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In addition to inhibiting the mitochondrial respiratory chain, toxins known to cause Parkinson’s disease (PD), such as 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine and rotenone, also strongly depolymerize microtubules and increase tubulin degradation. Microtu-
bules are polymers of tubulin �/� heterodimers, whose correct folding requires coordinated actions of cellular chaperonins and cofac-
tors. Misfolded tubulin monomers are highly toxic and quickly degraded through a hitherto unknown mechanism. Here we report that
parkin, a protein– ubiquitin E3 ligase linked to PD, was tightly bound to microtubules in taxol-mediated microtubule coassembly assays.
In lysates from the rat brain or transfected human embryonic kidney (HEK) 293 cells, �-tubulin and �-tubulin were strongly coimmu-
noprecipitated with parkin at 4°C in the presence of colchicine, a condition in which tubulin exits as �/� heterodimers. At the subcellular
level, parkin exhibited punctate immunostaining along microtubules in rat brain sections, cultured primary neurons, glial cells, and cell
lines. This pattern of subcellular localization was abolished in cells treated with the microtubule-depolymerizing drug colchicine. The
binding between parkin and tubulin apparently led to increased ubiquitination and accelerated degradation of �- and �-tubulins in
HEK293 cells. Similarly ubiquitinated tubulins were also observed in rat brain lysates. Furthermore, parkin mutants found in PD patients
did not ubiquitinate or degrade either tubulin. Taken together, our results show that parkin is a novel tubulin-binding protein, as well as
a microtubule-associated protein. Its ability to enhance the ubiquitination and degradation of misfolded tubulins may play a significant
role in protecting neurons from toxins that cause PD.
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Introduction
Microtubules play critical roles in diverse cellular functions. The
polymerization of tubulin �/� heterodimers into microtubules is
a dynamically regulated process that is influenced by many fac-
tors, among which the concentration of free tubulin het-
erodimers is the driving force. The synthesis of �- and �-tubulins
is coordinated such that excess tubulin monomers are never pro-
duced in any significant amount, because the overexpression of
either tubulin gene alone is toxic to the cell (Burke et al., 1989;
Weinstein and Solomon, 1990). After translation, the correct
folding of tubulin monomers and the formation of functional
�/� heterodimers require a series of coordinated actions of cel-
lular chaperonins and cofactors (for review, see Lewis et al.,
1997).

The complex and reversible nature of the folding process for
�/� tubulin heterodimers, in addition to the mechanisms that
regulate the synthesis of tubulin polypeptides, make it unavoid-
able for the cell to produce misfolded tubulin monomers, which
are quickly degraded through an unknown mechanism to pre-
vent cytotoxicity. Several lines of evidence indicate that mis-
folded tubulin may be involved in Parkinson’s disease (PD). First,
both ubiquitin (Lowe et al., 1988; Mayer et al., 1989) and tubulin
(Galloway et al., 1992) are major components of the Lewy body,
suggesting that ubiquitinated tubulin may be present in this his-

tological hallmark of Parkinson’s disease. Second, 1-methyl-4-
phenylpyridinium (MPP�), a neurotoxin that kills dopamine
(DA) neurons and induces PD-like symptoms (Langston et al.,
1983; Przedborski and Jackson-Lewis, 1998), depolymerizes mi-
crotubules in PC12 cells (Cappelletti et al., 1999) as well as in vitro
(Cappelletti et al., 2001). Third, the long-term systemic adminis-
tration of rotenone leads to selective degeneration of nigral DA
neurons and locomotor problems resembling PD (Betarbet et al.,
2000). In addition to its widely recognized ability to inhibit mi-
tochondrial complex I (Higgins and Greenamyre, 1996), rote-
none also potently depolymerizes microtubules in vivo and in
vitro (Brinkley et al., 1974), by binding to the colchicine site on
tubulin heterodimers (Marshall and Himes, 1978). Because the
depolymerization of microtubules leads to increased tubulin deg-
radation (Cleveland, 1989), the cellular mechanism for the deg-
radation of tubulin in response to these neurotoxins may play a
role in PD.

Parkin, a gene linked to autosomal recessive juvenile PD (AR-
JP) (Kitada et al., 1998) has been found to be a protein– ubiquitin
E3 ligase (Shimura et al., 2000). A variety of mutations exist in the
parkin gene of patients with autosomal recessive (Lucking et al.,
2000) or sporadic PD (Scott et al., 2001). Many of the mutations
appear to be clustered in the ubiquitin-like domain and the RING
(Really Interesting New Gene) finger domains (Giasson and Lee,
2001), suggesting that the E3 ligase activity of parkin is crucial for
PD. Although previous studies have identified several substrates
of parkin in the cell (Zhang et al., 2000; Chung et al., 2001; Imai et
al., 2001; Shimura et al., 2001), it is clear that parkin may have
additional substrates that contribute to the degeneration of nigral
DA neurons. Here we report the discovery of parkin as a novel
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tubulin-binding protein, as well as an E3 ligase for �- and
�-tubulins.

Materials and Methods
Antibodies and cDNAs. Polyclonal antibodies against parkin (P304 and
P124) were generated by immunizing rabbits with KLH-conjugated pep-
tides derived from mouse parkin sequence (amino acids 304 –322 and
124 –141, respectively). Antisera were purified by affinity chromatogra-
phy using the same peptide immobilized on SulfoLink gel matrix (Pierce,
Rockford, IL) according to the manufacturer’s protocol. Monoclonal
antibodies against synaptophysin (SVP-38), �-tubulin (DM1A),
�-tubulin (TUB2.1), FLAG (M2), anti-FLAG-conjugated (M2) agarose,
and rhodamine-conjugated phalloidin were purchased from Sigma (St.
Louis, MO). Anti-ubiquitin, anti-microtubule-associated protein 1A
(MAP1A), and rhodamine- or FITC-conjugated secondary antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Monoclonal anti-hemagglutinin was purchased from Roche (Indianap-
olis, IN). Monoclonal anti-postsynaptic density 95 (PSD-95) was pur-
chased from Affinity BioReagents (Golden, CO). TO-PRO-3 (a DNA-
binding dye) was purchased from Molecular Probes (Eugene, OR).
Monoclonal anti-MAP2 was purchased from Upstate Biotechnology
(Lake Placid, NY). Mouse parkin cDNA was amplified by reverse tran-
scription PCR from brain total RNA. It was completely sequenced to
ensure that no mutation was introduced by PCR. The FLAG epitope tag
was added to the 5� end by PCR, and the tagged cDNA was subcloned into
pcDNA3.1. The HA-tagged ubiquitin construct was described previously
(Wang et al., 2000).

