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Background: Several cellular functions for cytosolic carboxypeptidase 1 (CCP1) have been proposed.
Results: Various experimental approaches support a role for CCP1 in the removal of Glu residues from both �- and �-tubulin.
Conclusion: CCP1 functions in tubulin processing and is not involved in intracellular peptide degradation.
Significance: Neurodegeneration in mice lacking CCP1 is a result of altered tubulin processing.

The Purkinje cell degeneration (pcd) mouse has a disrup-
tion in the gene encoding cytosolic carboxypeptidase 1
(CCP1). This study tested two proposed functions of CCP1:
degradation of intracellular peptides and processing of tubu-
lin. Overexpression (2–3-fold) or knockdown (80–90%) of
CCP1 in human embryonic kidney 293T cells (HEK293T) did
not affect the levels of most intracellular peptides but altered
the levels of �-tubulin lacking two C-terminal amino acids
(delta2-tubulin) >5-fold, suggesting that tubulin processing
is the primary function of CCP1, not peptide degradation.
Purified CCP1 produced delta2-tubulin from purified por-
cine brain �-tubulin or polymerized HEK293Tmicrotubules.
In addition, CCP1 removed Glu residues from the polyglu-
tamyl side chains of porcine brain �- and �-tubulin and also
generated a form of �-tubulin with two C-terminal Glu resi-
dues removed (delta3-tubulin). Consistent with this, pcd
mouse brain showed hyperglutamylation of both �- and �-tu-
bulin. The hyperglutamylation of �- and �-tubulin and sub-
sequent death of Purkinje cells in pcdmice was counteracted
by the knock-out of the gene encoding tubulin tyrosine
ligase-like-1, indicating that this enzyme hyperglutamylates
�- and �-tubulin. Taken together, these results demonstrate
a role for CCP1 in the processing of Glu residues from �- as
well as �-tubulin in vitro and in vivo.

The protein named Nna1 (for nuclear neuronal protein
induced by axotomy) was discovered in 2000 in a search for
mRNAs induced when neuronal axons were severed (1). How-
ever, the name Nna1 is not particularly accurate, as the protein
is localized to the cell cytosol, not the nucleus, and is not spe-
cifically expressed in neurons (2). Therefore, the name cytosolic
carboxypeptidase 1 (CCP1)3 was proposed to reflect the
nomenclature of other members of the metallocarboxypepti-
dase gene family (2, 3). CCP1 has low amino acid sequence
homology to well studied metallocarboxypeptidases such as
carboxypeptidase A1 (CPA1) and carboxypeptidase E, and it is
in a distinct subfamily with five other cytosolic carboxypepti-
dases, named CCP2 through CCP6 (2, 3). In 2002, Fernandez-
Gonzalez et al. (4) found that the Purkinje cell degeneration
(pcd) mouse mutation mapped to the CCP1 gene (Agtpbp1). In
these mice, Purkinje cells degenerate 3–5 weeks after birth,
although several other cell types show slower neurodegenera-
tion (5, 6). The expression of wild-type (WT) CCP1 cDNA in
Purkinje cells restored the viability of these cells (7, 8). By con-
trast, expression of point mutants in which residues thought to
be important for carboxypeptidase activity were mutated did
not restore Purkinje cell viability, suggesting that CCP1 is a
functional carboxypeptidase (7, 8).
The deficiency of CCP1 in pcd mice leads to a number of

cellular defects, including abnormal accumulation of poly-
somes in cerebellar Purkinje cells (9), affected transcription,
and DNA repair in mitral cells of the olfactory bulb and cere-
bellar Purkinje cells (10, 11), endoplasmic reticulum stress in
Purkinje cells (12), formation of axonal spheroids (13), mito-
chondrial dysfunction (14), elevated autophagy (15), and
abnormal dendritic development (16). However, none of these
studies addressed the primary function of CCP1 or attempted
to identify its substrates. Previously, two potential functions for
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CCP1 were proposed, the processing of tubulin and the degra-
dation of intracellular peptides (2, 17).
Tubulin undergoes a number of post-translational modifica-

tions (18–20).Most forms ofmammalian�-tubulin are initially
produced with a C-terminal Tyr residue encoded in the gene;
this form is named “Tyr-tubulin.” The Tyr is enzymatically
removed to produce deTyr-tubulin (18, 21). The deTyr-tubulin
can be converted back to Tyr-tubulin through the addition of
Tyr by the enzyme tubulin tyrosine ligase (TTL) (22). Alterna-
tively, the deTyr-tubulin can be converted to delta2-tubulin
by the removal of C-terminal Glu (18, 23). Another post-trans-
lational modification of �-tubulin as well as �-tubulin involves
the addition and removal of polyglutamyl (polyE) side chains
(18, 24). Tubulin glutamylation is performed by somemembers
of the family of TTL-like proteins (25–27). CCP4–6 were
recently shown capable of removing polyE side chains from
tubulin (28, 29).
Another potential function for an intracellular peptidase

such as CCP1 is the cleavage of peptides formed by the protea-
some, which cleaves proteins into peptides of �5–20 amino
acids. Although it is generally thought that aminopeptidases are
the primary peptide-degrading enzymes within the cytosol, it is
possible that carboxypeptidases are also involved. Recently, lev-
els of many cytosolic peptides were found to be increased in
adult pcdmouse brains (15). This finding suggested that CCP1
plays a role in the degradation of proteasome-generated pep-
tides. However, studies on mice are complicated by potential
secondary effects due to the loss of Purkinje cells and subse-
quent behavioral changes.
Themajor goal of this study was to evaluate these two poten-

tial functions for CCP1, tubulin processing and peptide degra-
dation. Using a combination of in vitro assays, cell culture tech-
niques, and studies in mice, we have found that tubulin
processing is the primary function of CCP1, not peptide degra-
dation. To study if CCP1 can directly process tubulin and to
determine which tubulin isotypes it cleaves, we purified CCP1
and investigated its enzymatic activity toward both�- and�-tu-
bulin usingWestern blotting andmass spectrometry to charac-
terize the reaction products. Our results demonstrate that puri-
fied CCP1 is capable of cleaving Glu residues from the C
terminus of �-tubulin and from the polyE side chain of both �-
and �-tubulin. Moreover, our data indicate that CCP1 can
remove the C-terminal Glu from delta2-tubulin to produce a
new form of �-tubulin, delta3. Consistent with a role for CCP1
in tubulin deglutamylation, the pcdmouse brain shows hyper-
glutamylation of both �- and �-tubulin. The hyperglutamyla-
tion of both tubulins and subsequent Purkinje cell death can be
corrected by the knock-out of ttll1, indicating that TTLL1 can
add Glu residues on �-tubulin as well as �-tubulin. Taken
together, our data show a role for CCP1 in the processing ofGlu
residues from �- and �-tubulin in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Animals—A line of pcdmouse (BALB/cByJ- Agtpbp1pcd-3J/J)
was purchased from The Jackson Laboratory and bred within
theAnimal Institute Barrier Facilities at Albert EinsteinCollege
of Medicine and Hamamatsu University School of Medicine.
Ttll1 knock-out (�Ttll1) mouse was described previously (30).

pcd heterozygotes and �Ttll1 heterozygotes were mated to
obtain pcd/�Ttll1 double heterozygotes. The pcd/�Ttll1 dou-
ble mutant was generated through the mating of the obtained
double heterozygotes. Animal use experiments were approved
by the Institutional Animal Care and Use Committee of Albert
Einstein College ofMedicine (protocol 20090305) and the Ani-
mal Care andUse Committee of HamamatsuUniversity School
of Medicine (protocols 2009043 and 2010053).
Quantitative Real Time PCR—Total RNA was isolated from

human embryonic kidney 293T (HEK293T) cells and mouse
brain regions using RNeasymini kit and RNeasy lipid tissue kit,
respectively (Qiagen, Valencia, CA). cDNA was synthesized
from 2 �g of total RNA and random hexamers using the super-
script III first strand kit (Invitrogen). Primers for human and
mouse CCP1, CCP2, CCP3, CCP4, CCP5, CCP6, and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) were designed
and purchased from Invitrogen (supplemental Table S1 and
supplemental Fig. S5D).
Power SYBR Green PCR Master Mix (Applied Biosystems,

