (Allan and Kreis, 1986) except that
10% FCS was used. HeLa cells were transfected with cDNA encoding the
first 350 amino acids of CLIP-170 (H1) tagged at its NH, terminus with
the myc epitope (Pierre et al., 1994) in the eukaryotic expression vector
pSGS5 (Green et al., 1988) using calcium phosphate as described (Pierre
et al., 1994). Cells in a 60-mm dish were transfected with 5 ug of DNA for
12 h and then fixed immediately after washing; the short transfection time
was necessary to avoid overexpression of the protein that leads to loss of
its microtubule end localization.

Protein Purification

For all the in vitro experiments except the analytical centrifugation, GDP-
tubulin was produced as described by Hyman et al. (1991). In brief, tubu-
lin prepared from pig brain by two cycles of temperature-dependent poly-
merization followed by phosphocellulose chromatography was polymerized,
sedimented, and then the pellet was depolymerized in 80 mM K Pipes,
1 mM EGTA, 1 mM MgCl,, pH 6.8 (BRB80 buffer), in the absence of free
nucleotide to give GDP-bound tubulin (Hyman et al., 1991) which was
stored at —80°C. After thawing, this tubulin was incubated with GTP or
other nucleotide analogues as described in Results. Alternatively, for the
analytical centrifugation experiments, GTP-tubulin was prepared from pig
brain as described by Melki et al. (1996); after the final gel filtration into
100 mM K Pipes, 1 mM EGTA, 3 mM MgCl,, pH 6.9 (P buffer), fractions
containing tubulin were pooled and tubulin and GTP concentrations were
adjusted to 10 and 50 pM, respectively. GDP-tubulin was prepared by po-
lymerizing this tubulin at 37°C, pelleting the microtubules at 300,000 g for
15 min at 30°C, disassembling the polymers in P buffer at 4°C and clarify-
ing this solution by ultracentrifugation. The final concentrations of tubulin
and GDP were 10 and 50 uM, respectively.

Purification and characterization of H1 and H2 recombinant proteins
will be reported elsewhere (Scheel, J., P. Pierre, J.E. Rickard, G.S. Dia-
mantopoulos, C. Valetti, F.G. van der Goot, M. Héner, U. Aebi, and T.E.
Kreis, manuscript in preparation). In brief, the cDNAs encoding H1 and
the first 481 amino acids of CLIP-170 (H2) were cloned in the pET19 vec-
tor (Novagen) for expression in bacteria with an NH,-terminal histidine
tag. The histidine-tagged fusion proteins were purified from bacterial
lysates using nickel chelate chromatography according to the Novagen
protocol. The ¢cDNA encoding MAP2C cloned in the pET3d vector
(Novagen) was kindly provided by A. Matus (Friedrich Miescher Insti-
tute, Basel, Switzerland). The protein expressed in bacteria was purified
using its property of heat stability (Takeuchi et al., 1992). In brief, the bac-
terial lysates were boiled for 5 min and then left on ice for another 10 min.
Heat-stable MAP2C remained in the supernatant after centrifugation of
the boiled sample at 90,000 g for 30 min and was then concentrated, fol-
lowed by dialysis.

Porcine brain MAP2 was prepared according to Drubin and Kirschner
(1986) with a slight modification at the gel filtration step, which was per-
formed on Sepharose CL-4B using an XK16 (16-mm diam, 1-m length)
column (Pharmacia) pumped at a rate of 0.15 ml/min to separate the high
molecular mass MAP2 from the lower molecular mass tau protein. Native
CLIP-170 was purified from human placenta as described elsewhere (Dia-
mantopoulos et al., 1998). In brief, a monoclonal antibody affinity column
(Rickard and Kreis, 1991) was used to isolate CLIP-170 from a high speed
supernatant of human placenta and the protein was further purified and
concentrated by a microtubule binding step. H1, H2, MAP2C, MAP2 and
CLIP-170 were all dialyzed overnight against BRB80 buffer and stored at
—80°C before use. All proteins were analyzed on SDS-PAGE using the
Laemmli buffer system (Laemmli, 1970).

Preparation of Rhodamine and Biotin-labeled Tubulin

Tubulin was labeled with rhodamine (rh) or biotin (bt) as described by
Hyman et al. (1991), using 5- (and-6) -carboxy-X-rhodamine, succinimidyl
ester (C-1309) and biotin-XX, succinimidyl ester (B-1606), both pur-
chased from Molecular Probes. Labeled tubulin was stored at —80°C in a
GDP-bound form; GTP or analogues as described were added immedi-
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ately after thawing. Rh-tubulin was diluted to the concentrations indicated
in BRB80 buffer for in vitro assembly experiments. Bt-tubulin, used for
the microinjection experiments, was diluted to 1 mg/ml in 50 mM potas-
sium glutamate, 0.5 mM glutamic acid, 0.5 mM MgCl,, pH 6.5 (microinjec-
tion buffer).

Microtubule Regrowth Off Centrosomes

Centrosomes were purified from a human lymphoblast cell line (KE37) as
described by Bornens et al. (1987). Polymerization of microtubules from
centrosomes was performed according to the method of Mitchison and
Kirschner (1984b) with some modifications. Tubulin at a concentration of
1 mg/ml in BRB80 plus 1 mM GTP was polymerized from centrosomes at
37°C for 9 min before a second addition of tubulin pre-equilibrated with
GTP, GTPyS, or GMPCPP. For this pre-equilibration, GDP-tubulin, in
some cases labeled with rhodamine, was incubated for 15 min at 0°C with
5 mM GTP, 12 mM GTPyS, or 0.6 mM GMPCPP; dilution into the poly-
merization reaction gave final concentrations of 0.3 mg/ml (GTP- or
GTPyS-tubulin) or 0.1 mg/ml (GMPCPP-tubulin) additional tubulin and 1.2
mM GTP, 2 mM GTPyS or 0.1 mM GMPCPP. For the latter two ana-
logues, 1 mM GTP remains in the reaction from the first incubation. The
affinity of tubulin for these analogues compared with GTP is approxi-
mately twofold less for GTPyS (Roychowdhury and Gaskin, 1986) and
four- to eightfold less for GMPCPP (Hyman et al., 1992). A low concen-
tration of GMPCPP was used because higher concentrations were found
to promote strong self nucleation of microtubule assembly in the absence
of H2; however, it should be noted that there will be significant exchange
for GTP on the soluble tubulin, leading to incorporation of both GDP and
GMPCPP into the polymer. After a 3-min incubation, H2, CLIP-170, or
MAP2 was added at the concentrations indicated in the figure legends.
After a further incubation of 3 min, the samples were fixed in 0.25% glu-
taraldehyde at room temperature for 4 min. For the simultaneous addition
of tubulin and H2 described in Fig. 6 (e and f), microtubule asters were
polymerized with 1 mg/ml tubulin in the presence of 1 mM GTP at 37°C
for 9 min. Tubulin (0.3 mg/ml) and H2 (50 pg/ml) were preincubated at
37°C for 2 min and then diluted fivefold into the asters. The samples were
fixed 2 min later in glutaraldehyde. All samples were then sedimented
onto coverslips as described by Mitchison and Kirschner (1984b) before
immunofluorescence labeling.

