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The genome of Tetrahymena thermophila contains 39 loci encoding NIMA-related kinases (NRKs), an extraordinarily
large number for a unicellular organism. Evolutionary analyses grouped these sequences into several subfamilies, some
of which have orthologues in animals, whereas others are protist specific. When overproduced, NRKs of three subfamilies
caused rapid shortening of cilia. Ultrastructural studies revealed that each NRK triggered ciliary resorption by a distinct
mechanism that involved preferential depolymerization of a subset of axonemal microtubules, at either the distal or
proximal end. Overexpression of a kinase-inactive variant caused lengthening of cilia, indicating that constitutive
NRK-mediated resorption regulates the length of cilia. Each NRK preferentially resorbed a distinct subset of cilia,
depending on the location along the anteroposterior axis. We also show that normal Tetrahymena cells maintain unequal
length cilia. We propose that ciliates used a large number of NRK paralogues to differentially regulate the length of
specific subsets of cilia in the same cell.

INTRODUCTION

How the size of organelles is determined is an important and
largely unanswered question. Cilia have emerged as a model
organelle to study the mechanism of size regulation (Marshall,
2002). The size of an organelle is determined by the balance
between assembly pathways that deliver structural compo-
nents and disassembly pathways that remove components. In
cilia, the intraflagellar transport (IFT), a bidirectional motility
system that operates inside cilia (Rosenbaum and Witman,
2002; Scholey, 2003), plays a key role in length regulation. The
anterograde IFT supplies structural subunits during assembly
(Piperno et al., 1996; Qin et al., 2005) and maintains the axoneme
after assembly (Brown et al., 1999). The retrograde IFT recycles
the IFT machinery (Signor et al., 1999) and removes ciliary
structural components that turn over (Qin et al., 2004). This
turnover is the basis of the disassembly pathway (Stephens,
1997; Marshall and Rosenbaum, 2001; Song and Dentler, 2001;
Thazhath et al., 2004). Experimental data and mathematical
modeling in Chlamydomonas reinhardtii indicate that the length
of flagella is dependent on the rates of elongation (equivalent to
the efficiency of anterograde IFT) and disassembly. As the
flagellum grows, the rate of elongation decreases due to the
limited supply of IFT components that need to travel longer

distances to the tip (Marshall and Rosenbaum, 2001). Accord-
ing to the “balance point model,” the steady-state length is
achieved when the rate of elongation equals the rate of disas-
sembly (Marshall and Rosenbaum, 2001; Marshall et al., 2005).

The length of already assembled cilia can be reduced
drastically using two mechanisms: autotomy or resorption
(reviewed by Quarmby, 2004). During autotomy, the axoneme
breaks off from the basal body, the cilium falls off, and the
plasma membrane reseals over the basal body. Protists un-
dergo autotomy in response to low pH (Lewin et al., 1982). It is
unclear whether autotomy occurs naturally or is a pathological
process (Quarmby, 2004). Partial or complete resorption is
based on a retraction of cilia, by enhanced disassembly. In
mammalian cells, sensory primary cilia are resorbed before
mitosis (Rieder et al., 1979). Chlamydomonas cells resorb flagella
during mating and before mitosis (Cavalier-Smith, 1974). All
three types of ciliary length reduction processes: autotomy,
resorption, and disassembly at steady state, have a common
denominator—they all involve physical separation of �/�
tubulin dimers from the assembled axoneme. Therefore,
the three mechanisms of ciliary length reduction may be
related phenomena. There is genetic evidence that autot-
omy and resorption share components (Parker and
Quarmby, 2003).

Some molecular components of the ciliary length reduction
pathways have already been identified and notably, all of them
are kinases. An Aurora kinase of Chlamydomonas, CALK, is
required for autotomy and resorption (Pan et al., 2004). A
mutation in the mitogen-activated protein kinase encoded by
the LF4 gene of Chlamydomonas led to excessive flagellar length
(Berman et al., 2003). Two NimA-related kinases (NRKs) of
Chlamydomonas have been implicated in autotomy and disas-
sembly at steady state (Mahjoub et al., 2002; Parker and
Quarmby, 2003; Bradley and Quarmby, 2005).
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Tetrahymena thermophila is a cell type in which the regula-
tion of ciliary length requires a high level of sophistication,
due to the large number of cilia and the fact that a subset of
cilia can be either resorbed or elongated in a localized man-
ner. In contrast to Chlamydomonas where the length of the
two flagella is subject to equalization (Rosenbaum et al.,
1969; Coyne and Rosenbaum, 1970; Barsel et al., 1988), the
ciliary length in Tetrahymena can be highly eccentric. For
example, cilia of the undulating membranelle of the anterior
oral apparatus of the dividing cell undergo rapid shorten-
ing, whereas other cilia located nearby do not resorb (Nelsen
et al., 1981). We show here that in Tetrahymena, the anterior
cilia are shorter compared with cilia at the posterior end. In
contrast, in cells subjected to starvation, a single posterior
cilium elongates that is associated with transition to the “fast
swimmer” form (Nelsen, 1978; Nelsen and DeBault, 1978).
The factors that cause such localized adjustments of ciliary
length are unknown.