Taxol-mediated microtubule coassembly assay. The experiments were
performed according to the protocol of Vallee (1986). Briefly, 3-week-
old male Sprague Dawley rats were decapitated after being anesthetized
with halothane (Sigma). A whole brain was homogenized in PEM buffer
(0.1 M PIPES, 1 mM EGTA, and 1 mM MgSO4) on ice, centrifuged at 4°C
first at 30,000 � g for 15 min then at 180,000 � g for 90 min. The
supernatant fraction contained the cytosol (C). Taxol (Sigma) and GTP
were added to C to a final concentration of 20 �M and 1 mM, respectively.
The solution was warmed up to 37°C and centrifuged through a layer of
sucrose. The supernatant fraction was designated S1, and the pellet was
washed with PEM buffer and resuspended in PEM buffer contain taxol
and GTP at 37°C (P1), which was centrifuged again. The supernatant
fraction was designated S2, and the pellet was washed with PEM buffer
and resuspended in PEM buffer containing taxol and GTP at 37°C (P2),
which was separated into three equal portions. Each portion was mixed
with one-tenth, one-third, or one-half volume of MAP dissociation
buffer (PEM � taxol � GTP � 4 M NaCl) at 37°C to elute MAPs at 0.36,
1, or 2 M of NaCl, respectively. After the mixtures were centrifuged, the
supernatant fractions were designated S3, S4, and S5, respectively, and
pellet fractions were rinsed in PEM buffer at 37°C and resuspended in
PEM buffer at 4°C to depolymerize microtubules (P3, P4, and P5, respec-
tively). Equal amounts of total proteins (10 �g) from each fraction were
boiled and separated on 7.5% SDS–polyacrylamide gel and analyzed by
Western blots with antibodies against MAP1A, MAP2, parkin and
�-tubulin, respectively.

Transfection, immunoprecipitation, and Western blot. Human embry-
onic kidney (HEK) 293, SH-SY5Y, and BE(2)C cells were purchased from
American Type Culture Collection (Manassas, VA). They were main-
tained in DMEM with 10% FCS and antibiotics. Transfection of various
constructs was performed using Fugene 6 (Roche, Indianapolis, IN) ac-
cording to the manufacturer’s protocol. Sixty hours after transfection,
cells cultured in 10 cm dishes were lysed on ice in cold lysis buffer (con-
taining the following: 1% Triton X-100, 10 mM Tris pH 7.6, 50 mM NaCl,
30 mM sodium pyrophosphate, 50 mM NaF, 5 mM EDTA, and 0.1 mM

Na3VO4) for 20 min. Lysates were centrifuged at 4°C at 16,000 � g and
supernatant fractions were incubated with antibody against �- or
�-tubulin for 1 hr at 4°C, followed by incubation with protein A/G plus
agarose (Santa Cruz Biotechnology) at the same condition. Immunopre-
cipitates were washed three times with the lysis buffer, then boiled in 2�
SDS loading buffer for 5 min and separated on 7.5% SDS-polyacrylamide
gel. Half of the immunoprecipitates were for Western blot with anti-HA,
and the other half for Western blot with anti-�-tubulin or anti-�-tubulin

(loading control). Western blots were carried out using the ECL method
according to the manufacturer’s protocol (Amersham Biosciences, Pis-
cataway, NJ). In some experiments, cell lysates containing equal amounts
of total protein (100 �g) were boiled in sample buffer, separated on 7.5%
SDS-polyacrylamide gel, and analyzed by Western blot with anti-HA or
anti-FLAG. For experiments using rat brain homogenates, one whole
brain was homogenized in 15 ml of ice-cold lysis buffer on ice in a tissue
grinder (Fisher Scientific, Pittsburgh, PA). The homogenate was centri-
fuged at 16,000 � g for 20 min and ultracentrifuged at 338,000 � g for 30
min. The supernatant fraction was used in immunoprecipitation or
Western blot as described above.

Immunohistochemistry. Adult male Sprague Dawley rats were anesthe-
tized and transcardially perfused with PBS, followed by 4% paraformal-
dehyde (PFA; Sigma) in PBS. Fixed brain chucks were cut on a cryostat to
obtain sagittal sections (14 �m thick), which were floated on PBS and
picked up with slides precoated with 0.2% polyethylenimine (Sigma).
After the sections were air-dried, they were permeablized in 0.1% Triton
X-100 in PBS for 15 min, then blocked with 3% BSA for 1 hr. This was
followed by incubation in primary antibodies (anti-parkin and anti-�-
tubulin) for 1 d at 4°C and secondary antibodies (rhodamine-conjugated
goat anti-rabbit IgG and FITC-conjugated goat anti-mouse IgG) for
another day at 4°C. Slides were counterstained with the DNA-binding
dye TO-PRO-3 (1:1000 in PBS, emitting fluorescence in the Cy5
range) for 5 min, and mounted with VectaShield (Vector Laboratories,
Burlingame, CA).