Invitrogen) was used to label with SYBR Green fluorescent tag.
PCRs were carried out on a 7900HT real time thermal cycler
(Applied Biosystems). The thermal cycling conditions were as
follows: uracil-DNA glycosylase decontamination step at 50 °C
for 2min, a denaturing step at 95 °C for 10min, and 40 cycles of
10 s at 95 °C, 20 s at 60 °C, and 30 s at 72 °C, followed by a
dissociation curve stage at 95, 60, and 95 °C, each for 15 s. All
samples were run in triplicate. Quantitative values were
obtained from the threshold cycle number (Ct). The Ct value
represents the cycle at which the SDS 2.1 software (Applied
Biosystems) begins to detect the increase in the signal associ-
ated with an exponential growth of PCR products. ��Ct
method was used to calculate the fold change in expression.
GAPDH values were used as an internal control.
Cell Culture and Cell Transfection—The following human

cell lines were used in this study: HEK293T, COLO205, H358,
A549,MCF7, andHuH7. All the cells were grown inDulbecco’s
modified Eagle’s medium (Invitrogen) containing 10% fetal
bovine serum (Invitrogen) and 1% penicillin/streptomycin
(Invitrogen) in a humidified incubator at 37 °C in 5% CO2.
To knock down CCP1, three stealth siRNAs were purchased

from Invitrogen. The sequences for CCP1-specific siRNAs are
as follows: siRNA1 (aaaccauggacugaugaaauaguuc) E15, siRNA2
(aaaccuguaagcaacaccuggucgc) E18, and siRNA3 (aauaauuaga-
cucuggcauugcugu) E21 (Invitrogen AGTPBP1-HSS118525).
Stealth RNAi negative control duplexes (Invitrogen) were used
as a control.
For the peptidomics and studies of tubulin modifications, a

human CCP1-His6 construct was created. The PCR product of
the coding region of CCP1 C terminus with specific oligonu-
cleotides (forward: 5�-ccactcatgtattcggttcagg and reverse:
5�-gcggatcctcagtgatggtgatggtgatggctagcaggtaggtatgttcttga) was
subcloned into PCR-Script (Stratagene, Agilent, Santa Clara,
CA) digested with PflMI and BamHI and re-subcloned into the
pcDNA3-CCP1 expression vector to introduce a NheI site fol-
lowed by a His6 sequence in the C-terminal region before the
stop codon. The sequence of the coding region of each plasmid
was verified.
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Transfection of CCP1-His6 plasmid or siRNA intoHEK293T
cells was performedwith eitherHEKFectin or transfectin trans-
fection reagent (Bio-Rad) following the manufacturer’s proto-
col. For studies of CCP1 overexpression, transfected cells were
grown at 37 °C for 2 days. For studies of the effects of CCP1
knockdown, siRNA-treated cells were incubated for either 3 or
6 days.
Quantitative Peptidomics—HEK293T cells were plated in

150-mm plates in Dulbecco’s modified Eagle’s medium con-
taining 10% FBS the day before transfection and incubated at
37 °C at 5% CO2 and 95% humidity. On the day of transfection,
cells were at 30–40% confluence. Plates were transfected with
CCP1 siRNA (mix of three oligonucleotides 10–20 nM each,
Invitrogen) or control siRNA.After incubation for 72 h at 37 °C,
cells were collected, washed four times in 30 ml of PBS by cen-
trifugation for 5 min at 800 � g at 4 °C, and peptides extracted
and labeled as described (31, 32). Briefly, extracted peptides
were labeled with five different 4-trimethylammoniumbutyryl
isotopic labels (31, 33). Duplicate samples treated with CCP1
siRNA were labeled with the D3- and D9-4-trimethylammoni-
umbutyryl, and triplicate control samples were labeled with
D0-, D6-, and D12-4-trimethylammoniumbutyryl tags. After
labeling, samples were pooled and filtered through a 10-kDa
cutoff Amicon Ultracel filter (Millipore, Billerica, MA), treated
with hydroxylamine, desalted using a PepCleanTM C18 spin
column (Pierce), and then elutedwith 160�l of 70% acetonitrile
containing 0.5% trifluoroacetic acid. The samples were frozen,
dried in a vacuum centrifuge, and kept frozen until mass spec-
trometry analysis.
Liquid chromatography/mass spectrometry was performed

on a Q-TOF-Ultima mass spectrometer (Micromass, Waters)
or an API Q-Star Pulsar-i quadrupole time-of-flight mass spec-
trometer (Applied Biosystems/MDS Sciex, Foster City, CA)
with a Symmetry C18 trapping column (Waters) in tandem
with a separating BEH 130-C18 column (Waters) and eluted
with a water/acetonitrile, 0.1% formic acid gradient at 600
nl/min. The spectra obtained from the analysis were screened
manually for the identification of groups of peaks representing
peptides labeled with the different isotope tags. Raw data were
converted to peak-list using the Mascot search engine (Matrix
Science Ltd., Boston), and the results were manually inter-
preted to eliminate false positives, using criteria described pre-
viously (31, 34). The quantification was performed by calcula-
tion of the ratio of peak intensity between the values of the
control and treated samples.
Western Blotting—Treated and control HEK293T cells were

either collected and sonicated in lysis buffer (50 mM Tris-HCl,
pH 8.0; 120mMNaCl, 0.5%Nonidet P-40) containing phospha-
tase and protease inhibitors (100 mM NaF, 0.2 mM sodium
orthovanadate, 10 �g/ml pepstatin, 3 �g/ml E64, and protease
inhibitor mixture complete mini (Roche Applied Science)) or
lysed directly on a plate with hot (�95 °C) lysis buffer contain-
ing 1% SDS. Equal aliquots (12 �g of protein for CCP1 and
Tyr-tubulin analysis, 80 �g of protein for deTyr- and delta2-
tubulin) were fractionated on a denaturing polyacrylamide gel
and transferred to nitrocellulose membranes. Antibodies
against Tyr- and delta2-tubulin (Millipore, 1:1000), deTyr-tu-
bulin (Abcam, Cambridge, MA, 1:1000), and CCP1 (Protein-

tech Group, Chicago, IL, 1:1500) were used to probe mem-
branes, and then membranes probed with anti-Tyr-tubulin
were stripped using Western blot Stripping buffer (Thermo
Scientific) and incubated with anti-�-tubulin (Sigma, 1:1000).
Bandswere visualized using IRDye-800-conjugated anti-mouse
or anti-rabbit antibodies (Rockland Immunochemicals Inc.,
Gilbertsville, PA, 1:3000), and the band intensity was measured
using the Odyssey Infrared Imaging System (LI-COR, Lincoln,
NE). In the experiments with baculovirus, membranes were
probed with tetra-His antibody (Qiagen, 1:2000).
The mouse brains were homogenized with a Teflon homog-

enizer in hypotonic buffer (50 mM Tris-HCl, pH 7.5; 1% Triton
X-100) containing a protease inhibitor mixture, complete mini
(Roche Applied Science) for SDS-PAGE. For two-dimensional
electrophoresis, tissueswere homogenized in buffer (7Murea, 2
M thiourea, 4% CHAPS, 40 mM DTT, 2% immobilized pH gra-
dient buffer, pH range 3.5–5.0). To separate tubulin subunits,
SDS with 95% purity (Sigma; catalog no. L5750) was used,
instead of commonly usedhighly pure SDS. In two-dimensional
electrophoresis, the first isoelectric focusing was performed
with Immobiline DryStrip gels of pH 3–5.6, 13 cm in length,
and Multiphor II (GE Healthcare). Proteins separated in SDS-
PAGE or two-dimensional electrophoresis were transferred to
polyvinylidene fluoride membranes (Millipore). Antibodies
against glutamylated tubulin (mAb GT335, a gift from Carsten
Janke, Université Montpellier, France; 1:5000) (35), polyglu-
tamylated tubulin (anti-polyE; a gift fromDr.Martin Gorovsky,
University of Rochester, NY; 1:1500), �-tubulin (Lab Vision,
Thermo Scientific, 1:10,000), �-tubulin (Lab Vision, 1:1000),
CCP1 (Proteintech Group, 1:2000), GAPDH (mAb 6C5, Milli-
pore, 1:3000), TTLL1 (1:5000) (30), and TTLL7 (1:5000) (26)
were used to probe membranes. Horseradish peroxidase-con-
jugated secondary antibodies (Jackson ImmunoResearch,West
Grove, PA) were used at 1:10,000 as secondary antibodies. Sig-
nals were visualized with enhanced chemiluminescence rea-
gent (GE Healthcare), and detected with a charge-coupled
device camera, LAS-3000mini (Fujifilm, Tokyo, Japan).
CCP1 Expression and Purification—For expression in Sf9