Cells could achieve a localized effect on a subpopulation
of cilia by using isoforms of a rate-limiting regulatory pro-
tein that are restricted in subcellular localization. We show
here that NRKs form a large protein family in Tetrahymena
and negatively regulate the length of cilia in a localized
manner. The founding member of the NRK family, the Never-
in-Mitosis A (NimA) kinase of Aspergillus nidulans, is re-
quired for cell entry into mitosis (Osmani et al., 1988). Some
NRKs participate in ciliary functions (reviewed by Quarmby
and Mahjoub, 2005). Mutations in the vertebrate NRKs,
Nek1 and Nek8, cause polycystic kidney disease in mice and
zebrafish (Upadhya et al., 2000; Liu et al., 2002). The FA2
gene of Chlamydomonas encodes an NRK that is essential for
flagellar autotomy and normal rate of disassembly (Mahjoub
et al., 2002). Another NRK of Chlamydomonas, Cnk2p, nega-
tively regulates the steady-state length of flagella (Bradley
and Quarmby, 2005). Here, we show that the activity of
NRKs closely related to Cnk2p reduces the length of cilia in
Tetrahymena. Furthermore, we show that overexpressed
members of two additional subtypes of NRKs also shorten
cilia but use a distinct mechanism. We also show that the
responses of individual cilia of Tetrahymena to the activity of
specific NRKs are dependent on the subcellular location.

MATERIALS AND METHODS

Analyses of Genomes
Sequences of annotated NRK loci were obtained from the following data-
bases: C. reinhardtii, fungi and humans, National Center for Biotechnology
Information; Drosophila melanogaster, FlyBase; Ceanorhabditis elegans, Sangers
Institute; Paramecium tetraurelia, Genoscope; Volvox carteri, Joint Genome In-
stitute (http://jgi.doe.gov). The T. thermophila NRK1 sequence was published
by Christensen et al. (2003) (AAN76826) as “protein tyrosine kinase 1,
TtPTK1.” Our phylogenetic analyses grouped TtPTK1 with NRKs and
TtPTK1 has motifs diagnostic of the NRK family. Therefore, we will refer to
this gene as NRK1, which is consistent with the name of the orthologue found
earlier in Tetrahymena pyriformis (Wang et al., 1998). The NRK2 gene was
identified from an expressed sequence tag (EST) clone from the PEPdb
database (http://amoebidia.bcm.umontreal.ca/public/pepdb/agrm.php).
We used the sequences of Nrk1p, Nrk2p to identify all NRK loci of T.
thermophila, by tBLASTn searches of the macronuclear genome (http://
tigrblast.tigr.org/er-blast/index.cgi?project�ttg). We defined a sequence
as encoding a putative NRK, if an established NRK sequence of another
organism was returned as the best match using BLASTx. Gene accession
numbers of sequences used for phylogenetic analyses are listed in the legend
of Supplemental Figure S6. The predicted kinase domain sequences were
aligned using Clustal X 1.82 and corrected manually in SeaView (Galtier et al.,
1996). A tree was calculated using the PHYLIP package (Felsenstein, 1997).
One hundred replicates of the sequence set were created using SEQBOOT.
The distances were calculated in PROTDIST, and trees were reconstructed
using NEIGHBOR. The Jones–Taylor–Thorton substitution model was used.
A consensus tree was obtained using CONSENSE, and the tree was plotted
using DRAWGRAM.

Strains and Culture
Tetrahymena cells were grown in 1% proteose-peptone, 0.2% glucose, 0.1%
yeast extract, and 0.003% ferric-sodium:EDTA (SPP) supplied with an antibi-
otic-antimycotic mix (Invitrogen, Carlsbad, CA). The CU522 strain (from Dr.
Donna Cassidy-Hanley, Cornell University, Ithaca, NY) was used to insert trans-
genes as described previously (Gaertig et al., 1999), and such strains were main-
tained in SPP with 20 �M paclitaxel. To overexpress a transgene under MTT1
promoter (Shang et al., 2002), cells were grown without paclitaxel overnight,
diluted to 105–2 � 105 cells/ml, and incubated with 2.5 �g/ml CdCl2.

Green Fluorescent Protein (GFP) Tagging
The IFT52 coding region of pMTT1-IFT52-GFP plasmid (Brown et al., 2003)
was replaced with the NRK2 coding region, which was amplified from
genomic DNA with HindIII and BclI sites at the 5� and MluI site at the 3� end,
respectively, and cloned using the same sites of pMTT1-IFT52-GFP, to
produce pMTT1-NRK2-GFP. The NRK1 coding region was amplified from
genomic DNA with addition of BclI and MluI sites at 5� and 3� ends, respec-
tively, and cloned into the same restriction sites of pMTT1-NRK2-GFP, to give
pMTT1-NRK1-GFP. For overexpression of fusion proteins with an N-terminal
GFP, we replaced the NRK2-GFP coding region of pMTT1-NRK2-GFP with
the GFP coding region, which was amplified with an addition of a HindIII site
at 5� and MluI-BamHI sites at the 3� end, respectively. The MluI and BamHI
sites were separated by a TGA stop codon. The fragment was digested with
HindIII and BamHI and inserted into the same sites of pMTT1-NRK2-GFP to
create the pMTT1-GFP. To overexpress Nrk17p and Nrk30p tagged with an
N-terminal GFP, the coding regions were amplified with addition of MluI and
BamHI sites at 5� and 3� ends, respectively, and inserted into pMTT1-GFP to
create pMTT1-GFP-NRK17 and pMTT1-GFP-NRK30. The following primers
were used to amplify the coding regions: 5�-AATAAACGCGTCATGCTTAATA-
ATGGATTC-3� and 5�-TTATTGGATCCGCTAAAATCATGCTGGCAATA-3�
for NRK17 and 5�-AATAAACGCGTCATGAGTAAATAGTCTAAATTA-3�
and 5�-TTAATTGGATCCCGATTATAGAATAATTTCTTCCA-3� for NRK30.

To overexpress the transgenes in Tetrahymena, the backbones of the above-
mentioned plasmids were separated from the inserts using ApaI and SacI or
SacII. The total digested plasmids were used to biolistically transform CU522
cells, and transformants were selected in SPP with 20 �M paclitaxel. To
prepare “kinase-dead” variants, plasmids with NRK1-GFP and NRK2-GFP
coding regions were subjected to in vitro mutagenesis, to change the con-
served lysine codon of the kinase domain to arginine at positions 40 and 35,
respectively (Fry et al., 1995), using the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA).

