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TTLL10 can perform tubulin glycylation when co-expressed with TTLL8
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Tubulin can undergo unusual post-translational modifications, glycylation and glutamylation. We
previously failed to find glycylase (glycine ligase) for tubulin while identifying TTLL10 as a polyglyc-
ylase for nucleosome assembly protein 1. We here examine whether TTLL10 performs tubulin glycy-
lation. We used a polyclonal antibody (R-polygly) raised against a poly(glycine) chain, which does
not recognize monoglycylated protein. R-polygly strongly reacted with mouse tracheal cilia and axo-
nemal tubulins. R-polygly detected many proteins in cell lysates co-expressing TTLL10 with TTLL8.
Two-dimensional electrophoresis revealed that the R-polygly-reactive proteins included a- and b-
tubulin. R-polygly labeling signals overlapped with microtubules. These results indicate that TTLL10
can strongly glycylate tubulin in a TTLL8-dependent manner. Furthermore, these two TTLL proteins
can glycylate unidentified 170-, 110-, 75-, 40-, 35-, and 30-kDa acidic proteins.
� 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Microtubules undergo a variety of post-translational modifica-
tions (PTMs), including highly unusual modifications—detyrosina-
tion/tyrosination [1,2], glutamylation [3], and glycylation [4]—as
well as common modifications such as acetylation [5] and phos-
phorylation [6]. Recently, the physiological roles of the modifica-
tions are beginning to be understood. Glutamylation of a-tubulin
is required for trafficking of the KIF1A kinesin motor [7], while
that of b-tubulin is essential for neurite growth [8]. The level of
tubulin glutamylation is likely to affect ciliary motility [9,10].
Tyrosination of a-tubulin is essential for CLIP170 to enter grow-
ing neurites and plays a pivotal role in normal brain development
[11]. Tyrosination of a-tubulin has also been demonstrated to
regulate the recruitment of CAP-Gly proteins to microtubule plus
ends [12]. More recently, we have demonstrated that a-tubulin
tyrosination navigates the KIF5 kinesin motor to axons [13].
chemical Societies. Published by E

in 1; PTM, post-translational
L-like; R-polygly, anti-poly-
ody; cDNA, complementary
-buffered saline
olecular Anatomy, Molecular
ersity School of Medicine, 1-
pan. Fax: +81 53 435 2292.
.

Tubulin acetylation enhances the interaction of KIF5 with micro-
tubules, promoting KIF5-dependent cargo transport [14]. A more
recent report demonstrates that tubulin acetylation plays an
important role in the maturation of cortical projection neurons
[15].

This understanding of PTM’s physiological roles can be attrib-
uted to identification of the modifying enzymes. Tyrosination is
mediated by tubulin tyrosine ligase (TTL) [16,17]. A number of
researchers, including those of our research group, have recently
identified enzymes that perform tubulin glutamylation. These en-
zymes belong to a family of proteins characterized by a domain
homologous to TTL [9]. A TTL-like (TTLL) protein, TTLL7 is a highly
specific enzyme that performs b-tubulin polyglutamylation [8,18].
Tubulin glutamylase activities have been detected in other TTLL
proteins, TTLL4, 5, 6, 11, and 13, which have close phylogenetic
relations with TTLL7 [19]. A large enzyme complex containing
TTLL1 and a subunit, PGs1, is also essential for a-tubulin glu-
tamylation in the brain [7]. An acetyltransferase for a-tubulin
has been identified more recently [14]. Despite this remarkable
progress, the enzyme(s) mediating tubulin glycylation have not
yet been identified, although we have succeeded in identifying
TTLL10 as a glycylase for nucleosome assembly protein 1
(NAP1) [20]. Here, we investigate whether TTLL10 also has tubu-
lin glycylase activity.
lsevier B.V. All rights reserved.
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2. Materials and methods

