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We have purified authentic CLIP-170 (cytoplasmic
linker protein of 170 kDa) and fragments comprising
functional domains of the protein to characterize the
structural basis of the function of CLIP-170. Analysis of
authentic CLIP-170 and the recombinant fragments by
electron microscopy after glycerol spraying/low angle
rotary metal shadowing reveals CLIP-170 as a thin, 135-
nm-long molecule with two kinks in its central rod do-
main, which are approximately equally spaced from the
two ends of the protein. The central domain consisting
of heptad repeats, which is a-helical in nature and forms
a 2-stranded coiled-coil, mediates dimerization of CLIP-
170. The rod domain harbors two kinks, each spaced ;37
nm from the corresponding end of the molecule, thus
providing mechanical flexibility to the highly elongated
molecule. The N-terminal domain of CLIP-170 binds to
microtubules in vitro with a stoichiometry of one di-
meric head domain per four tubulin heterodimers. Au-
thentic CLIP-170 binds to microtubules with lower stoi-
chiometry, indicating that the rod and tail domains
affect microtubule binding of CLIP-170. These results
document that CLIP-170 is a highly elongated polar mol-
ecule with the microtubule-binding domain and the or-
ganelle-interacting domains at opposite ends of the ho-
modimer, thus providing a structural basis for the
function of CLIP-170 as a microtubule-organelle linker
protein.

Correct intracellular membrane traffic and the cytoarchitec-
ture of eukaryotic cells depends on cytoplasmic microtubules.
The dynamic properties intrinsic to tubulin assembly could also
be regulated by interactions of cell organelles with microtu-
bules (1). These interactions are mediated by MBPs1 (reviewed

in Ref. 2), as well as being dependent on force-generating
proteins (reviewed in Ref. 3). Accessory proteins in addition to
motor proteins like kinesins or dyneins are required to regulate
and specify organelle-microtubule interactions (4, 5). CLIP-170
(6) is a non-motor MBP originally identified in HeLa cells (7),
which localizes preferentially to elongating microtubule plus
ends (8, 9) and is proposed to mediate interactions of endocy-
totic organelles (10) and chromosomes (11) with microtubules.
The primary structure of CLIP-170 predicts a protein that is
elongated, with two functional domains separated by a 950-
amino acid stretch of heptad repeats. The N-terminal domain
has two conserved motifs shown to mediate binding of the
protein to microtubules (10). The C-terminal domain, on the
other hand, is predicted to interact with other organelles and
has been shown to mediate targeting of CLIP-170 to promet-
aphase kinetochores (11). The C-terminal domain, which con-
tains two predicted metal-binding motifs, and the N-terminal
microtubule-binding domains are highly conserved in verte-
brate CLIP-170 homologues (10, 12) and in the putative Dro-
sophila melanogaster CLIP-170 homologue, D-CLIP-190 (13),
suggesting they play an important functional role.

The microtubule-binding domain of CLIP-170 (10) shows
similarities to dp150glued (14, 15), a subunit of the dynactin
complex, which is involved in regulating cytoplasmic dynein
activity (reviewed in Ref. 4). In contrast to dp150glued, however,
CLIP-170 is not part of a protein complex. Bik1p, which is
required for microtubule-related functions during mitosis in
yeast, also contains a microtubule-binding domain similar to
CLIP-170 (16), as do two proteins implicated in correct folding
of a- and b-tubulin (17, 18). This motif, therefore, appears in
several proteins with distinct roles in microtubule function
(reviewed in Ref. 6). One of the C-terminal metal-binding mo-
tifs is also found in the yeast protein Bik1p (16). Dp150glued and
Bikp have an additional similarity to CLIP-170 in that they
contain predicted heptad repeats that should allow dimeriza-
tion, although this has not been established experimentally.
Thus, the sequence of CLIP-170 predicts three major domains,
each of which shows homology with domains in related proteins
and are predicted to play specific functional roles.

Further analysis of the structure and activity of CLIP-170 is
necessary to understand its in vivo function. For this purpose,
highly purified protein as well as fragments comprising func-
tional domains are required. We have developed a protocol for
purification of authentic CLIP-170 from human placenta based
on immunoaffinity chromatography (19), and we have also used
the cDNA from HeLa cells (10) to express and purify predicted
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functional domains of the protein. A combination of biochemi-
cal, biophysical, and electron microscopy analyses reveals
CLIP-170 as a highly elongated homodimer, with microtubule-
binding and organelle-interacting domains separated by an
a-helical 2-stranded coiled-coil domain. This rod domain, which
contains two prominent kinks, and the C-terminal tail appear
to negatively influence the binding of CLIP-170 to microtu-
bules. These results provide a structural basis for the function
of CLIP-170 as a microtubule-organelle linker protein.

EXPERIMENTAL PROCEDURES

Purification of CLIP-170—CLIP-170 was purified from human pla-
centa by immunoaffinity chromatography and microtubule affinity as
described (20). Proteins copurifying with CLIP-170 were not detected
even when the 1 M salt wash step of the affinity column was omitted.
CLIP-170 eluted from microtubules by high salt was either dialyzed
against NMEG (50 mM NH4OAc, 0.1 mM MgSO4, 0.5 mM EGTA, 20%
glycerol, pH 6.9) or further purified by gel filtration chromatography
using a Superose 12 column (Superose 12 HR 10/30; Amersham Phar-
macia Biotech). 0.3-ml samples were loaded and separated at 0.5 ml/
min in PEM (0.1 M KPIPES, 2 mM EGTA, 1 mM MgSO4, pH 6.8) or
NMEG. Fractions of 0.2 ml were collected and analyzed by UV spectro-
photometry and SDS-PAGE. Fractions containing pure CLIP-170 with
more than 0.1 mg/ml protein were pooled and either analyzed directly
or frozen in liquid nitrogen and stored at 280 °C.