Immunofluorescence
A standard fixation method was used to analyze cells expressing either
Nrk1p-GFP or Nrk2p-GFP (Thazhath et al., 2002). Secondary antibodies were
conjugates to either fluorescein isothiocyanate or Cy3 (Zymed Laboratories,
South San Francisco, CA) and were used at 1:150 dilution. The following
primary antibodies were used: rabbit polyclonal anti-GFP (Clontech, Moun-
tain View, CA) at 1:200 dilution, mouse monoclonal anti-GFP (Clontech) at
1:600, TAP952 monoclonal anti-monoglycylated tubulin at 1:50, polyclonal
anti-total Tetrahymena tubulins, SG at 1:300, monoclonal anti-tubulin polyglu-
tamylation antibodies ID5 at 1:30, monoclonal anti-�-tubulin, 12G10 at 1:20,
and anti-centrin 20H5 at 1:100. Nrk17p-GFP was not retained in cells using the
standard fixation procedure. Therefore, Nrk17p-GFP cells were fixed with 15
�l of 2% paraformaldehyde in PHEM buffer (Schliwa and van Blerkom, 1981)
and after 10–15 s permeabilized with 10 �l of 0.5% Triton X-100 in the same
buffer. We could not retain Nrk30p-GFP inside cells under fixation conditions,
which included detergent permeabilization. Thus, these cells were only fixed
with 2% paraformaldehyde for microscopic analyses. Cells were viewed using
a Leica TCS SP2 spectral confocal microscope with coherent Ti:sapphire mul-
tiphoton laser. To measure the length of cilia, cells were labeled by immunoflu-
orescence with a mixture of 12G10 and SG anti-tubulin antibodies. Cilia length
was measured on confocal images using NIH Image 1.62 (http://rsb.info.nih.
gov/nih-image/). The transmission electron microscopy (TEM) analysis was
done as described previously (Jerka-Dziadosz et al., 2001).

Western Blots
To obtain the whole cytoskeleton fraction, 107 cells were extracted as de-
scribed previously (Williams, 2000). Eight micrograms of proteins were sep-
arated on a 10% SDS-PAGE gel. Proteins were transferred to nitrocellulose,
blocked in 5% skim milk in tris-buffered saline (TBS) for 1 h, and incubated
overnight at 4°C with polyclonal anti-GFP antibodies (Torrey Pines Biolabs,
Houston, TX) diluted 1:2000 in 1% skim dry milk in TBS. Next, filters were
washed 3 � 10 min in TBS and incubated for 2 h in secondary antibodies
(anti-rabbit IgG-horseradish peroxidase conjugated). After washing (3 � 15
min), proteins were visualized using ECL system (GE Healthcare, Little
Chalfont, Buckinghamshire, United Kingdom) on CL-Xposure TM film
(Pierce Chemical, Rockford, IL).
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RESULTS

NRK Loci in the Genome of T. thermophila
Wang et al. (1998) reported the first identification of a ciliate
NRK in T. pyriformis named TpNrk, as a protein whose
mRNA level changed under stress and during the cell cycle
(Wang et al., 1998). An orthologous gene of T. thermophila
was later identified by Christensen et al. (2003) and will be
referred to as NRK1. The NRK2 sequence was identified in
the EST database. By searching the macronuclear genome of
T. thermophila, we identified 37 additional NRK sequences
(Eisen, Wu, Wu, Thiagarajan, Wortman, Badger, Ren,
Amedeo, Jones, Tallon, Delcher, Salzberg, delToro, Ryder,
Williamson, Barbeau, Silva, Haas, Majoros, Farzad, Carlton,
Garg, Pearlman, Karrer, Sun, Smith, Jr., Manning, Elde,
Turkewitz, Asai, Wilkes, Wang, Cai, Collins, Wilamowska,
Ruzzo, Weinberg, Stewart, Lee, Wloga, Rogowski, Frankel,
Gaertig, Tsao, Gorovsky, Keeling, Waller, Patron, Cherry,
Stover, Krieger, Hamilton, Orias, and Coyne, unpublished
results). The kinase domains of the 39 predicted NRKs of T.
thermophila have between 36 and 59% of amino acid se-
quence identity to the kinase domains of human NRKs
(Neks). In all predicted Tetrahymena NRKs, the kinase do-
main is located near the N-terminal end and is followed by
a nonconserved noncatalytic region.

A neighbor-joining phylogenetic tree based on the kinase
domains (Figure 1) indicates that NRKs of Tetrahymena and
several model organisms form four well supported clades.
We defined subfamilies based on these clades, using names
of the best characterized members. Two subfamilies (NimA/
Nek2 and Nek6) are conserved between animals and pro-
tists. Nrk18p and Nrk20p are homologues of the mammalian
Nek2, implicated in the splitting of duplicated centrosomes
(Fry et al., 1998; Faragher and Fry, 2003). The second con-

served subfamily includes human Nek6 and Nek7, which
have been implicated in the metaphase–anaphase transition
(Yin et al., 2003), and a single Tetrahymena homologue,
Nrk32p.

Two additional well supported subfamilies do not have
animal homologues, but they include NRKs of Chlamydomonas
(Bradley et al., 2004) and Tetrahymena and may be protist
specific. The FA2 subfamily includes Fa2p and Cnk4p NRKs
of Chlamydomonas and Tetrahymena Nrk8p, Nrk11p, and
Nrk17p. The CNK2 subfamily contains an astonishing clus-
ter of 13 Tetrahymena sequences (including Nrk1p and
Nrk2p), along with Cnk1p and Cnk2p of Chlamydomonas.
Based on reverse transcription-PCR, it seems that most if not
all paralogues in this subfamily are expressed, because we
could detect mRNAs in vegetative cells for each of eight
NRK sequences tested (Supplemental Figure S5). Within the
CNK2 subfamily, we identified two conserved amino acid
signature motifs, LL[Q/N]TI[K/R]xP, and LPxxY located
downstream of the kinase domain. These motifs are also
present in the closely related NRKs of Paramecium tetraurelia
and V. carteri (Supplemental Figure S7). The motifs do not
match any known protein domains or phosphorylation sites.
The phylogenetic relationships among the remaining NRKs,
which include 19 Tetrahymena sequences, were not well re-
solved.

