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Background: Cytosolic carboxypeptidase 5 (CCP5) was proposed to selectively cleave y-linked glutamate from tubulin side

chains, but not a-linked glutamates.

Results: Purified CCP5 removes a- and +y-linked glutamates from microtubules, soluble tubulin, and synthetic peptides.
Conclusion: CCP5 is not specific for y-linked glutamate or for a specific form of tubulin.
Significance: CCP5 is an important tubulin code-modifying enzyme.

Cytosolic carboxypeptidase 5 (CCP5) is a member of a sub-
family of enzymes that cleave C-terminal and/or side chain
amino acids from tubulin. CCP5 was proposed to selectively
cleave the branch point of glutamylated tubulin, based on stud-
ies involving overexpression of CCP5 in cell lines and detection
of tubulin forms with antisera. In the present study, we exam-
ined the activity of purified CCP5 toward synthetic peptides as
well as soluble a- and 3-tubulin and paclitaxel-stabilized micro-
tubules using a combination of antisera and mass spectrometry
to detect the products. Mouse CCP5 removes multiple gluta-
mate residues and the branch point glutamate from the side
chains of porcine brain a- and B-tubulin. In addition, CCP5
excised C-terminal glutamates from detyrosinated a-tubulin.
The enzyme also removed multiple glutamate residues from
side chains and C termini of paclitaxel-stabilized microtubules.
CCP5 both shortens and removes side chain glutamates from
synthetic peptides corresponding to the C-terminal region of
B3-tubulin, whereas cytosolic carboxypeptidase 1 shortens the
side chain without cleaving the peptides’ y-linked residues. The
rate of cleavage of « linkages by CCP5 is considerably slower
than that of removal of a single y-linked glutamate residue. Col-
lectively, our data show that CCP5 functions as a dual-func-
tional deglutamylase cleaving both a- and y-linked glutamate
from tubulin.

Microtubules play essential roles in many cell processes,
including cell division, growth, motility, polarization, ciliary
function, axonal transport, and distribution of cellular organ-
elles. Defects in microtubule function are associated with many
neurodegenerative diseases, including Huntington disease
(1-3), Alzheimer disease (4—6), Parkinson disease (7), amyo-
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trophic lateral sclerosis, and hereditary spastic paraplegia (8).
Tubulin modifications regulate the various properties of micro-
tubules and are important for different cellular processes. The
post-translational modifications of tubulin have been referred
to as the “tubulin code,” by analogy to the histone code (9). In
both codes, the system is composed of writers (protein-modi-
fying enzymes), readers (interacting proteins), and erasers
(enzymes that remove the modifications). Many tubulin-inter-
acting proteins, including microtubule-associated proteins and
molecular motors, recognize changes of tubulin modifications,
resulting in modulations of binding affinities to microtubules
(10, 11).

The tubulin code writers include tubulin tyrosine ligase
(TTL)? and a number of tubulin tyrosine ligase-like proteins
(TTLLs) (12). TTL adds a Tyr to the C-terminal Glu of a-tubu-
lin encoded by the a4 gene or formed from the other a isoforms
by the action of a tubulin tyrosine carboxypeptidase (discussed
below). Some of the TTLLs add Glu residues to the y-carboxyl
group of a glutamate located near the C terminus of a and/or 8
tubulin (13-15), whereas other TTLLs add a Gly residue to this
glutamate residue (16 —18). The addition of the first Glu or Gly
is termed “initiation,” which some TTLLs perform. Other
TTLLs build on the side chain to create forms of tubulin with
multiple Glu or Gly residues, resulting in elongation.

The amino acids added by the TTLLs to the side chain, as
well as residues on the C terminus of a-tubulin are removed by
carboxypeptidases that have been identified recently. Abnor-
mal processing of tubulin was found in the pcd (Purkinje cell
degeneration) mouse (17, 19). The pcd mouse represents a
spontaneous mutation that causes loss of Purkinje cells starting
3 weeks after birth (20). The pcd mutation was mapped to the
Agtpbplgene locus (21), which encodes the protein named
Nnal (22) and renamed cytosolic carboxypeptidase 1 (CCP1)
due to its homology to members of the M14 metallocarboxy-
peptidase gene family (23, 24). Five additional genes encoding

2 The abbreviations used are: TTL, tubulin tyrosine ligase; TTLL, tubulin tyro-
sine ligase-like protein; CCP, cytosolic carboxypeptidase; OPT, optimum
for microtubule preservation.
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CCP1-like proteins were discovered, and the proteins were
named CCP2-CCP6 (23, 24).

