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Cytoplasmic linker protein 170 (CLIP-170) is the prototype
microtubule (MT) plus-end tracking protein (+TIP) and is
involved in regulating MT dynamics. A comprehensive under-
standing of the process by which CLIP-170 tracks MT plus ends
would provide insight into its function. However, the precise
molecular mechanism of CLIP-170 +TIP behavior is unknown,
and many potential models have been presented. Here, by sepa-
rating the two CLIP-170 CAP-Gly domains and their adjacent
serine-rich regions into fragments of varied size, we have char-
acterized the minimal plus-end tracking unit of CLIP-170 in
vivo. Each CLIP-170 fragment was also characterized for its
tubulin polymerization activity in vitro. We found that the two
CAP-Gly domains have different activities, whereas CAP-Gly-1
appears incompetent to mediate either +TIP behavior or MT
nucleation, a CLIP-170 fragment consisting of the second CAP-
Gly domain and its adjacent serine-rich region can both track
MT plus ends in vivo and induce tubulin polymerization in vitro.
These observations complement recent work on CLIP-170 frag-
ments, demonstrate that CAP-Gly motifs do not require dimer-
ization for +TIP and polymerization-promoting activities, and
provide insight into CLIP-170 function and mechanism.

Microtubules (MTs)? play essential roles in vital cellular pro-
cesses, including intracellular transport, cell division, and signal
transduction (1-4). They are highly dynamic polymers, con-
stantly shifting between phases of growing and shortening in a
behavior termed “dynamic instability” (1,2, 5-7). MT dynamics
are regulated spatially and temporally, but the mechanisms of
this regulation remain poorly understood. Because molecular
events at the MT plus end govern whether the MT grows or
shrinks, proteins that localize specifically to the plus end are
expected to play a significant role in the control of MT dynam-
ics. These proteins have been classified as MT plus-end track-
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ing proteins (+TIPs), because they dynamically track the tips of
growing MTs in vivo.

As expected, +TIPs contribute to the regulation of MT
dynamics (5-9). For example, the +TIPs CLIP-170, EBI,
p1509™e4, and CLIP-associated proteins promote MT polym-
erization (5-14). Conversely, the +TIPs KLP10A and KLP59C
increase MT depolymerization; KLP10A stimulates catastro-
phe, whereas KLP59C suppresses rescue (15). Many +TIPs
interact with each other and/or other proteins, forming a loose
network of protein-protein interactions known as the “MT
plus-end complex” (8, 9, 16). One way to better understand the
significance and activity of this complex is to elucidate the
activities and mechanisms of the individual proteins in this
complex. We have chosen to focus on CLIP-170 because of its
history as the first identified +TIP and because of its interac-
tions with other +TIPs (14, 17-19).

CLIP-170 (cytoplasmic linker protein 170) was originally
identified as a linker between MT's and endocytic carrier vesi-
cles (20), before later being identified as the prototype +TIP
(21). CLIP-170 has also been implicated in interactions between
the cell cortex and MTs (22). The CLIP-170 structure is com-
posed of an N-terminal MT-binding domain, a central coiled-
coil domain that allows homodimerization, and a C-terminal
metal-binding domain (Fig. 14) (23, 24). Previous work has
shown that the N-terminal head domain (H1-(1-350)) is suffi-
cient for MT plus-end tracking activity (10, 25).

H1-(1-350) is characterized by two conserved CAP-Gly
(cytoskeleton-associated protein glycine-rich) domains (23, 24,
26) surrounded by three basic serine-rich regions (Fig. 1A). In
addition to CLIP-170, CAP-Gly domains are present in many
other proteins, including p150<'*¢4, CLIP-115, CLIPR-59, and
tubulin folding cofactors B and E (17, 27-31). The CLIP-170
CAP-Gly domains are well conserved from yeast to humans (27,
30-33), whereas the surrounding serine-rich regions are poorly
conserved at the primary sequence level (34).

Previous reports have shown that the CAP-Gly domains are
largely responsible for mediating interactions between CLIP-
170 (or its close relative CLIP-115) and MTs (17, 27, 28, 32, 33).
The CAP-Gly domains of CLIP-170 have also been found to
mediate binding to other proteins, including EB1 (18, 35). How-
ever, very little is known about the role of the serine-rich
regions except in the case of CLIP-115, where they have been
shown to contribute to MT interactions (28).

