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SUMMMARY
How microtubule-associated motor proteins are regulated is not well understood. A potential
mechanism for spatial regulation of motor proteins is provided by post-translational modifications
of tubulin subunits that form patterns on microtubules. Glutamylation is a conserved tubulin
modification [1] that is enriched in axonemes. The enzymes responsible for this PTM, glutamic
acid ligases (E-ligases), belong to a family of proteins with a tubulin tyrosine ligase (TTL)
homology domain (TTL-like or TTLL proteins) [2]. We show that in cilia of Tetrahymena,
TTLL6 E-ligases generate glutamylation mainly on the B-tubule of outer doublet microtubules,
the site of force production by ciliary dynein. Deletion of two TTLL6 paralogs caused severe
deficiency in ciliary motility associated with abnormal waveform and reduced beat frequency. In
isolated axonemes with a normal dynein arm composition, TTLL6 deficiency did not affect the
rate of ATP-induced doublet microtubule sliding. Unexpectedly, the same TTLL6 deficiency
increased the velocity of microtubule sliding in axonemes that also lack outer dynein arms, in
which forces are generated by inner dynein arms. We conclude that tubulin glutamylation on the
B-tubule inhibits the net force imposed on sliding doublet microtubules by inner dynein arms.

RESULTS AND DISCUSSION
TTLL6 enzymes generate tubulin polyglutamylation in cilia

The genome of Tetrahymena contains 6 genes encoding TTLL6 paralogs, namely, Ttll6Ap
through Ttll6Fp (Fig. 1A). Ttll6Ap is targeted to cilia [2,3]. To characterize the enzymatic
properties of Ttll6Ap, we overexpressed GFP-Ttll6Ap in Tetrahymena, partially purified
and assayed the enzyme for glutamylation of microtubules in vitro. Glutamylation involves
two distinct steps: initiation and elongation. To distinguish between the two reactions, we
used microtubules with varying levels of pre-existing glutamylation: high (adult murine
brain tubulin), intermediate (young murine brain tubulin) and low (HeLa tubulin) [4].

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Curr Biol. Author manuscript; available in PMC 2011 March 9.

Published in final edited form as:
Curr Biol. 2010 March 9; 20(5): 435–440. doi:10.1016/j.cub.2009.12.062.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Enriched GFP-Ttll6Ap strongly modified microtubules made of adult brain tubulin, less
efficiently microtubules made of young brain tubulin, and failed to detectably modify
microtubules made of HeLa tubulin (Fig. 1B). The activity was primarily on β-tubulin as
seen earlier [2]. Moreover, enriched GFP-Ttll6Ap did not modify unpolymerized adult brain
tubulin (Fig. 1B). As a control, we used another partially purified E-ligase, Ttll1p, [5] with
the same microtubule substrates, and detected a distinct enzymatic profile (Fig. 1B). These
and earlier studies [3,6] are consistent with Ttll6Ap acting primarily as a glutamyl side chain
elongase for β-tubulin in microtubules.