Generation of Recombinant CLIP-170 Fragments—An NdeI restric-
tion site was introduced at the first ATG codon of the CLIP-170 cDNA
in pBS KS by PCR mutagenesis to obtain plasmid pCLIP.NdeI (21). The
head fragments were generated by first inserting an NdeI-XhoI frag-
ment from this plasmid into pET19b (Novagen, AMS, Lugano, Switzer-
land), which allows expression with an N-terminal stretch of histidines,
and then deleting parts of the rod and tail by digestions with EspI (H2)
and religation, or with KpnI/EspI (H1) or SphI/BamHI (H3), blunting of
the ends, and religation. All positions given are for the cDNA according
to Pierre et al. (10). T1 was introduced in pET19b after digestion of the
pCLIP.NdeI plasmid using a first XhoI (nucleotide 3860) site in the
region coding for the C-terminal part of CLIP-170 and a second site in
the vector. Tail domains (T2, T3, T4, T5, and T6) were amplified by the
PCR on plasmid pM1CLIP-170 (10) using appropriate forward primers
containing an NdeI site and a second primer in the 39-nontranslated
region of CLIP-170 cDNA incorporating an EcoRV site. PCR products
were digested with NdeI and EcoRV and cloned into pET19b which had
been digested with NdeI at the 39 end and BamHI followed by blunting
with T4 polymerase at the 59 end. The rod domain was introduced in
pET19b following a similar PCR-based strategy using an NdeI site at
the 59 end and the XhoI site (position 3864) to eliminate the C-terminal
domain of CLIP-170. The following primers were used: forward primers,
R (primer position 1392) 59-GCGACATATGGTGGAAGCTGCTGA-39;
T6 (2184) 59-TAAACATATGGAAGCCTTGAGGGCT-39; T5 (2630) 59-
AGACATATGCAAGAAACTGTAAAT-39; T4 (3054) 59-AAGCATATG-
GAAACAAGCCACAAC-39; T3 (3320) 59-AAGCATATGACTCTGGC-
CTCCTTGGAG-39; T2 (3557) 59-AAACATATGGAGGAGCTGGGGAGA-
39; reverse primer (4300) 59-CGTCTGAGCAAGCCCAGT-39.

All constructs were expressed in Escherichia coli strain BL21(DE3)pLysS
except for T1 which was expressed in HMS174(DE3)pLysS (Novagen) by
growth of well-aerated cultures at 37 °C to OD ,0.5, induction of protein
expression by addition of 1 mM isopropyl b-D-thiogalactopyranoside, and
further incubation for 2.5 h at 37 °C. Bacteria were harvested by centrifu-
gation, washed in 0.2 volumes of 40 mM Tris-HCl, 10 mM imidazole, pH 8.0,
resuspended in 0.05 volumes of the same buffer, and snap-frozen in liquid
nitrogen. After freezing, the cells were left at least 5 min in liquid nitrogen

or, more usually, overnight at 280 °C before thawing quickly in a 37 °C
water bath. The thawed lysate was incubated with 25 mg/ml DNase I, 5 mM

MgCl2, and 0.2% Triton X-100 for 5–30 min at 0 °C until no longer viscous.
After addition of one sample volume of 1 M NaCl, the lysate was cleared by
centrifugation at 25,000 3 g for 20 min at 4 °C. Cleared lysates were used
directly for immunoblotting or recombinant proteins were purified by metal
chelate chromatography. For all constructs except T1, 1-ml columns of
His-bindy resin (Novagen) charged with Ni21 were equilibrated with 5 mM

imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 7.9, before loading cleared
lysates derived from up to 250 ml of bacterial culture. Columns were washed
with 5 column volumes of 60 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH
7.9, before elution of bound proteins by 1 M imidazole, 0.5 M NaCl, 20 mM

Tris-HCl, pH 7.9. For the T1 construct, protein purified by this method was
found to be aggregated, so it was purified using nickel-nitrilotriacetic acid
resin (Diagen GmbH, Düsseldorf, Germany) which allowed the use of reduc-
ing agent. The protocol was as above except that 10 mM 2-mercaptoethanol
was included in the washing/freezing buffer and all the column buffers and
1 mM dithiothreitol was included in buffers for dialysis and individual
experiments. Fractions of 0.5 ml were collected from the columns, and
protein-containing fractions were pooled. Proteins were dialyzed into the
buffers described for individual experiments and either used directly or
snap-frozen in liquid nitrogen and stored at 280 °C.

Epitope Mapping and Immunoblotting—Proteins from cleared ly-
sates of isopropyl b-D-thiogalactopyranoside-induced clones harboring
expression constructs of CLIP-170 were analyzed by immunoblotting as
described (7) using monoclonal (19) and polyclonal (10) antibodies
against CLIP-170. None of the mAbs 2D6, 3A3, and 4D3 bound to H
fragments. mAb 2D6 bound to all the tail fragments including T1 but
not to R, which places the epitope of mAb 2D6 beyond amino acid 1237.
mAbs 3A3 and 4D3 bound to fragments T4, T5, and T6 and to R, but not
to fragments T3, T2, or T1, which places the epitope of these two

FIG. 1. SDS-PAGE analysis of CLIP-170 purification from hu-
man placenta. Samples of the high speed supernatant (lane 1), the
eluate of the immunoaffinity column (lane 2), the microtubule eluate
(lane 3), and the peak fractions eluted from the gel filtration column
(lane 4) during the preparation of CLIP-170 were analyzed by 10%
SDS-PAGE followed by silver staining. Molecular weights (31023) are
shown on the left.