Here we have characterized the activities of the individual
CAP-Gly domains of CLIP-170 and their surrounding serine-
rich regions by dividing the CLIP-170 head domain (H1-(1-
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350)) into different subdomains. Specifically, the two conserved
CAP-Gly domains have been separated to determine whether
one or both structures are essential for MT plus-end tracking.
In addition, the roles of the different serine-rich regions are
examined either alone or in combination with their adjacent
CAP-Gly domain to better define the role of these regions in
MT assembly and plus-end tracking.

Using a combination of live-cell imaging and standard bio-
chemical analysis, we demonstrate that there are significant
differences in the plus-end tracking and tubulin polymerization
activities of CAP-Gly-1 and CAP-Gly-2. Moreover, contrary to
a previous report (36), we provide evidence that a fragment
consisting of a single CAP-Gly domain (CAP-Gly-2 in combi-
nation with its adjacent serine-rich domain) is sufficient for
both tracking MT plus ends iz vivo and for inducing MT nucle-
ation and elongation in vitro.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Recombinant CLIP-
170 Fragments—The plasmids for expression of GFP-CLIP-170
fragments in mammalian cells were constructed using direc-
tional TOPO cloning and Gateway technology (Invitrogen)
(25). Briefly, varying lengths of coding sequence were PCR-am-
plified from a pET15b vector (Novagen) already containing the
CLIP-170 H1-(1-350) sequence (24, 25). The resulting PCR
products were subcloned into the pENTR D-TOPO vector fol-
lowing the manufacturer’s protocol. These entry clones were
then further used in a Gateway LR recombination reaction to
insert them into the pcDNA-DEST53 vector (Invitrogen),
which contains an N-terminal GFP tag.

To obtain the bacterially expressed His-tagged CLIP-170 frag-
ments, the PCR products from above were subcloned back into
empty pET15b vectors using the unique Ndel and BamHI restric-
tion sites to maintain the N-terminal His tag. All constructs were
verified by restriction digestion and DNA sequencing analysis.

The recombinant His-tagged CLIP-170 fragments were
expressed in Escherichia coli BL21 (DE3) and purified using the
standard Novagen His tag purification protocol with the fol-
lowing modifications. Briefly, after induction with isopropyl
1-thio-B-p-galactopyranoside for 4 h, cells were pelleted and
resuspended in lysis buffer (20 mm Tris-HCl, pH 7.9, 300 mm
NaCl, and 5 mm imidazole). The cell lysate was then purified by
Ni*>™ affinity chromatography. All the fragments were eluted at
200 mMm imidazole. Finally, salts were removed by using Bio-Gel
P-6 desalting resin. All constructs expressed proteins of the
expected molecular weights and were found in the soluble frac-
tion. The purity of the recovered proteins was assayed by SDS-
PAGE (Fig. 1B) (the smaller bands observed in this gel are CLIP-
170 fragments typical of bacterially expressed CLIP-170
preparations (Refs. 24, 25 and data not shown)). Protein con-
centration was determined by the method of Bradford using
bovine serum albumin as the standard (37). All proteins were
centrifuged at 4 °C for 15 min at 165,000 X g before all experi-
ments to remove any aggregated protein.

Cell Culture, Transfections, and Live Cell Imaging—COS-7
cells were routinely grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and 1%
L-glutamine under standard tissue culture conditions (17). The
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cells were plated on 18-mm? coverslips and the following day
transiently transfected with ~5 ug of plasmid DNA from each
of the various GFP-CLIP-170 constructs using calcium phos-
phate (17). 18-24 h post-transfection the coverslips were
inverted onto slides and sealed with VaLaP. Imaging was per-
formed on a Nikon inverted microscope (TE2000, Melville, NY)
fitted for immunofluorescence with HighQ filter sets from
Chroma (Brattleboro, VT). Cells were visualized using a 60X
objective and a 1.5X optivar. Metamorph software (Molecular
Devices, Sunnyvale, CA) controlled the data acquisition from a
cooled backthinned CCD camera (Cascade 512B Photometrics,
Tucson, AZ). Images were further processed using Adobe Pho-
toshop (Adobe Systems, Mountain View, CA).