Microinjection

Glass capillary microinjection of bt-tubulin into cells was performed with
an automated microinjection system (Zeiss) as described elsewhere (Pep-
perkok et al., 1993) in 30-mm dishes containing 2 ml of MEM without car-
bonate, supplemented with nonessential amino acids, 1% glutamine, 10%
FCS, and then buffered with 10 mM Hepes, pH 7.4. The cells were micro-
injected at room temperature during 3 min, immediately permeabilized in
80 mM K Pipes, 5 mM EGTA, 1 mM MgCl,, 0.5% Triton X-100, pH 6.8,
as described (Kreis, 1987), and then fixed in methanol at —20°C for 5 min.
Only the last cells injected before fixation exhibited short bt-tubulin seg-
ments and were used for analysis.

Immunofluorescence

The following antibodies were used for immunofluorescence labeling:
monoclonal anti-myc, 9E10 (Evan et al., 1985), for labeling of HeLa cells
transfected with myc-tagged mutated CLIP-170; a mixture of two mono-
clonal antibodies against CLIP-170, 2D6 and 4D3 (Rickard and Kreis,
1991) for labeling of microinjected HeLa cells; monoclonal and rabbit
polyclonal antibodies against tyrosinated a-tubulin, 1A2, and oT-13, re-
spectively (Kreis, 1987); a rabbit peptide antibody against CLIP-170,
aKRKV (Pierre et al., 1992), and a monoclonal antibody recognizing
MAP2, M3AS (Allan and Kreis, 1986). FITC-streptavidin was from
Pierce. Coverslips with labeled cells or in vitro polymerized microtubules
were mounted in Mowiol on glass slides before analysis using the 63 or
100X Planapo objective on a Zeiss inverted fluorescence microscope
(model Axiovert TV 135). Images were recorded with a cooled charge-
coupled device camera (model CH250, 1,317 X 1,035 pixels; Photomet-
rics), controlled by a Power Macintosh 8100/100 (Apple). Images were re-
corded with the software package IPLab spectrum V2.3 (Signal Analytics)
and processed using Adobe Photoshop 3.0 (Adobe Systems).

Cross-linking Experiments

Reactions containing proteins (2.5 M) as indicated in Fig. 7 were mixed
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on ice in BRB80 buffer containing 1 mM GTP before addition of the
cross-linker 1-ethyl-3-(3-[dimethyl-amino]propyl) carbodiimide as previ-
ously reported (Song and Mandelkow, 1993). Tubulin was cycled immedi-
ately before use in this assay, and both cycled tubulin and other proteins
were centrifuged at 150,000 g for 20 min to remove aggregates before
cross-linking. After 2 h on ice, reactions were quenched by the addition of
10 mM hydroxylamine followed by dilution in standard SDS sample buffer
containing DTT, and separated by SDS-PAGE using the Laemmli buffer
system (Laemmli, 1970) except that the separating gel buffer was at pH
9.5 to maximize separation of the tubulin subunits (Melki et al., 1991).
Cross-linked products were detected with specific antibodies against H1
(anti-KRKYV and anti-GSIK; Pierre et al., 1992), a-tubulin (1A2), or B-tubu-
lin (JDR.3B8; Sigma) followed by horseradish peroxidase-labeled second
antibodies and enhanced chemiluminescence detection (Amersham).

Sedimentation Velocity

Sedimentation velocity experiments were carried out with a Beckman Op-
tima XL-A analytical ultracentrifuge equipped with an 60 Ti four-hole ro-
tor and cells with two-channel 12-mm path length centerpieces. Samples in
400 pl P buffer were centrifuged either at 25,000 or 60,000 rpm at 4°C. Ra-
dial scans of absorbance at 290 nm were taken at 10-min intervals. The to-
tal absorbance of the sample was measured at the start of the run, and val-
ues for each sedimenting species expressed as a percentage of this value.
Data were analyzed to provide the apparent distribution of sedimenta-
tion coefficients by means of the programs DCDT (Stafford, 1992) and
SVEDBERG (Philo, 1994).

Results

CLIP-170 Associates with Growing Microtubule Ends
In Vivo

To investigate whether CLIP-170 associates with the sub-
set of growing microtubule ends, bt-tubulin, a tracer for
recently assembled microtubules (Schulze and Kirschner,
1986), was microinjected into HeLa cells at room tempera-
ture, the cells were fixed within 3 min, and then triple-
labeled for CLIP-170, bt, and total tubulin (Fig. 1). Since it
is difficult to find individual microtubules in the centroso-
mal area, we only examined the microtubules at the pe-
riphery of the cell, where their plus ends are more distinct
(Fig. 1 c). We quantified the labeling pattern on these mi-
crotubules in 20 cells, and found that 61% of the microtu-
bules had polymerized bt-tubulin at their plus ends (Fig. 1
b, summarized in Table I). With its characteristic patchy
distribution at the plus ends of microtubules (Rickard and
Kreis, 1990), two types of labeling for CLIP-170 on micro-
tubules (Fig. 1 a) could be distinguished: labeling along a
significant length, or a small dot of labeling at the tip.
Quantification revealed that more than 90% of the bt-pos-
itive microtubules were also positive for CLIP-170 (Table
I). Approximately 60% of these microtubules showed a
dotty labeling of CLIP-170 along a significant length (Fig.
1, large arrows), whereas 34% exhibited only a single dot
labeling of CLIP-170 at their plus end (Fig. 1, small arrow)
and 6% had no CLIP-170 (Table I). The majority (63%) of
the bt-negative microtubules was not labeled for CLIP-170
(Fig. 1, black arrowheads; Table I). Of the remaining bt-
negative microtubules, 10 and 26.4% showed extended
CLIP-170 labeling and single dot labeling (Fig. 1, white ar-
rowhead) at their plus ends, respectively (Table I). The
high correlation of CLIP-170 labeling with bt-labeled mi-
crotubule ends seen in this experiment suggests that CLIP-
170 marks growing microtubules in vivo.
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H1, the NH)-terminal Microtubule-binding Domain of
CLIP-170, Localizes to the Plus Ends of Microtubules
In Vivo