NRK Proteins of Tetrahymena Colocalize with Cilia and
Microtubular Cortical Structures
We overexpressed Nrk1p and Nrk2p as GFP fusions using
the cadmium-inducible MTT1 promoter (Shang et al., 2002).
Nrk1p-GFP was detected 2 h after cadmium addition, and
the levels remained high for at least 24 h (Supplemental
Figure S1, A). At 3–4 h, the Nrk1p-GFP–overexpressing cells

Figure 1. Phylogeny of NRKs. Amino acid sequences of kinase domains of NRKs and other serine-threonine kinases were aligned and a
neighbor-joining tree prepared using HsCdk2 as an outgroup. Numbers above branches represent bootstrap support values above 50%. The
multiple sequence alignment is shown in Supplemental Figure S6. Novel motifs found downstream of the kinase domain of Cnk2p type
NRKs are shown in Supplemental Figure S7.
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greatly decreased the rate of proliferation (Supplemental
Figure S1, C). Nrk1p-GFP localized to a large set of micro-
tubular organelle types, including cilia, basal bodies (BBs),
three classes of cortical microtubules (longitudinal, trans-
verse , and postciliary), oral deep fiber (Figures 2, A and B,
and 3, A–C), and contractile vacuole pores (CVPs) (our
unpublished data). In dividing cells, the level of Nrk1p-GFP
was enhanced in BBs and cilia of the newly formed oral
apparatus (Figure 2A) and in the newly assembled locomo-
tory cilia (Figure 3, A–C).

Although the kinase domain sequence of NRK2 is closely
related to that of NRK1, the pattern of expression and local-
ization of Nrk2p-GFP was not identical. Within 2 h of cad-
mium exposure, the Nrk2p-GFP cells grew more slowly
(Supplemental Figure S1, C) and many cells were arrested in
cytokinesis displaying a highly disorganized new oral ap-
paratus (Supplemental Figure S2). The level of Nrk2p-GFP
decreased after 4 h (Supplemental Figure S1, B). Nrk2p-GFP
localized to cilia, BBs, LMs (weakly) (Figures 2, E and F, and
3D) and CVPs (our unpublished data). Strikingly, in cilia,
Nrk2p-GFP accumulated at the tips (Figure 3, D–F, arrow-
heads). However, a subset of posterior and dorsal cilia did
not accumulate Nrk2p-GFP. The distinct temporal patterns
of expression and localization of Nrk2p and Nrk1p, suggests
that the fast-evolving nonkinase domains determine the
quantitative regulation and subcellular localization. We also
localized Nrk1p and Nrk2p by adding a GFP sequence to the
3� end of the coding regions inside native loci so that the
tagged genes are produced using native promoters. Using
immunofluorescence, we detected a GFP signal above back-
ground only in cilia (Supplemental Figure S3). Like in over-
producing cells, Nrk1p-GFP was found preferentially in as-

sembling locomotory and oral cilia (Supplemental Figure S3,
B and C). Nrk2p-GFP accumulated at the tips of assembling
oral cilia and anterior locomotory cilia in dividing cells. It is
possible that Nrk1p and Nrk2p, when present at normal
levels are exclusively ciliary proteins. The colocalization of
Nrk1p-GFP and Nrk2p-GFP with nonciliary microtubules
seen in overproducing cells may therefore reflect a microtu-
bule-binding ability of these proteins.

We also overexpressed NRKs from two distinct subfami-
lies. Nrk17p is related to Chlamydomonas Fa2p (Figure 1),
implicated in severing of axonemal microtubules during
deflagellation (Mahjoub et al., 2002), whereas Nrk30p be-
longs to a Tetrahymena-specific clade. The localization of
overproduced GFP-Nrk17p was far more restricted, because
this protein was mainly observed in association with BBs or
the most proximal segment of cilia and some fibrous struc-
tures in the cell body (Figure 2C). Overexpression of GFP-
Nrk17p led to a loss of cell motility in 2 h, and cells ceased
to proliferate within 3 h (Supplemental Figure S1, C). Inter-
estingly, �20% of cells were arrested in cytokinesis, often
with a cleavage furrow shifted to the anterior end (Supple-
mental Figure S2). Apart from diffuse staining of the cell
body, GFP-Nrk30p localized exclusively inside cilia (Figure
2, D and G). GFP-Nrk30p cells ceased to move within 3–4 h
but continued to proliferate at decreased rate (Supplemental
Figure S1, C).

Overexpression of Three Distinct NRKs Shortens Cilia
We noticed that in NRK-overproducing cells, the length of
cilia decreased rapidly. We verified that CdCl2, at the con-
centration used to activate the MTT1 promoter, did not affect

Figure 2. Overexpressed NRKs colocalize with cilia and cortical microtubular organelles. GFP fluorescent confocal images in cells
overproducing Nrk1p-GFP (A and B), GFP-Nrk17p (C), GFP-Nrk30p (D and G), and Nrk2p-GFP (E and F). Expression of transgenes was
induced with 2.5 �g/ml CdCl2 for 2–4 h. oa, oral apparatus; noa, new oral apparatus; bb, basal bodies; df, deep fiber; tm, transverse
microtubules; c, cilia; ct, ciliary tips, f, cytoplasmic fibers, lm, longitudinal microtubule bundles, pm, postciliary microtubules.
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ciliary length. Wild-type cells treated with cadmium main-
tained normal length cilia of �6 �m (Figure 4, A, F, and G).