Preparation of Tubulin and Microtubules—Porcine brain
MT protein was isolated by two cycles of polymerization and
depolymerization as described previously (25). MT-associated
protein-free tubulin was purified from the MT protein by phos-
phocellulose (P-11) chromatography. Taxol (paclitaxel, Sigma)
MTs were prepared from P-11-purified porcine brain tubulin
by the stepwise addition of taxol as described previously (25).

Microtubule Cosedimentation Assay—The affinity of each
CLIP-170 fragment for MT's was measured by cosedimentation
assay (25). 2—-3 um of a CLIP-170 fragment was incubated with
varying concentrations of taxol-MTs in PEM buffer (80 mm
PIPES, pH 6.8, 2 mm MgSO,, and 1 mm EGTA). The samples
were incubated for 20 min at 37 °C and then centrifuged at
165,000 X g for 15 min. The supernatants and pellets were
separated, and equal fractions were analyzed by SDS-PAGE.
Gels were scanned, and band intensities of CLIP-170 fragments
were quantified with Image] (National Institutes of Health).
The fraction of CLIP-170 fragment in the pellet was assumed to
be the fraction bound because each experiment included a con-
trol without MTs in which the CLIP-170 fragment remained
entirely in the supernatant. The binding affinities of CLIP-170
fragments with MTs were calculated as described previously
(25). Data were fit to a bimolecular binding equation Y =
B, X/(K,; + X), where Y is the fraction of CLIP-170 in the
pellet; X is the concentration of MTs, and B, is the maximal
achievable binding. All analysis was performed under the
assumption of 1:1 stoichiometry for CLIP-170 fragment:tubu-
lin dimer binding in MTs.

Tubulin Polymerization Assay and Electron Microscopy—
Tubulin polymerization was monitored using a light scattering
assay at 350 nm as described previously (38). Briefly, tubulin (12
uM) was mixed with CLIP-170 fragments at 0 °C in PEM buffer
(described above) and 1 mm GTP. Polymerization was initiated
by transferring the samples to a PerkinElmer Life Sciences
Lambda 2 spectrophotometer connected to a 37 °C water bath.
Because 12 uMm tubulin is below the critical concentration for
nucleation, only CLIP-170 fragments with nucleation activity
will produce a signal in this assay. To observe the effects of the
CLIP-170 fragments on MT elongation, seeded assembly was
performed using taxol-MT seeds (11). Seeds were prepared by
polymerizing the tubulin with taxol. Polymers were sedi-
mented, washed, and resuspended in PEM buffer without taxol.
Polymers were sheared by passage five times through a
25-gauge needle. For electron microscopy, tubulin was poly-
merized as described above. Samples were fixed with pre-
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FIGURE 1. Schematic diagram and purification of recombinant CLIP-170 fragments. A, schematic repre-
sentation of the CLIP-170 constructs used in this study. Numbers represent the amino acid numbers of the
corresponding constructs. FL, full length. B, SDS-PAGE of purified His-tagged proteins (~5.0 pg). Molecular
weight markers and their molecular masses are indicated at the right side of the figure in kDa. The additional
bands are degradation products commonly observed in bacterially expressed CLIP-170 preparations (24, 25).

warmed 0.5% glutaraldehyde for 5 min and then diluted
3-fold in PEM buffer before being applied to carbon-coated
electron microscope grids (300 mesh). The grids were sub-
sequently negatively stained with 1% uranyl acetate solution
and observed in a H-600 transmission electron microscope
(Hitachi).

RESULTS

Dissection of the CLIP-170 Head Domain—To determine
whether one or both of the CAP-Gly domains and surrounding
serine-rich regions are necessary for plus-end tracking behavior
and tubulin polymerization, the H1-(1-350) head domain of
CLIP-170 was separated into 10 smaller constructs of varied size.
Two versions for each construct were generated, one with an
N-terminal GFP tag and the other with an N-terminal His tag (Fig.
1A). The constructs can be grouped into three categories as fol-
lows: Group 1 (constructs containing CAP-Gly-1: H1-(1-155),
H1-(58-155), and H1-(58 —211)), Group 2 (constructs with both
CAP-Gly motifs: H1-(58-300) and H1-(58-350)), and Group 3
(constructs containing CAP-Gly-2: H1-(156-350), H1-(122—
300), H1-(203-350), and H1-(203-300)).