We have shown previously that CLIP-170 transiently over-
expressed in cells formed large patches, whereas mutant
protein with the COOH-terminal tail domain deleted
bound along the length of microtubules, suggesting a role
for the COOH-terminal sequence in defining its localiza-
tion (Pierre et al., 1994). To establish whether the microtu-
bule plus end-targeting function of CLIP-170 resides in
the microtubule-binding domain, we reinvestigated the lo-
calization of this domain at lower levels of expression. H1,
a construct encoding the first 350 amino acids of CLIP-170
and lacking any coiled-coil sequence, was transfected into
HeLa cells. At low expression levels, H1 clearly localized
to the plus ends of a subset of the microtubules (Fig. 2, ar-
rows), exhibiting a distribution very similar to endogenous
CLIP-170 (Rickard and Kreis, 1990). It is important for
observation of this distribution to fix cells within 12 h of
transfection, when most of the cells have a low level of ex-
pression of the transfected protein. This is a much shorter
time than used previously (24 h), when H1 was expressed
at higher levels and was found to bind along the length of
microtubules (Pierre et al., 1994). Since H1 expressed and
purified from bacteria is monomeric (Scheel, J., P. Pierre,
J.E. Rickard, G.S. Diamantopoulos, C. Valetti, F.G. van
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Figure 1. Colocalization of
CLIP-170 with newly poly-
merized bt-tubulin microin-
jected into HeLa cells. HeLa
cells were microinjected at
room temperature during 3
min with bt-tubulin (~1 mg/ml
in microinjection buffer) and
then pre-extracted with de-
tergent before fixation in
methanol at —20°C for 5 min.
Cells were labeled for (a)
CLIP-170 using two mouse
monoclonal antibodies fol-
lowed by Cy3 anti-mouse, (b)
bt-tubulin using FITC-strep-
tavidin, and (c) total tubulin
using a rabbit anti-tyrosi-
nated tubulin followed by
CyS5 anti-rabbit. (d) An over-
lay of a, in red, and b, in
green. Large arrows, microtu-
bule ends where CLIP-170
colocalizes with bt-tubulin
over an extended region.
Small arrow, bt-positive mi-
crotubule with labeling for
CLIP-170 only at the tip.
Closed arrowhead, micro-
tubule plus end that is posi-
tive for CLIP-170 but not for
bt; open arrowheads, ends
that are negative for both bt-
tubulin and CLIP-170. Bar,
10 pm.

bt-tubulin

der Goot, M. Héner, U. Aebi, and T.E. Kreis, manuscript
in preparation), it should be unable to dimerize with en-
dogenous CLIP-170, and should therefore behave inde-
pendently of endogenous protein. The dimeric protein,
missing just the COOH terminus, was also found to local-
ize to microtubule plus ends at low expression levels (data
not shown), and both mutants labeled along the length of
microtubules at higher expression levels (Pierre et al.,
1994). We conclude that targeting of CLIP-170 to microtu-
bule plus ends derives from the NH,-terminal domain
alone.

Table 1. Codistribution of CLIP-170 at the Plus Ends of
Microtubules with Microinjected Bt-Tubulin

Biotin-labeled microtubules Biotin-free microtubules

61% 39%

% %
CLIP-170 labeled 94.4 37.1
Extended labeling 60.4 10.7
Tip labeling 34.0 26.4
No labeling 5.6 62.9

HeLa cells were injected for a period of 3 min with bt-tubulin, fixed, and then labeled
for bt, tubulin, and CLIP-170 as described in Fig. 1. 218 microtubules with distinct
plus ends, in 23 cells from a total of three experiments, were quantified for bt incorpo-
ration and CLIP-170 labeling. 61% of microtubules had incorporated bt. CLIP-170 la-
beling was classified as extended, tip labeling, or no labeling (for details see Fig. 1 and
text).

102



Figure 2. The head domain of CLIP-170, H1, localizes to micro-
tubule plus ends in HeLa cells. HeLa cells were transfected with
a pSGS5 construct encoding the head domain of CLIP-170 (H1)
tagged with the myc epitope. 12 h after transfection, the cells
were fixed in cold methanol without pre-extraction and the myc
tag and tubulin were localized by indirect immunofluorescence.
(a) H1 labeling visualized by a monoclonal anti-myc antibody
(9E10) and (b) tubulin labeling using a polyclonal anti-tubulin
(aT-13). Arrows and arrowheads, microtubule ends with or with-
out myc labeling, respectively. Bar, 10 pm.

CLIP-170 Binds to Newly Polymerized Microtubules
Formed In Vitro in the Presence of GMPCPP or GTP

We considered two possible mechanisms related to micro-
tubule assembly that may account for targeting of CLIP-
170 to the plus ends of microtubules: the protein may have
a higher affinity for the GTP conformation of tubulin at
the polymerizing ends of the polymer (Vale et al., 1994;
Severin et al., 1997) or it may interact with and stabilize
precursors of assembly to copolymerize with them, as has
been suggested for other microtubule-associated proteins
(MAPs; Burns and Islam, 1984; Carlier et al., 1984; Pe-
drotti and Islam, 1994; Vasquez et al., 1994). Either of
these mechanisms could target CLIP-170 to microtubule
ends, although it is likely that phosphorylation of CLIP-
170 (Rickard and Kreis, 1991) plays a role in maintaining
its distribution in cells. To examine these mechanisms, we
used an assay in which microtubules are assembled from
centrosomes, and the distribution of CLIP-170 along the
polymer is visualized by immunofluorescence. We used
native CLIP-170 purified from human placenta, as well as
a bacterially expressed protein, H2, encoding the head do-
main plus a short region of coiled coil. Although H1 can
target to microtubule plus ends, we preferred to use H2
because it is dimeric (Scheel, J., P. Pierre, J.E. Rickard,
G.S. Diamantopoulos, C. Valetti, F.G. van der Goot, M.
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Figure 3. Purified proteins analyzed by SDS-PAGE. CLIP-170
purified from human placenta (lane 1), bacterially expressed H2
(lane 2), H1 (lane 3), and MAP2C (lane 6), and porcine brain tu-
bulin (lane 4) and MAP2 (lane 5) were separated on reducing 8%
SDS-polyacrylamide gels and stained with Coomassie blue. Num-
bers at the left, position of molecular weight standards (1073).

Hiner, U. Aebi, and T.E. Kreis, manuscript in prep-
aration) as is native CLIP-170 (Pierre et al., 1992). Repre-
sentative examples of purified proteins used in these ex-
periments analyzed by SDS-PAGE are shown in Fig. 3.
CLIP-170 (Fig. 3, lane 1) was purified from human pla-
centa to apparent homogeneity (Diamantopoulos et al.,
1998). Bacterially expressed H2, H1, and MAP2C (Fig. 3,
lanes 2, 3, and 6 respectively) preparations contained some
degradation products, together with a low amount of con-
taminating bacterial protein at a mol wt ~70,000 D, which
does not bind to microtubules (data not shown). Porcine
brain tubulin (Fig. 3, lane 4) and MAP2 (Fig. 3, lane 5)
were homogeneous. The experimental time line for pro-
duction of microtubule asters is summarized at the top of
Fig. 4. Asters were polymerized using GTP-tubulin for 9
min and then supplemented with a small amount of tubu-
lin equilibrated with either GTP or GMPCPP. Rh-tubulin
was used for this second addition, to trace subsequent po-
lymerization. After a further 3 min of incubation, H2 was
added and the asters were fixed 3 min later.