In Tetrahymena, glutamylation occurs on most types of microtubules, but the length of the
glutamyl side chain is spatially regulated [5], presumably by localized activities of elongases
such as Ttll6Ap. While the modification is detectable on most if not all microtubules, only
microtubules of cilia and basal bodies are labeled by the polyE antibodies that recognize
elongated (poly)glutamyl side chains ([5] and Fig. 1D′). Knocking out the TTLL6A gene by
DNA homologous recombination neither changed the levels of tubulin glutamylation (Fig.
1C) nor affected the gross phenotype. TTLL6F encodes a close paralog (Fig. 1A). Cells with
a deletion of TTLL6F showed no reduction in the levels of tubulin glutamylation (Fig. 1C).
However, a double knockout strain, 6AF-KO, had strongly reduced levels of elongated side
chains recognized by polyE antibodies (Fig. 1C), indicating that Ttll6Ap and TtllFp act
synergistically. Consistent with this result, 2D gel electrophoresis of axonemal proteins
showed a prominent reduction in the abundance of protein isoforms migrating as a smear on
the more acidic side of the major β-tubulin spots in 6AF-KO cilia (Fig. S1B).
Immunofluorescence with polyE antibodies showed a decrease in tubulin polyglutamylation
signal in cilia and basal bodies of 6AF-KO cells imaged side by side with wild type cells
(Fig. 1D–D″). The levels of tubulin glutamylation recognized by the GT335 antibody that
detects an epitope at the base of the glutamyl side chain and probably recognizes side chains
of any length [7] appeared unchanged in 6AF-KO cilia based on immunofluorescence (Fig.
1E–E″, S1A) and western blotting (Fig. 1C). These data indicate that, the absence of Ttll6Ap
and Ttll6Fp leads to shortening but not complete loss of glutamyl side chains, which agrees
with the enzymatic profile of Ttll6Ap obtained in vitro. In cilia of 6AF-KO cells, the levels
of tubulin acetylation and glycylation appeared nearly normal (Fig. 1C). Thus, Ttll6Ap and
Ttll6Fp together contribute to β-tubulin glutamylation in cilia and are responsible primarily
if not exclusively for the chain elongation in vivo.

Ttll6Ap and Ttll6Fp affect ciliary motility
The 6AF-KO cells have a normal density of cilia that appear only slightly shorter than wild
type cilia (wild type 5.6+/−0.8μm, n = 150; 6AF-KO, 5.0 +/− 0.5 μm, n =150). However,
the 6AF-KO cells moved at only 1/5 of wild type rate (Fig 2A). In ciliates, phagocytosis
requires the motility of ciliary membranelles that sweep food particles into the oral cavity.
Although, the 6AF-KO cells assemble oral membranelles (arrowheads, Fig. 1D,E), they
exhibited a greatly reduced rate of formation of food vacuoles (Fig. 2C,D), consistent with
malfunction of oral cilia. 6AF-KO cells also showed a reduced rate of multiplication (Fig.
2B). Tetrahymena cells require motile cilia for conjugation (our unpublished data). When
starved 6AF-KO cells (earlier grown for over 100 generations to reach sexual maturity) were
mixed with wild type cells, few pairs formed and these pairs dissociated quickly (Fig. 2E).
Thus, all functions dependent on normal ciliary motility appear to be severely affected in
6AF-KO cells.

Biolistic bombardment of 6AF-KO cells with a GFP-Ttll6Ap transgene (targeted to an
unrelated locus) resulted in the appearance of cells with vigorous motility (at the frequency
of 0.014%), and no such cells were found in the mock-transformed population (n=107). The
rescued cells had a GFP signal in cilia and basal bodies (results not shown) and recovered a
nearly normal rate of motility, multiplication (Fig. 2A,B), and phagocytosis (Table S3).
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Thus, the dramatic loss of ciliary functions seen in 6AF-KO cells is caused by the loss of
TTLL6 protein activity.

High-speed video microscopy showed that in wild type cells, locomotory cilia had an
asymmetric waveform and rows of cilia were engaged in metachronal waves (movie S1A,
S2A). In contrast, in 6AF-KO cells, many cilia appeared straight and some were seen
rotating around a central pivot point, often colliding with each other in an uncoordinated
motion (movie S1B). Furthermore, immunofluorescence images indicate that 6AF-KO cilia
are more straight than wild type (Fig. 1D,E). In some 6AF-KO cultures grown for over 480
generations, the waveform was partly restored to normal. In these “adapted” 6AF-KO cells
(6AF-KOA), the beat frequency could be measured, and was found to be ~ 60% of wild type
(Fig. 2F, movie S2B).