MARCH 13, 2009 +VOLUME 284 +NUMBER 11

behavior of GFP-tagged CLIP-170
fragments in vivo, we transiently
transfected each construct into
COS-7 cells and examined the local-
ization of these proteins. For refer-
ence, Fig. 2A and supplemental
movie 1 show the head domain of
CLIP-170 (H1-(1-350)) labeling the
plus end of the MT's as reported pre-
viously (25). At higher expression
levels, H1-(1-350) localizes along
the MT lattice (Fig. 24, right lower
panel) (10, 25).

Consistent with previous efforts
to dissect CLIP-170 +TIP activity
(25, 36), the constructs containing
both CAP-Gly motifs (H1-(58 —300)
and H1-(58-350)) track MT plus
ends at low expression and at higher
expression visibly decorate the MT
lattice (Fig. 2B, supplemental movie
2, and data not shown). Removal of
the first serine-rich region (H1-
(58-350)) or both first and third
serine-rich regions together (H1-
(58 -300)) did not abolish the plus-
end tracking activity or the MT
labeling, although it did make the
plus-end labeling less distinct (Fig.
2B, right upper panel). In contrast,
constructs containing only CAP-
Gly-1 with or without the serine-
rich regions (H1-(1-155), H1-(58 -
155), and HI1-(58-211)) were
unable to either accumulate at the
plus ends or colocalize with the MT network; in all cases they
were diffusely localized regardless of expression level (Fig. 2C
and data not shown). These observations are consistent with
previous analysis of CLIP-170 fragments that led to the conclu-
sion that two CAP-Gly motifs (either in cis or trans) are neces-
sary for +TIP behavior (36).

However, our work with constructs containing CAP-Gly-2,
but not CAP-Gly-1, indicates that this conclusion needs to be
reassessed. Construct H1-(156 -350), which contains CAP-
Gly-2 and both serine-rich regions, displayed some labeling of
the MT lattice without a strong preference for the plus end (Fig.
2D). Even more striking, the fragment containing CAP-Gly-2
and the third serine-rich region (H1-(203-350)) displayed clear
plus-end tracking at low expression and obvious MT lattice
decoration at higher expression levels (Fig. 2E and supplemen-
tal movie 3). In contrast, constructs containing CAP-Gly-2 and
the second serine-rich region (H1-(122-300)), or CAP-Gly-2
alone (H1-(203-300)), failed to either track plus ends or bind
along the MT lattice (note that MT lattice binding may be
faintly visible in overexpressing cells near the periphery (Fig. 2F
and data not shown)).
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FIGURE 2. Plus-end tracking behavior of CLIP-170 fragments in vivo. COS-7 cells were transfected with the
GFP-tagged plasmid constructs described in Fig. 1A. Single frames from movies have been extracted for pres-
entation here. Right upper panels have been magnified 2.5X from each boxed region. Right lower panels repre-
sent the same construct at a high level of expression as measured by fluorescence intensity. A, full-length head
domain H1-(1-350) tracks microtubule plus ends. B, H1-(58 -300) tracks plus ends in most transfected cells and
decorates the MTs in overexpressing cells to similar levels as H1-(1-350). C, H1-(58-211) does not track micro-
tubule plus ends and remains diffuse throughout the cytoplasm at all levels of expression. D, H1-(156 -350) has
some ability to localize to the MT lattice but no real preference for the plus end. £, H1-(203-350) tracks micro-
tubule plus ends, although with less robust tips compared with either construct containing two CAP-Gly
domains; this construct does bind the lattice at higher levels of expression. F, H1-(122-300) is largely diffuse,
localizing only weakly to MT fibers, and was not observed to track MT plus ends. (Scale bar, 10 um.)

In summary, these experiments suggest that the proximal
half of CLIP-170 cannot mediate either MT-plus-end tracking
or MT lattice localization in vivo, consistent with previous
reports (36). However, we also find that the distal half of the
CLIP-170 head domain, missing the first CAP-Gly sequence,
and consisting of the second CAP-Gly and the third serine-rich
region, can both track plus ends and localize to MTs by itself.