TABLE I
Purification table for isolation of CLIP-170 from human placenta

Volume Total protein
CLIP-170 contenta Enrichment Yield

Total per mg
protein

cf, previous
fraction Total From previous

fraction Total

ml mg/ml mg -fold %
High speed supernatant 900 56 50,400 30 0.006 1 1 100 100
Antibody column 30 0.2 6.0 21 3.5 5800 5800 70 70
Microtubule affinity 0.3 1.0 0.3 7 23 6.6 38000 33 23
Superose 12 0.5 0.4 0.2 5 25 1.1 42000 71 16

a Concentrations of CLIP-170 were measured by densitometric analysis of immunoblots, using dilution series of samples from each stage of
purification, and are expressed as arbitrary units (25 units 5 1 mg of purified CLIP-170). The concentration of CLIP-170 in placenta high speed
supernatant was found to be 1.3 mg/ml, corresponding to 0.002% of the total protein.
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monoclonal antibodies between amino acids 971 and 1059. The poly-
clonal anti-55 antibody (10) bound fragments H2, H3, and R, but not
H1; the main epitope of this antibody thus appears to be confined to the
sequence between amino acid 350 and 854. The localization of these
antibody epitopes is summarized in Fig. 4. The ability of 4D3 to bind to
the rod domain but not the C-terminal domain allows the effect of
cellular overexpression of the tail domain on localization of the endog-
enous protein to be studied (11).

Circular Dichroism and Amino Acid Analysis—Circular dichroic ex-
periments were performed at room temperature using a Jasco 600
autodichrograph spectrometer and quartz cells of 0.1-mm path length.
The protein concentration of the purified R fragment was 1.28 mM as
determined by amino acid analysis in phosphate-buffered saline. Pro-
tein samples were hydrolyzed in 6 M HCl at 110 °C for 24 h in vacuo and
subjected to amino acid analysis. The a-helical content was estimated
either as described by Bruch et al. (22) or using the CONTIN program
(23).

Physical Characterization of Recombinantly Expressed CLIP-170
Fragments—The sedimentation coefficient of the purified recombinant
proteins was measured by sucrose gradient centrifugation as described
before (10). Bacterially expressed proteins purified as described above
were dialyzed against PEM, and 0.2-ml samples were loaded onto 4-ml
sucrose gradients (5–20% in PEM) and spun at 38,000 rpm for 22 h at
4 °C in a TST 60.4 rotor (Kontron, Zurich, Switzerland). Standard
proteins and their sedimentation coefficients (s20,w 3 1013 S) were
bovine heart cytochrome c (1.71), bovine serum albumin (4.41), yeast
alcohol dehydrogenase (7.40), and sweet potato b-amylase (8.98). Frac-
tions of 0.2 ml were collected from the top of the gradient and analyzed
for protein content by a protein assay (24) for the standard proteins and
by SDS-PAGE for the recombinant proteins, to locate the peak of
undegraded protein; the sucrose concentration was established using a
Bausch & Lomb refractometer. The diffusion coefficient, D20,w, was
measured by gel filtration chromatography on Sephacryl beads. S-300,
S-400, and S-500 HR beads (Amersham Pharmacia Biotech) packed in
columns of 10-mm diameter by 450-mm length (;35 ml total volume)
were equilibrated in PEM buffer and run at 0.3 ml/min. Samples of 0.2
ml in PEM were loaded, and 0.6-ml fractions were collected and ana-
lyzed by protein assay for standard proteins and by SDS-PAGE for the
recombinant proteins. In some cases, the bacterial lysate was analyzed
and the protein located by immunoblotting. No significant difference
was found between crude and purified proteins. Standard proteins and

their diffusion coefficients (3107 cm2/s) were bovine heart cytochrome c
(11.40), chymotrypsinogen A (9.50), chicken ovalbumin (7.03), bovine
serum albumin (6.90), sweet potato b-amylase (5.77), bovine g-globulin
(4.10), bovine liver catalase (4.10), horse spleen apoferritin (3.61), bo-
vine thyroglobulin (2.52), and human fibrinogen (1.98). The Vt was
measured using the dipeptide Tyr-Gly, and V0 was measured with blue
dextran. Not all proteins were resolved on each column; only values that
fell on the linear part of a 1/D versus Kav plot were used, and at least five
standard proteins were used to calibrate each column. All standard
proteins were purchased from Sigma. The native molecular weight,
Stokes radius, axial ratio, and approximate physical dimensions were
calculated according to Bloom et al. (25).

Analysis of Microtubule Binding—Microtubule binding was assayed
as described (10). Briefly, CLIP-170, H1, or H2 were diluted into 50 ml
of PEM plus 20 mM paclitaxel and incubated with or without 5 mg of
paclitaxel-stabilized microtubules at 37 °C for 15 min, before sedimen-
tation through a 100-ml cushion of 10% sucrose in PEM at 30,000 3 g for
30 min at 20 °C. The pellet was dissolved in gel loading buffer, and
equivalent volumes of the supernatant and pellet samples were sepa-
rated by 8% SDS-PAGE and staining with Coomassie Blue. For quan-
titation of proteins in the pellets, serial dilutions of the pellet samples
were separated by SDS-PAGE; the Coomassie Blue-stained gels were
scanned with an Agfa Arcus II Desktop scanner, and the bands were
quantitated using ScanAnalysis version 2.50 software.

Electron Microscopy—Purified protein was equilibrated, either by
adding concentrated stock solutions or by dialysis (twice for 1 h against
200 volumes at 4 °C), against NMEG. Once in this buffer, the protein
samples were either kept on ice for 1 day or snap-frozen in liquid
nitrogen and kept at 280 °C. Immediately before spraying the samples
onto a piece of freshly cleaved mica, more glycerol was added to a final
concentration of 30%. Sprayed samples were dried in an evaporator
then rotary shadowed at a low elevation angle (3–5°) with platinum/
carbon as described (26, 27).