2.1. Antibodies

Both the anti-polyglycine polyclonal antibody (R-polygly),
which was generated by using Cys-(Gly)9 as an immunogen [21],
and the monoclonal antibody (mAb) 4A8 for NAP1 [22] were ob-
tained gratis from external sources. In addition, the following anti-
bodies were obtained commercially: anti-a-tubulin (mAb DM1A),
anti-b-tubulin (mAb Tub2.1), anti-acetylated-tubulin (mAb 6-
11B-1), anti-FLAG� tag (mAb M2) from Sigma–Aldrich, St. Louis,
MO; anti-GFP polyclonal antibody (Medical & Biological Laborato-
ries, Nagoya, Japan); Alexa Fluor�-conjugated secondary antibodies
for immunofluorescent analyses (Invitrogen, Carlsbad, CA); and
horseradish peroxidase-conjugated secondary antibodies for
immunoblotting (Jackson ImmunoResearch Laboratories, West
Grove, PA).

2.2. Plasmids

Complementary DNA (cDNA) containing whole coding se-
quences of murine TTLL8 and TTLL10 was cloned by polymerase
chain reaction (PCR) as described in a previous study [20]. Primers
were designed using reference sequences published in the NCBI
database. Instead of Taq, Pfx (Invitrogen), which possesses a proof-
reading activity, was used in PCR. Amplified coding regions were
inserted in pCMV-Tag 5 vector (Stratagene, La Jolla, CA) or pEG-
FP-C vector (Clontech Laboratories, Mountain View, CA). Sequences
were verified with the sequencing equipment Prism� 3100 (Ap-
plied Biosystems, Foster City, CA) using the BigDye� Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems).

2.3. Cell culture

COS7 cells were cultured in Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum (Hyclone, Logan, UT).
Cells were seeded on pieces of thin cover glass (Matsunami, Osaka,
Japan) at half confluency. Plasmids were transfected using Lipo-
fectamineTM 2000 (Invitrogen) according to the manufacturer’s
instructions. Cells were harvested for immunoblotting or fixed
for immunocytochemistry at 24 h.

2.4. Immunohistochemistry

The trachea of an anesthetized adult mouse was dissected and
fixed with 4% paraformaldehyde in phosphate-buffered saline
(PBS) at 37 �C, followed by overnight fixation at 4 �C. After fixation,
the trachea was immersed in 20% sucrose solution overnight. It
was then embedded in Tissue Tech O.C.T. compound (Sakura Fine-
tek Japan, Tokyo, Japan) with dry ice. Coronal thin sections were
cut at 10 lm with cryosectioning equipment (Leica CM 1950; Leica
Microsystems, Wetzlar, Germany). The sections were rinsed in PBS
and then blocked with 5% goat serum in PBS containing 0.1% Triton
X-100. The sections were incubated with the primary antibodies at
the following dilution rates: R-polygly, 1:5000; 6-11B-1, 1:5000.
The primary antibodies were labeled with the secondary antibod-
ies at 4 lg/ml. Fluorescence images were obtained with a laser
scanning confocal microscope (Fluoview FV1000; Olympus, Tokyo,
Japan) equipped with a 100�, 1.45 N.A. objective lens.

2.5. Two-dimensional electrophoresis

Harvested cells were directly dissolved in lysis buffer (7 M urea,
2 M thiourea, 4% CHAPS, 40 mM DTT, 2% IPG buffer, pH range 3.5–
5.0), containing CompleteTM EDTA-free protease inhibitor cocktail
(Roche, Indianapolis, IN). First and second-dimension electropho-
resis was performed according to the manufacturer’s instructions
(GE Healthcare). Resolved protein spots were electrically trans-
ferred onto polyvinylidene fluoride membrane (Millipore, Beverly,
MA).

2.6. Immunoblotting

Cells were lysed in a lysis buffer, 20 mM Tris–HCl, pH 7.4, con-
taining 1% Triton X-100, and centrifuged supernatants were used.
Axonemes of tracheal cilia were isolated, as described previously
[23], with some modifications to scale down the procedures. In
brief, dissected mouse tracheas were minced to small pieces and
vortexed for 5 min in the cilia-removing buffer, 20 mM Tris–HCl,
pH 7.5, 50 mM NaCl, 10 mM CaCl2, 1 mM EDTA, and 0.1% Triton
X-100. The vortexed mixture was centrifuged at 1500�g for
2 min to remove tissue debris. The centrifuged supernatant was
subjected to further centrifugation at 20 000�g for 5 min to precip-
itate ciliary axonemes. The precipitated axonemes were directly
dissolved in the sample buffer.