Recent studies have implicated several CCPs as tubulin-
processing carboxypeptidases. CCP1, -4, -5, and -6 were sug-
gested to remove Glu residues from tubulin, and CCP2 was
proposed to remove C-terminal Tyr groups (17, 25, 26). Fur-
ther, CCP5 was reported to selectively cleave the y-linked glu-
tamate at the branch point of the glutamylated side chain on
tubulin (17, 25). These conclusions were largely based on over-
expression and/or knockdown of the CCPs in cell lines and
analysis of the tubulin forms using antisera. In studies involving
overexpression or knockdown, it is possible that the observed
changes are due to secondary effects and not a direct conse-
quence of the elevated or reduced levels of a protein. Further-
more, antisera do not reveal the precise molecular changes,
especially with complex mixtures, such as tubulin. Using mass
spectrometry to characterize the specific cleavages, we recently
reported that purified CCP1 cleaves Glu residues from the C
terminus of a-tubulin and from the poly(E) side chains of a-
and B-tubulin (19).

In the present study, we examined the activity of purified
CCP5 with different types of substrates: soluble tubulin, pacli-
taxel-stabilized microtubules, and synthetic peptides corre-
sponding to the C-terminal region of B-tubulin. A range of
techniques were used to detect the products, including anti-
sera-based methods and mass spectrometry. A direct compar-
ison of CCP5 with CCP1 showed that CCP5 has a broad role as
a “dual-functional” deglutamylase.

EXPERIMENTAL PROCEDURES

CCPI1 and CCP5 Enzyme Purification—The full-length
mouse CCP5-His6 was subcloned into EcoRI-Notl sites of
pVL1393 (Pharmingen, BD Biosciences). CCP1-His, subclon-
ing was performed as described (19). CCP1 (human) and CCP5
constructs were expressed in Sf9 cells using Baculoplatinum
DNA (Orbigen, San Diego, CA). Cells infected with CCP1,
CCP5, or wild-type (WT) baculovirus were lysed in 50 mm
phosphate buffer, pH 7.0, containing protease inhibitors (10 um
leupeptin, 100 uMm 4-(2-aminoethyl) benzenesulfonyl fluoride,
and 3 uMm E64) and centrifuged at 20,000 rpm for 30 min, and
then 0.5 M NaCl was added to soluble fractions. Protein mix-
tures were incubated with TALON metal affinity resin (Clon-
tech) for 30 min at 4 °C and washed with 50 mm phosphate
buffer, pH 7.0, containing 0.5 M NaCl, and protease inhibitors
(10 um leupeptin, 100 um 4-(2-aminoethyl) benzenesulfonyl
fluoride, and 3 um E64). Resin with bound proteins was eluted
from the column stepwise with 50 mMm phosphate buffer contain-
ing 0.1 M NaCl, protease inhibitors, and 10, 20, and 80 mm imidaz-
ole. Only 80 mm imidazole fractions were used in all assays.

Western Blotting—After purification using a metal affinity
column, Sf9 cell extracts and column eluates were supple-
mented with lysis buffer (50 mm Tris-HCI, pH 8.0, 120 mm
NaCl, 0.5% Nonidet P-40) containing 1% SDS, fractionated on a
denaturing polyacrylamide gel, transferred to nitrocellulose
membranes, and then probed with tetra-His antibody (1:2000;
Qiagen, Germantown, MD). Bands were visualized using
IRDye-800-conjugated anti-mouse antibody (1:10,000; Rock-
land Immunochemicals Inc., Gilbertsville, PA). In order to
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investigate the purity of the eluates, proteins were separated in
a denaturing polyacrylamide gel and then visualized with
GelCode Blue reagent (Thermo Scientific, Rockford, IL).

Slot Blotting—For the characterization of CCP5 enzymatic
activity, 2 ul of CCP5 or WT control TALON eluate were incu-
bated with 1.25 ug of purified porcine brain tubulin (Cytoskel-
eton Inc., Denver, CO) in 80 mMm PIPES, pH 7, at 37 °C for 1 hin
a final volume of 25 ul. For some enzymatic reactions, samples
were supplemented with 100, 200, or 500 mm NaCl or in PIPES
buffer at pH 6, 7, or 8, as indicated. To investigate the effect of
paclitaxel on CCP5 activity, purified porcine brain tubulin (50
pg/ml final) was preincubated with 5 uMm paclitaxel (Sigma) for
15 min at 37 °Cbefore the addition of WT or CCP5 eluate. After
incubation with tubulin, aliquots were spotted onto a nitrocel-
lulose membrane (Whatman, GE Healthcare) using a slot blot
apparatus (HYBRI-SLOT™ Manifold 1052MM, Invitrogen).
After drying, the membrane was probed with GT335 antibody
(1:3000; Enzo Life Sciences, Farmingdale, NY), visualized using
IRDye-800-conjugated anti-mouse antibody (1:10,000; Rock-
land Immunochemicals), and the band intensity was measured
using the Odyssey Infrared Imaging System (LI-COR, Lincoln,
NE). The membranes were reprobed with an antiserum to a-tu-
bulin that does not discriminate between isoforms or C-termi-
nal modifications (1:1000; clone DM1A, Sigma). Relative activ-
ity of CCP5 was calculated from the loss of GT335 signal and
adjusted for the amount of total a-tubulin in the sample.