Also, the ciliary length in cells carrying an NRK transgene
grown without cadmium was normal (Figure 4F, zero time

Figure 3. Nrk1p and Nrk2p GFP fusion proteins pref-
erentially localize to cilia and cortical microtubules.
Immunofluorescent confocal images of cells overproduc-
ing Nrk1p-GFP (A–C), Nrk2p-GFP (D–F), and Nrk2p-
K35R-GFP (G–I). Fluorescence of GFP is shown in A
(red) and D and G (green). Top row, an Nrk1p-GFP–
overproducing cell was processed for double immuno-
fluorescence using anti-GFP antibodies (red in A) and
TAP952 antibodies against monoglycylated tubulins (B).
The TAP 952 antibody labels strongly new assembling
cilia. Note that Nrk1p-GFP accumulates preferentially
in TAP952-positive new cilia (C). Middle row, an
Nrk2p-GFP–overproducing cell was subjected to dou-
ble immunofluorescence with anti-GFP antibodies (D)
and anti-total tubulin antibodies SG (E). Note an accu-
mulation of Nrk2p-GFP at the tips of a subset of cilia
located mainly in the ventral and anterior region of the
cell (see F). Arrowheads indicate the absence of GFP
label at tips of posterior cilia (F). Bottom row, an Nrk2p-
K35R-GFP–overproducing cell labeled by anti-GFP an-
tibodies (G) and total tubulin antibodies (H). The arrows
point out a similar localization of Nrk2p-K35R-GFP at
ciliary tips (ct) compared with Nrk2p. However, cilia of
Nrk2p-K35R-GFP do not undergo shortening (I).

Figure 4. Overproduction of NRKs causes ciliary re-
sorption. Immunofluorescence confocal images of cells
after 4 h of treatment with cadmium, which are either
wild-type (A) or overproduce Nrk1p-GFP (B), Nrk2p-
GFP (C), Nrk2p-K35R-GFP (D), or lack both NRK1 and
NRK2 genes (E). (F) Graph that shows the average
length of cilia as a function of time of treatment with
cadmium either in wild-type or overproducing cells.
Between 30 and 268 cilia were measured on multiple
cells for each time point. Because many cilia were com-
pletely resorbed, and only visible cilia were measured,
results at later time points are overestimated for GFP-
Nrk17p, Nrk2p-GFP, and GFP-Nrk30p. (G) A histogram
showing an average length of cilia in a growing popu-
lation of cells that are either wild type, overproduce
GFP (negative control), or lack NRK1, NRK2, or both
genes. Between 150 and 260 cilia of multiple cells were
measured for each strain.
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point). Overexpression of Nrk1p-GFP kinase had a mild
reducing effect on ciliary length (Figure 4, B and F). After 4 h
of induction, cilia of Nrk1p-GFP cells had �77% of original
length (4.27 � 0.69 �m; n � 260). Overexpression of Nrk2p-
GFP caused a rapid and more extensive shortening of cilia
(Figure 4, C and F) from 6.18 � 0.51 �m (n � 32) to 2.09 �
0.72 �m (n � 161) after 2 h and 1.84 � 0.74 �m (n � 133)
after 4 h (note that we underestimated the extent of short-
ening because we did not include completely resorbed cilia).
The extent of shortening depended on the subcellular loca-
tion. The shortest cilia were observed at the anterior and
ventral side (Figure 5, A–E), and all affected cilia had Nrk2p-
GFP at the tips (Figure 3, D–F). The unaffected cilia lacked
Nrk2p-GFP at the tips and were mostly scattered within the
posterior and dorsal region. In these areas, affected and
unaffected cilia were often seen side by side (Figure 3, D–F).

In cells with GFP-Nrk17p, we noticed a rapid shortening
of cilia, initially at the posterior end (Figure 5, F–J). At 1.5 h,
cells had extremely short cilia in the posterior region and
normal length cilia elsewhere (Figure 5H). The zone of short-
ening cilia expanded gradually toward the anterior end
(Figure 5I), until 3–4 h after induction, when cells had be-
come nonmotile with extremely short or completely
resorbed cilia (0.63 � 0.25 �m; n � 72) (Figures 4F and 5J).

In cells overexpressing GFP-Nrk30p, the ciliary length
was also rapidly reduced (in 4 h down to 1.40 � 0.47 �m;
n � 218) (Figure 4F). Unlike in Nrk2p-GFP and GFP-Nrk17p
cells, shortening of cilia in GFP-Nrk30p cells was observed
throughout the cell (Figure 5, K–O), but a few anterior and
posterior end cilia resisted the resorption (Figure 5, N and O,
arrows).

Nrk2p, a CNK2-type NRK, Contributes to Length
Regulation of Cilia at Steady State
Using germline targeting technology, we obtained cells lack-
ing either NRK1 or NRK2 or both loci. However, single and
double knockout cells had normal phenotype, including
normal length cilia (Figure 4, E and G), normal growth rate,
and conjugation. Given that NRK1 and NRK2 are in a group
of 13 paralogues (Figure 1), and most if not all of these