Interaction of CLIP-170 Fragments with Microtubules—To
investigate the origins of these differences in activity, the ability
of each of our CLIP-170 fragments to bind MTs was measured
by cosedimentation assay (Table 1). As a control, the head
domain H1-(1-350) was found to bind with a K, value similar to
that reported previously (25, 39). Examination of these data
indicate the following. First, constructs containing single CAP-
Gly domains bind MTs more weakly than those containing
both CAP-Gly domains, with the second CAP-Gly having
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somewhat (~2 times) higher affinity
than the first. Second, the presence
of any single serine-rich region
improves the affinity, but only ~2
times, with the second and third
regions appearing to have a stronger
effect than the first. Finally, the sec-
ond serine-rich region by itself does
have a detectable although weak
affinity for MT's (we were not able to
test the other serine-rich regions by
themselves because these con-
structs were difficult to express).

Taken together, these MT-bind-
ing data indicate that each CAP-Gly
and serine-rich region has some
microtubule binding activity (the
conclusion with regard to serine-
rich regions 1 and 3 is tentative), but
that the presence of a CAP-Gly
motif and serine-rich region
together is essential for efficient
binding of CLIP-170 to MTs. Plac-
ing these paired domains in tandem
increases the affinity even further.

Effects of CLIP-170 Fragments on
the Nucleation and Elongation Pro-
cesses of Tubulin Polymerization—
The CLIP-170 H1-(1-350) frag-
ment has been shown to promote
MT polymerization in vivo and in
vitro and to induce MT nucleation
in vitro (10, 36, 40). To determine
which parts of the protein endow it
with these activities, we tested the
effect of the different CLIP-170
H1-(1-350) fragments on tubulin
polymerization in vitro, utilizing the
methods of light scattering, electron
microscopy, and light microscopy.
Two different conditions were used
in these assays. In the first, tubulin
(12 pm) was used without MT seeds or stabilizing factors.
Because 12 uM tubulin is below the critical concentration for
nucleation in this tubulin preparation, only proteins that nucle-
ate MTs (or other polymers) are expected to give a light-scat-
tering signal (Fig. 3, A—C). To test for polymerization promot-
ing activity in the absence of nucleation activity, we utilized a
second assay, in which preformed taxol-stabilized MT seeds
were added to the polymerization assay along with the CLIP-
170 fragments (Fig. 3, D—F). Finally, to ascertain whether the
polymers detected by light scattering were indeed M T's or other
non-MT structures, electron microscopy and light microscopy
were used to look at the morphology of the tubulin polymers
formed in the presence of the different CLIP-170 fragments
(Fig. 4 and supplemental Figs. 1 and 2).

In control polymerization assays with tubulin alone, negligi-
ble polymerization was seen without seeds (Fig. 3, A-D). Con-
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TABLE 1
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Summary of the experimental data collected for the various CLIP-170 fragments

The affinity of each CLIP-170 fragment for taxol-MTs was measured by cosedimentation assay. Data are the average of three independent experiments. Values are £S.D.
The light scattering entries are a qualitative representation of the data presented in Fig. 3. The microscopy, tip tracking, and lattice binding entries are summaries of the
images shown in Figs. 2 and 4 and supplemental Figs. 1 and 2, with data for some fragments not shown. Results are qualitatively summarized by the following symbols: ++,
strong positive effect; +, moderate positive effect; +/—, borderline detectable positive effect; —, no effect detected.

In vitro In vivo
CLIP-170 | MT-binding Polymerization +Tip MT-lattice
constructs Kq (uM) Light scattering Microscopy Tracking | Binding
(-) seeds | (+) seeds | # MTs Bundling
[ T | ] | H1™? 0.62 = 0.05 ++ ++ Many | Much ++ ++
C T H1% 3.81+1.57 - + Few No - -
I H1™ 4.80+1.84 - - Few No - -
I H17®%20 2.28+0.35 - - Few No - -
I H17%3%0 1.54+0.31 + + Some Some + +
[ || | | HIPP® 0.50+0.10 ++ ++ Many Much + +
| || | | H1TE30 0.88+0.52 + + Many Some +/- +
[ H]'™3 1.05+0.64 ++ ++ Many Much - +/-
(. | | q& 1.14+0.47 + + Some No + +
(I H120330 2.10+0.52 - - Few No - -
| I | H1'22P 13.19 £3.75 - - Few No - -