In tubulin-separating electrophoresis, 95% purity SDS (Sigma)
was used as described in an earlier research [8]. Separated proteins
were transferred onto polyvinylidene fluoride membranes. The
membranes were then blocked with 10% goat serum in Tris-buf-
fered saline and probed with the primary antibodies at the follow-
ing dilutions: R-polygly, 1:5000; DM1A, 1:10 000; Tub2.1, 1:2000;
4A8, 1:50; M2, 1:1000; and anti-GFP, 1:2000. The primary antibod-
ies were labeled with the secondary antibodies, followed by detec-
tion with an enhanced chemiluminescence system (GE Healthcare,
Waukesha, WI).

2.7. Immunocytochemistry

Cells were fixed with �25 �C cold methanol to leak cytoplasmic
glycylated nucleosome assembly protein 1. The fixed cells were
rinsed once with PBS, and then blocked with 5% goat serum in
PBS containing 0.1% Triton X-100. The cells were incubated with
the primary antibodies at the following dilution rates: R-polygly,
1:5000; DM1A, 1:10 000; and M2; 1:2000. The primary antibodies
were labeled with the secondary antibodies at 2 lg/ml. Zenon�

antibody labeling kits (Invitrogen) were used when it was neces-
sary to perform tricolor labeling with primary antibodies derived
from the same hosts, e.g. co-labeling with DM1A and M2. Fluores-
cence micrographs were taken with the FV1000.

3. Results

3.1. R-polygly recognizes both a- and b-tubulins of mammalian ciliary
axonemes

In previous work, we used a polyclonal antibody against
poly(glycine) chains (R-polygly) [21] to identify TTLL10 as a glycy-
lase for nucleosome assembly protein 1 (NAP1) [20]. To this day, it
remains unclear whether R-polygly can recognize glycylated mam-
malian tubulin. Thus, we first examined whether R-polygly reacted
with murine tracheal cilia, which contain polyglycylated tubulins
[24] that were detected with a mAb, AXO49, specific for polyglycy-
lated tubulin [25].

We first carried out an immunohistochemical analysis. R-poly-
gly strongly labeled the mouse tracheal cilia (Fig. 1A; magenta).
Double staining for acetylated tubulin revealed that R-polygly
stained the middle region of cilia (Fig. 1A; magenta versus yellow).
We next examined whether R-polygly detected axonemal tubulin
by immunoblotting. R-polygly detected two bands (Fig. 1B). A clear
band with stronger intensity migrated to almost the same position



Fig. 1. R-polygly can bind to murine tracheal cilia and recognize axonemal tubulin. (A) Immunostaining of a mouse trachea section. Substances immunoreactive with R-
polygly (magenta) were distributed throughout the cilia, which were labeled with anti-acetylated tubulin (Ac-tubulin; yellow). The boxed area was further magnified. Note
that the R-polygly-labeled signal was detected particularly in the middle region of cilia. Scale bar, 5 lm. (B) Immunoblotting of isolated ciliary axonemes. A membrane was
repeatedly probed with R-polygly, anti-a-tubulin, and b-tubulin antibodies, after removing antibodies in each step. R-polygly raised a strong band with almost the same
migration position as that of the b-tubulin band and an additional weaker band migrating at almost the same position as that of the a-tubulin band. Note that both R-polygly-
detected bands migrated slightly slower than those of a- and b-tubulins.
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as b-tubulin (Fig. 1B). The other, blurred band showing weaker
intensity migrated to almost the same position as a-tubulin
(Fig. 1B). The two R-polygly-detected bands were shifted slightly
upward in comparison with the bands of a- and b-tubulins. This
is reasonably consistent with a report that showed slightly slower
migration of AXO49-detected a- and b-tubulins extracted from
spermatozoa of many mammalian species including ram, boar,
and mouse [26]. A blurred and weaker signal of polyglycylated
a-tubulin has also been reported [26]. Taken together, these results
indicate that R-polygly can recognize polyglycylated forms of both
mammalian a- and b-tubulin; thus, the antibody is useful for the
further investigation of whether TTLL10 can perform tubulin
polyglycylation.