Embryonic neuronal culture and immunocytochemistry. Primary neu-
ronal cultures were performed with brains from rat embryos at embry-
onic day 18. The cortex, hippocampus, or midbrain (containing substan-
tia nigra) was dissected from each embryo for separate cultures. Minced
brain tissue was digested in CGBD buffer (0.2 mg/ml DL-cysteine hydro-
chloride monohydrate, 5 mg/ml glucose, 0.2 mg/ml BSA, and 0.01 mg/ml
DNaseI in PBS) containing 9 U/ml of papain (Worthington Biochemical,
Lakewood, NJ). Dissociated neurons were plated on coverslips in 12-well
plates at a density of 1 � 10 5 cells/well in Neurobasal media supple-
mented with B27 (Invitrogen, Carlsbad, CA). Cytosine arabinoside (1
mM) was added to culture media from the fourth day to inhibit glia
growth and the medium was changed every 4 –5 d. Coverslips were pre-
coated with 0.2% polyethylenimine in 0.15 M of sodium borate, pH 8.4.
Neurons cultured for 3 weeks were fixed in 4% PFA for 15 min at room
temperature or cold methanol for 20 min at�20°C. PFA-fixed neurons were
permeablized in 0.1% Triton X-100 in PBS for 15 min. Immunostaining was
the same as the procedures described for immunohistochemistry.

Confocal microscopy and image analysis. Immunofluorescence images
were acquired on a confocal microscope from Bio-Rad (Hercules, CA).
Monochrome images (512 � 512 pixels) were pseudocolored and
merged with the software Confocal Assistant (freeware by Todd Clark
Brelje). Colocalization of signals was assessed by the colocalization anal-
ysis function in the LaserSharp software (Bio-Rad). The degree of colo-
calization is expressed in Pearson’s correlation coefficient, which calcu-
lates, for example, the proportion of all red intensities that have green
components among all red intensities (Manders et al., 1993).

Results
Parkin coassembles with microtubules
To identify substrates of parkin, we performed yeast two-hybrid
screening with a mouse brain cDNA library. MAP1A came up as
a positive clone in several independent experiments. However,
the binding between parkin and MAP1A in coimmunoprecipita-
tion assays was quite weak and apparently dependent on the tem-
perature during immunoprecipitation. The amount of MAP1A
coimmunoprecipitated with parkin at 37°C was significantly
more than that at 4°C (Feng and Lin, 2001). This result hints that
parkin may bind to MAP1A indirectly, through microtubules,
because the polymerization of microtubules is temperature-
dependent and optimal at 37°C.

To explore this possibility, we carried out taxol-mediated
microtubule coassembly experiments using ultracentrifuged
rat brain homogenate (Vallee, 1986). As shown in Figure 1,
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�-tubulin and two known MAPs (MAP1A and MAP2) were
highly enriched in the pellet fractions containing microtubules
(P1 and P2), compared with the soluble fractions (S1 and S2).
Parkin was found exclusively in the pellet fractions, indicating
that it was bound to microtubules rather than freely floating in
the cytosol. When the pellets in P2 were incubated at 37°C in MAP
dissociation buffer with varying concentrations of NaCl, MAP1A
and MAP2 were eluted into the supernatant fractions (S3, S4, and
S5) at 0.36 M of NaCl or above. In contrast, parkin could not be
dissociated from the pellet fractions even with 2 M of NaCl (P5).
These results show that parkin binds to microtubules much more
tightly than MAP1A or MAP2 does, perhaps through hydropho-
bic rather than electrostatic interactions.

To ensure the specificity of the parkin antibody used in our
studies, we performed Western blots on lysates from the rat brain
and HEK293 cells transfected with or without FLAG-tagged par-
kin. Of the five antibodies that we generated against peptides
derived from different regions of parkin, the P304 antibody rec-
ognized parkin specifically. As shown in Figure 2, this antibody
(PK) detected the same 52 kDa band in the samples, without
recognizing anything else. The identity of this band was con-
firmed by the transfected FLAG-tagged mouse parkin, which mi-
grated at a slightly higher position because of the epitope tag.
Preincubation of the antibody with its antigenic peptide com-
pletely eliminated the signals, further demonstrating the specific-
ity of this antibody.

Parkin binds to �/� tubulin heterodimers
The strong affinity between parkin and microtubules and the fact
that very little traditional MAP can remain bound to microtu-
bules in the presence of 2 M NaCl made us suspect that parkin
may bind to tubulin directly. To test this hypothesis, we per-
formed coimmunoprecipitation experiments in rat brain lysate.
Rat brains were homogenized in a lysis buffer containing 1%
Triton X-100, without GTP or taxol. After ultracentrifugation,
the supernatant factions were incubated at 4°C in the absence or
presence of 25 �M of colchicine for 15 min; then they were im-

munoprecipitated with the parkin antibody preincubated with or
without the antigenic peptide. The immunoprecipitates were an-
alyzed by Western blots with monoclonal antibodies against �- or
�-tubulin, respectively. As shown in Figure 3A, both �- and
�-tubulins were strongly coimmunoprecipitated with parkin.
The signals were completely eliminated when the parkin anti-
body was preincubated with its antigenic peptide, confirming
that the coimmunoprecipitation was indeed caused by parkin.
The binding between parkin and �- or �-tubulin was not affected
by colchicine treatment at 4°C, indicating that parkin binds to
tubulin �/� heterodimers, which are the predominant form of
tubulin at this condition.

Similar results were obtained when we transfected FLAG-
tagged parkin into HEK293 cells and examined its interaction
with endogenous �- and �-tubulins. As shown in Figure 3B, the
expression of FLAG-tagged parkin led to a significant increase in
its coimmunoprecipitation with �- or �-tubulin, respectively.
The background level of coimmunoprecipitated tubulins in
untransfected cells may be attributable to nonspecific binding
between tubulins and protein A/G-plus agarose used in immuno-
precipitation.