paralogues are expressed (Supplemental Figure S5), one rea-
sonable explanation of the lack of mutant phenotype is
functional redundancy. We therefore attempted to produce
a dominant-negative mutation. We mutated the highly con-
served lysine residue to arginine to produce variants of
Nrk1p and Nrk2p, which were predicted to lack kinase
activity (Fry et al., 1995). Overexpression of Nrk1p-K40R-
GFP did not affect the length of cilia (Figure 4F). However,
overexpression of Nrk2p-K35R-GFP caused marked length-
ening of cilia. The pattern of localization of Nrk2p-K35R-
GFP was identical to its unmutated form (Figure 3, G–I).
After 4 h of cadmium induction, cilia of Nrk2p-K35R-GFP
cells had �132% their original length (from 5.99 � 0.55 �m,
n � 43 to 7.89 �m �1.07 �m, n � 26) (Figure 4, D and F).
These observations indicate that an ongoing resorption me-
diated by at least some NRKs regulates the length of cilia at
steady state. As we were analyzing ciliary length of control
cells, we noticed that cilia present in the anterior end are
shorter compared with cilia in other parts of the cell (Figures
4A and 5, A and F). The average length of cilia at the anterior
end in wild-type cells was 4.38 � 0.49 �m (n � 50) compared
with 6.45 � 0.68 �m (n � 45) for the posterior cilia. Thus,
normal Tetrahymena maintains unequal length cilia.

NRKs of Distinct Subtypes Resorb Cilia by Distinct
Mechanisms
To shed light on the mechanism of cilia shortening, we
analyzed the ultrastructure of NRK-overproducing cells.
Cilia of wild-type cells treated with CdCl2 were ultra-
structurally normal (Figure 6B), and so were cilia of over-
producing cells grown without cadmium (Figure 6A).
Examination of transverse ciliary sections of Nrk2p-GFP–
overproducing cells showed normal 9 � 2 configuration of
axonemal microtubules despite shortening (Figure 7C), sug-
gesting that resorption is based on a coordinated disassem-
bly of the entire axoneme. Prominent electron-dense depos-
its were present at the tips of cilia (Figures 6C and 7, A, B,
and D, large arrow), which could correspond to foci of
Nrk2p-GFP observed in immunofluorescence (Figure 3,
D–F). These deposits are clearly distinct from naturally oc-

Figure 5. A time-course study of the distribution of
shortening cilia in cells overproducing Nrk2p-GFP (A–
E), GFP-Nrk17p (F–J), and GFP-Nrk30p (K–O). Cells
were treated with 2.5 �g/ml cadmium chloride for the
time indicated and fixed and labeled by immunofluo-
rescence with anti-total tubulin SG antibodies and anti-
�-tubulin 12G10 antibodies.
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curring axoneme-associated inclusions in one of the three
rows of the adoral membranelle (Figure 6E), because they
are larger and present in locomotory cilia. Most cilia that
could be analyzed in their entirety were shorter than normal
(Figure 7, A, B, and D) but completely resorbed cilia were
seen rarely (Figure 7E), suggesting that the proximal part of
cilia is more resistant to Nrk2p action. On cross-sections
through the ciliary tips where the electron dense deposits
were present, the doublet and central pair microtubules of
the axoneme were displaced (Figure 6G, arrows). Electron-
dense deposits were also observed in the cortex around BBs
(Figures 6, J, K, M, and N, and 7D, arrowhead). Similar

strong deposits were seen in cells overexpressing Nrk2p-
K35R-GFP except that the deposits were often seen both at
the tip as well as on the side of the axoneme (Figure 6, D, F,
H, and L). Thus, the accumulation of deposits is not a
sufficient cause of shortening, and kinase activity of Nrk2p is
required. Strikingly, structures that closely resemble IFT
particles described in Chlamydomonas (Kozminski et al., 1995)
were frequently seen between the axonemes and the ciliary
membranes of shortening cilia (Figure 7B, small arrows).
Such IFT particle-like structures are rarely seen in cilia of
normal or in cilia of Nrk2p-GFP cells without cadmium
treatment (Figures 6A and 8A), which could be due to a slow

Figure 6. Transmission electron microscopy of controls and cells overproducing NRKs. (A–D) Longitudinal sections of cilia of control cells
with the Nrk2p-K35R-GFP transgene but without cadmium treatment (A) or wild-type cells treated with cadmium (B) or cadmium-treated
Nrk2p-GFP–overproducing cells (C) and cadmium-treated Nrk2p-K35R-GFP–overproducing cells (D). (E) Cross-section of normal anterior
adoral membranelle from NRK-2-dead kinase (without cadmium) showing normally occurring inclusions in these cilia. Note that inclusions
are present but they are limited to only one row of cilia in the oral membranelle (F) Cross-sections of a locomotory cilium in the
Nrk2p-K35R-GFP–overproducing cell. (G) Cross-section of a group of cilia at the level of ciliary tips in cells overproducing Nrk2p-GFP. Note
displacements of axonemal microtubules (arrows). (H) Longitudinal section of a cilium from a Nrk2p-K35R-GFP–overproducing cell treated
with cadmium. Note the lateral location of the electron-dense deposit (arrows). (I) Section of a control cell cortex treated with cadmium. (J–N)
Images showing sections of the cortical regions of Nrk2p-GFP cells (J, K, M, and N) and Nrk2p-K35R-GFP cells (L) all treated with cadmium.
Note electron-dense deposits around microtubules of basal bodies as well as associated microtubule bundles; these are asymmetrically
localized in Nrk2p-GFP cells (K, arrows) and Nrk2p-K35R-GFP cells (L). Bar, 0.2 �m.
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rate of subunit exchange and low level of IFT components in
already assembled cilia of Tetrahymena (Brown et al., 1999;
Thazhath et al., 2004). This observation suggests that the
resorption caused by Nrk2p-GFP is associated with an up-
regulation of IFT. To test whether shortening cilia accumu-
late IFT components, we constructed strains that express a
GFP-tagged subunit of IFT motor, kinesin-2, Kin1p (in the
native locus), and an MTT1-driven transgene encoding
6xHis-Nrk2p. Overexpression of 6xHis-Nrk2p led to prefer-
ential shortening of anterior cilia as was earlier observed for
GFP-Nrk2p. These shortening anterior cilia also showed
increased signal of Kin1p-GFP in comparison with non-
resorbing posterior cilia in the same cells (Supplemental
Figure S4).