cells, the full-length CCP1-His6 construct was subcloned into
NotI-BamHI sites of pVL1392 (Pharmingen). Baculovirus was
produced with Baculoplatinum DNA (Orbigen, San Diego)
(36). Sf9 cells infected withWT virus or CCP1 were lysed in 50
mM phosphate buffer, pH 7.0, containing EDTA-free protease
inhibitor mixture complete mini (Roche Applied Science).
After centrifugation at 20,000 rpm for 30min, soluble fractions
were collected, supplemented with 0.5% Nonidet P-40 and 0.5
MNaCl, and incubated with TALONmetal affinity resin (Clon-
tech) for 30min at 4 °C.Unboundproteinswerewashedwith 50
mM phosphate buffer, pH 7.0, containing 0.5% Nonidet P-40,
0.5 M NaCl, and EDTA-free protease inhibitor mixture com-
plete mini. Resin with bound CCP1-His6 protein was placed in
a column and eluted stepwise with 50 mM phosphate buffer
containing 0.1 M NaCl, EDTA-free protease inhibitor mixture
complete mini, and imidazole concentrations of 10, 20, and 80
mM.
Slot Blotting—To check enzymatic activity of WT and CCP1

fractions obtained during enzyme purification, 25 �l of each
imidazole eluate were incubated with 5 �g of purified porcine
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brain tubulin (Cytoskeleton Inc., Denver, CO) in 80 mM PIPES,
pH 7, at 37 °C for 1 h. For the characterization of CCP1 enzy-
matic activity, only 80 mM imidazole eluates were used. In a
typical assay, 2 or 6 �l of CCP1 eluate were incubated with 1.25
�g of purified porcine brain tubulin in 80 mM PIPES, pH 7, at
37 °C for 1 h. Control samples contained 80 mM imidazole elu-
tion buffer instead of CCP1 eluate. In the experiments with
NaCl, both CCP1 and control samples were supplementedwith
NaCl to 100, 200, or 500 mM concentrations. In the pH-depen-
dence experiments, both CCP1 and control samples were incu-
bated at pH 6–8. To check the effect of inhibitors/activators on
CCP1 activity, CCP1 and control samples were preincubated
with 1 mM o-phenanthroline, CoCl2 (Sigma), CaCl2, citrate
(Fisher), or GTP (Invitrogen) on ice for 30 min before addition
of tubulin. To check CCP1 activity toward stabilized porcine
brain tubulin, purified brain tubulin was preincubated with 5
�M paclitaxel (Sigma) for 15 min at 37 °C before addition of
CCP1 or 80 mM imidazole elution buffer.

After incubation with tubulin, samples were applied to wet
nitrocellulose membrane (GE Healthcare) using slot blot appa-
ratus (HYBRI-SLOTTM Manifold 1052MM, Invitrogen).
PolyE-tubulin was detected using polyclonal antibody raised
against polyglutamylated tubulin (described above). Band visu-
alization and intensity measurements were performed as
described under “Western Blotting.” Relative activity of CCP1
was calculated from the loss of polyE-tubulin (and loss of
deTyr-tubulin in case of pH dependence test).
Tubulin Mass Spectrometry—Aliquots (25 �l) of the 80 mM

imidazole CCP1 eluate were incubated with 5 �g of purified
porcine brain tubulin in 80 mM PIPES, pH 7, at 37 °C for 1 h.
CCP1 and tubulin proteins were separated in a denaturing
polyacrylamide gel and then visualized with GelCode blue stain
reagent (Thermo Scientific). Bands corresponding to tubulin
were cut from the gel, destained in 50% acetonitrile in water at
37 °C for 30 min, dried by vacuum centrifugation, and then
digested with CNBr (150mg/ml in 70% formic acid) for 3.5 h in
the dark at room temperature. CNBr and formic acid were
removed by vacuumcentrifugation in a Speedvac through three
cycles of drying and resuspension. The digest was fractioned by
reverse phase capillary HPLC (Ultimate 3000, Dionex, CA) fol-
lowed by mixing with matrix automatically with a robot (Pro-
bot, Dionex, CA). Mass spectrometry analysis was carried out
using an Applied Biosystems ABI 4800 Proteomics TOF/TOF
Analyzer (Foster City, CA) in both positive and negative ion
mode.
Microtubule Assay—Microtubules fromHEK293T cells were

prepared as indicated (37) with slight modifications. Briefly,
cells grown for 2 days were permeabilized on a plate with
“OPTimum for microtubule preservation” buffer (OPT: 80 mM

PIPES, 1 mM MgCl2, 0.5% Triton X-100, 10% glycerol, 5 �M

taxol, pH 6.8) at 37 °C for 10 min. To produce deTyr-tubulin,
half of the plates with microtubules were incubated with 40
ng/ml CPA1 (Sigma) in OPT buffer at 37 °C for 15 min. After
intensive washes with warmOPT buffer, polymerizedmicrotu-
bules were treated with purified CCP1 diluted in OPT buffer
(1:10) at 37 °C for 1 h, and then processed for either Western
blot or immunostaining.

For Western blotting, microtubules were collected from the
plate in hot (�95 °C) 1% SDS buffer and then analyzed as
described above. For immunocytochemistry, microtubules
were fixed with 4% paraformaldehyde in PBS at room temper-
ature for 15 min, washed with PBS, blocked in 5% BSA in PBS
for 1 h, and then incubated with anti-deTyr-tubulin (1:300,
Abcam) or anti-delta2-tubulin (1:500, Millipore). After wash-
ing with PBS containing 0.2% Tween 20, microtubules were
incubated with secondary Cy3-conjugated antibodies (Jackson
ImmunoResearch) for 1 h, washed, and mounted in ProLong
Gold antifade reagent (Invitrogen).
Immunohistochemistry—After dissection, mouse brains

were immediately frozen on a steel block cooled with liquid
nitrogen. The fresh frozen samples were sliced in a cryostat,
CM1950 (Leica Microsystems Inc., Buffalo Grove, IL), at
10-�m thickness. The tissue sections were fixed with cold
methanol at �20 °C, blocked with 5% goat serum, and then
incubated with anti-MAP1 antibody (HM-1; 1:300) at 4 °C
overnight. Signals were visualized by labeling the primary anti-
bodies with AlexaFluor488-conjugated secondary antibody
(Invitrogen). Nuclei were counter-stainedwith 4�,6-diamidino-
2-phenylindole (Dojindo Laboratories, Kumamoto, Japan).
Photographs were taken with a fluorescence microscope
equipped with a charge-coupled device camera, C4742–95-
12ER (Hamamatsu Photonics, Hamamatsu, Japan).
Animal Behavior Test—Three animals (age 8–20months) of

each genotype (pcd or pcd/�Ttll1) were used for testing athletic
performance. The animals were first made to grasp a cord with
their body on the downside of the cord, and their behaviors
were then observed for 1 min. When animals climbed onto the
top of the cord, the time to accomplish the task was recorded,
and the performance was considered as “succeeded.” When
animals dropped from the cord or failed to climb onto the cord
within the allotted time of 1 min, the athletic performance was
considered as “failed.”