Micrographs were recorded on a Hitachi H-8000 transmission elec-
tron microscope (Hitachi Ltd., Tokyo, Japan) operated at 100 kV. For
preparing figures, micrographs were digitized with a Leafscan 45 flat-
bed scanner (Leaf Systems Inc., Westbourough, MA) at a step size of
2450 dpi. The digitized micrographs were processed using Adobe Pho-
toshop (version 5.0) software (Adobe Systems Inc., Mountain View, CA)
and printed so that piled up metal (representing molecules) appeared
bright on prints. Length measurements of the molecules were per-
formed by computerized tracking on 2.5-fold magnified electron micro-
graphs. The thus-gathered lengths data were presented as histograms
that were fitted by Guassian curves employing the custom-designed
IMPSYS program package (28).

RESULTS

Purification and Characterization of Authentic CLIP-170
from Human Placenta—CLIP-170 has previously been isolated
from HeLa cells by antibody affinity purification (19). However,
the protein obtained was not homogeneous, and the yield was
too low to make further purification practical. In order to ob-
tain pure preparations of CLIP-170 in sufficient quantities for
further characterization, it was purified to homogeneity from
human placenta. Greater quantities of protein might also be
obtained by bacterial expression of recombinant CLIP-170, but
the complete protein was found to be rapidly degraded in bac-
teria. However, we expressed and purified recombinant frag-
ments of CLIP-170, which allows characterization of individual
functional domains of the protein and comparison of their prop-
erties with authentic CLIP-170.

The purification scheme of authentic CLIP-170 from human
placenta (Table I) involves affinity chromatography using a
mAb against CLIP-170 (19) followed by microtubule affinity
purification and gel filtration and is described in detail else-
where (20). Affinity chromatography using mAb 3A3, the spe-
cies specificity of which dictated the use of human tissue, was
the most effective single purification step, resulting in 5,800-
fold enrichment of CLIP-170. The protein is further purified by
binding to microtubules, which removes all contaminating pro-
teins to enrich a further 6–7-fold. A final gel filtration step, to
remove traces of tubulin introduced in the microtubule-binding
step, can be omitted for most biochemical and EM analyses.

FIG. 2. Comparison of HeLa and placenta CLIP-170 by SDS-
PAGE and immunoblotting with two anti-peptide antibodies.
CLIP-170 purified by antibody affinity column from HeLa cells (lanes 1,
3 and 5) or human placenta (lanes 2, 4 and 6) was separated by 7%
SDS-PAGE, and the gels were stained with Coomassie Blue (lanes 1
and 2) or immunoblotted with anti-KRKV (lanes 3 and 4) or anti-KMRL
(lanes 5 and 6) anti-peptide antibodies. Numbers at the left indicate the
position of molecular weight markers (31023). CLIP-170 from HeLa
cells or placenta have a very similar electrophoretic mobility, but of the
two anti-peptide antibodies used here, both raised against sequences of
the HeLa protein, only one reacts with the protein from placenta,
indicating some sequence difference between the proteins from the two
sources. Note that the anti-KRKV reactivity shows that slightly more
placenta CLIP-170 that HeLa CLIP-170 was loaded on the gel, which
means that the lack of reaction with the anti-KMRL antibody is not a
problem of detection limit.
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The entire purification scheme yields a 42,000-fold enrichment
of CLIP-170 with a yield of 0.2 mg of pure CLIP-170 per 500 g
of placenta (Table I). The final product appears homogeneous
after gel electrophoresis and silver staining (Fig. 1). By using
purified protein as a standard, it was estimated that CLIP-170
represents 0.002% of total placenta high speed supernatant
protein.

In order to validate the use of purified CLIP-170 from human
placenta for structural studies, we characterized the purified
protein and compared it to CLIP-170 from HeLa cells (7, 10,
19). CLIP-170 from HeLa cells and human placenta behave
very similarly by SDS-PAGE (see below) or gel filtration chro-
matography (data not shown), are identical in their reactivity
for eight different polyclonal antibodies (seven anti-peptide
antibodies and anti-55; Ref. 10) and three different mAbs (2D6,
3A3, 4D3; Ref. 19), and by their behavior during gel filtration
chromatography (data not shown). One peptide antibody, anti-
KMRL (raised against a peptide according to CLIP-170 amino
acids 619–638; see Pierre et al. (10)), however, binds to CLIP-
170 from HeLa cells but not from human placenta (Fig. 2). This
suggests that CLIP-170 from human placenta differs from
HeLa CLIP-170 in a small region of the coiled-coil domain. This
difference might arise by alternative splicing, similar to what is
observed in another CLIP-170 isoform, restin (12, 29).

Proteins co-purifying with CLIP-170 were not detected with
the purification scheme used (Fig. 1, lane 4), although binding
of CLIP-170 to mAb 3A3 or to microtubules occurred under
mild conditions and physiological pH and salt concentrations.
Thus, the majority of CLIP-170 appears not to be part of a
protein complex or strongly bound to interacting partners, as
was previously observed for the protein isolated from HeLa
cells. The purification procedure does not significantly alter the
shape of CLIP-170, since the purified protein has the same
hydrodynamic properties as the protein in the crude lysate

(data not shown). The purified protein was also tested for its
ability to bind to paclitaxel-stabilized microtubules. At low
concentrations of CLIP-170, most of the protein sediments with
the microtubules, but very little sediments in the absence of
microtubules (Fig. 3A, cf. lanes 2 and 4). With two different
CLIP-170 preparations, it appeared that up to 10% of the
protein may be unable to bind to microtubules. This was sur-
prising since it was purified by microtubule affinity; in both
cases the protein had been stored frozen before analysis, which
may mean there is some loss of activity on freezing. At higher
concentrations of CLIP-170, a greater proportion remains in
the supernatant, showing that the binding to microtubules is
saturable (Fig. 3A, lanes 5 and 6).