Tubulin and Peptide Mass Spectrometry—All procedures
were performed as described (19). Briefly, 25 ul of the 80 mm
imidazole WT, CCP1, and CCP5 eluates were incubated with 5
png of purified porcine brain tubulin (final concentration 50
png/ml) in 80 mMm PIPES, pH 7, at 37 °C for 1 h. Proteins were
resolved in a denaturing polyacrylamide gel, and the gels
were stained with GelCode Blue stain reagent. Tubulin
bands were excised from the gel, destained at 37 °C for 30
min in 50% acetonitrile in water, dried, and treated with
CNBr (150 mg/ml in 70% formic acid) in the dark at room
temperature for 3.5 h. The peptides remaining in the gel
pieces were extracted twice by the addition of 50% acetoni-
trile and incubation at 37 °C for 30 min. The resulting solu-
tion was added to the original digest solution and dried in a
vacuum centrifuge. The residue was resuspended in a small
volume of deionized distilled water and dried again in the
vacuum centrifuge. A total of three cycles of drying and
resuspension were performed to remove CNBr and formic
acid. The sample was fractioned by reverse phase capillary
HPLC (Ultimate 3000, Dionex, CA) and mixed with a-cyano
matrix solution (5 mg/ml a-cyano in 70% acetonitrile con-
taining 0.1% TFA) automatically with a robot (Probot,
Dionex, CA) onto a MALDI target. Mass spectrometry anal-
ysis was performed on an Applied Biosystems ABI 4800 Pro-
teomics TOF/TOF analyzer (Foster City, CA) in both posi-
tive and negative ion modes.

For peptide mass spectrometry, a series of 24-residue-long
peptides corresponding to the C-terminal region of 83-tubulin
with one, two, three, and four Glu residues on the side chain
were custom-synthesized (Peptide Institute Inc., Osaka, Japan).
The peptide sequence is DATAEEEGEMYE(*) DDDEESEA -
QGPK (with the asterisk indicating the Glu modified with side
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chain glutamate(s)). Approximately 1 um each peptide was
incubated with 25 ul of the 80 mm imidazole WT, CCP1, or
CCP5 eluates in 80 mwm PIPES, pH 7, at 37 °C for either 10, 100,
or 1000 min. Samples were desalted using a ZipTip pipette tip
(Millipore, Milford, MA), mixed with a-cyano matrix (5 mg/ml
a-cyano in 70% acetonitrile containing 0.1% TFA), and spotted
ontoa MALDI plate. Peptide masses were measured in negative
mode MALDI-TOF/TOF MS on an Applied Biosystems 4800
instrument.

Microtubule Assay and Immunocytochemistry—MDA-MB-
231 cells were a gift of Dr. Jonathan Backer (Albert Einstein
College of Medicine). Microtubules from MDA-MB-231 cells
were prepared as described (19). Briefly, cells were permeabi-
lized on a plate with “optimum for microtubule preservation”
(OPT) buffer (80 mm PIPES, 1 mm MgCl,, 0.5% Triton X-100,
10% glycerol, 5 um paclitaxel, pH 6.8) at 37 °C for 10 min. In
order to convert tyrosinated into detyrosinated tubulin, micro-
tubules were incubated with 40 ng/ml carboxypeptidase Al
(Sigma) in OPT buffer at 37 °C for 15 min, washed with warm
OPT buffer, and then treated at 37 °C for 2 h with purified
CCP1, CCP5, or control eluate from WT virus-infected cells,
each diluted in OPT buffer (1:10). Microtubules were fixed with
4% paraformaldehyde in phosphate-buffered saline (PBS) at
room temperature for 15 min, washed with PBS, blocked in 5%
bovine serum albumin in PBS for 1 h, and then probed with
anti-detyrosinated tubulin (1:300; Abcam, Cambridge, MA),
anti-A2-tubulin (1:500; Abcam, Cambridge, MA), GT335
(1:500; Enzo Life Sciences, Farmingdale, NY), or poly(E)
(1:1500; a gift from Dr. Martin Gorovsky, University of Roch-
ester, Rochester, NY). After washing with PBS supplemented
with 0.2% Tween 20, secondary Cy3-conjugated antibodies
(Jackson Immunoresearch, West Grove, PA) were applied for
1 h, and microtubules were washed and mounted in ProLong
Gold antifade reagent (Invitrogen).