RESULTS

CCP1mRNA Is theMost Abundant CCPmRNA inHEK293T
Cells—To studyCCP1 function in a simple system,we searched
for a cell line that expresses high levels of CCP1mRNA and low
levels of other CCP transcripts. We reasoned that a cell line
with high levels of CCP1 mRNA and low levels of other CCP
mRNAs would be suitable to study the consequences of CCP1
knockdown. Moreover, if cells express CCP1, then these cells
should contain any co-factors and/or binding partners thatmay
be necessary for CCP1 function. Thus, it would be useful to
study the effect of CCP1 overexpression in this cell line. We
performed quantitative real time-PCR on several human cell
lines: HEK293T, COLO205, H358, A549,MCF7, andHuH7. Of
these cell lines, the highest relative level of CCP1 mRNA was
observed in HEK293T (Fig. 1A). The relative levels of all other
CCPmRNAs in HEK293T cells weremuch lower than the level
of CCP1mRNA (Fig. 1B) andwere either not detectable (CCP3,
CCP4, and CCP6; data not shown) or present at low levels
(CCP2 and -5; Fig. 1B). The knockdown of CCP1 mRNA with
siRNA worked very well; treatment of cells with CCP1 siRNA
for 3 or 6 days led to a significant decrease in CCP1 mRNA
levels and did not cause any changes in the levels of CCP2 and
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CCP5mRNAs (Fig. 1B) or the levels of CCP3, CCP4, and CCP6
transcripts (data not shown). Thus, the other CCPs are not
up-regulated to compensate for the decrease in CCP1. Alto-
gether, these data suggest that the HEK293T cell line is an
appropriate system to study the role of CCP1.
Levels of Most Peptides Are Not Affected after CCP1 Knock-

down or Overexpression in HEK293T Cells—Previously, a large
number of peptides derived from cytosolic and mitochondrial
proteins were found to be greatly elevated in amygdala, hypo-
thalamus, cortex, and striatum of pcd mutant mice, relative to
WTmice (15). A graphic summary of the relative levels of hypo-
thalamic peptides in pcd andWTmice is shown in Fig. 2A. One
interpretation of the increased levels of many peptides in pcd
mouse brain regions was that CCP1 functions in the degrada-
tion of peptides produced by the proteasome (15). Alterna-
tively, the changes in cellular peptide levels could be a second-
ary response and not reflect the primary function of CCP1. To
test these two hypotheses, we performed quantitative peptido-
mics ofHEK293T cells after treatmentwithCCP1 siRNA, com-

pared with untreated control cells. The relative levels of all
detected peptides in the control cells are shown in Fig. 2B (black
line). CCP1 knockdown caused a slight increase in the level of
somepeptides (Fig. 2B,upper gray line), but the effectwasmuch
less dramatic than the large increase in many peptides seen in
the pcdmouse brain regions (Fig. 2A). Conversely, CCP1 over-
expression caused a slight decrease in the levels of some pep-
tides (Fig. 2B, lower gray line). Further analysis showed that of
the hundreds of peptides detected in the analysis, only seven
showed a statistically significant increase in the CCP1 siRNA
samples, and no peptides showed a statistically significant
decrease in the CCP1 overexpression samples (Fig. 2C). The
fact that only a handful of peptides showed an apparent
increase with CCP1 knockdown and none of these showed the
opposite change after CCP1 overexpression suggests that deg-
radation of intracellular peptides is not the primary role of
CCP1.
CCP1 Removes Glutamates from Tubulin C Termini in

HEK293T Cells—Tubulin is a dynamic molecule that under-
goes different post-translational modifications that are impor-
tant for regulation of the microtubule cytoskeleton. To investi-
gate the role of CCP1 in the dynamics of endogenousHEK293T
tubulin, we transfected cells with plasmids expressing CCP1
and analyzed the levels of CCP1 protein and the different tubu-
lin modifications. CCP1 protein levels were increased �5-fold
after transfection (Fig. 3A, top row). The levels of Tyr- and
deTyr-tubulin were not changed in HEK293T cells after CCP1
mRNA overexpression. Levels of delta2-tubulin were signifi-
cantly elevated after CCP1 overexpression (Fig. 3, A and B).
PolyE-tubulinwas not examined because these forms of tubulin
are undetectable in HEK293T cells (supplemental Fig. S1).
To check if CCP1 knockdown causes the opposite effect on

tubulin forms, we treated HEK293T cells with either control or
CCP1 siRNA and studied modifications of endogenous cell
tubulin. CCP1 protein levels are substantially decreased by the
siRNA treatment (Fig. 3C, top row). As with CCP1 overexpres-
sion, we did not observe any changes in Tyr- and deTyr-tubulin
levels upon siRNA treatment (Fig. 3, C and D). However, levels
of delta2-tubulin were significantly decreased by the CCP1
knockdown. Collectively, our data suggest that CCP1 cleaves
the Glu residue from deTyr-tubulin to form a pool of delta2-
tubulin. These results are consistent with a recent study that
was published while our studies were ongoing (29).
Characterization of CCP1 Activity toward Purified Porcine

Brain Tubulin—Because the levels of endogenous polyE-tubu-
lin are undetectable in HEK293T cells, these cells are not a
suitable system to study the activity of CCP1 toward this form
of tubulin. Thus, we used purified porcine brain tubulin to
study the enzymatic activity of CCP1 toward polyE modifica-
tions. Using the baculovirus expression system, we expressed
CCP1-His6 in Sf9 insect cells and then purified the enzyme
using a metal affinity column, which exhibits high affinity for
His-tagged proteins. We obtained a fraction highly enriched in
CCP1 (supplemental Fig. S2). The imidazole eluates were incu-
bated with brain tubulin for 2 h, and levels of polyE-tubulin
were analyzed using an antibody that recognizes polyE side
chains. We observed a decrease in polyE-tubulin only in sam-
ples treated with the 80 mM imidazole eluates (Fig. 4, A and B),

FIGURE 1. High abundance of CCP1 mRNA in HEK293T cells and the spec-
ificity of CCP1 knockdown. A, quantitative real time PCR was performed to
determine CCP1 mRNA levels in HEK293T, COLO205, H358, A549, MCF7, and
HuH7 human cell lines. The highest relative levels of CCP1 mRNA were
observed in HEK293T cells. B, quantitative real time PCR was performed to
determine mRNA levels of CCP1– 6 in HEK293T cells after treatment with con-
trol dsRNA or CCP1 siRNA for 3 or 6 days, as indicated. For the 3-day treatment,
only data for CCP1 are shown. For both time points, CCP3, CCP4, and CCP6
mRNAs were not detectable (data not shown). Treatment of cells with CCP1
siRNA for either 3 or 6 days leads to a significant decrease of CCP1 mRNA but
does not affect mRNA levels of other CCPs. Fold change in expression was
calculated using the ��Ct method. GAPDH was used as an internal control.
n � 4. Error bars represent means � S.E. **, p 	 0.01 using Student’s t test.
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which corresponds to the fraction enriched with CCP1 protein
(supplemental Fig. S2). These data suggest that CCP1 is an
active enzyme that is capable of cleaving side chainGlu residues
from polyE-tubulin.
The enzymatically active CCP1 in the 80 mM imidazole elu-

ates of the metal affinity column was further characterized. To
determine the optimal pH range for CCP1, we incubated the
enzyme with brain tubulin at pH 6–8. CCP1 activity was cal-
culated from the loss of Glu from either polyE or deTyr tubulin.
CCP1 exhibited maximal activity toward polyE and deTyr-tu-
bulin at pH 6–7 (Fig. 4C). CCP1 activity was maximal in the
absence of NaCl (Fig. 4D).
CCP1 is in themetallocarboxypeptidase family and therefore

is expected to require metal ions for enzyme activity. To test
this, we incubated CCP1 with brain tubulin in the presence or
absence of o-phenanthroline, a chelator of divalent cations.
Levels of polyE and �-tubulin were analyzed by Western blot.
o-Phenanthroline substantially inhibited CCP1 activity toward
polyE-tubulin (Fig. 4, E and F), which is consistent with the
expected properties of a metallopeptidase. Furthermore, CCP1

activity was enhanced by CoCl2 (Fig. 4G), an activator of other
metallocarboxypeptidases (38, 39). Interestingly, CaCl2 pro-
duced a slight activation (Fig. 4G); this ion has a small effect on
some metallocarboxypeptidases (40). CCP1 activity was not
affected by citric acid (Fig. 4G), which has some chemical sim-
ilarities to glutamate, weakly inhibits carboxypeptidaseA1 (41),
and potently inhibits CPO (42). GTP was also tested because it
was proposed that CCP1 has an ATP/GTP-binding motif (1),
and it was previously reported that GTP activates the related
enzyme CCP6 (3). However, CCP1 does not show any activa-
tion by GTP (Fig. 4G).
CCP1CleavesGlu fromSideChains of Both�- and�-Tubulin

and Can Also Form delta3-Tubulin—A recent paper from
Rogowski et al. (29) and our experiments with the anti-polyE
antibody (Fig. 4) suggest that CCP1 cleaves Glu residues from
polyE-tubulin. To confirm this, we incubated purified CCP1
with porcine brain tubulin and performed mass spectrometry
following cyanogen bromide fragmentation. We were able to
detect C-terminal peptides of both �- and �-tubulin. The pep-
tides were derived from the tubulin isotypes�2b,�2c,�4a,�1c,