Purification and Characterization of Fragments of CLIP-170
Expressed in Bacteria—Previous analysis of the sequence of the
cDNA encoding CLIP-170 in HeLa cells predicted three func-
tional domains as follows: an N-terminal 350-amino acid do-
main, which has been shown to bind to microtubules; a C-
terminal 80-amino acid domain, which contains two metal-
binding motifs; and a central 960-amino acid domain of heptad
repeats (10). To analyze the biochemical and biophysical prop-
erties of individual domains of CLIP-170 and to study their
structural properties in relation to the authentic protein, var-
ious fragments of the protein were expressed from the HeLa
cDNA in E. coli (summarized in Table II). One series of frag-
ments contains the N-terminal head domain of CLIP-170 with
various numbers of heptad repeats from the rod domain (H
fragments), another series of fragments contains various num-
bers of heptad repeats from the rod and the C-terminal tail
domain (T fragments), and one fragment (R) consists entirely of
the heptad repeats of the central rod domain (Fig. 4A). The
proteins were expressed with N-terminal histidine tags and
purified for analysis. All the expressed fragments had the ex-
pected size as determined by gel electrophoresis (Fig. 4B) and

FIG. 3. Analysis of the microtubule-binding activity of placenta CLIP-170 and the bacterial proteins H1 and H2. A, purified human
CLIP-170 at ;20 (lanes 1–4) or ;120 mg/ml (lanes 5 and 6); B, bacterially expressed H1 fragment of CLIP-170 at 50 (lanes 1–4) or 150 mg/ml (lanes
5 and 6); and C, H2 fragment of CLIP-170 at 50 (lanes 1–4) or 150 mg/ml (lanes 5 and 6) were incubated without (lanes 1 and 2) or with (lanes 3–6)
paclitaxel microtubules before centrifugation, and supernatants (lanes 1, 3, and 5) and pellets (lanes 2, 4, and 6) were analyzed by 8% SDS-PAGE
and staining with Coomassie Blue. Numbers at the left indicate the position of molecular weight markers (31023), and arrows on the right mark
the position of CLIP-170, H2, and H1. The structure of H1 and H2 is indicated in Fig. 4. In the absence of microtubules, very little of each protein
sediments; there is a higher level of nonspecific pelleting of CLIP-170, most likely due to nonspecific sticking to the tubes. For each protein, the
incubation at lower concentration demonstrates that the proteins are fully active for microtubule binding, whereas at higher concentrations a
significant proportion remains in the supernatant, showing that the binding is saturable.

TABLE II
Recombinant CLIP-170 fragments expressed in E. coli

H1 H2 H3 R T1 T2 T3 T4 T5 T6

Sequence from CLIP-170
(amino acids)

1–350 1–481 1–567 425–1238 1237-end 1136-end 1059-end 971-end 828-end 644-end

Polypeptide molecular
weighta

39,953 55,004 66,426 99,690 20,906 32,314 41,165 51,452 68,118 88,918

Number of amino acidsa 376 507 608 866 181 282 359 448 589 771
Number of heptad repeats 0 18 25 118 10 25 36 49 69 95
Predicted pI 10.2 7.0 6.9 5.17 4.9 5.1 5.0 5.0 4.9 5.0

a Molecular weights and total amino acid numbers include the 24 amino acid N-terminal histidine tag and some vector-encoded C-terminal
sequence (for H1, H2, H3, and R).
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immunoblotting with anti-peptide antibodies (data not shown).
The shape and state of oligomerization of CLIP-170 frag-

ments were determined by calculating their native molecular
weights and dimensions, based on measurements of diffusion
coefficients and sedimentation coefficients of the recombinant
fragments. This analysis indicates that all are elongated mol-
ecules with widths of less than 5 nm (summarized in Table III).
Calculation of the native molecular weight of the fragments
shows that proteins that do not contain heptad repeats of the
rod domain (H1) are monomeric, whereas proteins that contain
heptad repeats (H2, 18 heptads) are dimeric. All of the ex-
pressed T constructs are also dimeric, including T1 that con-
tains only 10 heptad repeats. This suggests that both the be-
ginning and end of the coiled-coil domain have a strong
tendency to associate to form dimeric structures. All of the
dimeric H and T constructs are much longer than predicted for
their coiled-coil regions (30), suggesting that both the N- and
C-terminal domains of CLIP-170 are rather elongated. The
N-terminal domain appears to be 35–50 nm long, and the C
terminus ;15 nm long. This is confirmed for the N-terminal
domain by measurement of the monomeric H1, which has a
measured length of 35 nm (Table III). The central domain,
which consists entirely of 116 heptad repeats, is a thin rod with
estimated dimensions of 116 3 2 nm. Circular dichroism meas-
urements, revealing characteristic minima at 208 and 222 nm
(Fig. 5), confirm the a-helical nature of the rod domain. The
percentage of a-helical content was estimated by two different

methods (22, 23) to be between 91 and 97%. The length of the
rod domain (116 nm) and its a-helical nature are in agreement
with the presence of 116 heptad repeats with a predicted length
of ;1 nm each in coiled-coils (30).

Previous work has shown that the N-terminal 350-amino
acid fragment of CLIP-170 (H1) contains the microtubule-bind-
ing domain (10). The availability of highly purified authentic
protein and fragments thereof enables quantitative analysis of
their microtubule-binding properties. In addition, comparison
of monomeric H1 with dimeric H2 and authentic protein allows
determination of the effect of dimerization of rod and tail do-
mains on microtubule binding. Both H1 and H2 did not sedi-
ment in the absence of microtubules, were fully active in bind-
ing to microtubules, and the binding was saturable (Fig. 3, B
and C). The stoichiometry of binding of CLIP-170, H1, and H2
to microtubules was estimated by quantitative scanning of gels
of the pellet samples at saturation (Fig. 3, A–C, lane 6). Weight
ratios of tubulin to CLIP-170, H1, and H2 were 4.5:1, 4.4:1, and
3.9:1 respectively. By using molecular weights of 100,000 for
tubulin (31), 306,000 for CLIP-170 (10), 40,000 for H1, and
110,000 for H2 (Table III), these values give molar ratios of
tubulin:protein of 13.8:1, 1.8:1 and 4.3:1, for CLIP-170, H1, and
H2, respectively. Thus, the rod domain or the C-terminal do-
main negatively influences the binding of CLIP-170 to micro-
tubules, which might be due to structural properties of these
domains.