RESULTS

Characterization of CCP5 Enzymatic Properties—His,-
tagged CCP5 was purified from baculovirus-infected Sf9 cells
using a metal affinity column. Because CCP1 cleaves Glu resi-
dues from tubulin side chains and the C terminus of a-tubulin
(19), we used CCP1 as a positive control in the present study in
order to compare the specificity of the two enzymes. CCP1 and
CCP5 proteins are enriched in the fractions containing 80 mm
imidazole (Fig. 1A4). Proteins corresponding to CCP1 and CCP5
are clearly visible on the Coomassie-stained protein gel, along
with nonspecific proteins that are common to those detected
when WT baculovirus-infected Sf9 cells were similarly frac-
tionated on the metal affinity column (Fig. 1B). Because subse-
quent fractionation of the affinity-purified material on ion
exchange columns provided further protein purification but
eliminated enzymatic activity, we used the 80 mm imidazole
eluates in our studies and compared the CCP-containing frac-
tion with WT material to control for nonspecific proteins.

To determine the optimal conditions for CCP5 enzymatic
activity, we incubated the enzyme with porcine brain tubulin at
pH 6 -8 and in the presence of various concentrations of NaCl.
Deglutamylase activity was calculated from the loss of signal for
the monoclonal antibody named GT335; this antibody recog-
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FIGURE 1. Purification of recombinant CCP1 and CCP5. A, immunoblot
analysis of metal affinity column fractions obtained following purification.
The Sf9 insect cells were infected with WT baculovirus or with baculovirus
expressing His-tagged CCP1 or His-tagged CCP5. Aliquots of cell extracts
(input), non-bound fraction (flow-through; FT), and elute with 80 mm imidaz-
ole were separated by SDS-PAGE and probed with tetra-His antibody. B, pro-
tein staining of the samples used for the immunoblot. The expected molecu-
lar masses of CCP1 and CCP5 are 130 and 90 kDa, respectively. M, marker.

nizes the branch point Glu residue (13). The maximal activity of
CCP5 toward branch point Glu was observed at pH 6 (Fig. 2, A
and B), and in the presence of 200 mm NaCl (Fig. 2, Cand D). To
determine the time course of enzymatic reaction, CCP5 was
incubated with brain tubulin at pH 7 for 0, 30, and 60 min, and
the levels of GT335 were analyzed. CCP5 activity toward tubu-
lin branch point Glu was generally similar at the 30 and 60 min
time points (Fig. 2, E and F).

CCPS Can Process Polymerized Tubulin and Remove Multi-
ple Glutamates—The studies described in Fig. 2 were per-
formed with soluble tubulin at 50 pg/ml. Other tubulin-modi-
fying enzymes show a preference for soluble or polymerized
tubulin. For example, TTL specifically attaches tyrosine to
tubulin and does not modify tubulin polymerized into micro-
tubules (27). In contrast, glutamate ligases preferentially attach
Glu to polymerized microtubules (14, 28). To test if CCP5 could
remove the glutamate of the branch point from microtubules,
we preincubated 50 pg/ml porcine brain tubulin in the pres-
ence or absence of paclitaxel, a microtubule-stabilizing drug
(29, 30), and then added purified CCP5 and further incubated the
samples. CCP1 and control eluate were also analyzed. Enzymatic
activities were calculated from the loss of GT335 signal. CCP5 can
process paclitaxel-treated tubulin, and the activity of CCP5 in the
presence of paclitaxel is comparable with the activity in the
absence of the drug (Fig. 3). CCP1 failed to cleave branched gluta-
mate regardless of the addition of paclitaxel (Fig. 3).
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FIGURE 2. Characterization of CCP5 enzymatic activity toward purified porcine brain tubulin. Purified brain tubulin was incubated with purified CCP5 or
control eluates (Ct/) at 37 °C for 1 h at different conditions, slot-blotted into the nitrocellulose membrane, and then probed with GT335 and a-tubulin
antibodies. A, C, and E, representative slot blots for GT335 and a-tubulin. B, D, and F, quantification of replicate slot blots. The GT335 band densities were
normalized with the corresponding a-tubulin bands. CCP5 activity was measured as loss of GT335 signal. Error bars, S.E. (n = 3). A and B, effect of pH on CCP5
activity toward brain tubulin. C and D, effect of NaCl on CCP5 activity toward brain tubulin. E and F, reaction curve for CCP5 activity toward brain tubulin.
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FIGURE 3. Effect of paclitaxel on CCP1 and CCP5 enzymatic activity
toward purified porcine brain tubulin. Purified brain tubulin (50 ug/ml
final concentration) was preincubated in the presence or absence of 5 um
paclitaxel (Taxol) for 15 min at 37 °C, and then CCP1, CCP5, or control eluate
(Ctl) was added and incubated for a further 1 h at 37 °C. Samples were slot-
blotted into nitrocellulose membrane and probed with GT335 antibody. A,
representative slot blots. B, densitometric analysis of GT335. The GT335 band
densities were normalized with the corresponding a-tubulin bands. Error
bars, S.E. (n = 3). ¥, p = 0.05; **, p = 0.01 using Student’s t test. NS, not
significant.