In cells overproducing GFP-Nrk30p, shortening cilia had
bulges of excess plasma membrane on the sides or at tips of
the axonemes (Figure 8, B, D, and F, arrowheads), suggest-
ing that the depolymerization of microtubules is not coor-
dinated with removal of the ciliary membrane. Furthermore,
the shortening axonemes generally lacked central microtu-
bules (MTs) (Figure 8, B–F) or had fewer peripheral MTs
(Figure 8, D and E). Thus, the depolymerization occurs
unevenly across circumference of the axoneme and affects
the central pair more strongly. In GFP-Nrk30p cilia, we did
not see IFT particle-like structures, suggesting that the re-
sorption does not involve up-regulation of IFT and could be
equivalent to massive depolymerization of axonemal micro-
tubules. Many GFP-Nrk30p axonemes had scattered mate-
rials inside the resorbing axoneme (Figure 8, B and C, ar-
rows), suggesting breakdown products could not be
removed from the axoneme using retrograde IFT.

Cells overproducing GFP-Nrk17p resorbed cilia by yet
another mechanism. In relatively long cilia, we observed
gaps between the proximal end of the central pair microtu-
bules and the basal body (Figure 8H). In cilia more advanced
in resorption, there was fragmentation of the entire set of
9 � 2 microtubules (Figure 8, G and J). Thus, Nrk17p has a

preferred site of action at the proximal end of the central pair
but with time induces depolymerization of all microtubules.

Thus, despite a similar end point, the mechanisms of
resorption mediated by the tested NRKs, Nrk2p, Nrk17p,
and Nrk30p, are fundamentally different. These data agree
with the distinct phylogenetic position of Nrk2p, Nrk17p
and Nrk30p (Figure 1).

DISCUSSION

With 39 genes, Tetrahymena has 3 times the number of NRK
loci present in mammals. More precisely, Tetrahymena has
relatively few homologues of the most conserved subtypes
of NRKs (Nima/Nek2 and Nek6) and a large number of
paralogues among the subtypes of NRKs found only in
unicellular eukaryotes. We found that Tetrahymena Nrk20p,
one of the two close homologues of Nek2, localizes prefer-
entially to the newly assembled BBs (our unpublished data).
Thus, Nrk20p and Nrk18p, could function in the maturation
of duplicated BBs, a process that therefore may be similar to
the duplication of the centrosomes in which Nek2 plays an
important role (Fry, 2002; Faragher and Fry, 2003).

Virtually all NRKs tested in Tetrahymena localized to cilia
but were preferentially targeted to only a subset of cilia.
Importantly, for Nrk1p and Nrk2p, we showed that when
expressed under native promoters, their GFP fusions local-
ized to subsets of cilia and only Nrk2p-GFP accumulated at
ciliary tips (Supplemental Figure S3). Thus, specific NRK
paralogues have different subcellular targeting abilities,
likely controlled by the rapidly evolving nonkinase exten-
sions. We showed here that in normal cells, the length of
locomotory cilia is reduced in the anterior region. Coupled
with the observation that a dominant-negative form of
Nrk2p increased the steady-state length of cilia, these data
suggest that Tetrahymena maintains an unequal length of
cilia by varying the activities of NRKs in specific locations.
The large number of NRK paralogues, each potentially hav-

Figure 7. Longitudinal sections of cilia of cells with the Nrk2p-GFP transgene with cadmium induction showing progressive shortening (A,
B, D, and E). A cross-section of resorbing cilia of Nrk2p-GFP–overproducing cells is shown in C. Large arrows in A, B, and D show
electron-dense deposits near the tips. Small arrows in B show IFT particle-like structures. The arrowhead in D shows an electron-dense
deposit near the basal body. Bar, 0.2 �m
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Figure 8. (A–F) Shortening of cilia in GFP-Nrk30p–overproducing cells. (A) Control cell that carries the GFP-Nrk30p transgene but without
cadmium induction. (B–E) Images showing progressive shortening of cilia in GFP-Nrk30p cells treated with cadmium. Arrowheads point at
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ing a distinct pattern of localization, could lead to a highly
regionalized, combinatorial control of ciliary length. It
seems, however, that some functional redundancy exists, at
least among the 13 paralogues of NRK1 and NRK2, for which
gene knockouts did not reveal a mutant phenotype.

Based on the ultrastructural analysis, it seems that the
resorption of cilia caused by overproduction of Nrk2p oc-
curs at the distal end of the axoneme and gradually
progresses toward the BBs. The resorption is highly orga-
nized because the normal 9 � 2 structure persisted during
shortening, the ciliary membrane was progressively re-
moved and we saw both IFT particle-like structures in TEM
and increased kinesin-2 in affected cilia. Thus, CNK2-type
NRKs may act by increasing the rate of axoneme depoly-
merization and simultaneously up-regulating IFT to trans-
port the breakdown products out of the axoneme. It has
been observed that products of axonemal breakdown accu-
mulate in mutants lacking retrograde IFT (Qin et al., 2004),
indicating that retrograde IFT removes disassembled com-
ponents. Recently, Pan and Snell (2005) showed that during
flagellar resorption, the amount of IFT particles entering the
flagellum increases, but the amount of IFT-associated assem-
bly cargo does not, suggesting that IFT delivers empty IFT
particles to be loaded with the depolymerization-derived
cargo. Our data suggest that CNK2 type NRKs could phos-
phorylate a substrate that activates both an IFT compo-
nent(s) and a factor(s) that promotes depolymerization of the
distal ends of axonemal microtubules. Flagellar resorption and
autotomy in Chlamydomonas requires phosphorylation of the
Aurora kinase CALK (Pan et al., 2004). It is therefore possible
that CNK2 type NRKs and CALK function in the same
pathway.