EM Analysis of Authentic CLIP-170 and Recombinantly Ex-
pressed Fragments—EM after glycerol spraying/low angle ro-
tary metal shadowing of the samples was used to visualize
directly the authentic and recombinant proteins. Authentic
CLIP-170 yielded long, often bent or kinked, rod-shaped parti-
cles (Fig. 6a). Frequently one or sometimes both ends of these
rod-shaped molecules were flanked by a pair of small globular
heads, which had some tendency to coalesce. However, the
variability of the two end domains from one particle to the next
was such that no clear polarity of the CLIP-170 molecule be-
came apparent. This morphological finding was somewhat sur-
prising since the two end domains were expected to be rather
asymmetric (i.e. the N-terminal end domain is 350 whereas the
C-terminal end domain is 80 amino acid residues long). Nev-
ertheless, it is likely that the N-terminal end domain of the
purified protein is folded correctly, since it binds to microtu-
bules, an activity mediated by the N-terminal end domain.

The average length of the central rod domain of CLIP-170
seen by EM of glycerol-sprayed/low angle rotary metal-shad-
owed samples was measured to be 135 nm (Fig. 6), in good
agreement with the predicted length of a 959-residue-long (res-
idues 350–1308) two-stranded a-helical coiled-coil (i.e. ;140
nm). This value is also consistent with the length previously
calculated from biophysical properties of CLIP-170 from HeLa
cells (i.e. 110 nm) (10). Hence, the overall size and shape of the
full-length human CLIP-170 molecule as determined by EM
fits best with a rod-shaped homodimer with two polypeptides
being associated in register via their central 959-residue-long,
heptad repeat-containing rod domain to form a 2-stranded
a-helical coiled-coil.

The bacterially expressed fragments of CLIP-170 were also
analyzed by EM of glycerol-sprayed/rotary metal-shadowed
samples. None of the three C-terminal truncation constructs
(H1, H2, and H3; see Table II) appeared as rod-shaped particles
(shown for H3 in Fig. 6b). This is predicted for the H1 fragment,
which lacks heptad repeats (Table II) and stays monomeric
according to biophysical measurements (Table III). However,
the finding is somewhat surprising for the H2 and H3 con-
structs, which contain 18 and 30 heptad repeats, respectively
(see Table II), and, upon dimerization via 2-stranded a-helical

FIG. 4. Expression of CLIP-170 fragments as fusion proteins in
bacteria. A, the primary structure of fragments of CLIP-170 expressed
in bacteria is schematized and compared with that of CLIP-170 (wild
type, WT). The name of each protein and the predicted molecular weight
of the polypeptide (31023) is indicated on the right. At the bottom is
indicated the regions containing the epitopes recognized by four anti-
bodies against CLIP-170. B, the recombinant fragments of CLIP-170
expressed in bacteria and purified were separated on 12% SDS gels and
stained with Coomassie Blue. Names of the proteins are those given in
A, and numbers at the right indicate the position of molecular weight
markers (31023).
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coiled-coil formation, should yield rod-shaped segments ;20
and .30 nm long, respectively. In contrast, the three C-termi-
nal constructs (T3, T5, and T6; see Table II) yielded rod-shaped
particles (Fig. 6, c–e) with average lengths (Fig. 6, length
histograms) which agree with the size predicted from their
corresponding a-helical coiled-coil rod segments (Table II).

Since the EM images of both the authentic and N-terminally
truncated CLIP-170 frequently revealed one or two distinct
kinks (Fig. 6, a and c), we analyzed statistically the distances of
these kinks from the termini of the protein and from each other
(Fig. 7). Whereas in the case of the full-length authentic pro-
tein, due to the lack of evident polarity, the assignment of their
N- and C-terminal end was arbitrary, in the case of the N-
terminally truncated CLIP-170 fragments, T6 and T5, we could
in most cases morphologically determine their C-terminal
ends. In the case of full-length CLIP-170, the two kinks were
rather symmetrically spaced from the particle ends, for exam-
ple 36 6 10 nm from one end and 38 6 11 nm from the other
end (Fig. 7), with the two kinks being spatially separated by
63 6 12 nm. Analysis of the N-terminally truncated fragments
T5 and T6 shows that the kink is 36 6 4 or 37 6 6 nm from the
C terminus, respectively (Fig. 7). A 36-nm-long coiled-coil rod
segment corresponds to ;34 heptad repeats (30), i.e. 250 amino
acids, and analysis of the CLIP-170 sequence by the PairCoil
program suggests that the coiled-coil domain covers residues
350–1300. The N-terminal kink should, therefore, occur
around amino acid residue 600 (350 1 250), whereas the C-
terminal kink should occur around amino acid residue 1050
(1300–250). Indeed, an interruption of the heptad-repeat pat-
tern in the primary sequence is predicted around residue 600
but not around residue 1050.