We further tested CCP5 activity toward polymerized micro-
tubules prepared from MDA-MB-231 cells grown on a cover-
slip. We also examined CCP5 activity against other modifica-
tions. Because MDA-MB-231 cells have very low levels of
detyrosinated tubulin, we first treated microtubules with car-
boxypeptidase A1l to remove the C-terminal Tyr and form dety-
rosinated tubulin. After incubation with CCP5 or control
eluate, the different forms of tubulin were analyzed by immu-
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nostaining. CCP5 eliminated GT335 signals (Fig. 4), consistent
with the effect on soluble tubulin and on paclitaxel-treated
tubulin. CCP5 diminished poly(E) signals on polymerized tubu-
lin (Fig. 4). In addition, CCP5 produced a large decrease in the
signal with the detyrosination-specific antiserum (Fig. 4). CCP5
also decreased levels of A2-tubulin (Fig. 4). The likely interpre-
tation of these results is that CCP5 further cleaves polymerized
A2-tubulin into A3-tubulin, indicating that the enzyme can
remove branch point Glu as well as poly(E) from the tubulin
side chain and C terminus.

CCP5 Processes Side Chains of a- and B-Tubulin and the C
Terminus of a-Tubulin—To further test if CCP5 cleaves both
branch point Glu residues and a-linked Glu residues, we exam-
ined the reaction products of CCP5 and tubulin by mass spec-
trometry. For this, CCP5-treated tubulin was incubated with
cyanogen bromide to cleave off the C-terminal region, and the
products were analyzed by mass spectrometry. C-terminal pep-
tides of both a- and B-tubulin were detected in our analysis.

The ala/alb/a3 tubulin isotype was detected with zero, one,
two, three, and four Glu residues at the side chain (the peaks
with m/z 2859.1, 2988.2, 3117.2, 3246.2, and 3375.3, respec-
tively; Fig. 5A). These glutamylated forms of tubulin were
observed in both control and CCP5-treated samples. Treat-
ment of brain tubulin with CCP5 led to a decrease in the peak
intensities of the multi- as well as monoglutamylated a-tubulin
forms and an increase in the peak intensity of the form lacking
all Glu residues on the side chain (m/z 2859.22; Fig. 54). The
same pattern of change was observed with the 82b form of
tubulin; incubation of brain tubulin with CCP5 caused
decreases of the peaks corresponding to multi- and monoglu-
tamylated 32b-tubulin and a dramatic increase of the peak cor-
responding to 32b- tubulin without Glu on the side chain (m/z
3465.3; Fig. 5B). The form of the a4a tubulin isotype lacking
C-terminal Tyr was detected and also showed a shift to lower
numbers of Glu residues on the side chain after incubation with
CCP5 (Fig. 5C). In addition, e4a tubulin lacking one C-terminal
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delta2-Tub deTyr-Tub

GT335

polyE-Tub

FIGURE 4. CCP5 enzymatic activity toward polymerized tubulin. Polymer-
ized microtubules from MDA-MB-231 cells were prepared on plates using
microtubule-stabilizing buffer containing 5 um paclitaxel in the absence of
GTP. For immunostaining with tyrosinated tubulin and A2-tubulin antibod-
ies, microtubules were treated with carboxypeptidase A1 (40 ng/ml) to con-
vert tyrosinated into detyrosinated tubulin. After washes, microtubules were
incubated with CCP5 or control eluate for 2 h and then processed for
immunocytochemistry.