trol experiment with seeds (1 uM) showed a mild increase in
light scattering (polymerization) as a function of time (Fig. 3,
D-F). In contrast, assays with H1-(1-350) showed robust
polymerization in both assays (Fig. 3, all panels). These obser-
vations confirm the strong effects of H1-(1-350) on tubulin
polymerization as reported previously (40).

The fragments containing only a single CAP-Gly without a
serine-rich domain (H1-(58 —155) and H1-(203-300)) or a ser-
ine-rich domain alone (H1-(122-219)) had negligible effects on
light scattering in either assay, suggesting that these domains in
isolation are incapable of promoting either MT nucleation or
polymerization (Fig. 3 and data not shown). However, different
results were obtained with certain combinations of CAP-Gly
and serine-rich regions.

More specifically, a construct containing CAP-Gly-1
together with serine-rich region 1 (H1-(1-155)) could not pro-
mote polymerization in the absence of exogenous MT seeds
(Fig. 3A), consistent with previous reports (36). However, we
were surprised to see that this construct promoted polymeriza-
tion when MT seeds were provided (Fig. 3D). Even more strik-
ing, a construct containing serine-rich region 2 and CAP-Gly-2
(H1-(122-300)) induced polymerization in both the presence
and absence of seeds (Fig. 3, C and F). Similar but less dramatic
activity was seen with a construct containing CAP-Gly-2 and
two serine-rich regions (H1-(156 —350)), whereas a construct
consisting of CAP-Gly-2 and the third serine-rich region (H1-
(203-350)) had low but detectable activity in both assays (Fig. 3,
Cand F). These observations suggest that these constructs pro-
mote both nucleation and polymerization.

To complement the above experiments and test whether the
observed changes in light scattering are due to formation of
MTs or non-MT aggregates, we examined by electron micros-
copy the morphology of the polymerization products produced
in the absence of MT seeds. As expected, few MTs were
observed in control experiments containing tubulin alone;
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addition of the full-length head domain (H1-(1-350)) increased
the number of MTs dramatically and induced some bundling
(Fig. 4, A and B, Table 1, and supplemental Figs. 1 and 2).

In all cases where light scattering was observed to be higher
than with the tubulin alone control, more MTs were observed
than in this control (Figs. 3 and 4, Table 1, and supplemental
Fig. 2), verifying the idea that CAP-Gly-2 can indeed induce MT
formation as long as it placed in conjunction with one of the
adjacent serine-rich regions. However, we cannot rule out the
possibility that these constructs also induce other less regular
structures. It should also be noted that there was a strong cor-
relation between activity in the light scattering assay and MT
bundling activity as observed in EM and light microscopy (sup-
plemental Figs. 1 and 2 and data not shown), reminding us that
increased light scattering signals cannot be simply equated to
increased polymerization.

DISCUSSION

The main focus of this work was to define the minimal
plus-end tracking unit of CLIP-170 and relate its plus-end
tracking behavior to the MT binding and polymerization
activity observed in vitro. It has already been established that
the initial 350 amino acids of CLIP-170 contain the entire
region responsible for MT binding, and this fragment dis-
plays plus-end tracking behavior similar to that of the full-
length CLIP-170 in vivo (10, 25). Our approach was to fur-
ther break down this MT binding domain into different
subdomains and then characterize the activities of these sub-
domains in vivo and in vitro.