Parkin is localized along microtubules in a punctate manner
The strong binding between parkin and microtubules suggests
that they may be colocalized. To test this, we costained rat em-
bryonic cortical neurons cultured for 21 d in vitro with anti-
parkin (Fig. 4A), anti-�-tubulin (Fig. 4B), and the DNA-binding

Figure 1. Coassembly of parkin and microtubules. The cytosolic fraction (C) from ultracen-
trifuged rat brain homogenate was subjected to two cycles of taxol-mediated assembly. Super-
natant and pellet fractions from each cycle were designated as S1 , P1 , S2 , and P2 , respectively.
The P2 pellet was resuspended and separated into three equal parts, each incubated at 37°C in
MAP dissociation buffer containing 0.36, 1, or 2 M of NaCl, respectively, to release MAPs into the
supernatant fractions (S3 , S4 , or S5 , respectively), whereas the pellet fractions (P3 , P4 , or P5 ,
respectively) contained mostly microtubules. Ten micrograms of total proteins from each frac-
tion were analyzed by Western blots with antibodies against MAP1A, MAP2, �-tubulin, or
parkin, respectively. Note that parkin was always in the pellet fractions, in which microtubules
were enriched. The large space in lane S5 on �-tubulin and parkin blots was attributable to
distortion caused by high salt concentration of the samples as they migrate to the bottom. The
faint signal of MAP1A in C was attributable to its relatively low abundance in the 10 �g of total
cytosolic proteins loaded. The experiment was repeated three times, each with similar results.

Figure 2. Generation of a monospecific antibody against parkin. Rat brain homogenates (B)
and lysates from HEK293 cells transfected without (C) or with (P) FLAG-tagged mouse parkin
were Western blotted (WB) with the antibody against parkin, or the same antibody preincu-
bated with the antigenic peptide, or anti-FLAG. m, Prestained molecular weight marker. The
amount of total proteins loaded in lanes B and C was 100 �g, whereas that in lane P was 5 �g,
because FLAG-parkin was overexpressed. The experiment was repeated three times, each with
similar results.
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dye TO-PRO-3 (merged in Fig. 4C). The punctate subcellular
localization of parkin largely coincided with microtubules, as
shown by the strong yellow signals, especially in the processes
(Fig. 4C and inset). Colocalization analysis indicated that 98% of
the parkin signals coincided with �-tubulin signals, whereas 70%
of �-tubulin signals coincided with those of parkin (Fig. 4D). On
the other hand, neither parkin nor �-tubulin signals were in the
nucleus (colocalization coefficient, 0.04) (Fig. 4E,F), which is
consistent with their colocalization and the well-established ab-
sence of microtubules in the nucleus. To ensure the specificity of
the parkin antibody, we stained cultured neurons with the pri-
mary antibodies preincubated with the parkin antigenic peptide
and obtained no significant signal from the rhodamine channel
(Fig. 4G), whereas signals from other channels were intact (data
not shown). The cultures that we used also contained a small
number of glial cells. The subcellular localization of parkin in
these cells was the same as that in neurons: punctate dots along
microtubules (Fig. 4H and inset). In addition, we have cultured
neurons from different brain regions, such as the substantia nigra

and hippocampus. There was no difference in the subcellular
localization of parkin in neurons from different regions, nor was
there any difference between dopaminergic neurons and nondo-
paminergic neurons (data not shown). To ascertain whether
what we saw in cultured neurons represented the situation in the
brain, we costained adult rat brain sections with anti-parkin
(red), anti-�-tubulin (green), and TO-PRO-3 (blue). As shown
in the merged image in Figure 4 I, parkin immunostaining was
punctate, decorating along �-tubulin signals, which were most
prominent in the processes. Thus, the subcellular localization of

Figure 3. The binding between parkin and �/� tubulins. A, Ultracentrifuged rat brain ho-
mogenates were incubated in the absence or presence of 25 �M of colchicine at 4°C to ensure
the depolymerization of microtubules. They were then immunoprecipitated (IP) with preim-
mune serum (Pre) or the antibody against parkin (PK) in the absence or presence of the anti-
genic peptide. The immunoprecipitates and 1% of input (In) were separated by SDS-PAGE, and
blotted with antibodies against �- or �-tubulin, respectively. Both tubulins were coimmuno-
precipitated with parkin. HC, Heavy chain. B, Cleared lysates from HEK293 cells transfected with
or without FLAG-tagged parkin were immunoprecipitated with anti-FLAG. Precipitated pro-
teins and 1% of input were analyzed by Western blotting with antibodies against �- or
�-tubulin, respectively. The lysates were also blotted with anti-parkin and anti-FLAG to show
the expression level of transfected parkin. All experiments were repeated at least three times.

Figure 4. Punctate subcellular localization of parkin along microtubules in rat neurons and
glial cells. Cultured rat embryonic cortical neurons were costained with anti-parkin ( A), anti-
�-tubulin ( B), and the DNA-binding dye TO-PRO-3. Confocal images from rhodamine channel
(parkin, red), FITC channel (�-tubulin, green), and Cy5 channel (DNA, blue) were merged ( C).
Inset, Enlarged portion of the composite showing punctate staining of parkin along microtu-
bules. D, Fluorogram showing the degree of colocalization between red signals (parkin) and
green signals (microtubule). Colocalization coefficients indicate that 98% of the red signals
have green components, whereas 70% of the green signals have red components. E, Fluoro-
gram showing the degree of colocalization between green signals (�-tubulin) and blue signals
(DNA). The lack of �-tubulin in the nucleus is indicated by the small coefficient (0.04). F,
Fluorogram showing the degree of colocalization between red signals (parkin) and blue signals
(DNA). The lack of parkin in the nucleus is indicated by the small coefficient (0.04). G, No
significant signal was observed in the rhodamine channel when the parkin antigenic peptide
was mixed with the primary antibodies, demonstrating the specificity of parkin staining. Sig-
nals from other channels were unaffected (data not shown). H, Merged images of a glial cell in
the same culture showing punctate staining of parkin (red) along microtubules (�-tubulin,
green). Inset, Enlarged portion of the composite. I, Merged images of an adult rat brain section
showing punctate staining of parkin (red) along microtubules (�-tubulin, green). Scale bars, 10
�m. At least 10 sets of images were taken from 5 coverslips, all with similar results.
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parkin appears very similar in culture and in vivo: punctate dots
along microtubules.