Glu residue and all side chain Glu residues (m71/z 2502.6) was
increased upon treatment with CCP5. A form of a4a-tubulin
lacking two C-terminal Glu residues (m1/z 2373.6) was dramat-
ically elevated after CCP5 treatment (Fig. 5C). Taken together,
these results indicate that CCP5 removes both «- and y-linked
glutamates from the side chains of a- and B-tubulin and cleaves
C-terminal Glu residues from «-tubulin.

CCPS Cleaves All Glu from Side Chains of Tubulin C-termi-
nal Peptides—To confirm that CCP5 is a “dual-functional”
enzyme, cleaving both a- and y-linked glutamates, we used syn-
thetic B3-tubulin-based 24-residue C-terminal peptides that
had one, two, three, or four side chain Glu residues on a speci-
fied Glu residue. Synthetic peptides were incubated with puri-
fied CCP5, CCP1, or control eluate and analyzed by mass spec-
trometry. The same preparations of CCP1 and CCP5 were used
for all of the assays so that relative differences between peptides
could be compared. When tested with the peptide containing a
single Glu side chain, CCP5 completely removed the Glu from
this peptide after a 10-min incubation. In contrast, CCP1 was
not able to produce deglutamylated peptide even after over-
night incubation (Fig. 6, top panels). The peptide with two side
chain Glu residues was reduced by ~30% after overnight incu-
bation with CCP5 as with CCP1. CCP5 produced only the pep-
tide lacking all Glu side chain residues, whereas CCP1 gener-
ated exclusively the peptide containing a single Glu side chain
(Fig. 6). Based on the efficient cleavage of the peptide with one
Glu side chain by CCP5, it is likely that the conversion of the
substrate with two Glu residues into the peptide without any
residues occurs by sequential cleavage to produce the interme-
diate with one Glu, which is then rapidly converted into the
product lacking Glu side chains.

When tested with identical aliquots of the purified CCPs, the
peptides with three and four Glu side chains were more effi-
ciently processed than the peptide with only two Glu side
chains (Fig. 6). Also, as found for the peptides with one and two
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FIGURE 5. Brain tubulin processing by purified CCP5. Purified porcine brain
tubulin was incubated at 37 °C for 1 h with purified CCP5 or control eluates. After
incubation, tubulin was separated by SDS-PAGE, dissected out from the gel,
digested with CNBr, and analyzed by mass spectrometry. A, representative spec-
tra of the C-terminal region of the ala/a1b/a3 form of porcine a-tubulin after
incubation with control eluate (top) or after incubation with CCP5 (bottom). The
theoretical monoisotopic mass of the C-terminal fragment with no Glu side chain
residues is 2859.19 (sequence AALEKDYEEVGVDSVEGEGEEEGEEY). The molecu-
lar mass of a Glu residue is 129 Da. B, representative spectra of the C-terminal
region of 32b form of porcine B-tubulin after incubation with control eluate (top)
or with CCP5 (bottom). The theoretical monoisotopic mass of the C-terminal frag-
ment with no Glu side chain residuesis 3465.36 (sequence NDLVSEYQQYQDATA-
DEQGEFEEEEGEDEA). C, representative spectrum of the C-terminal region of a4a-
tubulin after incubation with control eluate (top) or CCP5 (bottom). The
theoretical monoisotopic mass of the C-terminal fragment with no Glu side chain
residues is 2632.06 (sequence AALEKDYEEVGIDSYEDEDEGEE).

Glu side chains, with CCP5, the product with no Glu residues is
observed in place of the peptide with one Glu side chain,
whereas the longer peptides are converted by CCP1 into
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FIGURE 6. Time course of CCP1 and CCP5 activity toward 33-tubulin C-ter-
minal peptides. Purified CCP1, CCP5, and control eluates were incubated
with peptides corresponding to the C-terminal region of 83-tubulin and con-
taining one, two, three, or four Glu residues at the side chain (sequence
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shorter forms containing one or more Glu residues (Fig. 6).
Incubation with control eluate produced no significant cleav-
ages of any of the peptides.

DISCUSSION

The main finding of the present study is that CCP5 is a dual-
functional enzyme that cleaves both «- and y-linked Glu resi-
dues from the side chain of a- and B-tubulin and a-linked Glu
from the C terminus of «-tubulin. Previous studies have
reported that CCP5 is specific for cleaving branch point Glu
from tubulin (17, 25). Although we also found that CCP5 could
perform this step, the enzyme is not specific for this reaction
and can also remove a-linked Glu, albeit at a reduced rate com-
pared with the efficiency for removing branch point Glu. The
previous studies relied on antisera to characterize the reaction
products, in contrast to the mass spectrometric analysis per-
formed in the present study. For this reason, the previous stud-
ies may have missed detecting the ability of CCP5 to cleave the
longer poly(E) side chains of tubulin.