FIGURE 2. Effect of CCP1 on peptide levels in HEK293T cells and WT and pcd mice. Quantitative peptidomics was used to analyze the levels of peptides
derived from cytosolic and mitochondrial proteins. A, relative levels of peptides in the hypothalamus of adult WT and pcd mice. Each dot in the graph represents
the ratio of a peptide in one replicate of the indicated group versus the average level in the WT replicates. Small black circles show the WT/WT ratio; larger gray
circles represent the pcd/WT ratio. The y axis is logarithmic and is capped at either 5-fold decreases (ratio �0.2) or increases (ratio �5). The x axis represents the
relative rank order of each peptide, compared with all other peptides detected in the study. B, relative levels of peptides in control HEK293T cells, in cells
overexpressing CCP1, and in siRNA-treated HEK293T cells. Each dot in the graph represents the relative level of an individual peptide in one replicate of the
indicated group versus the average level of that peptide in the control groups for that experiment. The thin black line (i.e. the small black circles) shows the
control/control ratio, the lower light gray line shows the ratio for CCP1 overexpression/control; and the upper dark gray line shows the ratio for CCP1
siRNA/control. C, effect of CCP1 knockdown or overexpression on the level of individual peptides. Levels of peptides detected by peptidomics of HEK293T cells
after CCP1 knockdown and overexpression were analyzed and compared with controls pooled from both experiments. Graph shows the relative levels of those
peptides that showed statistically significant changes after CCP1 knockdown for 3 days compared with controls. VVRHQLLKT is derived from cytochrome c
oxidase subunit 7c; AVDEPLGRVSFELF, KHTGPGILSM, and ADKVPKTAENFRAL from peptidylprolyl isomerase A; GAIRDIDLKNR from splicing factor, arginine/
serine-rich 1; MTEEAAVAIKAMAK from eukaryotic translation initiation factor 5A; Ac-AAPVDLELKKAFTEL from prefoldin subunit 1; Ac-AEEGIAAGGVMDVN-
TALQEVLKT from of 40 S ribosomal protein S12; PGIVELPTLEEL from NADH dehydrogenase 1� subcomplex, 8; and APIKVGDAIPAVEVF from peroxiredoxin 5.
n � 6 for controls, n � 2 for KD/overexpression. *, p � 0.05; **, p � 0.01 versus pooled controls using two-tailed Student’s t test.
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and �1a/�1b/�3 (these three peptides have the same sequence
and mass and cannot be distinguished).
The ion peak with m/z 2567.08 (Fig. 5A) corresponds to the

C-terminal peptide of delta2 �1a/�1b/�3-tubulin. Additional
peaks withmasses
129Da are observed, indicating that delta2
�-tubulin is polyglutamylated. MS/MS data confirmed the
identity of the 2696 and 2825 ions as C-terminal fragments of
�1a/�1b/�3-tubulin (supplemental Fig. S3A). Incubation of
brain tubulin with CCP1 shifted the balance to tubulin forms
with fewer Glu residues on the side chain (Fig. 5A, middle
panel). Interestingly, we detected a new form of �-tubulin lack-
ing all Glu residues from both the C terminus and side chain of
�1a/�1b/�3 (2438.05 Da, Fig. 5A,middle panel) and �4a (data
not shown). These results suggest that CCP1 removes the
C-terminal Glu from delta2 to form delta3-tubulin. As a posi-
tive control for Glu cleavage, we incubated tubulin with puri-
fied carboxypeptidase O (CPO) (Fig. 5A, bottom panel). CPO is
a member of the A/B subfamily of metallocarboxypeptidases
that removesC-terminal acidic residues frompeptides and pro-
teins, and it is not known to cleave �-linked branch point Glu
residues (42). When incubated with porcine brain tubulin and
analyzed by mass spectrometry, CPO was also capable of pro-
ducing delta2 and delta3 (Fig. 5A, bottom panel). However, the

levels of delta3 afterCPO treatmentweremuch lower than after
incubation with CCP1, consistent with the interpretation that
CPO removes only �-linked Glu residues and not the branch
point Glu, whereas CCP1 removes both C-terminal Glu resi-
dues and the branch point Glu from �-tubulin. Similar changes
were observed with the �4a tubulin isotype after incubation
with CCP1 (data not shown). Taken together, these data con-
firm that CCP1 removes Glu from polyE �-tubulin.
The major forms of �2b-tubulin were with side chain of 1–2

Glu residues (Fig. 5B, upper panel, masses of 3594.42 and
3723.43 Da, respectively, and supplemental Fig. S3B). After
treatment of tubulin with CCP1, the peak corresponding to the
deglutamylated form of �2b was increased compared with con-
trol (Fig. 5B, middle panel, mass 3465.34 Da), suggesting that
CCP1 cleaves the side chain Glu to form the deglutamylated
form of �2b-tubulin. CPO is not able to remove branch point
Glu from the side chain of �-tubulin 2b (Fig. 5B, bottom panel).
The �2c isoform also showed the same shift toward the deglu-
tamylated form after treatment with CCP1 (supplemental Fig.
S4). Collectively, our data indicate that CCP1 cleaves the side
chain Glu from both �- and �-tubulin.
CCP1 Can Function on Polymerized Tubulin—Post-transla-

tional modifications such as detyrosination and the generation
of delta2-tubulin are linked to microtubule stability (43). To
test whether CCP1 is active toward polymerized tubulin, we
prepared microtubules from HEK293T cells, treated some of
the samples with CPA1 to increase the level of deTyr tubulin,
and then incubated with purified CCP1. Tubulin forms were
analyzed either by Western blot (Fig. 6, A and B) or by immu-
nofluorescence (Fig. 6C). When CCP1 was incubated with
polymerizedmicrotubules, the enzyme produced delta2 (Fig. 6,
A–C). A similar effect was seen in the absence of CPA1 treat-
ment (Fig. 6, A and B). These results indicate that CCP1 can
function on polymerized tubulin.
To study if tubulin polymerization affects CCP1 activity, we

treated purified porcine brain tubulin with CCP1 in the pres-
ence or absence of taxol, a drug that stabilizes microtubules
(44). CCP1 was able to cleave Glu from polyE side chains and
the C terminus of tubulin in the presence and absence of taxol
(Fig. 6D). The levels of delta2-tubulin decreased after CCP1
treatment, which is consistent with our data obtained by mass
spectrometry. This suggests that CCP1 produces the delta3
form by removing C-terminal Glu from delta2-tubulin. Inter-
estingly, the activity of CCP1 toward polyE-tubulin was not
affected by taxol, whereas the activity toward delta2-tubulin
was slightly reduced in the presence of taxol (Fig. 6D).
Loss of CCP1 Results in Hyperglutamylation of �-Tubulin as

Well as �-Tubulin in Vivo—Given that both �- and �-tubulin
polyE side chains were processed by CCP1 in vitro, we hypoth-
esized that the loss of CCP1 in pcdmice would cause the hyper-
glutamylation of�- and�-tubulin in vivo. To test this, extracted
proteins from adult pcd and WT mouse olfactory bulb, cere-
brum, and cerebellumwere subjected to SDS-PAGE to separate
�- and �-tubulin, and Western blot analyses were performed.
The monoclonal antibody GT335 showed a slightly decreased
signal for �-tubulin in the pcdmouse brain samples, relative to
the WT mice (Fig. 7, A and B). This antibody recognizes the
branch point of glutamylated tubulin and shows optimal bind-

FIGURE 3. �-Tubulin processing in HEK293T cells after CCP1 overexpres-
sion or knockdown. A, representative Western blots for CCP1 protein and
different forms of �-tubulin in HEK293T cells after overexpression of His6-
tagged CCP1. B, densitometric analysis of the levels of CCP1 protein and dif-
ferent tubulin forms in control and CCP1-overexpressing HEK293T cells. The
Tyr-, deTyr-, and delta2-tubulin band densities were normalized with the cor-
responding �-tubulin bands. Band densities were measured using the Odys-
sey infrared imaging system. The levels of delta2-tubulin are significantly
increased in HEK293T cells after CCP1 overexpression for 2 days, whereas
other tubulin modifications are not affected. Error bars represent mean � S.E.
(n � 4). **, p 	 0.01 using Student’s t test. C, representative Western blots for
CCP1 protein and different forms of �-tubulin after treatment of cells with
CCP1 siRNA for 3 days. D, densitometric analysis of the levels of CCP1 protein
and different tubulin forms in control and siRNA-treated HEK293T cells. The
Tyr-, deTyr-, and delta2-tubulin band densities were normalized with the cor-
responding �-tubulin bands. The levels of delta2-tubulin are significantly
decreased in HEK293T cells after CCP1 mRNA knock down for 3 days. Error
bars represent mean � S.E. (n � 4). **, p 	 0.01 using Student’s t test. Abbre-
viations used are as follows: c, control; KD, knockdown; ovx, overexpression;
Tub, tubulin.
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ing to forms of tubulin with short polyE side chains (35). In
contrast, the polyclonal antiserum anti-polyE showed a stron-
ger signal for �- and �-tubulin in the pcdmouse brain samples,
especially in the olfactory bulb and cerebellum, compared with
WT samples (Fig. 7,A andB). This antiserum recognizes longer
chains of polyE (45, 46). These results indicate that the loss of
CCP1 results in hyperglutamylation of �-tubulin as well as
�-tubulin. As reported by Rogowski et al. (29), the level of del-
ta2-tubulin was not significantly changed in the adult pcd brain
(Fig. 7, A and B).