3.2. TTLL10 produces R-polygly-recognized a- and b-tubulins when
co-expressed with TTLL8

Phylogenetic analysis revealed that TTLL3 and 8 were phyloge-
netically nearest to TTLL10 (Fig. 2A). Despite the close relationship
between TTLL3/8 and TTLL10, we found that neither TTLL3 nor 8
produced signals detected with R-polygly [20]. Glutamylases are
clearly divided into ‘‘mono”-glutamylase and ‘‘poly”-glutamylase
[21]. Thus, it is reasonable to expect that tubulin glycylases are also
separated into mono-glycylase and poly-glycylase. We hypothe-
sized that TTLL3, 8, and 10 were able to produce a subpopulation
of tubulin that could be detected with R-polygly under combina-
tional expressions in cells.

We overexpressed TTLL10 tagged with a small artificial peptide,
FLAG�, along with EGFP-fused TTLL8 in COS7 cells to prove our
hypothesis. Co-expression of TTLL10 and TTLL8 produced several
protein bands that were detected by R-polygly; the major bands
included 170-, 110-, 75-, 60-, 52-, 50-, 40-, 35-, and 30-kDa pro-
teins (Fig. 2B). The protein bands, except for the 60- and 50-kDa
proteins, were specifically detected in the cell lysates co-express-
ing TTLL10 and TTLL8 (Fig. 2B). The 52-kDa protein band migrated
at almost the same position as the a-tubulin band (Fig. 2B; arrow-
head). TTLL8 produced no extra band, as we have previously re-
ported [20].

We carried out two-dimensional electrophoreses with a narrow
pH range, pH 3.0–5.6, to clarify whether tubulins are included in
the proteins that are detected specifically by R-polygly in cell ly-
sates co-expressing TTLL10 and TTLL8. Almost all proteins detected
by R-polygly migrated to highly acidic positions (Fig. 2C). Both a-
and b-tubulin spots were strongly labeled by R-polygly in the cell
lysates expressing both TTLL10 and TTLL8 (Fig. 2D; arrowheads). In
comparison with the case in untransfected control cells, R-polygly
detected faint spots corresponding to a- and b-tubulins even in the
cell lysates expressing TTLL10 alone (Fig. 2D; asterisks). In contrast,
R-polygly reacted to the 60- and 50-kDa protein spots that were
more acidic than tubulins in TTLL10-expressing cell lysates inde-
pendently of the presence of TTLL8 (Fig. 2D; arrows). Those spots
were labeled with the mAb 4A8, which was generated against
NAP1 [22]. These results indicate that TTLL10 can effectively pro-
duce polyglycylated a- and b-tubulins in cells where TTLL8 is also
present, while it can polyglycylate NAP1 without TTLL8 expression
as we have previously reported [20].

3.3. TTLL10 produces R-polygly-recognized microtubules when
co-expressed with TTLL8

We next examined whether the co-expression of TTLL10 with
TTLL8 raised strong signals in immunocytochemical analysis as
well. Co-expression of TTLL10 and TTLL8 produced microtubule-
like strong signals that were labeled with R-polygly (Fig. 3A; ma-
genta). In addition to the microtubule-like staining, R-polygly de-
tected nuclear and strong nucleolar components in the cells
expressing TTLL10 and TTLL8 (Fig. 3A; arrowheads). Single expres-
sion of either TTLL8 or TTLL10 raised neither microtubule-like nor
nuclear immunoreactivity (Fig. 3A).

Finally, we examined whether the microtubule-like structure
detected with R-polygly actually overlapped with microtubules.
The cytoplasmic cytoskeletal signals completely overlapped with
microtubules visualized with DM1A (Fig. 3B; compare magenta
with yellow). Taken together, these findings indicate that TTLL10
can produce polyglycylated tubulin in a TTLL8-dependent manner.