Results with antibodies can be difficult to interpret due to
differences in reactivity of the various forms of tubulin with the
antibody. For example, GT335, an antibody commonly used to
detect y-linked branch point Glu residues, shows a large varia-
bility in the signal strength depending on the number of side
chain Glu residues (31). This antibody was raised against a pep-
tide with a short y-linked Glu side chain (13) and also recog-
nizes longer Glu side chains. However, when tubulin containing
long Glu side chains is digested with carboxypeptidase O, an
enzyme that removes only a-linked Glu and not y-linked Glu,
the intensity of the tubulin signal on a Western blot probed with
GT335 antibody shows an increase of ~6-fold (31). Because of
this variability, the time course of the incubation of purified
CCP5 with brain tubulin (Fig. 2, E and F) is difficult to interpret.
The decrease in GT335 signal after incubation for 30 min pre-
sumably reflects the removal of the short side chains of tubulin.
The failure of the longer 60-min incubation to further decrease
this signal may be due to the slow conversion of long side chains
into shorter ones, which would cause an increase in GT335
signal that could offset the further activity toward the small side
chains. An alternative explanation is that CCP5 is inactivated
after 30 min of incubation with substrate, but this is not sup-
ported by the time course of CCP with the synthetic peptide
substrates, which shows considerably more activity after 1000
min than after either 10 or 100 min (Fig. 6).

We also found that CCP5 functions on microtubules as well
as soluble tubulin and can also remove Glu residues from the
side chains of peptide substrates. This is in contrast to the var-

DATAEEEGEMYE*DDDEESEAQGPK, with the side chain glutamate(s) added to
the E marked with an asterisk). After incubation for 10, 100, or 1000 min with
1 um peptide, samples were desalted, mixed with matrix, and analyzed by
MALDI MS. Top panels, peak heights representing different peptides within a
spectrum were measured, and the relative abundance of each peptide was
calculated as a percentage. Bottom panels, representative spectra for the pep-
tide with four Glu residues incubated for 1000 min with control baculovirus,
CCP1, or CCP5. Note that the CCP5 reaction shows more intact substrate
(Peptide+4E) and also more of the fully processed product (Peptide, no E) as
compared with the CCP1 reaction, indicating that CCP5 is less efficient than
CCP1 at cleaving longer side chains but more active toward removing single
Glu residues.
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ious tubulin ligases. For example, TTL adds a Tyr to the C
terminus of the detyrosinated form of soluble a-tubulin but
does not function on microtubules (27). Initially, it was
reported that TTL did not attach Tyr to synthetic peptides cor-
responding to the C-terminal region of a-tubulin (32), although
a subsequent study found that TTL could perform this step,
albeit at low efficiency (33). In contrast to TTL, the TTLLs that
add Glu to tubulin more effectively function on tubulin poly-
merized into microtubules than on free tubulin (14, 28) or pep-
tides (data not shown). The TTLLs also can be further differen-
tiated by their preference for initiation versus elongation (15).
The results from the present study as well as a recent study from
our group also show that the CCPs have preferences for “undo-
ing” initiation versus elongation, with CCP5 more efficient with
single side chain Glu than 3—4 Glu on a side chain and CCP1
unable to remove a single side chain Glu from the test peptide.
However, both CCP1 (19) and CCP5 (the present study) can
perform both steps on soluble tubulin proteins, indicating
greater redundancy within the CCP subfamily than within the
TTLL subfamily.

Another finding of the present study is that purified CCP5
processes the C terminus of a-tubulin by removing all gluta-
mates and generating the A3 form of a-tubulin. Recently, we
found that CCP1 is also capable of producing the A3 form of
tubulin (19). The biological function of the A3 form of tubulin is
not known. A previous study investigating tubulin in mice defi-
cient for PGsl, a subunit of a-tubulin-selective glutamyl ligase,
found a form of tubulin that migrated on two-dimensional elec-
trophoresis with an isoelectric point that was less acidic than
the A2 form (10); this presumably corresponds to the A3 form.
It is possible that the conversion of A2- to A3-tubulin has an
effect on microtubule dynamics.