To confirm that parkin puncta are indeed localized on micro-
tubules, we treated rat neuronal cultures (Fig. 5A,B), human
neuroblastoma cell line SH-SY5Y (Fig. 5C,D), and mouse fibro-
blast cell line NIH 3T3 (Fig. 5E,F) with or without the
microtubule-depolymerizing drug colchicine (25 �M for 12 hr).
The treatment changed the subcellular localization of parkin
from puncta along microtubules (Fig. 5A,C,E) to diffusely cyto-
solic (Fig. 5B,D,F). Taken together with other lines of evidence
described above, it demonstrates that parkin puncta are indeed
associated with microtubules. The data also show that the
microtubule-associated, punctate subcellular localization of par-
kin is a general phenomenon in a variety of cell types, including
neurons, glial cells (Fig. 5A), and drastically different cell lines
(Fig. 5C,E), despite the varying level of its expression.

A previous report (Fallon et al., 2002) showed that parkin was
colocalized with calmodulin-sensitive kinase in a punctate man-
ner in postsynaptic densities (PSDs). To ascertain whether the
punctate staining pattern of parkin that we saw was PSD or not,
we costained rat cortical neurons with antibodies against parkin

and PSD-95 (a marker for PSD). As shown in Figure 6A, the
subcellular localization of parkin and PSD95 appeared to be sep-
arated, with almost no yellow spots. Furthermore, using our par-
kin antibody (P304) in Western blots, we saw that the majority of
parkin was in the Triton X-100 –soluble fraction, rather than the
pellet fraction, which contains PSD. To provide more evidence,
we costained culture neurons with rhodamine-conjugated phal-
loidin and anti-parkin. In mature neurons, the actin-binding
compound phalloidin recognizes dendritic spines, where most
PSDs are localized. The lack of overlapping between phalloidin
puncta and parkin staining in Figure 6B showed that parkin was
not colocalized with PSD. These results, combined with the same
pattern of the subcellular localization of parkin in non-neuronal
cells which do not have PSD (Fig. 5C,E), demonstrate that parkin
puncta are not in the PSD. Costaining of parkin and synaptophy-
sin showed that parkin was not colocalized with presynaptic ter-
minals either (Fig. 6C), which is consistent with previous reports
(Fallon et al., 2002).

In addition to the monospecific antibody against parkin
(P304), we also used another antibody, P124, which recognized
parkin as a major band and a few minor bands as well on Western
blots. Nevertheless, the P124 antibody gave similar results
with regard to the subcellular localization of parkin, coassembly with
microtubules and binding to tubulin heterodimers, albeit
with higher background noise (data not shown).

Parkin enhances ubiquitination of �- and �-tubulins
The above results show that parkin binds to microtubules and
tubulin and is localized in a punctate manner along microtu-
bules. Because parkin is an E3 protein– ubiquitin ligase, it is pos-
sible that parkin may enhance the ubiquitination of tubulin. To
investigate this possibility, we cotransfected HA-tagged ubiquitin
without or with FLAG-tagged parkin into HEK293 cells. Cell
lysates were immunoprecipitated with antibodies against
�-tubulin (Fig. 7A) or �-tubulin (Fig. 7C). Precipitated proteins
were Western-blotted with anti-HA to examine the ubiquitina-
tion of endogenous �- or �-tubulin. As shown in Figure 7A, the
overexpression of parkin led to an increased amount of polyubiq-
uitinated �-tubulin. When the cells were treated with lactacystin
(1 �M for 12 hr), which specifically inhibits proteases in the 26S
proteasome (Fenteany and Schreiber, 1998), an additional in-
crease in the amount of polyubiquitinated �-tubulin was ob-
served. Lactacystin treatment alone (lane 5) did not cause any
significant increase over the basal level of polyubiquitinated
�-tubulin (lane 2), which may be produced by either endogenous
parkin or other E3 ligases in HEK293 cells. Similar effects were
observed for �-tubulin in Figure 7C. The same set of �- or
�-tubulin immunoprecipitates were also separated side by side
with cell lysate and blotted with antibodies against �-tubulin
(Fig. 7B) or �-tubulin (Fig. 7D). The amount of �- or �-tubulins
immunoprecipitated were the same across the lanes, respectively.
These results show that parkin enhances the ubiquitination of �-
and �-tubulins in HEK293 cells. To understand the full extent of
the E3 ligase activity of parkin, Western blots using anti-HA were
performed on total cell lysates from the same set of samples. As
shown in Figure 7E, parkin enhanced the ubiquitination of many
proteins in HEK293 cells (lane 3 vs lane 2). An equal expression
level of transfected parkin was shown in the anti-FLAG blot in
Figure 7F.

To ascertain whether the ubiquitination of �- and �-tubulin
observed in HEK293 cells occurs under normal physiological
conditions in the brain, we immunoprecipitated �- or �-tubulin
from ultracentrifuged rat brain lysates and analyzed the precipi-

Figure 5. Disruption of the punctate subcellular localization of parkin by colchicine. Primary
rat neuronal cultures (A, B), human neuroblastoma cell line SH-SY5Y (C, D) and mouse fibroblast
cell line NIH 3T3 were treated with (�Col, B, D, F ) or without (�Col, A, C, E) colchicine, and
costained with anti-parkin (red), anti-�-tubulin (green) and TO-PRO-3 (blue). Colchicine de-
polymerized microtubules and changed the localization pattern of parkin from punctate to
diffusely cytosolic. Insets, Enlarged portion of the main image showing punctate localization of
parkin along microtubules. Scale bar, 10 �m.
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tated proteins by Western blotting with anti-ubiquitin. As shown
in the left panel of Figure 8, the �-tubulin antibody immunopre-
cipitated two proteins (bands a and c) that can be recognized by
both anti-ubiquitin and anti-�-tubulin. The size of the