Nrk2p seems to participate in the regulation of ciliary
length. This hypothesis is based on the observation that a
kinase-inactive form of Nrk2p caused ciliary elongation. Our
results agree fully with recent observations by Bradley and
Quarmby (2005), who found that ectopic expression of the
related Cnk2p shortened flagella, whereas an RNA interfer-
ence-based depletion made flagella longer. It is intriguing
that Nrk1p and Nrk2p preferentially localized to assembling
cilia. It is possible that the process of assembly of cilia of
proper length requires a proper balance between activities
that deliver and remove structural components.

Nrk30p and Nrk17p caused massive depolymerization of
the axoneme, apparently without up-regulation of IFT
(based on lack of IFT particle-like structures and swelling of
cilia presumably due to the presence of breakdown compo-
nents that could not be removed by retrograde IFT). Al-
though the depolymerization mediated by GFP-Nrk30p also
started distally, the central pair disassembled more rapidly,
and there was an asymmetry in the rate of depolymerization
among individual doublet microtubules. First, we need to

consider that Nrk30p activity inhibits IFT, which in turn
could lead to shortening of cilia and accumulation of break-
down products caused by lack of retrograde IFT. However,
depolymerization of cilia at steady state is a slow process in
Tetrahymena, because it takes �80 h to completely exchange
tubulins in already assembled Tetrahymena cilia (Thazhath et
al., 2004). Thus, inhibition of IFT seems to be an insufficient
explanation of the phenotype caused by excessive NRK30p.
Nrk30p is more likely to act by accelerating the rate of
depolymerization, for example, by phosphorylating a factor
that destabilizes the ends of axonemal microtubules. It is
tempting to speculate that one of the (direct or indirect) targets
of Nrk30p activity is an EB1-like end-stabilizing protein
(Pedersen et al., 2003) or an MCAK microtubule end depo-
lymerizer (Hunter et al., 2003; Walczak, 2003).

Nrk17p, an NRK related to Fa2p NRK of Chlamydomonas,
also caused rapid resorption of cilia. Fa2p is restricted to
the transitional region between the BB and the axoneme
(Mahjoub et al., 2004), and FA2 mutants are defective in
flagellar autotomy, a process that is triggered by microtu-
bule severing in the transitional region (Mahjoub et al., 2002).
We show here that Nrk17p is mainly localized with the BBs
and the most proximal part of the cilium. Remarkably, we
observed preferential depolymerization of the central pair
microtubules at their proximal end. Therefore, NRKs of the
FA2 type could be stimulating a microtubule-severing activ-
ity at the proximal ends of ciliary microtubules. Proteins
related to Nrk17p could be responsible for regulating sev-
ering of microtubules during autotomy as has been shown
for Fa2p (Mahjoub et al., 2002). Because Fa2p mutations also
reduce the rate of flagellar disassembly at steady state, it is
likely that Fa2p type kinases promote microtubule turnover
specifically in the proximal region of the axoneme. Based on
the mutant phenotype, Fa2p seems to affect the doublet
microtubules, whereas Nrk17p preferentially affects the cen-
tral pair. It is possible that the one or more of the remaining
three paralogues of Nrk17p in Tetrahymena act preferentially
on the outer doublets.

It is tempting to speculate that Nrk17p and Nrk30p both
function in turnover of axonemal components at the proxi-
mal and distal end of the cilium, respectively. At the native
level of expression, Nrk17p and Nrk30p could be acting
preferentially at the ends of the central pair microtubules.
The complete resorption of cilia observed in our study re-
quires both kinases to act on the doublet microtubules as
well and could be the result of excessive level of these
kinases.

The responses to resorption signals were not uniform
across the Tetrahymena cell. For example, Nrk2p did not
resorb a small subset of posterior and dorsal cilia and
Nrk17p showed a strong preference for resorption of poste-
rior cilia. With increased time, a wave of resorption induced
by overexpressed Nrk17p progressed to the more anterior
region (Figure 5). This wave is reminiscent of a naturally
occurring wave of resorption that traverses the preoral re-
gion of Paramecium before conjugation (Vivier and Andre,
1961). Cilia are also selectively lost from the preoral region
of mating Tetrahymena (Wolfe and Grimes, 1979; Wolfe, 1985;
Kiersnowska and Kaczanowski, 1993). It is therefore tempt-
ing to speculate that ciliates use a combination of NRK
paralogues to regulate the size of cilia in defined cortical
locations.

The key question now is what are the phosphorylation
substrates of NRKs. Based on the distinct consequences of
overexpression and phylogenetic position, we speculate that
Nrk2p, Nrk17p, and Nrk30p phosphorylate different sub-
strates. The Tetrahymena strains with inducible expression of

Figure 8 (cont). budges of ciliary membrane. Arrows show mate-
rials that seem to be breakdown products of the depolymerizing
axonemes. (F) Cross-section of a shortening cilium from a GFP-
Nrk30p–overproducing cells that lacks a central pair. (G–J) Short-
ening of cilia in GFP-Nrk17p–overproducing cells. (G) Cross-sec-
tions of several cilia (arrowheads) away from the cortical surface.
Note the lack of the central pair and one or more of peripheral
doublets or lack the entire axoneme cross-section. Furthermore,
there is noticeable swelling of the cilium and accumulation of break-
down products. (H and I) Longitudinal sections showing gaps at the
proximal end of the central pair, whereas peripheral doublets re-
main intact in the same area. (J) Cilia with completely depolymer-
ized sets of axonemal structures in different stages of resorption.
Bar, 0.2 �m.
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NRKs presented in this article will provide powerful tools
for identification of NRK phosphorylation targets.
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