We find that a fragment consisting of the distal half of the
CLIP-170 head domain (containing only CAP-Gly-2 and ser-
ine-rich region 3) has all of the activities normally associated
with the full head domain as follows: +TIP behavior in vivo as
well as microtubule nucleation and elongation promoting
activities in vitro. However, removal of the serine-rich region
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FIGURE 3. Assembly promoting activity of CLIP-170 fragments. A-C, MT assembly in the presence of CLIP-
170 fragments was monitored by change in the absorbance at 350 nm. Polymerization of tubulin (12 um) was
measured in the absence and presence of the different CLIP-170 fragments (2.0 um) as shown. In this assay,
H1-(1-350) (2.0 um) causes strong bundling and thus produces an off-scale light scattering signal (A, asterisk).
To minimize this effect and for comparisons with the other CLIP-170 fragments, H1-(1-350) was also used at 1.0
M as shown. Data were extracted at different time points and plotted using the GraFit 6 program; the lines are
provided as a guide. Each data point is the average from two independent experiments. D-F, polymerization
with or without CLIP-170 fragments as shown was carried out in the presence of taxol seeds (1.0 um) to observe
the effects on microtubule elongation. The tubulin concentration was 12 um and all CLIP-170 fragments were
used at 1.0 um concentration to minimize possible bundling effects.

In contrast, the proximal half of
the CLIP-170 head domain, which
also contains a CAP-Gly and serine-
rich regions, lacks the +TIP and
nucleation activities. However, it
does have the ability to promote MT
elongation in the presence of MT
seeds (Fig. 3D). This activity argues
against the idea that the proximal
domain lacks function simply
because of folding problems. In
addition, we have observed that
both the first and second CAP-Gly
motifs can activate EB1, but that the
proximal fragment has greater EB1
activating activity.> These observa-
tions demonstrate that the two halves
of CLIP-170 are not functionally
equivalent. The full-length head
domain does have considerably
stronger +TIP and polymerization
promoting activities than does the
distal half by itself, indicating that the
proximal half does contribute in a sig-
nificant way to the microtubule
directed activities of CLIP-170.

Our observations conflict with an
earlier report concluding that two
CAP-Gly domains are required for
CLIP-170 +TIP and polymerization
promoting activities (36). The differ-
ence in conclusion between our work
and that of Ref. 36 most likely results
from a focus (36) on constructs con-
taining CAP-Gly-1 (they did not
examine constructs containing only
the distal half of the protein). Our
observations are consistent with their
report that fragments containing
CAP-Gly-1 and missing CAP-Gly-2
fail to show plus-end tracking or
promote tubulin nucleation.

Because the two CAP-Gly
domains are very similar in struc-
ture, one might have expected that if
one CAP-Gly has an activity, the
other would have it as well. What is
the origin of these differences in

abrogates all of these activities. These observations demon-
strate that a single CAP-Gly motif can be sufficient for these
activities if it is in the right context. They also suggest that the
combination of a CAP-Gly and serine-rich region is necessary
for these activities. Consistent with the results of Ref. 36, we
find that removal of either the first or third serine-rich regions
leaves intact both CLIP-170 +TIP behavior and its tubulin
nucleation and elongation activities, demonstrating that the
+TIP activity of fragment H1-(203-350) cannot simply be a
function of the third serine-rich region.
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plus-end tracking and nucleation abilities? One possibility
comes from the affinity analysis. The constructs containing
CAP-Gly-2 (H1-(156 —350), H1-(122-300), H1-(203-350), and
H1-(203-300)) bind MTs with higher affinity than the con-
structs with CAP-Gly-1 (Table 1). These differences in affinity,
although small, might endow CAP-Gly-2 with greater plus-end
tracking and tubulin nucleation/elongation activities. The affinity

3 K. K. Gupta, Z. Zhu, and H. V. Goodson, manuscript in preparation.
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FIGURE 4. Electron microscopy of the polymers assembled in the presence of tubulin and selected CLIP-
170 fragments. Samples were prepared as described in Fig. 3, A-C. Large panels were acquired at X 10,000
magnification (scale bar, 1.0 um). The insets show regions (indicated by arrows) of the same fields magnified to
X30,000 (scale bar, 0.2 um). A, control sample in the absence of CLIP-170 fragments. This image shows one of
the few MTs observed; the asterisk indicates dark precipitates of uranyl acetate crystals commonly seen in
glutaraldehyde-fixed samples with low concentrations of polymerized tubulin. B, H1-(1-350), main panel
shows a sample with reduced fragment concentration (1.0 um versus the 2.0 um used for other fragments) to
allow visualization of individual MTs. The lower insets (a and a’, 10,000 and 30,000 magnification, respectively)
show samples at 2.0 um H1-(1-350), where bundling becomes strong. C, H1-(58 -211), this image shows some
of the few MTs observed in this sample. D, H1-(58 -300), this is a representative image showing increase in the
number of MTs with negligible bundling effects. E, H1-(122-300), representative image showing that this
construct strongly promotes both MT formation and bundling. F, H1-(203-350), this representative image
shows that this construct causes a mild increase in MT number with negligible bundling effects.