In control experiments, where GTP-rh-tubulin was
added after 9 min and the asters fixed after 12 or 15 min,
the rh labeling showed that the fraction of asters with
elongated microtubules increases with time (summarized
in Table II). No microtubules were seen with rh labeling
along their length, indicating that very little new nucle-
ation from the centrosomes occurs after the second addi-
tion of tubulin. If H2 is added at + = 12 min (Fig. 4, a—c),
the fraction of asters incorporating rh-tubulin at their mi-
crotubule ends at the time of fixation (¢t = 15 min) is less
than for the control (Table II) and there is an additional
number of asters with rh-tubulin along their length (Fig. 4
¢, small arrows), suggesting nucleation of new microtu-
bules. There is also noticeable nucleation of free microtu-
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Figure 4. CLIP-170 binds preferentially to newly polymerized
microtubules in vitro. Tubulin (~1 mg/ml) was polymerized from
centrosomes in the presence of 1 mM GTP for 9 min before a sec-
ond addition of rh-tubulin, at 0.3 mg/ml equilibrated with GTP
(a—c) or at 0.1 mg/ml equilibrated with GMPCPP (d-f). The final
nucleotide concentrations were 1.2 mM GTP for a—c and 1.0 mM
GTP, 0.1 mM GMPCPP for d—f. After a further 3 min of incuba-
tion, H2 was added at 40 pwg/ml and the asters were fixed 3 min
later (experimental time line above relevant panels). The fixed
microtubules were sedimented onto coverslips as described in
Materials and Methods and labeled for tubulin (a and d) using a
monoclonal antibody (1A2) or H2 (b and e) using an anti-peptide
antibody (anti-KRKYV). Rh-tubulin is shown in ¢ and f. Arrow-
heads, asters that have not incorporated rh-tubulin, and are not
labeled for H2; small and large arrows, rh-labeled asters and rh-
labeled free microtubules, respectively, which are also labeled for
H?2. Bar, 10 pm.

bules containing rh-tubulin (Fig. 4 c, large arrows). As a
control, the effect of MAP2 was also tested in this assay; in
this case, rh-tubulin was only found incorporated at the
ends of microtubules (data not shown). In this case a
higher proportion of asters incorporated rh-tubulin com-
pared with the control (Table II), presumably due to the
assembly promoting effect of MAP2 (Bré and Karsenti,
1990). The nucleation of new assembly both spontane-
ously and from centrosomes, therefore, appears to be a
property of H2 but not MAP2.
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Table I1. The Effect of H2 and MAP2 on the Sites of
Incorporation of Tubulin into Microtubules

Percent of asters in-
corporating rh-tubulin
B Formation of

Experiment Atends Along length  free microtubules*
% %

1 Fixt=12' 40 0 -

2 Fix r = 15’ 78* 0 -

3H2¢=12' Fix r = 15’ 31 32 +++

4 MAP2¢t =12’ Fix r = 15’ 92 0 -

Centrosomes were incubated with GTP-tubulin at 1 mg/ml for 9 min before addition
of th-GTP—tubulin to final 0.3 mg/ml. For experiments 3 and 4, H2 or MAP2 were
added at 12 min to final concentrations of 40 or 17 wg/ml, respectively. Asters were
fixed at times indicated before analysis as described for Fig. 4.

*Much longer segments of end labeling compared to experiment 1.

#Cannot be quantitated, this is a qualitative assessment.

When the distribution of H2 was examined in these ex-
periments, it was found all along the length of microtu-
bules, but on only a subset of asters, with a significant
number of asters remaining negative for H2 (Fig. 4 a).
Quantitation showed that H2 associates with all the asters
that contain rh-tubulin but only 30% of those asters that
do not contain rh-tubulin. The free microtubules, the as-
sembly of which is promoted by H2 (Table II), were posi-
tive for both H2 and rhodamine (Fig. 4, a—c, large arrows).
This suggested that H2 was associating preferentially with
more recently polymerized microtubules. It also suggested
that a fraction of the centrosomes is less active (Mitchison
and Kirschner, 1984b) and nucleates assembly only after
addition of further tubulin and H2. The morphology of the
asters that were labeled with H2 (Fig. 4, a and b, small ar-
rows) was different from those not labeled for the pro-
tein (Fig. 4, a and b, arrowheads). The latter apparently
contained many more centrosomal microtubules, which
appear very fine and are probably single microtubules,
whereas aster microtubules labeled for H2 appear more
bundled (Fig. 4, a and b). The reason for the bundling of
microtubules in the presence of H2 is not clear, but we also
observe it with the monomeric H1 (data not shown), so it
does not depend on dimerization of the protein. Observa-
tion of the rh-tubulin (Fig. 4 c) shows that the asters with
fine microtubules were polymerized before the second ad-
dition of tubulin, whereas the more bundled asters labeled
for H2 also contain rh-tubulin (Fig. 4, a—c, small arrows).
There is also noticeable formation of aggregates of H2 and
tubulin, although the amount varied between different ex-
periments, as well as an increase in the formation of free
microtubules compared with the control with no H2 (Ta-
ble II). Formation of these aggregates may be related to
oligomer formation (see below). Labeling for H2 only at
the ends of microtubules was never seen in these experi-
ments; this experiment, therefore, did not mimic the be-
havior of CLIP-170 in cells. However, a conformational
cap on the microtubules may be very small under these po-
lymerization conditions (Walker et al., 1991). To test fur-
ther the possibility that CLIP-170 may be targeted to the
cap, we therefore repeated the experiment using tubulin
equilibrated with a slowly hydrolyzable analogue of GTP,
GMPCPP (Hyman et al., 1992, 1995; Vale et al., 1994), as
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the second tubulin addition in the hope of creating an ex-
tended GTP cap.

Preliminary experiments in which rh-tubulin complexed
with GMPCPP was added to preformed GDP-microtubule
asters showed that the rh-tubulin capped the ends of the
existing microtubules (data not shown). However, when
this was followed by addition of H2, there was a striking
change in the appearance of the microtubules compared
with the experiment with GTP-tubulin. There was a reduc-
tion of 85% in the number of asters seen after GMPCPP-
tubulin addition (Fig. 4 d) relative to the experiment with
GTP (Fig. 4 a). There was also a noticeable increase in the
number of non-centrosomal microtubules (Fig. 4, a and d;
summarized in Table III). The rh-tubulin signal (Fig. 4 f)
showed that these free microtubules were more recently
polymerized, whereas the asters were negative for rh-
tubulin. This free nucleation is consistent with the strong
nucleation-promoting activity of GMPCPP (Hyman et al.,
1992), but control experiments show that it is enhanced in
the presence of H2 (data not shown), as was also found
with GTP-tubulin (Table II). H2 was found preferentially
associated with these free microtubules formed in the
presence of GMPCPP and was excluded from the asters
(Fig. 4 e). As a control for whether the non-uniform label-
ing by H2 of the microtubule population seen in these ex-
periments could be due to an artefact of our mixing proto-
col, and also to determine whether this could be a general
property of MAPs, we repeated this experiment with a
mixture of H2 and MAP2. MAP2 bound both to individ-
ual microtubules positive for H2 and to the asters presum-
ably formed before the GMPCPP-tubulin addition (Fig. 5
a, arrow), whereas H2 labeled only the free microtubules
(Fig. 5 b). This result excludes the possibility of mixing
artefacts, and shows that the preference of H2 for these
free microtubules is real and is a property not shared by
MAP2.

In this experiment, H2 was found on free microtubules
formed after the second addition of tubulin, which could
be due to a dynamic recognition of polymerizing microtu-
bules, or to recognition of GMPCPP-tubulin. Indeed, even
though the amount of added GMPCPP compared with
GTP is very low (Materials and Methods), these microtu-
bules are expected to contain some GMPCPP-bound sub-
units.