To examine more clearly whether �- and �-tubulins are
hyperglutamylated in pcd brain, we carried out two-dimen-

sional electrophoresis, followed by Western blot analysis with
mAb GT335. In the two-dimensional electrophoresis, we ana-
lyzed proteins extracted from olfactory bulb, because the sample
of olfactory bulb showed the most marked change in one-dimen-
sional Western blot analysis. Consistent with the result shown in
Fig. 7, A and B, �-tubulin of pcd olfactory bulb migrated to the
more acidic side, relative toWT samples (Fig. 7C, arrow), indicat-
ing the hyperglutamylation of �-tubulin in pcd mouse olfactory
bulb. The forms of �-tubulin in pcd tissue also shifted toward the
acidic side, relative toWT tissue (Fig. 7C).

We also examined whether TTLL1 and TTLL7 were
increased in the pcd brain. We selected these two TTL-like

FIGURE 4. Characterization of CCP1 enzymatic activity toward purified brain tubulin. A, Sf9 cells infected with either wild-type (WT) baculovirus or
CCP1-expressing baculovirus were eluted from a metal affinity column with buffers containing 10, 20, or 80 mM imidazole. The eluates were incubated with
purified porcine brain tubulin at 37 °C for 2 h. After incubation, samples were slot-blotted into the nitrocellulose membrane and probed with either polyE or
�-tubulin antibody. B, densitometric analysis of polyE-tubulin levels after treatment with 80 mM eluates from either the WT virus or CCP1-expressing virus. The
polyE-tubulin band densities were normalized with the corresponding �-tubulin bands. Although the initial screening of the column fractions was performed
a single time, the 80 mM imidazole eluate from the CCP1-expressing virus was used for the subsequent studies in this figure, each of which was performed in
replicates. C, effect of pH on CCP1 activity toward porcine brain tubulin. Purified CCP1 was incubated with purified tubulin (Tub) at different pH values for 1 h,
and then samples were slot-blotted into nitrocellulose membrane and probed with deTyr- (n � 3) and polyE-tubulin antibodies (n � 6). Error bars represent
means � S.E.. D, effect of NaCl on CCP1 activity toward porcine brain tubulin. Purified CCP1 was incubated with purified tubulin at pH 7 for 1 h at different
concentrations of NaCl. Samples were slot-blotted onto nitrocellulose membrane, and CCP1 activity was measured as loss of polyE-tubulin. Error bars represent
means � S.E. (n � 3). E and F, purified CCP1 was incubated with purified brain tubulin at pH 7 for 1 h in the presence or absence of 10 mM o-phenanthroline
(phenan). E, representative Western blots for polyE and �-tubulin. F, densitometric analysis of levels of polyE-tubulin (n � 2). The band densities were
normalized with the corresponding �-tubulin bands. G, purified CCP1 was incubated with purified tubulin at pH 7 for 1 h in the presence of 1 mM CoCl2, CaCl2,
GTP, or citrate. Samples were blotted into nitrocellulose membrane and CCP1 activity was measured as loss of polyE-tubulin. Error bars represent means � S.E.
(n � 3). *, p 	 0.05; **, p 	 0.01 versus control, using Student’s t test.
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proteins because TTLL1 is the catalytic subunit of the main
enzyme for �-tubulin glutamylation in brain (25, 47), and
TTLL7 is a main enzyme for �-tubulin glutamylation in neuro-
nal tissues (26). Levels of TTLL1 and TTLL7 were comparable
between WT and pcdmice when olfactory bulb and cerebrum
were examined (Fig. 7,D and E). In pcd cerebellum, TTLL1 and
TTLL7 tended to be slightly decreased, relative to WT levels,
although statistically significant differences were not detected
(Fig. 7, D and E). These results indicate that the hyperglutamy-
lation of�- and�-tubulin did not result fromoverproduction of
TTLL1 or TTLL7.
In addition, we investigated the levels of CCP mRNAs in the

amygdala, hypothalamus, and striatum of WT and pcd mice.
Although in these brain regions CCP1 mRNA is a major tran-
script amongCCPs inWTmice (2), neurons in these regions do
not degenerate inCCP1mutantpcdmice. To test the possibility
that other CCPs compensate for the absence of CCP1 in pcd
mice, we performed quantitative real time PCR on these brain
regions of adult animals. CCP1 mRNA is the most abundant
transcript among CCPs in the brain ofWTmice (supplemental
Fig. S5). The levels of CCP1 mRNA are lower in pcd compared
with WT mice (supplemental Fig. S5), which is in agreement
with previously reported results (4). Although CCP1 transcript
is produced in pcd mice, CCP1 protein is not detectable (Fig.

7A). The levels of other CCP mRNAs are not affected by CCP1
mutation, indicating that there is no compensation by these
other CCPs at the transcriptional level for the absence of CCP1
in pcdmice.

�-Tubulin Hyperglutamylation in pcd Brain Is Counteracted
by Deletion of TTLL1—In neuronal tissues, polyglutamylation
of �-tubulin is thought to be performed almost entirely by
TTLL1 (25, 26, 47). Thus, we examined if TTLL1 is involved in
the hyperglutamylation detected in the pcd brain. To this end,
we generated double mutant mice for pcd and Ttll1 knock-out
(pcd/�Ttll1). The glutamylation of �-tubulin was decreased in
the double knock-out mice to a level below that ofWT samples
(Fig. 8, A and B). This is consistent with previous reports that
TTLL1 is selective for glutamylation of �-tubulin (25, 47).
Unexpectedly, the hyperglutamylation of �-tubulin detected in
the pcd brain was reduced and almost reached the same level as
WT by the deletion of TTLL1 (Fig. 8, A and B). These results
suggest that TTLL1 is involved in hyperglutamylation of both
�- and�-tubulin and that the deletion of TTLL1 is sufficient for
counteracting the hyperglutamylation in pcdmouse brain.

Given that Ttll1 knock-out reversed hyperglutamylation by
the CCP1 loss, we next examined if Ttll1 knock-out could res-
cue the degeneration of Purkinje cells in pcdmice.We prepared
fresh-frozen sections of 10 �m in thickness from 8-week-old

FIGURE 5. Tubulin processing by purified CCP1. A, representative spectra of �1a/�1b/�3 forms of porcine �-tubulin. After incubation, tubulin was isolated
on polyacrylamide gel, digested with CNBr, and analyzed as described. The form shown is the C-terminal region of �1a/�1b/�3. Top panel, spectrum of
�1a/�1b/�3 brain tubulin alone. Middle panel, spectrum of �1a/�1b/�3 brain tubulin after incubation with purified CCP1. Bottom panel, spectrum of �1a/
�1b/�3 brain tubulin after incubation with CPO. B, representative spectra of �2b form of porcine �-tubulin. After incubation, tubulin was isolated on a
polyacrylamide gel, digested with CNBr, and analyzed as described. The form shown is the C-terminal region of �2b. Top panel, spectrum of �2b brain tubulin
alone. Middle panel, spectrum of �2b brain tubulin after incubation with purified CCP1. Bottom panel, spectrum of �2b brain tubulin after incubation with CPO.
The molecular mass of a Glu residue is 129 Da.
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pcd and pcd/�Ttll1 mouse cerebellum and then stained them
with anti-MAP1 antibody to detect Purkinje cells. This immu-
nochemical staining showed the survival of Purkinje cells in the
pcd/�Ttll1 double mutant mouse (Fig. 8C). Whereas no Pur-
kinje cells were observed in the 8-week pcd cerebellum (Fig. 8C,
left panel), there remained many Purkinje cells in the 8-week
pcd/�Ttll1 double mutant cerebellum (Fig. 8C, right panel).
As we observed that Purkinje cells still remained in the

8-week pcd/�Ttll1 cerebellum, we examined whether the
ataxic behavior observed in pcdmice was improved in the pcd/
�Ttll1 double mutant. Animals were allowed to grasp a cord
with their bodies on the downside of the cord (supplemental
Movie S1), and then their behaviors were recorded for 1 min
(supplemental Movie S1). The time it took for the animals to
successfully climb onto the cord wasmeasured (Fig. 8D).When
animals failed to climb onto the cord within 1 min, or dropped
from the cord, the athletic performance was considered as
“failed.” We analyzed three independent mice for each of pcd
and pcd/�Ttll1 animals, including one 5-month-oldmouse. All
the pcd/�Ttll1mice succeeded in climbing on the cord within

20 s (supplemental Movie S1), whereas none of the pcd mice
accomplished this task; two pcdmice failed to climb within the
allotted time of 60 s (supplemental Movies S2 and S3), and one
pcd animal dropped from the cord (Fig. 8D). These results
clearly demonstrate that the pcd mouse, even at 20 weeks, is
rescued from ataxia by TTLL1 deletion.