4. Discussion

In this study, we found that the R-polygly reacts to mouse
tracheal cilia and axonemal tubulins (Fig. 1), which have been re-
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ported to have polyglycylated tubulin [24]. By two-dimensional
electrophoresis, we demonstrated that both a- and b-tubulins
are strongly recognized by R-polygly when TTLL10 and TTLL8
co-exist (Fig. 2). We have also found that R-polygly reacts to cyto-
skeletal structures that completely overlap with microtubules
when TTLL10 is co-expressed with TTLL8 (Fig. 3). Given that the
R-polygly was generated against a chain composed of nine gly-
cines [21], our findings indicate that TTLL10 can produce poly-
glycylated forms of both a- and b-tubulin in cells in which
TTLL8 also exists.

Our interpretation postulates that tubulin glycylation can be
separated into two steps: initiation and elongation. This concept
of two-step modification is plausible based on the demonstration
that tubulin glutamylation is clearly divided into two steps [19].
In this scenario, TTLL8 may function as a putative initiase that initi-
ates the modification by attaching the first glycine to tubulin. It is



Fig. 3. Polyglycylation signal overlaps microtubule in cells co-expressing TTLL10 with TTLL8. (A) R-polygly detected cytoskeletal structures in cells expressing TTLL8 and
TTLL10 (magenta of the third row). The arrowheads indicate nuclear and nucleolar components detected by R-polygly. The bottom row is a magnified photomicrograph of the
boxed region in the third row. Note that the signals of EGFP (green) overlapped well with FLAG signals (orange), making a merged yellow signal. Scale bar, 10 lm. (B) The
cytoskeletal structure detected with R-polygly overlapped with microtubules (magenta versus yellow). The bottom row is a magnified image of the boxed area of the top row.
Due to the difficulty of quadruple staining in our detection system, the staining of the FLAG signal was not available in this sample. Scale bar, 10 lm.
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well understood that a TTLL protein close to TTLL10 performs glycy-
lation, given that all identified glutamylases, TTLL1, 4, 5, 6, 7, 9, 11,
and 13 are phylogenetically close (Fig. 2A) [19]. The expression pat-
tern of TTLL8 also supports this idea. TTLL8 is expressed intensively
in the testis [19], which contains a huge number of sperm flagella
that are rich in glycylated tubulins [26]. TTLL10 may function as
an elongase that elongates the glycine chain by adding multiple gly-
cines to the first added glycine residue. The functional interaction
between TTLL8 and TTLL10 could be explained by the strong co-
localization of TTLL8 and TTLL10 (Fig. 3A). Nonetheless, we still can-
not exclude the possibility that TTLL8 functions as an enhancer of
TTLL10 or as only a co-factor for TTLL10.
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Tubulin glycylation is reported to have a crucial involvement in
flagellar and ciliary function. Sea urchin sperm motility is inhibited
by the injection of monoclonal antibodies to mono- or polyglycy-
lated tubulin [26]. Injection of anti-monoglycylated tubulin anti-
body also impairs ciliary motility in cultured human nasal
epithelia [27]. Recent genetic studies have provided stronger evi-
dence in support of the importance of b-tubulin glycylation in cil-
iary motility and cell division [28]. Tetrahymena, with a mutation
in the glycylation sites of b-tubulin, shows a deleterious structural
abnormality in its ciliary axonemes: the absence of central double
microtubules [29]. A microtubule-severing enzyme, katanin, is a
molecular candidate to account for the phenotype [30]. Cross-talk
between C-terminal polymeric modifications of a- and b-tubulin
could underlie the katanin-regulated microtubule dynamics of
axonemes [31]. It is anticipated that knockout organisms deficient
in glycylases and glutamylases will yield further evidence at the
molecular level to support these deductions.

In Fig. 1A, we found that R-polygly labeled the middle region of
cilia. The staining pattern was somewhat different from that of
polyglycylated tubulin detected with another antibody, AXO49.
AXO49 stained only the proximal region of gerbil tracheal cilia
[24]. This difference might be attributed to the different species
tested in the study and our study. The state of axonemal tubulin
polyglycylation differs between species [26,27]. In addition, the
developmental stages of tracheal cilia could produce such varia-
tions [24]. The fine-tuned regulation of glycylation and glutamyla-
tion during ciliary development requires further study.