The finding that CCP1 and CCP5 are capable of removing
side chain glutamates from a peptide corresponding to the
C-terminal region of 83-tubulin is consistent with the activities
of other members of the metallocarboxypeptidase family,
which cleave both peptides and proteins. Recently, purified
CCP1 was reported to release Glu from small peptides contain-
ing 2-3 Glu residues and a blocked N terminus (34). The struc-
ture of a bacterial CCP, as determined by x-ray crystallography,
shows classical metallocarboxypeptidase-like motifs, including
the presence of an active site and substrate-binding pockets
generally similar to those of enzymatically active metallocar-
boxypeptidases, such as mammalian carboxypeptidases A and
B (35). The purified CCP used for the crystallization studies was
inactive toward all substrates that were tested, despite the pres-
ence of a functional active site pocket in the structure, possibly
due to the presence of an N-terminal domain that occludes
access of the substrate to the active site (35). The lack of enzy-
matic activity for the purified bacterial CCP is similar to the
observation that mammalian CCPs lose activity upon purifica-
tion to apparent homogeneity. For example, although the puri-
fied CCP5 used in the present study is the major protein band
on polyacrylamide gels (Fig. 1), further fractionation on ion
exchange columns that resulted in increased purity of the CCP5
protein led to the complete loss of activity toward either tubulin
or peptide (data not shown). Similarly, we could not further
purify CCP1 on ion exchange columns without complete loss of
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activity (19), and gel filtration of CCP1 does not result in
homogenous protein (34). The CCPs are not inherently unsta-
ble and do not lose much activity after incubation for several h
at 4 °C, the length of time required to run the ion exchange
column. It is possible that a co-factor is present in the eluate
from the metal affinity resin and subsequently lost upon further
purification of the CCPs. Until this problem is solved, studies
on partially purified CCPs, with appropriate controls (as done
in the present study) represent the best approach to comple-
ment the previously used approaches of overexpression or
knockdown of the CCPs in cell culture.

In comparing the activity of CCP5 toward peptides and pro-
teins, there are some similarities and differences. With peptide
substrates, CCP5 shows a marked preference for removing the
v-linked Glu of the side chain and more slowly cleaves longer
side chains (Fig. 6). Incubation of purified CCP5 with peptides
led to formation of products with zero, two, and three gluta-
mates at the side chains. However, peptides with one glutamate
were not observed. These results suggest that CCP5 prefers
v-linked Glu on peptides, and once the enzyme has access to the
branch point residues, it cleaves them immediately. With tubu-
lin, CCP5 also shows the ability to remove branch point Glu
residues, but the difference is less striking. For example, both
a-tubulin (1a/b isoform) and B-tubulin (2b isoform) show an
increase in the forms lacking side chain Glu upon incubation
with CCP5, but the forms containing a single Glu residue are
still present (Fig. 5). It is possible that CCP5 prefers cleaving
branch point Glu from peptide substrates rather than from
tubulin. Alternatively, it is possible that differences in CCP5
function toward peptides and tubulin may be due to the tubulin
isotypes; the peptide was based on the sequence of 33-tubulin,
which was not detected in the analysis of the brain tubulin, and
there are sequence differences between the various isotypes. In
addition, the location of the poly(E) side chains can vary with
each isotype, further complicating the comparison of peptide
and tubulin. CCP1 also showed differences between cleavages
of the peptide versus tubulin. With the tubulin-based peptide
used in the present study, only long Glu side chains were pro-
cessed by CCP1, and the y-linked Glu was not removed even
after overnight incubation (Fig. 6). In contrast, CCP1 was pre-
viously found to remove a single Glu from the side chain of
a-la/b and B-2b forms of tubulin (19). As with CCP5, the dif-
ferences between peptide and tubulin forms may be due to
sequence variation and/or the location of the Glu side chain.
Further studies comparing a battery of different peptides will
help address this issue.

Taken together with previous results, our studies show
that CCP1 and CCP5 have overlapping but not identical sub-
strate specificities. CCP4 and -6 have also been reported to
cleave Glu from tubulin, and CCP2 has been reported to
cleave C-terminal Tyr from a-tubulin, based on overexpres-
sion of the proteins in cell culture and analysis by Western
blotting (17). Additional studies using purified enzymes and
analysis using mass spectrometry are needed to confirm
these previous results and learn precisely which steps each of
the CCPs performs, as done for CCP5 in the present study.
Collectively, these studies will help understand the process-
ing of tubulin, which is important for normal cellular func-
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tion. Altered tubulin polyglutamylation mislocalizes molec-
ular motors, affects tubulin trafficking, impairs synaptic
transmission, and causes neurodegeneration (9, 10, 19, 36).
In their role as erasers of the tubulin code, the CCPs perform
critical functions that are important for zebrafish develop-
ment, as shown by Lyons et al. (37).
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