Exposure of wild type Tetrahymena cells to 20 μg/ml of sodium dodecyl benzene sulfonate
(SDBS), causes rapid avoidance reaction associated with backward motility, likely by
depolarizing the ciliary plasma membrane (T.H., unpublished data). While wild type cells
showed rapid SDBS-induced avoidance responses (based on deviations from the linearity of
swimming paths), the 6AF-KO cells failed to swim backwards, and instead slightly
increased the rate of forward motility (Fig. 2G,H). The responses of 6AF-KO cells to other
plasma membrane-depolarizing treatments (1 mM Ba++, 20 mM Ca++) were similar to
SDBS (results not shown). At the time of addition of SDBS, some 6AF-KO cells showed a
slight turn (Fig. S2), indicating that the signal detection pathways that regulate motility are
at least partly functional. These data suggests that the response to signals, that requires
proper modulation of activity of dynein arms, is affected. However, ultrastructural studies
revealed that 6AF-KO axoneme cross-sections have a normal morphology (Fig. 3A,B,
n=209). No difference was found in the frequency of outer (ODA) and inner dynein arms
(IDA) on wild type and 6AF-KO axoneme cross-sections (Fig. 3C). Thus, we considered
that TTLL6 enzymes, via tubulin glutamylation, could be affecting the activity ciliary
dyneins.

Ttll6Ap and Ttll6Fp primarily modify the B-tubule of outer microtubules
Immunogold TEM studies showed that overexpressed GFP-Ttll6Ap localized to the outer
doublets and not to central microtubules in all of cross-sections examined (Fig. 3D,E n=38).
We evaluated the distribution of polyglutamylated (polyE) epitopes on isolated doublet
microtubules that were extruded from the axoneme with 40 μM ATP (see below). In
negatively stained doublet microtubules viewed on edge, the A-tubule can be identified
based on its increased width (as compared to the B-tubule), and dynein arms projecting from
its surface (arrowhead, Fig. 3G,H). In wild type doublets, the majority of gold particles were
detected in proximity of the B-tubule (Fig. 3F,G,S3) and the signal was dramatically
reduced in 6AF-KO axonemes (Fig. 3F,H,S3). Thus, Ttll6Ap and TtllFp primarily generate
glutamylation on the B-tubule. Our observations are consistent with earlier microscopic and
biochemical studies showing enrichment of tubulin glutamylation on the B-tubule [8–10].
Since the B-tubule serves as a track for ciliary dynein, the primary role of tubulin
glutamylation in cilia could be to regulate the motor activity of ciliary dynein.

Tubulin glutamylation strongly affects the inner dynein arm-driven microtubule sliding in
isolated axonemes in vitro

When isolated Tetrahymena axonemes are exposed to ATP, outer doublet microtubules
undergo unconstrained dynein-driven microtubule sliding (rather than reactivated bending)
and the velocity of ATP-induced axonemal microtubule sliding can be used to assay the
activity of ciliary dynein in situ [11–13]. With 1 mM ATP, microtubules underwent sliding
at similar rates in wildtype and 6AF-KO axonemes (Fig. 4B). In wild type axonemes, the
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microtubule sliding velocity is believed to be primarily determined by the activity of ODAs
(reviewed in [14]). To test whether the TTLL6-mediated tubulin glutamylation affects the
microtubule sliding generated specifically by IDAs, we constructed a strain that lacks
TTLL6A and TTLL6F and is homozygous for the temperature-sensitive oad1-1 allele. When
oad1-1 mutants are grown at restrictive temperature (38°C), ODAs fail to assemble and cells
are nearly paralyzed [15,16]. We assessed microtubule sliding in axonemes isolated from
wildtype, oad1-1, 6AF-KO and 6AF-KO;oad1-1 triple mutant cells, all grown for 12 hr at
38°C. We confirmed that 6AF-KO;oad1-1 cells had fewer ODAs as compared to 6AF-KO
cells grown at the same temperature (Fig. 4A). As reported [17], oad1-1 axonemes showed a
decreased rate of microtubule sliding as compared to wild type (Fig. 4C) while wild type
and 6AF-KO axonemes showed nearly the same microtubule sliding velocity, as seen earlier
for axonemes from cells grown at the standard temperature (compare Fig. 4B,C).
Unexpectedly, the 6AF-KO;oad1-1 axonemes showed a nearly two-fold increase in the rate
of microtubule sliding as compared to oad1-1 axonemes (Fig. 4C). These data indicate that
tubulin glutamylation generated on the B-tubule by Ttll6Ap and Ttll6Fp has a restraining
effect on the microtubule sliding velocity generated by the net activity of IDAs.