difference may originate in the fact that CAP-Gly-2 has a more
basic tubulin-binding groove, as shown in recent crystal structure
analysis (32). In addition, our data indicate that serine-rich regions
contribute to these activities (Table 1). It is not clear whether the
differences between constructs that have the same CAP-Gly motif
and different serine-rich regions result more from differences in
the characteristics of the serine-rich regions or from differences in
the position of these regions relative to the CAP-Gly motifs.
Serine-rich regions are present in most CAP-Gly proteins
and have been proposed to be linkers between the different
domains of the protein, sites of regulation by phosphorylation,
or additional tubulin binding domains (28, 34, 41). In the CLIP
family of proteins, these regions are poorly conserved at the
primary sequence level and have characteristics of unstruc-
tured sequences (34). These attributes are consistent with pas-
sive linkers, but our data together with previous analysis of
CLIP-115 and p1509™<¢ (28, 42) indicate that the serine-rich
regions have more active and specific roles. Moreover, the data
suggest that the serine-rich regions of CLIP-170 act as addi-
tional and perhaps independent MT binding domains, similar
to what has been proposed for p150<'“°? (42). Indeed, one
might expect that a second binding site in addition to the CAP-
Gly would be required for a fragment such as H1-(122-300) to
be able to nucleate MTs. The poor sequence conservation of
these domains and the weak affinity observed for the isolated
serine-rich region 2 suggests that this binding is likely relatively
nonspecific. However, we cannot rule out the possibility that
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the serine-rich regions enhance
CAP-Gly activity in other ways, for
example by altering the CAP-Gly
structure.

It is intriguing that +TIP behav-
ior and polymerization-promoting
ability (both nucleation and elonga-
tion) correlate well with each other
and with increased MT binding
affinity (Table 1), but it is important
to note that the correlation is nei-
ther complete nor simple. For
example, H1-(122-300) has rela-
tively high affinity and strong
polymerization promoting ability in
vitro, but in vivo this construct fails
to track MT tips and localizes to the
MT lattice only weakly. In contrast,
H1-(203-350) has less dramatic
effects on polymerization in vitro,
but both track MT plus ends and
bind to the MT Ilattice robustly
(Table 1 and Fig. 2E). In addition,
one construct containing the first
CAP-Gly (H1-(1-155)) failed to
show any activity in vivo or in nor-
mal (unseeded) light scattering
assays but did induce MT growth in
the presence of MT seeds (Fig. 3 and
Table 1). The physiologic role and
mechanism of this difference in
activity are not yet clear, but they underscore the distinction
between elongation and nucleation and the importance of con-
sidering how each may be altered to regulate MT dynamics.

Given that constructs containing only CAP-Gly-2 and a ser-
ine-rich region have all of the MT-related activities normally
associated with CLIP-170, the question then arises as to the role
of CAP-Gly-1. One possibility is that the two halves of the MT
binding domain act cooperatively to provide CLIP-170 with
more efficient +TIP and polymerization promoting activity. A
second possibility (not mutually exclusive with the first) is that
the two CAP-Gly domains endow CLIP-170 with the ability to
bind simultaneously to tubulin and other CAP-Gly-binding
proteins. One such protein is EB1 (18, 35). Interestingly, it has
been reported that EB1 has a higher affinity for CAP-Gly-1 than
CAP-Gly-2 (33). Given the observation that CAP-Gly-2 has
higher affinity for MTs, this leads to the speculation that when
both EB1 and tubulin are present, perhaps the first CAP-Gly
binds to EB1 and the second to tubulin. Such a model could
explain how CLIP-170 and EB1 can each recruit the other to
MTs upon overexpression (17), and may ultimately prove
important in explaining the cooperative effects of EB1 and
CLIP-170 on tubulin polymerization.
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