DISCUSSION

It has been�40 years since the discovery of thepcdmouse (5)
and�10 years since the finding that thesemice contain amuta-
tion in the Agtpbp1 gene, which produces CCP1 protein (4).
During this time, a large number of mechanisms have been
proposed to explain the Purkinje cell death, including altered
DNA repair, mitochondrial function, autophagy, organelle
shape, and others. Several of the authors of this study previously
speculated that CCP1was involved in peptide turnover because
large increases in cytosolic peptide levels were found in many
regions of the pcdmouse brain (15). The possibility that CCP1
functions in tubulin processing was also proposed (2). How-
ever, it is important to distinguish the primary action of CCP1
from secondary effects that result from the primary deficiency.
The goal of this study was to investigate the functions of CCP1
in three different systems: a cell culture systemusing short term
overexpression and knockdown of the protein; in vitro analysis
of purified enzymes and substrates; and in vivo studies using
pcdmice.
One of the systems we chose, HEK293T cells, expresses rel-

atively high levels of CCP1 compared with other cell lines
examined but only low levels of the other members of the CCP
subfamily, thereby reducing the possibility that the other CCPs
could compensate for the alterations in CCP1 levels. Using this
system and a quantitative peptidomics technique, we found
that overexpression and knockdown of CCP1 did not affect the
levels of most intracellular peptides. This finding suggests that
the previous peptidomics results from pcdmouse brain reflect a
secondary change and that CCP1 is not primarily involved in
peptide degradation.
In contrast to the peptide data, the analysis of tubulin forms

showed consistent results implicating CCP1 in the removal of
Glu from the C terminus of �-tubulin. The opposing results
with overexpression and knockdown of CCP1 on levels of del-
ta2-tubulin add credence to the results. Although it was antic-
ipated that levels of deTyr tubulin would also be affected by
CCP1 overexpression or knockdown, this form is in dynamic
equilibrium with the Tyr form due to a tubulin tyrosine ligase
present in HEK293T cells. Furthermore, the levels of the Tyr
and deTyr forms are much higher than the levels of the delta2
form in HEK293T cells, and so large changes in the levels of the
delta2 forms are not necessarily reflected by comparable
changes in the levels in the more abundant forms. The in vitro
studies with partially purified CCP1 and purified brain tubulin
clearly show that CCP1 cleaves C-terminal Glu from �-tubulin
and from the polyE side chains of both �- and �-tubulin.While
our study was in progress, another group reported that CCP1
overexpression inHEK293T cells affected levels of delta2-tubu-
lin (29). Our studies with HEK293T cells are consistent with
these recently published studies, and our work with purified

FIGURE 6. CCP1 activity toward polymerized tubulin. HEK293T cells were
treated on plates with microtubule-stabilizing buffer containing 5 �M taxol,
and then half of the plates were treated with CPA1 (40 ng/ml) to convert
Tyr-tubulin into deTyr-tubulin. After intensive washes to remove the CPA1,
polymerized microtubules were treated with purified CCP1 for 1 h and then
processed for either Western blot or immunostaining. A, representative West-
ern blots for different forms of �-tubulin after treatment of microtubules with
purified CCP1. B, densitometric analysis of different tubulin forms after treat-
ment of polymerized microtubules with purified CCP1. The deTyr- and delta2-
tubulin band densities were normalized with the corresponding �-tubulin
bands. The levels of delta2-tubulin are significantly increased after CCP1
treatment, whereas other forms of tubulin are not affected. Error bars repre-
sent means � S.E. (n � 4). **, p 	 0.01 versus control using Student’s t test. C,
immunofluorescence analysis of polymerized microtubules after treatment
with CPA1 and then with CCP1. Polymerized control or CCP1-treated micro-
tubules were subjected to immunostaining with antisera against deTyr- and
delta2-tubulin. D, purified brain tubulin was incubated with CCP1 in the pres-
ence or absence of 5 �M taxol. Samples were processed for Western blot, and
densitometric analysis of polyE and delta2-tubulin forms was performed. The
levels of polyE and delta2-tubulin significantly decreased after CCP1 treat-
ment in either the absence (�) or presence (
) of taxol. *, p 	 0.05; **, p 	 0.01
using Student’s t test. NS, not significant. Tub, tubulin.
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CCP1 and tubulin greatly extends this observation by demon-
strating CCP1 enzyme activity at a molecular level.
Interestingly, our data show that purified CCP1 is capable of

cleaving all Glu residues from the C terminus of �-tubulin to
generate a new form of tubulin, delta3. When the levels of
deTyr and delta2-tubulin were analyzed byWestern blot, a sig-
nificant decrease in both forms of tubulin was observed, indi-
cating that CCP1 can cleave Glu from both deTyr and delta2 to
generate delta3. When mass spectrometry analysis was per-
formed, the peak corresponding to delta2-tubulin was

increased after treatment of purified tubulin with CCP1. Con-
sidering that delta2 has the same mass as delta3 with one side
chain Glu (2567.08 Da), and both forms represent the same
peak in a spectrum, it is difficult to discriminate between them
and conclude which one of these forms of tubulin contributes
to the peak height. To resolve this question, tubulin was treated
with purified CPO and then analyzed by mass spectrometry.
CPO cleaves C-terminal Glu and polyE side chains, but it can-
not remove a side chain Glu residue at the branch point (42).
Thus, the 2567.09 peak in the CPO-treated sample represents

FIGURE 7. Hyperglutamylation of �-tubulin as well as �-tubulin in adult pcd brain. A, representative Western blots for glutamylated �- and �-tubulins and
CCP1. Glutamylated or polyglutamylated tubulin (Tub) was detected with GT335 or �polyE, respectively. Arrowheads highlight increases of �-tubulin band
intensities detected by GT335 and �polyE in olfactory bulb. �- and �-tubulins were detected with independent antibodies, and so the relative intensities of the
two forms do not appear identical. B, quantitative analysis of tubulin modifications in the pcd brain. Results are shown as mean of data with three independent
animals. Error bars represent means � S.E. (n � 3). *, p 	 0.05 using Student’s t test. C, Western blots of two-dimensionally separated �- and �-tubulins of
olfactory bulb samples. Note that �-tubulin of pcd olfactory bulb migrated to highly acidic region (arrow). �-Tubulin also shifted to the acidic region. IB,
immunoblot. D, levels of TTLL1 and TTLL7 were examined by Western blot analysis of pcd and WT mouse brain regions. GAPDH was detected as loading control.
An arrowhead points to the bands of TTLL1. E, quantitative analysis of TTL-like proteins levels in the pcd brain. Results are shown as mean of data with three
independent animals. Error bars represent means � S.E. (n � 3). No significant difference was detected with Student’s t test (p � 0.05). Panels A–E used mice that
were �2 months old.