In Fig. 1B, axonemal b-tubulin was more strongly detected by R-
polygly than a-tubulin. A similar finding was reported in a work
where the polyglycylated tubulin-specific mAb AXO49 is used
[26]. This result is reasonably consistent with the observation of
more intensive glycylation of b-tubulin in bull sperm axonemes
[32], and could be attributed to the presence of more glycylation
sites in b-tubulin than in a-tubulin [28]. In addition, tubulin bands
detected by R-polygly were shifted slightly upward in comparison
with the corresponding bands of a- and b-tubulins. The upward
shift probably reflects extensive modifications of axonemal tubu-
lins by glycylation and glutamylation [26,27]. The lack of detection
of such highly modified tubulins could arise from a limited amount
of the modified tubulins or a decrease in antibody accessibility to
modified tubulins [33]. This concept can explain our finding that
R-polygly does not react with all tubulin spots in two-dimensional
electrophoresis (Fig. 2D; merged image).

In Fig. 2B, we found that without TTLL8 expression, TTLL10 pro-
duced a blurred 50-kDa protein band that was recognized by R-
polygly. Whether the 50-kDa protein is tubulin or not is an impor-
tant question. Our two-dimensional electrophoresis results have
revealed that the majority of the 50-kDa proteins are NAP1 or
NAP-related species (Fig. 2D). This is substantially consistent with
our previous work, where a 50-kDa protein immunopurified with
R-polygly was recognized by the anti-NAP1 antibody [20]. How-
ever, TTLL10 alone probably produces polyglycylated tubulins, al-
beit to a small extent, because tubulin spots were faintly labeled
by R-polygly even in cells expressing TTLL10 alone (Fig. 2D). Given
that we consider TTLL10 to be an elongase of tubulin polyglycyla-
tion, the most plausible explanation is that COS7 cells contain a
limited amount of monoglycylated tubulins, which can be sub-
jected to polyglycylation. Indeed, monoglycylated tubulins have
been detected in mammalian cytoplasmic microtubules [24]. A
similar situation is reported in polyglutamylation, where a small
amount of slightly glutamylated tubulins are polyglutamylated
by an elongase, TTLL6, without co-expression of the initiase, TTLL5
[19]. Nevertheless, there still remains the interesting question of
why TTLL10 shows different glycylase activity on tubulins and
NAP1, i.e., it requires TTLL8 to polyglycylate tubulin while it can
polyglycylate NAP1 independently of TTLL8. TTLL10 could both ini-
tiate and elongate polyglycylation of NAP1. Alternatively, NAP1
might be endogenously monoglycylated, which could allow TTLL10
to polyglycylate NAP1 effectively. This question will be addressed
in future work.

Co-expression of TTLL8 and TTLL10 produced several protein
bands strongly detected by R-polygly (Fig. 2B). Almost all these
proteins had highly acidic isoelectric points (Fig. 2C). This finding
suggests that TTLL10, in combination with TTLL8, can polyglycylate
many proteins other than tubulin and NAP1. This broad substrate
specificity has already been reported for glutamylation by TTLL4,
which can glutamylate multiple proteins [34]. The majority of pro-
teins glutamylated by TTLL4 are nuclear proteins with acidic iso-
electric points [34]. Similar or identical proteins undergo
glycylation by co-expression of TTLL8 and TTLL10. In our experi-
ment, R-polygly detected nuclear and nucleolar proteins in cells
co-expressing TTLL8 and TTLL10 (Fig. 3A; arrowheads). Further
studies should focus on identifying the additional glycylatable
proteins.

In summary, we have demonstrated that TTLL10 can modify
tubulin in addition to nucleosome assembly protein 1 when TTLL8
is also present. The enzymatic properties of TTLL8 and TTLL10 re-
quire further study to ascertain whether TTLL8 or TTLL10 can func-
tion as an initiase (monoglycylase) or elongase (polyglycylase) and
act on other glycylatable proteins such as 14-3-3 [35] and heat
shock proteins [36].
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