DISCUSSION

CLIP-170 is a cytoplasmic linker protein proposed to mediate
transient interactions of organelles with microtubules (10, 11).
We have analyzed purified authentic CLIP-170 and bacterially
expressed fragments to elucidate the organization and struc-
ture of the functional domains of the protein. EM analysis of
glycerol-sprayed/rotary metal-shadowed protein revealed the
elongated structure of CLIP-170, but the lack of difference in
morphology between the two ends of the authentic molecule
does not by itself allow any conclusion about the parallel or
antiparallel orientation of the two subunits. However, the effi-
cient dimerization of the recombinant H2 and T1 fragments
suggests that these domains are oriented in parallel in the
authentic protein. In addition, in the case of the N-terminal
deletions, a kink ;37 nm from the C-terminal end is identically
placed to that seen in the authentic protein. Taken together,
these data clearly indicate that the two subunits within the
authentic CLIP-170 molecule are oriented in a parallel, unstag-
gered fashion. Structural analysis of kinesin, a motor protein,
has also revealed a polar molecule with a distinct tripartite
structure consisting of an N-terminal microtubule-binding mo-
tor domain, a central rod domain harboring a kink (32–34), and
a C-terminal end domain most likely interacting with mem-
branes (35). This domain organization is consistent with the
function of motor proteins or CLIPs of linking cargo molecules
or organelles to microtubules.

The recombinant N-terminal domains of CLIP-170 purified
after expression in bacteria appear to be elongated based on
biophysical measurements, but they did not reveal a distinct
particle morphology by EM analysis despite the presence of
#30 heptad repeats in these truncation constructs. This may
indicate that the N-terminal $30 heptad repeats are lacking a
coiled-coil “trigger” sequence which, in turn, is absolutely nec-
essary for stable a-helical coiled-coil formation (36, 37). Hence,
the dimerization observed for the H2 and H3 fragments by
physical measurements may occur by a different mechanism,
potentially yielding only short, out-of-register coiled-coil seg-
ments that are not stable enough to withstand the mechanical
shear and stress occurring during specimen preparation (i.e.
spraying, adsorption, and dehydration) for EM analysis. In
contrast, fragments T5 and T6 examined by EM appeared
consistent with the authentic protein and indeed contain a
coiled-coil trigger sequence identified within the central rod
domain of CLIP-170 (37).

Authentic CLIP-170 analyzed by EM frequently exhibited
globular domains at both ends, whereas the recombinant N-
terminal domain (H1) purified after expression in bacteria
appears to be elongated based on biophysical measurements. A
relatively unfolded structure for this domain may account for
its lack of structural stability by EM analysis, leading to a
globular appearance. It is unlikely that this domain was dena-

FIG. 5. Far ultraviolet circular dichroism spectrum of the R
fragment. Ellipticities are expressed per mol of peptide bonds.

TABLE III
Physical measurements of CLIP-170 fragments

H1 H2 R T1 T2 T5

Measured properties
Sedimentation coefficient,

s20,w (31013)a
2.13 6 0.25

(n 5 3)
3.50 6 0.33

(n 5 3)
3.79 6 0.07

(n 5 3)
2.91 6 0.06

(n 5 3)
3.02 6 0.03

(n 5 3)
3.59 6 0.27

(n 5 3)
Diffusion coefficient, D20,w

(3107 cm2/s)a
4.72 6 0.40

(n 5 6)
2.81 6 0.47

(n 5 6)
1.77 6 0.07

(n 5 5)
5.59 6 0.22

(n 5 5)
3.60 6 0.36

(n 5 5)
2.25 6 0.15

(n 5 5)
Calculated properties

Native molecular weight 40,000 110,000 189,000 46,000 74,000 141,000
Number of subunits 1 2 2 2 2 2
Axial ratio 22 32 60 11 24 43
Estimated dimensions (nm) 1.6 by 35 2.0 by 64 1.9 by 116 2.0 by 23 2.0 by 46 2.0 by 84
Stokes radius (nm) 4.5 7.6 12.1 3.8 5.9 9.5
a Values are 6 S.E. (n 5 number of measurements).
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tured in our purified proteins, since they can still bind to
microtubules, and we have shown that purified H2 behaves like
authentic CLIP-170 in promoting microtubule assembly and
binding preferentially to polymerizing microtubule ends (8). H2
thus appears to be a good model protein for the study of the
microtubule binding properties of CLIP-170, and comparison of
purified monomeric and dimeric head domains of CLIP-170 will
be useful in future studies of the effect of dimerization on its
interaction with microtubules. Thus, the microtubule-binding
domain of CLIP-170 may be an elongated structure, although
we cannot exclude the possibility that the actual microtubule-
binding moiety of CLIP-170 is indeed folded into a small glob-
ular domain and that it is the presence of an “extended neck”
that gives rise to the predicted elongated form of H1 based on
biophysical measurements. In contrast, the microtubule-bind-
ing domain of kinesin is globular (33, 34), and the microtubule-
binding domain of dynein has also been shown to consist of a
globular structure, although found at the tip of an elongated
stalk (38). On the other hand, the microtubule-binding repeat
region of tau also appears to be rather elongated (39); this
elongated structure may therefore be a characteristic of MBPs,
as opposed to motor proteins that display cyclic binding to
microtubules during translocation.

We observed two kinks in the rod domain of CLIP-170, each
;37 nm from the corresponding end. These kinks may add

mechanical flexibility to the long, relatively stiff rod domain
which, in turn, may be of functional significance, for example,
to optimize sterically the binding of CLIP-170 to microtubules
and/or vesicles. The rod domain of kinesin, which appears to be
less stable than that of CLIP-170 based on its a-helical content,
contains one kink which might be involved in regulating kine-
sin activity by folding back of the C-terminal end domain onto
the N-terminal half of its rod domain (40, 41). Similarly, myo-
sin can undergo a phosphorylation-induced conformational
transition that regulates filament assembly (42–44). The kinks
in the rod domain of CLIP-170 might similarly regulate the
function of this protein as a microtubule-organelle linker (see
below). In this respect, it is interesting that alternatively
spliced isoforms of CLIP-170 exist; a human isoform with a
35-amino acid insert in the rod domain has been termed restin
(29), and both these isoforms, as well as two others, have been
identified in chicken and human (12, 45). The isoforms are
coexpressed in several tissues, but there are tissue-specific
differences in their expression levels (12, 45). We found that the
protein purified from human placenta did not react with an
antibody raised against amino acids 619–638 of HeLa CLIP-
170, a sequence also present in restin and other identified
isoforms (12, 45), suggesting that this represents a further
isoform that is the form predominantly expressed in human
placenta. Unlike the identified alternatively spliced inserts,