two bands suggests that a is probably
penta-ubiquitinated �-tubulin and c is
probably partially degraded ubiquiti-
nated �-tubulin. The ability of the
�-tubulin antibody to immunoprecipi-
tate �-tubulin itself was demonstrated by
the presence of band b in the �-tubulin
blot, which migrated at the same size as
the band recognized by the Western blot
of the rat brain lysate. Similar results were
obtained for �-tubulin in Figure 8 (right).
Distinct bands of polyubiquitinated �-tu-
bulin were recognized by both anti-ubiq-
uitin and anti-�-tubulin (bands d),
whereas bands f probably represented
partially degraded ubiquitinated �-tubu-
lin. The ability of the �-tubulin antibody
to immunoprecipitate the protein itself
was confirmed by the presence of band e,
which was a little smaller in molecular
weight than �-tubulin (band b). The tight
binding between �- and �-tubulins means
that either antibody would pull down �/�
tubulin heterodimers. The specificity of
these well established antibodies and their
recognition of the same bands seen in
ubiquitin blots indicate that both tubulins
are ubiquitinated in vivo. The sizes of the
largest ubiquitinated �- and �-tubulin
species in Figure 8 are very similar to those
�100 kDa bands in Figure 7, A and B,
which suggests that the situation in trans-
fected HEK293 cells largely mimics the
conditions in the rat brain. The high-
molecular-weight species of ubiquitinated
tubulins (Fig. 7A,B, 200 –300 kDa bands)
were not observed in rat brain lysate. They
are perhaps additionally ubiquitinated
products of the �100 kDa species by par-
kin overexpressed in HEK293 cells.

Parkin mutants found in PD patients do
not ubiquitinate �- or �-tubulin
To provide more evidence that parkin is
an E3 ligase for tubulin and to test whether
such enzymatic activity is affected by mu-
tations found in PD patients, we trans-
fected HEK293 cells with FLAG-tagged
human wild-type parkin or three point
mutants (K161N, T240R, and C431F)
(Fig. 9A) that are linked to AR-JP (Giasson
and Lee, 2001) along with HA-tagged
ubiquitin. After the cell lysates were im-
munoprecipitated with antibodies against
�- or �-tubulin, respectively, precipitated
proteins were analyzed by Western blot-
ting with anti-HA. As shown in Figure 9B,
only wild-type parkin caused a significant
increase in the ubiquitination of �- and

�-tubulins, and none of the mutants were capable of ubiquitinat-
ing either tubulin. When we analyzed the cell lysates by HA West-
ern blot, it was clear that these mutants did not have any signifi-
cant E3 ligase activity over the background level caused by other

Figure 6. Parkin is not colocalized with PSDs or presynaptic terminals. A, Cultured rat cortical neurons were stained with
antibodies against parkin (PKN) and PSD95. Confocal images from rhodamine channel (parkin, red) and FITC channel (PSD95,
green) were pseudocolored and merged. B, Cultured rat cortical neurons were stained with rhodamine-conjugated phalloidin
(Pha) and anti-parkin (PKN). Confocal images from the rhodamine channel (staining actin in spines, red) and FITC channel (parkin,
green) were pseudocolored and merged. C, Cultured rat cortical neurons were stained with antibodies against parkin and synap-
tophysin (SYN). Confocal images from the rhodamine channel (parkin, red) and FITC channel (synaptophysin, green) were pseudo-
colored and merged. Insets, Enlarged portions of the main pictures showing lack of colocalization of signals.

Figure 7. Parkin enhances the ubiquitination of �- and �-tubulins in HEK293 cells. HEK293 cells were transfected without or
with HA-tagged ubiquitin (HA-Ub) and Flag-tagged parkin (F-PKN), and were treated without or with 1 �M lactacystin (Lac) for 12
hr. Cleared cell lysates were immunoprecipitated with antibodies against �-tubulin (A, B) or �-tubulin (C, D). Half of the precip-
itates were blotted with anti-HA (A, C), whereas the other half were blotted with anti-�-tubulin ( B) or anti-�-tubulin ( D). Cell
lysates (10 �g total proteins, lane 6 in B and D) were loaded next to the lanes containing tubulin immunoprecipitates to indicate
the position of �- or �-tubulin (arrow). Ubiquitinated tubulin proteins are marked with a bracket. *IgG heavy chain. The same set
of cell lysates (100 �g total proteins in each lane) were also blotted with anti-HA ( E) to show ubiquitinated proteins, or with
anti-FLAG ( F) to show the expression level of transfected parkin; #, nonspecific bands recognized by anti-HA in total cell lysates.
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E3 ligases in the cell (Fig. 9C). This is consistent with previous
studies using these mutants (Giasson and Lee, 2001). The expres-
sion levels of wild-type and mutant parkin constructs were com-
parable in these experiments (Fig. 9D).

Parkin, but not its mutants linked to PD, accelerates
degradation of �- and �-tubulins
Because parkin enhanced the ubiquitination of �- and
�-tubulins, it should also facilitate their degradation by the 26S
proteasome. To test this, we transfected HEK293 cells with or
without parkin and treated the cells with the protein synthesis
inhibitor puromycin (100 �M) for various durations. We also
transfected cells with the three point mutants that did not ubi-
quitinate �- or �-tubulin (Fig. 9) to see if these PD-linked muta-
tions affect the ability of parkin to degrade tubulins. Equal frac-
tions (1%) of total cell lysates were separated on SDS-PAGE and
analyzed by Western blots with antibodies against �-tubulin,
�-tubulin, or parkin, respectively. Without synthesis of new pro-
teins, the level of �- or �-tubulin in these cells should reflect their
rates of degradation. As shown in Figure 10A, the amount of
�-tubulin decreased much faster in HEK293 cells transfected
with wild-type parkin, compared with cells untransfected or
transfected with any one of the three point mutants. Similar ef-
fects were observed for �-tubulin degradation. The amount of
endogenous parkin in untransfected cells was significantly re-
duced at 12 and 24 hr of puromycin treatment. However, the level
of transfected wild-type or mutant parkin was not significantly
affected by the puromycin treatment, perhaps because of the
overexpression of the constructs.