Table II. The Effect of GTP Analogues on Sites of Binding of
H?2 on Microtubules

Percent of asters

labeled for H2 Percent of
Free - free microtubules
Experiment microtubules* Atends Alonglength  labeled for H2
1 GTP-tubulin* +++ 0 32 100
2 GMPCPP-tubulin  ++++++ 0 0 100
3 GTPyS-tubulin - 9 17 NAS

Centrosomes were incubated with GTP-tubulin at 1 mg/ml for 9 min before addition
of tubulin equilibrated with the analogues shown to final 0.3 mg/ml (GTP- or GTPyS-
tubulin) or 0.1 mg/ml (GMPCPP-tubulin). H2 was added at 12 min to a final concen-
tration of 40 pg/ml and samples fixed at 15 min before analysis as described in Fig. 4.
For further details see text and figure legend.

*Cannot be quantitated, this is a qualitative assessment.

This is the same as experiment 3 of Table II.

¥Not applicable.
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Figure 5. CLIP-170 binding to new microtubules in vitro is spe-
cific and different from the binding of MAP2. Asters were made
following the same protocol as in Fig. 4, d—f (i.e., with GMPCPP-
tubulin in the second addition), in the presence of nonlabeled tu-
bulin, and with the addition of a mixture of MAP2 (5 pg/ml) and
H2 (20 pg/ml). The asters were fixed and sedimented onto cover-
slips as already described. Double immunofluorescence was per-
formed for MAP2 (a) and H2 (b) using a monoclonal (M3AS5)
and a polyclonal (anti-KRKYV) antibody, respectively. Asters (ar-
row) are labeled for MAP2 but have no detectable H2. Bar, 10 pm.

CLIP-170 Can Be Targeted to the Plus Ends of
Centrosomal Asters in the Presence of GTPyS

To test further the possibility of association of CLIP-170
with a GTP conformation without the problem of sponta-
neous nucleation of tubulin assembly, we repeated the ex-
periment described in Fig. 4 using tubulin equilibrated
with GTPyS, an analogue known to decrease the sponta-
neous assembly (Roychowdhury and Gaskin, 1986). In this
case, a small fraction of asters (<10%) had microtubules
labeled for CLIP-170 (Fig. 6 b, arrows) or H2 (Fig. 6 d, ar-
rows) predominantly at their plus ends. However, there
were also asters with labeling for CLIP-170 along the
length of microtubules, whereas the majority of asters, vi-
sualized by tubulin staining (Fig. 6, a and c¢), remained neg-
ative for CLIP-170 or H2, as was seen before with GTP
(summarized in Table IIT). Although, only a small number
of asters showed this end labeling for CLIP-170, the local-
ization of CLIP-170 at the ends of microtubules in the
presence of GTPyS left open the possibility that the pro-
tein may have a higher affinity with the GTP conformation
of microtubules. We therefore examined by a different as-
say the interaction of H2 with GMPCPP-microtubules.
Segmented microtubules, in which the GMPCPP and GDP
parts of the polymer were labeled with faint and bright rh-
tubulin, respectively (Hyman, 1991; Severin et al., 1997)
were incubated with different concentrations of H2, which
was then visualized by immunofluorescence. The protein
was found to bind uniformly along these mixed microtu-
bules, even at the lowest detectable concentrations of H2
(data not shown).

The results of these aster experiments show that H2 en-
hances spontaneous nucleation of GTP-tubulin assem-
bly, even in the presence of centrosomes. This effect is
enhanced with GMPCPP-tubulin, and suppressed with
GTPyS-tubulin (Table III), consistent with the known ef-
fects of these analogues on microtubule assembly (Roy-
chowdhury and Gaskin, 1986; Hyman et al., 1992). In all
cases where free microtubules form, they are always la-
beled for H2, implying their formation is promoted by H2
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Figure 6. Effect of GTPyS-tubulin or preincubation of H2 with GTP-tubulin on H2 localization. (a-d) Microtubule asters were made as
described in the legend to Fig. 4, except that the second tubulin addition was of unlabeled tubulin (0.3 mg/ml) equilibrated with GTP~S.
The final GTPyS concentration was 2 mM. After a further 3 min of incubation, 18 pg/ml of CLIP-170 (a and b) or 40 pwg/ml of H2 (c and
d) were added. 3 min later the asters were fixed and labeled for tubulin (a and ¢), CLIP-170 (b), or H2 (d) as described for Fig. 4. Ar-
rows in b and d indicate plus ends of the centrosomal microtubules that are labeled for CLIP-170 and H2, respectively. (e and f) Micro-
tubule asters were polymerized from centrosomes with GTP-tubulin for 9 min. Separately, GTP-tubulin (~0.3 mg/ml) and H2 (50 g/
ml) were preincubated at 37°C for 2 min and then diluted fivefold into the asters. The samples were fixed 2 min later, sedimented onto
coverslips and labeled for H2 (e) or tubulin (f). Arrows, plus ends of the centrosomal microtubules that are labeled with H2; only a
small fraction of asters exhibited this labeling pattern (quantitated in Table III). Experimental time lines are indicated above relevant

panels. Bar, 10 pm.

and that association of H2 with microtubules is closely
linked to the assembly process.

CLIP-170 Can Localize to the Plus Ends of
Centrosomal Microtubules after Preincubation
with GTP-Tubulin

The results using GTP analogues could be explained by as-
sociation of CLIP-170 with tubulin subunits before assem-
bly, as has been suggested for other MAPs (Carlier et al.,
1984; Erickson and Pantaloni, 1981; Pedrotti and Islam,
1994; Vasquez et al., 1994), if we consider the differences
between the two analogues. In the absence of glycerol,
spontaneous assembly of tubulin is favored in the presence
of GMPCPP (Hyman et al., 1992), whereas it is very slow
in the presence of GTPyS (Roychowdhury and Gaskin,
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1986). If CLIP-170 interacts with GTPyS-tubulin, it will
have a stronger likelihood to add to the ends of pre-exist-
ing microtubules than to promote free nucleation. To test
further this idea, we polymerized asters as before with
GTP-tubulin, but for the second addition we preincubated
at 37°C H2 with low concentrations of GTP-tubulin before
addition to the asters, in the hope of promoting an interac-
tion between H2 and tubulin to form a complex that would
associate with microtubule ends. When this preincubation
mix alone was sedimented onto coverslips, no microtu-
bules were detected by immunofluorescence (data not
shown). The distribution of H2 on asters polymerized ac-
cording to this protocol is shown in Fig. 6 (e and f). The as-
ters are labeled for H2 (Fig. 6 f) either all along centroso-
mal microtubules or at their plus ends (Fig. 6, e and f,
arrows). These data indicate that the targeting of CLIP-
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170 to the plus ends of microtubules in vitro is not depen-
dent on the presence of a nonhydrolyzable GTP analogue.
Nevertheless, in order for H2 to be targeted to plus ends
when microtubules are polymerized with GTP-tubulin, we
had to preincubate the protein with tubulin, which sup-
ports the idea that CLIP-170 may interact with GTP-tubu-
lin before polymerization.