FIG. 6. Electron microscopic analysis of human CLIP-170 and recombinantly expressed CLIP-170 fragments. Selected particle
galleries of human CLIP-170 (a), of a C-terminally truncated fragment H3 (b), and of N-terminally truncated fragments T6 (c), T5 (d), and T3 (e)
after preparation of the samples by glycerol spraying/low angle rotary metal shadowing. Bottom, length histograms measured from authentic and
recombinant CLIP-170 particles displayed in (a—e). Particle length in nanometers on the abscissa is plotted against the number of particles on
the ordinate. The histograms were fitted by a single Gaussian curve to give the mean length in nanometers (6 S.D.). Scale bar, 50 nm (a—e).
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which are completely conserved between human and chicken
(12, 45), this region is not as well conserved between the two
species (45% identity over 20 amino acids).

Our results suggest that the H1 monomer saturates the
microtubule at two tubulin heterodimers, whereas the H2
dimer saturates it at four tubulin heterodimers. This would be
consistent with binding of one CLIP-170 head domain to two
tubulin heterodimers and independent and equivalent binding
of each head domain in the CLIP-170 dimer. In contrast, the
molar stoichiometry we obtained for the binding of authentic
CLIP-170 to microtubules is much lower. It is possible that we
did not in fact achieve saturation of the microtubules in this
experiment; the large amount of protein required for this ex-
periment made it impractical to use more. However, it is con-
ceivable that the ;120-nm-long rod domain of the authentic
protein causes problems of steric hindrance. As proposed above,
this steric hindrance could be reduced by introducing kinks
into the long, relatively stiff rod domain, thereby providing a
mechanism, 1in addition to phosphorylation (19), to regulate (or
optimize) the interaction of CLIP-170 with microtubules. We
indeed have evidence that CLIP-170 and MAP2, both elongated
proteins, interfere with the binding of each other to microtu-
bules, although they do not compete for the same site on tubu-
lin,2 and heat-stable MAPs also inhibit binding of endocytotic
organelles to microtubules mediated by CLIP-170 (46). There-
fore, steric effects rather than number of binding sites may
limit the binding of large proteins to microtubules. Consistent

with this, the stoichiometry of binding of several large, asym-
metric MAPs, MAP2, MAP1A, and XMAP, has been measured
as 8–9:1, 13–15:1, and 16:1, respectively (47, 48), whereas that
for the lower molecular weight, more globular tau is 2:1 (39),
although MAP2 and tau contain homologous microtubule-bind-
ing domains.

The microtubule-binding motifs in the N-terminal domain of
CLIP-170 are also found in a number of other proteins (for
summary see Ref. 6), of which the best characterized is
dp150glued, a subunit of the dynactin complex. The homology is
in the N-terminal domain of dp150glued, which extends from the
dynactin complex and appears to be globular (49). We found the
N terminus of CLIP-170 to be rather elongated according to
biophysical measurements, although by EM a pair of small
globular heads was often detected at either end of the molecule.
This difference might be due to the different techniques used to
prepare the proteins for EM or might be caused by the presence
of p24 or p27 bound to this domain of dp150glued, but one
difference at the level of the primary structure is the presence
of two copies of the microtubule-binding motif in CLIP-170
compared with only one in dp150glued. One of the repeats is
sufficient to allow binding of CLIP-170 to microtubules (10),
and the dp150glued polypeptide can bind to microtubules in
vitro and in vivo (50). However, since each of the repeats in
CLIP-170 is alone able to mediate microtubule binding (10, 21),
an elongated structure for the authentic CLIP-170 head do-
main may be necessary to allow both these sequences to func-
tion in interacting with the elongated tubulin polymer. Inter-
action of each of these motifs with one subunit of the polymer2 G. S. Diamantopoulos, unpublished observations.

FIG. 7. Analysis of the position of kinks in the rod domain of CLIP-170. Statistical analysis of the positions of two distinct kinks detected
in the rod domain of CLIP-170 (wt) and the N-terminally truncated fragments T6 and T5. A, schematic representation of the molecules showing
the particle segments measured: a, distance of the N-terminal kink to the N terminus; c, distance of the C-terminal kink to the C terminus; b,
distance between the two kinks; b9 and b0, distance of the C-terminal kink to the N terminus of T6 and T5, respectively. B, particle length in
nanometers on the abscissa is plotted against number of particles on the ordinate. The histograms were fitted by a single Gaussian curve to give
the mean length in nanometers (6 S.D.). Assignment of the N and C termini of the full-length CLIP-170 molecule was arbitrary.
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would also be consistent with the stoichiometry of microtubule
binding measured for the H1 and H2 proteins.

From the analysis reported here, we conclude that CLIP-170
is an elongated molecule formed by parallel homodimerization
via a coiled-coil structure. This separates the microtubule-
binding domain from the opposite end, which interacts with
other organelles (11). This head-to-tail domain organization
has also been noted for the microtubule- and actin-based motor
proteins (51) and appears to be a common mechanism for
organization of proteins that link an organelle to the cytoskel-
eton. The more elongated structure of the microtubule-binding
domain of CLIP-170 compared with kinesin would be consist-
ent with a microtubule-stabilizing function of CLIP-170, which
could have the cellular role of allowing transient interactions
with organelles to lead to polarization and stabilization of the
cytoskeleton.
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