A significant difference was found in the level of �- or
�-tubulin between untransfected cells and cells transfected with

wild-type parkin at 12 and 24 hr of puromycin treatment ( p �
0.05, n � 4 experiments, paired t test) (Fig. 10B,C). Tubulin
degradation rates were not significantly different between cells
untransfected or transfected with any one of the three mutants
( p � 0.05) (Fig. 10B,C). The much faster rate for the degradation
of �- and �-tubulin in the presence of parkin, but not its mutants
that lack E3 ligase activity, shows that parkin enhances the turn-
over of both tubulins, most likely through increasing their
ubiquitination.

Discussion
In this report, we describe the strong binding and colocalization
between parkin and microtubules. In contrast to typical MAPs,
which bind to microtubules primarily through electrostatic inter-
actions, parkin cannot be dissociated from microtubules with 2 M

of NaCl. It suggests that this interaction is mostly hydrophobic in
nature. The strong binding appears to be caused by direct inter-
actions between parkin and tubulin �/� heterodimers, the build-
ing blocks of microtubules. In our coimmunoprecipitation ex-
periment (Fig. 3), we pretreated ultracentrifuged brain lysates
with colchicine at 4°C to ensure that microtubules were com-
pletely depolymerized into tubulin heterodimers. The large
amount of �- and �-tubulins coimmunoprecipitated with parkin
at this condition suggests that parkin binds to tubulin �/� het-
erodimers with high affinity. Even in high salt conditions, the
coimmunoprecipitation could not be disrupted (data not
shown), which is consistent with the tight binding between par-
kin and microtubules. Additional studies are necessary to purify
parkin from tubulins and measure the dissociation constant and
stoichiometry of the interaction between parkin and tubulin het-
erodimers, as well as that between parkin and pure microtubules.

Figure 8. Ubiquitinated �- and �-tubulin in rat brain lysate. Ultracentrifuged rat brain
lysates were immunoprecipitated with an irrelevant polyclonal antibody (anti-neurabin, n),
anti-�-tubulin (�) or anti-�-tubulin (�). Immunoprecipitates were analyzed by Western blot-
ting with anti-ubiquitin (Ub), anti-�-tubulin or anti-�-tubulin. Rat brain lysates (5 �g total
proteins, �) were loaded next to the lanes containing tubulin immunoprecipitates to indicate
the position of �- or �-tubulin. Bands: a, d, ubiquitinated �- or �-tubulin; b, e, �- or �-tu-
bulin; c, f, partially degraded ubiquitinated �- or �-tubulin; HC, IgG heavy chain; LC, IgG light
chain.

Figure 9. Parkin mutants found in PD patients cannot ubiquitinate �- and �-tubulin. A,
Diagram showing the location of three point mutations found in PD patients. U, Ubiquitin-like
domain; R, RING finger domain; I, in-between RING finger domain. B, HEK293 cells were trans-
fected with FLAG-tagged human wild-type (w) or mutant (a, b, or c as shown in A) parkin- and
HA-tagged ubiquitin. Cell lysates were immunoprecipitated with antibodies against �-tubulin
(left) or �-tubulin (right). Precipitated proteins were blotted with anti-HA to show the ubiq-
uitination of either tubulin (indicated by the bracket). *IgG heavy chain. The same set of cell
lysates was also blotted with anti-HA to show the E3 ligase activity of wild-type and mutant
parkin ( C) or anti-FLAG to show the expression level of these parkin constructs ( D). #, Nonspe-
cific bands recognized by anti-HA in HEK293 cell lysates. All experiments were repeated at least
three times, each with similar results.
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It would also be interesting to investigate the role of parkin in
microtubule assembly, stability, and dynamic properties.

The interaction between parkin and �/� tubulin apparently
enhances the ubiquitination and degradation of both tubulins.
The expression of transfected parkin in HEK293 cells signifi-
cantly increased the ubiquitination of �- and �-tubulins (Fig.
7A,C). This effect was shown to be dependent on the E3 ligase
activity of parkin. Three point mutations found in PD patients
(K161N, T240R, C431F) abolished the E3 ligase activity of parkin
toward tubulins (Fig. 9B) and other substrates (Fig. 9C) in the
cell. These data indicate that parkin is a protein– ubiquitin E3
ligase for �- and �-tubulin. This is confirmed by the results that
parkin, but not its PD-linked mutants that lack E3 ligase activity,
accelerated the degradation of both �- and �-tubulins (Fig. 10).

To ensure that what we saw in HEK293 cells was not an artifact
attributable to the overexpression of parkin, we examined the
ubiquitination of tubulins in the rat brain. Indeed, similarly ubi-
quitinated �- and �-tubulins (Figs. 7A,C, 8, �100 kDa bands)
were observed in both systems, suggesting that a fraction of �-
and �-tubulins are in fact ubiquitinated in vivo under normal
conditions. The size of these bands indicates that they are prob-
ably penta-ubiquitinated tubulins. The minimal length of polyu-
biquitin chain that can be efficiently recognized by the 26S pro-
teasome is generally believed to be 4 –5 ubiquitin molecules
(Hershko and Ciechanover, 1998). This might be why we saw
distinct bands of penta-ubiquitinated tubulins in the brain; ad-
ditional ubiquitination of these products would promote their
rapid degradation. In transfected HEK293 cells, the overexpres-
sion of parkin would produce the whole range of polyubiquiti-
nated tubulins in addition to the penta-ubiquitinated species.

The balance between ubiquitination enzymes and de-
ubiquitination enzymes, as well as activity of the 26S proteasomes
ultimately determines the steady-state distribution of various
polyubiquitinated species. Regardless of the details of how parkin
ubiquitinates �- and �-tubulin, the expression of transfected par-
kin in HEK293 cells accelerated the degradation of both tubulins,
which further corroborates that parkin is an E3 ligase for �- and
�-tubulins.