Interaction of CLIP-170 with Tubulin Oligomers

If CLIP-170 interacts with tubulin before assembly, it may
be possible to detect this interaction in vitro. We initially
carried out chemical cross-linking experiments, which have
been used previously to document tubulin interaction with
MBPs, for example kinesin (Song and Mandelkow, 1993).
For these experiments, we used the monomeric H1 poly-
peptide to avoid problems of interdimer cross-linking.
Using the zero length cross-linker 1-ethyl-3-(3-[dimeth-
ylamino]propyl) carbodiimide (Song and Mandelkow,
1993), we detected interaction of H1 with both the « and 8
chains of the tubulin heterodimer (Fig. 7). By Coomassie
staining we find a species with a mol wt of ~100,000 D af-
ter cross-linking of H1 and tubulin (Fig. 7, lane 2) which
does not appear with either protein alone (Fig. 7, lanes 1
and 3). A control protein, carbonic anhydrase, did not
show significant interaction with either tubulin or H1 us-
ing this protocol (Fig. 7, lanes 4 and 5). This 100-kD spe-
cies (Fig. 7, lane 2) reacts with antibodies against H1, a-,
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Figure 7. CLIP-170 H1 fragment can be cross-linked to tubulin
dimer in vitro. H1, tubulin and carbonic anhydrase, each at 2.5 pM,
incubated alone and together, were cross-linked as described in
Materials and Methods before separation of the cross-linked
products by SDS-PAGE. The Coomassie-stained gel shows
cross-linked H1 alone (lane 1), H1 + tubulin (lane 2), tubulin
alone (lane 3), tubulin + carbonic anhydrase (CA, lane 4), and
H1 + carbonic anhydrase (lane 5). Lanes 6-8 are immunoblots of
the sample shown in lane 2 probed with antibodies specific for:
a-tubulin (lane 6), B-tubulin (lane 7), and H1 (lane 8). Arrows,
relative positions of uncross-linked a-tubulin, B-tubulin, and H1
fragment, as well as cross-linked apparent a-H1, B-H1. Asterisk,
higher mol wt cross-linked products which could correspond to
trimers of Hl-a-B-tubulin and/or Hl-a-a-tubulin plus H1-
B-B-tubulin. Numbers at the left, position of molecular weight
standards (1073).
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and B-tubulin (Fig. 7), consistent with it being a mixture of
Hl-o-tubulin and H1-B-tubulin dimers. A larger species
with mol wt ~150,000 D, which reacts with all three anti-
bodies (Fig. 7, asterisk), could be trimers of Hl-a--tubu-
lin and/or H1-a-a-tubulin plus H1-3-B-tubulin.

This cross-linking experiment alone does not allow us to
distinguish between the interaction of H1 with tubulin het-
erodimers or higher order oligomers that are believed to
behave as precursors in microtubule assembly (Carlier et
al., 1984; Melki et al., 1989). To examine more precisely
whether CLIP-170 may interact with tubulin heterodimers
or oligomers, and to characterize the oligomers that form,
we carried out sedimentation velocity experiments at 4°C
(Fig. 8). Typical sedimentation boundaries at a series of
equally spaced times are shown for H2 (Fig. 8 A) and
GDP- or GTP-tubulin alone (Fig. 8 B). The solid lines rep-
resent the fitting of the data using a model involving single
species of 3.2 (Fig. 8 A) or 6.2 S (Fig. 8 B). These values
are consistent with those measured previously for dimeric
H2 (Scheel, J., P. Pierre, J.E. Rickard, G.S. Diamantopou-
los, C. Valetti, F.G. van der Goot, M. Hiner, U. Aebi,
and T.E. Kreis, manuscript in preparation) and tubulin
(Howard and Timasheff, 1986). Typical sedimentation
boundaries at a series of equally spaced times are also
shown for 1.25 puM H2 and 10 uM GTP-tubulin (Fig. 8 C)
or 1.25 uM H2 and 10 pM GDP-tubulin (Fig. 8 D). The
solid lines represent the fitting of the data using models in-
volving either three species of 5.6, 28, and 47 S (Fig. 8 C)
or two species of 5.6 and 48 S (Fig. 8 D). The sedimenta-
tion coefficients and the proportion of the different spe-
cies formed at constant tubulin concentration and increas-
ing H2 concentrations are summarized in Table IV. At H2
concentrations higher than 5 pM, i.e., H2/tubulin ratios
higher than 1:2, large oligomers that have a sedimentation
coefficient of ~70 S were observed (data not shown). The
proportion of the 5.6 S species decreases with increasing
H2 concentration, although this effect is not marked for
the GTP-tubulin samples. Since this species will contain
unresolved free H2 and tubulin, this may suggest that the
stoichiometry of tubulin to H2 is higher in the 26-28 S spe-
cies formed in GTP, compared with the 45-48 S species, so
that with GTP-tubulin, less H2 is depleted from the avail-
able pool. It also suggests that formation of the 26-28 S
species reaches saturation at the lowest H2 concentration
used, and that higher concentrations of H2 lead to in-
creased formation of the 45-48 S species as well as larger
aggregates. We conclude from these results that H2 inter-
acts with unassembled tubulin, and either stabilizes spon-
taneously formed oligomers, or promotes oligomerization.
It has been reported previously that MAPs may promote
tubulin oligomer formation (Marcum and Borisy, 1978;
Carlier et al., 1984), and we indeed observed formation of
similar, although not identical, oligomers with MAP2C un-
der similar conditions. With MAP2C, a protein of similar
mol wt to H2 (Garner and Matus, 1988), at high molar ra-
tio to tubulin (0.43:1), more of the protein remained in the
5.6 S form, and only one oligomeric species formed, of 19.5 S
in GTP (21% of the protein) or 28.5 S in GDP (26% of the
protein). Thus, formation of oligomers with tubulin is not
unique to H2, but the characteristics of the oligomers
formed with each protein differ, and our assembly experi-
ments described above suggest that only H2 may have a
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erodimer, H2-GTP-tubulin,
and H2-GDP-tubulin com-
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strong preference to use this interaction for coassembly to
new microtubules. It is also interesting that in the case of
H2, the species formed depend strongly on the nature of
the nucleotide bound to the tubulin: when either GTP or
GDP is bound, a 45-48 S species forms, whereas the 26-28 S
species forms only in the presence of GTP (Table IV). In
addition, the formation of these oligomers occurs at a
lower molar ratio of H2:tubulin when GTP is bound com-
pared with GDP, suggesting a preferential interaction of
H2 with GTP-tubulin.

Discussion

We have examined the mechanism that may control the
intracellular distribution of CLIP-170 towards microtu-

Table 1V. Sedimentation Properties of Species Formed by
GTP-tubulin and GDP-tubulin in the Absence or in the
Presence of H2

H2 (wm)

0 0.5 1.25 5

GTP GDP GTP GDP GTP GDP GTP GDP

1568 100 100 63 98 65 86 48 58
226-28 S — — 26 — 21 — 32 —
345-48 S — — 10 — 14 11 19 40

Sedimentation properties of species formed by 10 wM of tubulin in the presence of in-
creasing concentrations of H2, calculated from the sedimentation profiles as described
for Fig. 8 and in the text. Tubulin was complexed with GTP or GDP as indicated.
Numbers express the proportion of protein in each species as a percentage of the total
amount of protein measured by absorbance at 290 nm.