To conclude, we report that tubulin polyglutamylation generated by TTLL6 enzymes plays a
major role in ciliary motility, and that the mechanism appears to involve regulation of inner
dynein arm activity. Earlier studies have implicated tubulin glutamylation in axoneme
assembly [18,19]. Deletion of additional TTLL6 paralogs in Tetrahymena led to major
shortening of the axoneme (our unpublished data). Thus, tubulin glutamylation affects both
axoneme assembly and motility and the latter function may require a higher dose of TTLL6
activity. A recent study of a Chlamydomonas mutant defective in TTLL9, an α-tubulin-
preferring E-ligase, also revealed that tubulin polyglutamylation controls ciliary motility by
affecting inner dynein arm activity [20]. Thus, both studies link tubulin glutamylation,
mediated by two conserved E-ligases on either α- or β-tubulin, to regulation of IDA activity.
The abnormal waveform and lack of ciliary reversals that we observed in the 6AF-KO cells
are also consistent with malfunctioning IDAs in Tetrahymena [21,22]. The
mechanochemical properties of ODAs and IDAs are distinct but the underlying structural
basis is not well understood (reviewed in [14]). For example, in Tetrahymena, the 22S
dynein fraction from the salt extract of axonemes (mainly ODAs) produces a linear gliding
of microtubules at the rate of 8 μm/s, while the 14S dynein fraction (presumably IDAs)
produces a motility at the rate of 4 μm/s associated with microtubule rotation [23].
Importantly, two IDA subtypes that were studied in Chlamydomonas (dynein c and f/I1)
display processive movements along microtubules [24,25]. Kotani and colleagues proposed
that in the bending cilium, processive IDAs, acting simultaneously with faster ODAs,
impose a drag on sliding microtubules and could increase the axoneme curvature [25]. We
speculate that tubulin glutamylation is important for the processive motility of IDAs. One
unusual feature of dynein motor domain is that it contacts the microtubule track by a
conserved stalk domain [26]. Recent studies indicate that the stalk acts as a tether that allows
for pulling of parts of the dynein molecule toward the microtubule during the power stroke
[27,28]. Thus, tubulin glutamylation could regulate the affinity of the stalk in inner dynein
arms to the B-tubule. The patterns of glutamylation vary between axonemes of different
species [29]. Thus, specific beating patterns could be dependent on diverse patterns of
tubulin glutamylation.

EXPERIMENTAL PROCEDURES
Germ line targeting

To prepare targeting plasmids, fragments of macronuclear DNA of T. thermophila were
amplified for each locus and subcloned on either side of a selectable drug resistance cassette
(Table S1). The targeting fragments were transformed biolistically and knockout strains
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were constructed as described in detail in the Supplemental Material. For rescue,
vegetatively growing 6AF-KO cells were biolistically transformed with a fragment encoding
MTT1-GFP-TTLL6A targeted to BTU1 [2]. A strain lacking TTLL6A and TTLL6F and
homozygous the oad1-1 mutation [16] was constructed by standard crosses.

Phenotypic studies
The multiplication, cell motility and phagocytosis rates were measured as described [5]. To
assay swimming behavior, 2 ml of cells (2 × 105 cells/ml) were added to 100 ml of wash
buffer (10 mM Tris, 50 μM CaCl2, MOPS pH 7.2), centrifuged at 1000 × g for 2 min and
suspended in 2 ml. After 30 min of adaptation, cells were assayed in 70 μl drop on a two-
ring slide, with or without SDBS (20 μg/ml) and video recordings were done under a
dissecting microscope with a Moticam 480 digital camera. To measure the beat frequency,
cells (2 × 105 cells/ml) were recorded at 500 frames/sec by a Photronics 1280 PCI FastCam
on a Nikon Eclipse E600 microscope. Immunofluorescence and electron microscopy studies
were done using standard protocols as described in the Supplemental Material.