Because tubulin can exist stably in the cell only as het-
erodimers or as polymers of the heterodimers (i.e., microtu-
bules), the most likely source of ubiquitinated tubulin may be
misfolded tubulin. Indeed, the correct folding of each monomer
and the formation of functional heterodimers require coordi-
nated actions of a series of cellular chaperonins and tubulin-
specific folding cofactors (for review, see Lewis et al., 1997). The
complex and reversible nature of the folding process would inev-
itably result in the production of misfolded intermediates, which
were believed to be quickly degraded through an unknown mech-
anism. Our results indicate that parkin may be responsible for the
ubiquitination of misfolded �- and �-tubulin. Once tubulins are
ubiquitinated, they are apparently recognized and degraded by
the 26S proteasome, because our data showed that parkin also
accelerated the turnover rate of both tubulins (Fig. 10).

In addition to the folding process, which would inherently
produce a small amount of misfolded tubulin, sudden depoly-
merization of microtubules, e.g., by colchicine, results in in-
creased ubiquitination and degradation of tubulin (Y.R. and J.F.,
unpublished observations). When the concentration of tubulin
heterodimers is too high, the cell shuts down tubulin synthesis by
degrading its mRNA being translated on polysomes (Pachter et
al., 1987). However, this “autoregulation” mechanism may not
be able to reduce the free tubulin concentration quickly if micro-
tubules are suddenly depolymerized by drugs like colchicine. In
such a case, parkin may play a critical role in ubiquitinating excess
tubulin heterodimers so that they can be efficiently degraded by
the 26S proteasome. However, it is unclear whether the E3 ligase
activity of parkin has any preference toward misfolded tubulin
polypeptides or properly folded heterodimers. Additional studies
are necessary to resolve this issue.

MPP� and rotenone are two neurotoxins that cause the selec-
tive death of DA neurons and PD-like symptoms in human sub-
jects or animals (Langston et al., 1983; Betarbet et al., 2000). In
addition to their widely recognized ability to inhibit complex I of
the mitochondrial respiratory chain (Mizuno et al., 1987; Higgins
and Greenamyre, 1996), they also strongly induce the depoly-
merization of microtubules in vivo and in vitro (Brinkley et al.,
1974; Marshall and Himes, 1978; Cappelletti et al., 1999, 2001).
On the other hand, the inhibition of complex I by either toxin
leads to overproduction of reactive oxygen species, which co-
valently modify many cellular proteins and increase their mis-
folding. The combination of the two activities of these toxins
would produce a significant amount of misfolded tubulin in the
cell, which may be toxic (Burke et al., 1989; Weinstein and So-
lomon, 1990). Thus, the ability of parkin to ubiquitinate mis-
folded tubulin and accelerate its degradation may be crucial to
the survival of any cell affected by MPP� or rotenone. In the case
of MPP�, its selective uptake by DA neurons through the DA
transporter renders these cells particularly vulnerable (Przedbor-
ski and Jackson-Lewis, 1998). Although rotenone is nonselec-
tively absorbed by many types of tissues because of its hydropho-
bicity, it appears to cause specific degeneration of nigral DA
neurons (Betarbet et al., 2000), which suggests that these cells are
particularly vulnerable to rotenone-induced toxicity.

Figure 10. Parkin, but not its mutant-linked PD, accelerates the degradation of �- and
�-tubulin. HEK293 cells were transfected without or with various parkin constructs [wild-type
(WT), K161N, T240R, or C431F mutant] and treated with puromycin (100 �M) for different
duration. Equal fractions (1%) of total cell lysates were Western-blotted with anti-�-tubulin,
anti-�-tubulin, or anti-parkin ( A). Only wild-type parkin significantly accelerated the degra-
dation of �- and �-tubulin at 12 and 24 hr of treatment, compared with cells untransfected or
transfected with any one of the point mutants. Expression levels of transfected parkin con-
structs were not significantly affected by puromycin treatment. Results from four experiments
were quantified and normalized against the amount of �-tubulin ( B) or �-tubulin ( C) at 0 hr of
treatment. *p � 0.05, paired t test, compared with no parkin transfection at 12 or 24 hr of
puromycin treatment.
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Because microtubules play obligatory functions in the main-
tenance of cellular morphology and intracellular transport, their
depolymerization by either toxin would cause significant damage
to the cell, especially for long projection neurons such as DA cells
on the nigrostriatal pathway. Among the many things that could
be affected by microtubule depolymerization, the lack of suffi-
cient transport of DA vesicles to the terminal would directly re-
duce DA release in the striatum. Thus, the microtubule-
depolymerizing activity of MPP� and rotenone may significantly
affect the normal functions of nigral DA neurons. Parkin,
through its ability to ubiquitinate and degrade misfolded tubulin,
may protect neurons from the toxic accumulation of misfolded
tubulin, particularly when the cells are exposed to neurotoxins
such as MPP� and rotenone.

Although it is not clear whether AR-JP patients with parkin
mutations exhibit microtubule abnormalities, future studies are
warranted to examine the ubiquitination of tubulins in these
brains. In the rotenone model of PD, the degeneration of dopa-
mine neurons appears to be more prominent at neuronal termi-
nals and processes compared with the cell bodies (Betarbet et al.,
2000). The low level of rotenone used in those studies (30 nM in
the rat brain) may cause only a small amount of microtubule
depolymerization. This may cause more harm to the terminals
and processes than to the cell bodies, because tubulin synthesis
can rapidly replenish damaged microtubules in the cell bodies,
but not those in the terminals and distal processes, because newly
formed microtubules need to be transported along old microtu-
bules to these places (Baas, 1997, 2002).

In summary, our results show that parkin strongly binds to
microtubules and tubulin �/� heterodimers. It also enhances the
ubiquitination and degradation of �- and �-tubulin. This E3
ligase activity of parkin may play an important role in handling
misfolded tubulins produced during their complex and revers-
ible folding processes, as well as those produced by microtubule-
depolymerizing activities of drugs that cause PD.
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