The Journal of Cell Biology, Volume 144, 1999

intervals; absorbance was re-
corded at 290 nm. Solid line,
fitted data curves.

bule plus ends and find that the binding of CLIP-170 to
microtubules follows very rapidly the polymerization of
microtubules in vivo. We furthermore demonstrate that
CLIP-170 localization in vitro is also coupled to microtu-
bule assembly. The NH,-terminal microtubule-binding do-
main of CLIP-170 is sufficient to obtain plus end localiza-
tion. Our results provide no evidence that targeting of
CLIP-170 to the plus ends of microtubules depends on the
recognition of a conformational GTP cap on the assem-
bled microtubule. They rather suggest that CLIP-170 can
interact with tubulin to form oligomeric complexes that
act as carrier molecules to incorporate CLIP-170 into the
assembly sites of microtubules.

Two Possible Mechanisms for Targeting of CLIP-170 to
the Plus Ends of Microtubules

Localization of CLIP-170 to microtubule plus ends in vivo
correlates with new polymerization marked by microin-
jection of bt-tubulin. Localization of CLIP-170, therefore,
is linked to the dynamics of microtubule assembly and
closely follows elongating ends. The CLIP-170 microtu-
bule-binding domain is necessary and sufficient for end lo-
calization in vivo, suggesting that the mechanism for end
targeting does not depend on interaction of CLIP-170 with
cargo. We therefore considered two possible mechanisms
related to the dynamic properties of microtubules to ex-
plain this targeting. Firstly, CLIP-170 may have a higher
affinity for a distinct conformation of microtubules at their
plus ends. The dynamic instability mechanism for microtu-
bule assembly states that the terminal subunits of the poly-
mer must be conformationally distinct from the internal
subunits (Mitchison and Kirschner, 1984a). There may ex-
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ist proteins which can recognize such structural differences
(Vale et al., 1994; Severin et al., 1997), and it is possible
that CLIP-170, in order to be initially targeted to the plus
ends of microtubules, could recognize and preferentially
bind to such a specific conformation. Alternatively, CLIP-
170 may associate preferentially with nonpolymerized GTP-
tubulin to form complexes that subsequently incorporate
at the assembly sites of growing microtubules. In this way,
CLIP-170 would use tubulin heterodimers or oligomers as
carrier molecules to be targeted to the plus ends of the
polymer. Other processes related to tubulin assembly or
regulation of CLIP-170 in vivo may be necessary to pro-
mote dissociation from older polymer, to achieve the lo-
calization found in cells.

To distinguish between these mechanisms, we tested the
interaction of CLIP-170 with microtubules polymerized
from centrosomes in vitro. Microtubules polymerized in
the presence of GTP are labeled along their length by
CLIP-170 when the protein is added during their polymer-
ization (Fig. 4) (data not shown). Chrétien et al. (1995) re-
ported that the ends of growing microtubules undergo a
series of conformational changes, first forming sheets and
then closing into tubes. Since we used similar experimental
conditions and found no end only localization of CLIP-
170, this suggests that CLIP-170 has no preference for such
transitional steps. However since a possible GTP cap may
be very small in vitro (Walker et al., 1991; Drechsel and
Kirschner, 1994; Caplow and Shanks, 1996), we also used
slowly hydrolyzable GTP analogues to create conforma-
tionally distinct microtubules. Again, the results of these
experiments did not indicate that CLIP-170 might recog-
nize specifically a distinct microtubule conformation. In
addition, there was no preferential binding of CLIP-170 to
the GMPCPP-containing part of mixed microtubules. The
association of CLIP-170 with newly formed microtubules
would therefore be more easily explained by interaction of
CLIP-170 with tubulin before assembly, which will target
the protein to growing ends. Accordingly, targeting of H2
to plus ends of microtubules was observed when H2 was
preincubated with tubulin before addition to polymerizing
asters. In addition, we obtained evidence for interaction of
CLIP-170 with nonassembled tubulin at 4°C, leading to
formation or stabilization of oligomeric species, the size of
which depend on the tubulin-bound nucleotide. We find
here that H2 induces or stabilizes GTP-tubulin oligomer
species of 28 S and at increasing concentrations there is
also formation of a larger 45-48 S species. The 26-28 S oli-
gomers, which form efficiently at lower concentrations,
and only in GTP-tubulin, may represent functional com-
plexes of GTP-tubulin and CLIP-170 that can be assem-
bled at the polymerization sites of microtubules and target
CLIP-170 to the plus ends, but this remains to be shown.
The possibility that MAPs can copolymerize with tubulin
has already been proposed; in vitro experiments have sug-
gested that some MAPs can associate with tubulin oligo-
mers (Carlier et al., 1984; Drechsel et al., 1992; Pedrotti
and Islam, 1994; Vasquez et al., 1994). These oligomers are
thought to be precursors of microtubules and their stabili-
zation by MAPs could enhance the assembly of the poly-
mer (Melki et al., 1989; Drechsel et al., 1992; Vasquez et al.,
1994). In the case of MAP1A, it has been reported that in-
corporation of oligomers into microtubules only occurs at
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high GTP concentrations (Pedrotti and Islam, 1994), and
we found that the 26-28S oligomer formed in the presence
of H2 is specific to GTP-tubulin. Such a mechanism of
binding could also allow the targeting of other MAPs to
the assembly site of microtubules in vivo. However, in
contrast to MAP2, our results show a strong preference of
CLIP-170 for binding to newly assembled microtubules,
and so far CLIP-170 is unique in being regulated to main-
tain a predominantly plus end localization in cells.

In a dynamic system where both polymerized micro-
tubules and free tubulin are present, we postulate that
CLIP-170 is preferentially associated with free tubulin (or
oligomers of it) before coassembly at the plus ends of mi-
crotubules. This could be due to a higher affinity for oligo-
meric complexes, as well as to molar excess of accessible
free subunit. This model does not necessarily require a dif-
ference in affinity of CLIP-170 for copolymerized and pre-
polymerized microtubules, and indeed is consistent with
the fact that CLIP-170 interacts strongly with both copoly-
merized and prepolymerized microtubules in sedimenta-
tion assays (data not shown). According to this mecha-
nism, our results using GTP analogues in vitro can also be
explained by their different effects on tubulin assembly. In
the presence of GTPyS, spontaneous assembly of tubulin
is inhibited (Roychowdhury and Gaskin, 1986) whereas it
is very strongly favored by GMPCPP (Hyman et al., 1992).
CLIP-170 also increases spontaneous nucleation of assem-
bly of GTP-tubulin (Diamantopoulos, G.S., and R. Melki,
unpublished observations). The nucleating effect of CLIP-
170 would be enhanced in the presence of GMPCPP and
the protein will be found on the free microtubules that
form. With GTPvS, spontaneous assembly would be inhib-
ited and tubulin and CLIP-170 would coassemble at the
ends of already formed centrosomal microtubules. Al-
though the sum of our results favor this oligomer assembly
mechanism, it remains possible that the preference for oli-
gomer assembly is due to an inherent preference of CLIP-
170 for GTP-tubulin, and that the nucleotide analogues
used here may not allow exact mimicking of the correct
conformational state.