Biochemical studies
Partial purifications of Ttll6Ap and Ttll1p from overproducing Tetrahymena strains and in
vitro glutamylation assays with taxotere–stabilized microtubules made of the murine brain
and HeLa tubulin were performed as described [5].

To purify cilia, Tetrahymena cells were grown to a density of 3 × 105 cells/ml in 500 ml of
SPP, washed with 10 mM Tris pH 7.5 and suspended in 40 ml of 10 mM Tris, 50 mM
sucrose, 10 mM CaCl2 with protease inhibitors (Complete, Roche). Deciliation was initiated
by adding 600 μl of 0.5 M acetic acid, after 2 min followed by 550 μl of 0.6M KOH. Cell
bodies were removed (1860 × g, 5 min) and cilia were collected (23,300 × g, 15 min, 4°C)
and suspended in 500 μl of the axoneme buffer (20 mM potassium acetate, 5 mM MgSO4,
0.5 mM EDTA, 20 mM HEPES, pH 7.6).

Microtubule sliding in isolated axonemes
Cilia were suspended at 0.1 mg protein/ml in the axoneme buffer (without protease
inhibitors). For experiments on axonemes purified from strains carrying the oad1-1
mutation, all strains were grown for 12 hr at 38°C with inocula adjusted according to
individual growth rates to collect cells at 3 × 105 cells/ml. Cilia were suspended at 0.1 mg
protein/ml in 500 μl of the motility buffer (1mM DTT, 50 mM potassium acetate, 5 mM
MgSO4, 1mM EGTA, 30 mM HEPES, PEG 1%, pH 7.6). To demembranate, 10 μl of 1%
NP-40 in motility buffer was added to 50 μl of diluted cilia. The axoneme suspension was
pipetted into a perfusion chamber constructed with a glass slide and cover slip separated by
double stick tape. The perfusion chamber was washed with 50 μl of axoneme buffer
followed by perfusion with 50 μl of 1 mM of ATP, in the motility buffer. The sliding of
microtubules was recorded on a Zeiss Axiovert 35 microscope equipped with dark field
optics (40 X PlanApo), on a silicon-intensified camera (VE-1000, Dage-MTI, Michigan
City, IN). The video images were converted to a digital format using Labview 7.1 software
(National Instruments, Austin, TX). The sliding velocity was determined manually by
measuring microtubule end displacement, as a function of time, on tracings calibrated with a
micrometer [12].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Deletion of Ttll6Ap and Ttll6Fp leads to a loss of tubulin glutamylation in cilia
(A) A neighbor-joining phylogenetic tree based on the catalytic domain of TTLL6 E-ligases
[5]. Tt-Ttll4Ap was used as an outgroup. Abbreviations of species: Hs, Homo sapiens; Ce,
Caenorhabditis elegans; Dm, Drosophila melanogaster; Tt, Tetrahymena thermophila. (B)
A fluorogram of mammalian microtubule proteins (20 μg) separated by SDS-PAGE after in
vitro glutamylation with partially purified GFP-Ttll6Ap and GFP-Ttll1p, ATP and 3H-
glutamate. (C) A western blot of cilia proteins. The anti-SerH antigen antibodies were used
as a loading control. (D–E″) Immunofluorescence images of pairs of wildtype and 6AF-KO
cells imaged side by side. Wildtype cells were prefed with India Ink to reveal dark food
vacuoles. Cells were labeled with 12G10 anti-α-tubulin mAb and polyE anti-
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polyglutamylation antibodies (D–D″) or with SG anti-total tubulin antibodies and GT335
anti-glutamylated tubulin mAb (E–E″). Arrowheads mark oral membranelles. Bar = 10 μm.
Quantitative data are shown in Fig. S1A.
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Figure 2. Cells lacking Ttll6Ap and Ttll6Fp display a loss of cilia-dependent functions