Cytosolic Carboxypeptidase 1 Processes Tubulin

FEBRUARY 24, 2012 • VOLUME 287 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 6513



�-tubulin with noGlu at the C terminus but with a single Glu at
the side chain (delta3 with a branch point Glu). These data
indicate that CCP1 is capable of producing delta3-tubulin. To
our knowledge, the delta3 form has not been previously
described in the literature, although a previous study investigat-
ing PGs1-deficient mice found some �-tubulin migrated to a
more basic position than delta2-tubulin in high resolution two-
dimensional electrophoresis (47). It is possible that this form
represented delta3-tubulin and that CCP1 can produce this
form when TTLL1- and PGs1-containing enzymes are defi-
cient. delta3-Tubulin may represent another potential modifi-
cation, which may regulate microtubule dynamics.
In contrast to the results with purified brain tubulin, both

overexpression of CCP1 in HEK293T cells and treatment of
HEK293Tmicrotubules with purified CCP1 caused an increase
in the level of delta2-tubulin. The simple explanation for these
seemingly contradictory results is that the major form of brain
tubulin is delta2 (supplemental Fig. S3) (48). Thus, when CCP1
is incubated with brain tubulin, there is a large amount of sub-
strate available for the enzyme to cleave to produce the delta3
form. BecauseHEK293Tcells have very low levels of delta2 (Fig.
6, A–C), the major effect of CCP1 is the conversion of deTyr
tubulin into delta2. Thus, considering the relative levels of each
tubulin form, the results are not contradictory.
Our finding that levels of polyE �- and �-tubulin are

increased in olfactory bulb and cerebellumofpcdmice supports
the studies with cell culture and purified CCP1. The change in
this tubulin modification in pcd mouse brain is not a conse-
quence of elevated levels of glutamylation-performing enzymes
because TTLL1 and TTLL7 proteins are not increased in pcd
mouse brain. Rather, their levels are slightly decreased in pcd
cerebellum (Fig. 7C), which could be explained by the loss of
Purkinje cells and cerebellar atrophy. The levels of CCP
mRNAs are also not altered in the brain of pcd mice. Thus,
neither down-regulation of TTL-like proteins nor up-regula-
tion of CCPmRNAs were observed in brain regions that do not
undergo neurodegeneration in pcd mice, indicating that these
other molecules do not compensate for the absence of CCP1 in
mutant animals.
The finding that disruption of the Ttll1 gene prevented

hyperglutamylation of �-tubulin in pcd mouse brain is consis-
tent with previous reports that the TTLL1-containing enzyme
complex is involved in �-tubulin glutamylation in brain (25,
47). In contrast, �-tubulin glutamylation is thought to be per-
formed by TTLL7 in neuronal tissues (26). Our finding that
hyperglutamylation of �-tubulin in the pcd mouse brain was
reduced by the knock-out of Ttll1 shows that the control of
glutamylation in mouse brain is more complex than previously

FIGURE 8. Reduction of hyperpolyglutamylation of �-tubulin as well as
�-tubulin in the pcd/ttll1KO brain. A, representative Western blots for glu-
tamylated and polyglutamylated �- and �-tubulins, CCP1, TTLL1, and GAPDH
using �2 month old mouse brain extracts. Signal intensities of polyglutamy-
lated �-tubulin detected with �polyE reached the same level as WT samples
in the pcd/TTLL1-knock-out double mutant samples (pcd/�TL1). The band of
�-tubulin detected with GT335 and �polyE migrated to the same position as
the WT band in the pcd/�TL1 samples. Glutamylated and polyglutamylated
�-tubulin were grossly decreased in pcd/�TL1 samples. �- and �-tubulins
were detected with independent antibodies, and so the relative intensities of
the two forms do not appear identical. Arrowhead indicates the position of
TTLL1. B, quantitative analysis of tubulin modifications in the pcd or pcd/�TL1
brain. Results are shown as mean of data with three independent animals.

Error bars represent means � S.E. (n � 3). *, p 	 0.05 using Student’s t test.
C, immunohistochemical analysis of a cerebellum thin section. Neurons were
labeled with anti-MAP1A. Nuclei were labeled with 4�,6-diamidino-2-phe-
nylindole. In the pcd/�TL1 cerebellum, a number of Purkinje cells were
observed (arrowheads). Scale bar, 50 �m. Three independent animals were
examined for each genotype. D, behavioral test. Three animals of each geno-
type were analyzed. All pcd/�TL1 mice succeeded in the test within 20 s. In
contrast, none of the pcd mice passed the test; they either failed to climb
within 60 s (failed) or dropped from the cord (dropped). *, p 	 0.05 using
Student’s t test with dropped data regarded as 60-s failure. Movies of repre-
sentative mice are included in the supplemental information.
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thought. TTLL1 is involved in the glutamylation of both �- and
�-tubulin in tracheal ciliary axonemes (30). Furthermore, tubu-
lin in ciliary or flagellar axonemes is reported to be hyperglu-
tamylated in a steady state (49). Thus, it is possible that TTLL1
is involved in the hyperglutamylation of both �- and �-tubulin
in mouse brain, which would account for our results.
The knock-out of Ttll1 rescues pcd mice from Purkinje cell

degeneration and ataxia even at 20 weeks of age (Fig. 8). These
results support a recent report that virus-mediated RNAi
against TTLL1 can reduce Purkinje cell death and ataxia in
5-week old pcdmice (29). Our data demonstrate the long term
improvement of behavior of pcd mice and suggest the perma-
nent cure of Purkinje cell loss and ataxia by the elimination of
TTLL1 activity. However, the TTLL1 deletion did not rescue
abnormal spermmorphology seen in pcdmice; there was dete-
riorated spermmorphology and motility due to a predominant
effect of the TTLL1 deletion (data not shown).
Collectively, our in vitro and in vivo studies indicate that

CCP1 is a functional cytosolic carboxypeptidase that removes
Glu residues from the C terminus of �-tubulin and side chain
Glu from both �- and �-tubulin. CCP1 has also been reported
to remove glutamate residues from the C terminus of telokin
(29). Furthermore, CCP5, a member of the CCP family, is also
involved in the deglutamylation of both �- and �-tubulin (28).
The number of CCPs involved in deglutamylation is smaller
than that of TTL-like proteins involved in glutamylation: four
CCPs for deglutamylation (28, 29) versus eight TTL-like pro-
teins for glutamylation (25–27). A similar situation is observed
in other post-translational modifications. For instance, the
number of kinases is thought to be larger than the number of
phosphatases.
The characterization of CCP1 activity reported here is con-

sistent with the properties expected for an intracellular metal-
lopeptidase, including a neutral pH optimum, maximal activity
at low NaCl concentrations, and inhibition by metal chelation.
Interestingly, no activation was observed with GTP, which was
previously reported to activate another member of the CCP
subfamily, CCP6 (3). Although CCP1 was originally described
as an ATP/GTP-binding protein (1), there is no direct experi-
mental evidence for this, and the purported ATP/GTP binding
pocket is only distantly related to that of well studied ATP/
GTP-binding proteins.
The role of CCP1 as a tubulin-processing enzyme is consist-

ent with the broad cellular changes observed in the numerous
previous studies on pcd mice. Cellular proteins and organelles
need to be localized correctly in the cell to function properly,
and their transport is tubulin-dependent. Microtubules play
the role of the rails on which cargos are transported by motor
proteins. Tubulinmodifications are important for the affinity of
motors and thus intracellular transport of the cellular cargoes.
It was shown that the molecular motor kinesin binds preferen-
tially to deTyr-tubulin to efficiently transport cargo (50, 51).
Disruption of tubulin dynamics can cause mitochondrial dys-
function and lead to neurodegeneration (52). Recently, using
Caenorhabditis elegans as an animal model, it was shown that
tubulin deglutamylation by CCP1 regulates localization and
activity of molecular motors in cilia (53). Changes in tubulin
processing can potentially explain the myriad defects found in

pcd mice, including abnormal accumulation of polysomes (9),
altered transcription and DNA repair (10, 11), endoplasmic
reticulum stress (12), formation of axonal spheroids (13), mito-
chondrial dysfunction (14), elevated autophagy (15), and
abnormal dendritic development (16). However, there are
other cytosolic proteins that require polyglutamylation and/or
deglutamylation modifications (29, 54). Thus, it is possible that
changes in other CCP1 substrates could contribute to the phe-
notype of the pcd mouse. It remains to be determined how a
defect in processing of tubulin and/or other potential CCP1
substrates contributes to some of the previously noted changes,
such as the large increase in cytosolic peptides found in pcd
mouse brain regions (15). Because the vast majority of these
peptides hadC-terminal hydrophobic or basic residues, andnot
acidic residues, it is unlikely that CCP1 plays a direct role in
peptide degradation, and so the effect is likely to be indirect,
either through tubulin or another protein cleaved by CCP1.
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