In our in vitro assays, localization of CLIP-170 at micro-
tubule ends, although observed, was not seen on the ma-
jority of microtubules, making it less likely that restriction
of the protein to the ends is intrinsic to the mechanism of
assembly. Since binding of CLIP-170 to microtubules can
be inhibited by phosphorylation in vitro, and nocodazole
treatment of cells leads to dephosphorylation of CLIP-170
in vivo (Rickard and Kreis, 1991), whereas inducing bind-
ing along the length of the remaining microtubules (Rick-
ard and Kreis, 1990), it is likely that this posttranslational
modification regulates localization of CLIP-170 along
microtubules in vivo. Experiments on living cells indeed
show that CLIP-170 dynamically interacts with microtu-
bules in vivo, being rapidly released from the older part of
microtubules to achieve its steady-state plus end localiza-
tion (Perez et al., 1999). Although we found that trans-
fected H1 localized to microtubule plus ends at low ex-
pression levels, the overexpressed protein binds along the
length of microtubules (Pierre et al., 1994), suggesting that
regulation of the localization of the protein is affected by
the COOH-terminal part of the protein.

In our experiments using rh-tubulin, it was also notable
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that, in the presence of CLIP-170, polymerization did not
occur equally from all microtubule plus ends. After addi-
tion of H2, tubulin was apparently no longer incorporated
at the extremity of preformed aster microtubules but effi-
ciently incorporated into newly nucleated CLIP-170-posi-
tive polymer. No such effect was observed in the presence
of MAP?2, since in this case tubulin was incorporated at the
end of more than 90% of preexisting asters. This suggests
that there could be preferential binding of CLIP-170-
tubulin complexes to CLIP-170—positive microtubule ends
as compared with those which are CLIP-170-negative, and
that a possible function of this is to promote persistence of
microtubule assembly or to orientate microtubule growth
in vivo. Such a preferential binding to CLIP-170—positive
ends could also explain the low frequency of addition of
H2 to microtubule ends in vitro, since addition to H2-neg-
ative ends would be of low probability, but once initiated
would continue efficiently.

Microtubule Plus End Targeting Depends on the
Microtubule-binding Domain of CLIP-170

So far CLIP-170 is unique among MBPs studied in being
localized to the plus ends of microtubules in vivo (Rickard
and Kreis, 1990). The microtubule-binding motif of CLIP-
170 (Pierre et al., 1992) differs from other MBPs studied,
which may explain its unique properties. We indeed found
a difference in behavior between H2 and MAP2, a neu-
ronal MAP with a different microtubule-binding motif;
H2 was found preferentially associated with new microtu-
bules, whereas MAP2 bound to both newly formed micro-
tubules and old centrosomal microtubules. We have no in
vivo evidence about the importance of this observation,
but it is possible that the difference in the microtubule-
binding domain between the two proteins may influence
their in vivo distribution on microtubules. Although MAP2
is neuronally expressed, it shares a microtubule-binding
domain with a ubiquitously expressed protein, MAP4
(Aizawa et al., 1991; Chapin and Bulinski, 1991; West et
al., 1991), and we have found that MAP2 and MAP4 bind
to sites on microtubules different from CLIP-170 (Dia-
mantopoulos, G.S., and R. Melki, unpublished observa-
tions).

There is an increasing number of proteins that share the
microtubule-binding motif found in CLIP-170, but the
properties of their microtubule association are not well in-
vestigated. A brain-specific protein, CLIP-115 (De Zeeuw
et al., 1997), which contains two microtubule-binding mo-
tifs, as does CLIP-170, has been found to bind all along the
length of microtubules in cultured hippocampal neurones
and in sections of rat brain (De Zeeuw et al., 1997). It is
also enriched on a new membranous organelle, the den-
dritic lamellar body (De Zeeuw et al., 1995), that has a mi-
crotubule-dependent distribution (De Zeeuw et al., 1997).
It is possible, therefore, that CLIP-115 may play a similar
role to CLIP-170 in mediating interaction of specific
membranous organelles with microtubules. The p150¢tued
subunit of the dynactin complex (Swaroop et al., 1987,
Holzbaur et al., 1991), which has been shown to associate
with microtubules in vivo and in vitro (Waterman-Storer
et al., 1995), has one copy of the microtubule-binding mo-
tif of CLIP-170. There are no published reports that it may
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preferentially localize to microtubule plus ends, and its
major in vivo localization as part of the dynactin complex
appears to be mainly on membranes (Schroer et al., 1996).
The yeast protein Biklp was identified as a karyogamy
mutant and has effects on microtubule assembly in vivo
(Berlin et al., 1990) but no direct studies of the interaction
of Biklp and microtubules in vitro have been reported.
Two other proteins containing this motif, named cofactors
B and E, have been shown to participate in the folding
pathways of a- and B-tubulin (Lewis et al., 1997). In addi-
tion to its interaction with unassembled tubulin, cofactor E
also seems to behave as a MAP, since it coassembles with
microtubules (Tian et al., 1996). It may therefore play sep-
arate roles, in tubulin folding and in modulating microtu-
bule behavior. It is interesting that both of these factors
bind to non-polymerized tubulin, and as folding factors
may sense changes in the conformation of tubulin. It
would be interesting to compare further the effects of
CLIP-170 and these other proteins on microtubule assem-
bly. It may be that the presence of two copies of the micro-
tubule-binding motif confers specific properties; alterna-
tively, CLIP-170 alone may be tightly regulated in the cell
to maintain its microtubule plus end distribution.

In Vivo Function of Microtubule Plus End Targeting
of CLIP-170

It has been suggested that CLIP-170 may facilitate the mi-
crotubule-dependent transport of endosomal vesicles be-
tween early and late endosomes (Pierre et al., 1992; Rick-
ard and Kreis, 1996). CLIP-170 has also been localized to
prometaphase kinetochores and appears to play a role in
correct spindle assembly (Dujardin et al., 1998). The pref-
erential accumulation of CLIP-170 at the elongating ex-
tremities of microtubules in vivo would be consistent with
such roles, considering the distribution of early endosomes
at the cell periphery and the interaction of kinetochores
with microtubule plus ends. One possibility suggested by
our data is that following its targeting to the plus ends of
microtubules, CLIP-170 will remain attached in order to
find and capture a cargo. This association may be regu-
lated at the level of a receptor that may be a protein com-
plex and/or a specific lipid composition. Possible candi-
dates for such interactions may be proteins of the dynactin
complex (Schroer et al., 1996) and there is evidence for a
colocalization in vivo of CLIP-170 with the Arpl subunit
of dynactin (Dujardin et al., 1998) (Valetti, C., T.E. Kreis,
and T.A. Schroer, manuscript submitted for publication).
However, since this interaction has not been biochemically
confirmed, it is not clear whether it represents direct asso-
ciation or whether additional factors are involved, and it is
likely that the interaction is transient and tightly regulated.
Interaction of CLIP-170 with membranes may have the
additional function of capturing and stabilizing microtu-
bule ends to regulate their dynamic behavior and to pro-
vide more stable tracks for organelle movements. In addi-
tion, the association of CLIP-170 with kinetochores is seen
very early in prometaphase, and mutants lacking the mi-
crotubule-binding domain can bind to the kinetochore
(Dujardin et al., 1998). Thus, association of CLIP-170 with
membranous organelles may also occur independently of
interaction with microtubules. Therefore, although CLIP-

110



170 clearly has the property of targeting to microtubule
plus ends, it is unclear whether binding of CLIP-170 to a
target organelle before interactions with microtubules is
also important for its function. Further investigation of the
interaction of CLIP-170 with both microtubules and or-
ganelles is necessary to answer these questions.
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