(A) A histogram shows the average linear cell motility rate during 5 sec for wild type, 6AF-
KO and 6AF-KO cells rescued with a GFP-Ttll6Ap transgene (6AF-KOR) (n=40 for each
strain). Bars represent standard deviations. *p<0.001. (B) Culture growth curves. (C–D)
Images of a wild type (C) and 6AF-KO (D) cell exposed to India ink for 30 min. Bar = 20
μm. (E) The graph shows the percentage of paired cells following mixing of either two
starved wild type strains (CU428 and B2086) or 6AF-KO cells with either of the two wild
type strains. (F) The average ciliary beat frequency for wild type (n=27) and 6AF-KO cells
(n=27, p<0.0001). Error bars represent standard deviations. (G–H′). Swimming responses to
SDBS. Wild type (G–G′) or 6AF-KO (H–H′) cells were exposed to either a buffer alone or
SDBS (20 μg/ml), and the paths of live cells were recorded for 1 sec. Bar = 1 mm.
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Figure 3. Ttll6Ap and Ttl6Fp generate polyglutamylation primarily on B-tubule of outer
microtubules
(A–B) Cross sections of wild type (A) and 6AF-KO (B) cilia of cells grown at 30°C. Bar =
100 nm (C) A graph that documents the average number of IDAs and ODAs per axoneme
cross-section (wild type n= 27; 6AF-KO n= 27). Error bars represent standard errors. (D–E)
Sections of cells expressing GFP-Ttll6Ap that were labeled with anti-GFP antibodies using
immunogold TEM. Bar in D = 750 nm. Bar in E = 250 nm. (F) A graph that quantifies the
localization of polyglutamylated tubulin epitopes in doublet microtubules labeled by whole
mount immunogold microscopy (shown in Fig. 3G, H and Fig. S3) using polyE antibodies
and anti-rabbit IgG 10 nm gold conjugates. Each gold particle was scored as associated more
closely with either the A- or B-tubule, or the inter-tubule junction (A/B). Error bars
represent standard deviations. *p=0.0001, **p<0.0001, ***p=0.0085. Twelve wild type and
12 6AF-KO axonemes were scored (G, H) Examples of isolated doublet microtubules of
wild type (G) and 6AF-KO origin (H) analyzed by whole mount immunogold microscopy
using polyE antibodies. Arrowheads mark the A-tubule covered with dynein arms.
Additional images are shown in Fig. S3. Bar = 100 nm.
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Figure 4. Tubulin glutamylation regulates the velocity of inner dynein arm driven microtubule
sliding in axonemes in vitro
(A) TEM cross-sections of wildtype, 6AF-KO and 6AF-KO;oad1 axonemes grown for 12 hr
at 38°C. Bar = 125 nm. The average numbers of dynein arms on scored axoneme cross-
sections were as follows: 6AF-KO: 8.6 +/− 0.2 ODA, 6.4 +/− 0.6 IDA per section, n=15;
6AF-KO;oad1-1: 2.8 +/− 0.5 ODA, 6.5 +/− 0.2 IDA per section, n=15. (B) A graph shows
the average sliding velocity of wild type (n=40) and 6AF-KO (n=40) axonemes obtained
from cells grown at the standard temperature (30°C). Error bars represent standard
deviations. Data were collected in 3 independent experiments. (C) A graph that documents
the average sliding velocity of wild type (n=74), oad1-1 (n=41) 6AF-KO (n=73), and 6AF-
KO;oad1-1 (n=46) axonemes obtained from cells grown at the 38°C, to induce the loss of
ODAs in cells that are homozygous for the oad1-1 allele. Error bars represent standard
deviations. *p<0.0001 for 6AF-KO;oad1-1 vs wildtype; **p<0.0001 for oad1-1 vs wildtype.
Data were collected in 3 independent experiments.
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