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ABSTRACT Centrins are a ubiquitous family of small Ca?*-binding proteins found at basal
bodies that are placed into two groups based on sequence similarity to the human centrins 2
and 3. Analyses of basal body composition in different species suggest that they contain a
centrin isoform from each group. We used the ciliate protist Tetrahymena thermophila to gain
a better understanding of the functions of the two centrin groups and to determine their
potential redundancy. We have previously shown that the Tetrahymena centrin 1 (Cen1), a
human centrin 2 homologue, is required for proper basal body function. In this paper, we
show that the Tetrahymena centrin 2 (Cen2), a human centrin 3 homologue, has functions
similar to Cen1 in basal body orientation, maintenance, and separation. The two are, how-
ever, not redundant. A further examination of human centrin 3 homologues shows that they
function in a manner distinct from human centrin 2 homologues. Our data suggest that basal
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bodies require a centrin from both groups in order to function correctly.

INTRODUCTION

The basal body is an important microtubule organizing center
(MTOC) widely found in eukaryotes, except for yeast and higher
plants, and is responsible for nucleating and organizing the ciliary
axoneme and anchoring it at the surface of the cell. Cilia are micro-
tubule-based appendages that play key roles in cell locomotion,
fluid flow, and mechanosensory, chemical sensory, or photosensory
functions (Marshall and Nonaka, 2006). Aberrations in ciliary or basal
body function have been associated with several human diseases,
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such as Meckel-Gruber syndrome and polycystic kidney disease
(Badano et al., 2006). The importance of basal bodies is further
highlighted by their ability to be interconverted with centrioles,
components of the centrosome, which is involved in mitotic spindle
formation (Bornens and Azimzadeh, 2007).

The basal body has a key role in the regulation of ciliary function.
For example, basal bodies in the multiciliated cells of the oviduct
epithelium are specifically orientated to produce directional fluid
flow that transports the egg from the ovaries to the uterus (Marshall
and Kintner, 2008). Likewise, the maintenance of the basal body is
important, and an incorrectly maintained basal body will likely dis-
rupt ciliary functions. We have previously identified centrin as a pro-
tein involved in both basal body orientation and maintenance
(Stemm-Wolf et al., 2005; Vonderfecht et al., 2011). Centrins are a
ubiquitous family of small Ca?*-binding proteins found at MTOCs
(Salisbury et al., 1984; Huang et al., 1988; Andersen et al., 2003;
Keller et al., 2005; Kilburn et al., 2007; Liu et al., 2007; Hodges
et al., 2010; Carvalho-Santos et al., 2011). Structurally, they consist
of two domains connected by a short linker, with each domain con-
taining a pair of EF hands, a Ca?*-binding motif (Veeraraghavan
et al., 2002; Hu and Chazin, 2003; Matei et al., 2003; Yang et al.,
2005; Li et al., 2006; Thompson et al., 2006). Alignments of centrins
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Analyses of centriole or basal body compo-
sition in different species suggests that they
contain a centrin isoform from each group
(Figure 1A; Andersen et al., 2003; Keller
et al., 2005; Kilburn et al., 2007; Liu et al.,
2007). Most vertebrates have two centrins
belonging to the human centrin 2 group,
with one that appears to be ubiquitously ex-
pressed and the other expressed only in cili-
ated cells (Wolfrum and Salisbury, 1998;
Laoukili et al., 2000). Budding yeast has only
one centrin isoform (Cdc31p, a human cen-
trin 3 homologue); however, the spindle
pole body, the only MTOC in yeast, has no
structural similarity to a basal body or centri-
ole (Jaspersen and Winey, 2004), suggest-
ing that having the two centrin isoforms at
basal bodies or centrioles has been con-
served throughout evolution (Bornens and
Azimzadeh, 2007).

To date, studies on centrin function at
basal bodies and centrioles have largely fo-
cused on those belonging to the human
centrin 2 group. Members of this group
localize to the distal end of the basal body or
centriole and sites of new assembly (Sanders
and Salisbury, 1994; Paoletti et al., 1996;
Geimer and Melkonian, 2005; Stemm-Wolf
et al.,, 2005; Kilburn et al., 2007). Human
centrin 3 is also found at these sites (Laoukili
et al., 2000), suggesting that the two groups
share similar localization. Analyses on the
function of human centrin 2 and its homo-
logues suggest that this group is involved
in basal body or centriole maintenance,
assembly, orientation of assembly, and sep-
aration of the daughter from its mother

(Spang et al., 1993; Salisbury et al., 2002;

Basal bodies have two centrin isoforms and the Tetrahymena Cen2 localizes to basal
bodies. (A) A phylogenetic tree showing the two centrin groups as defined by homology to the
human centrins 2 and 3. The circle indicates the location of the Tetrahymena CEN2. cr,
Chlamydomonas reinhardtii; dr, Danio rerio; hs, Homo sapiens; mm, Mus musculus; ng,
Naegleria gruberi; pt, Paramecium tetraurelia; sc; Saccharomyces cerevisiae; tt, Tetrahymena
thermophila; xI, Xenopus laevis. (B) Top, the CEN2 locus. Gray boxes are the exons. “A” and “B”
are the locations of the primers used for RT-PCR. Bottom, RT-PCR showing that CEN2 is
expressed. CENT was used as a positive control. (C) Cen2 localizes to basal bodies. Green,
anti-Cen2; red, centrin (20H5 antibody). Scale bar: 10 pm. (D) Localization of GFP-Cen2. Scale
bar: 10 um. (E) Immuno-EM showing localization of GFP-Cen2. Left, cross-section; Right,
longitudinal view. The table shows the particle distribution to various regions of the basal body.
BB, basal body; KF, KD fiber; MZ, mid-zone; PC, postciliary microtubules; TV, transverse

microtubules; TZ, transition zone. Scale bar: 100 nm.

from a wide range of organisms show that centrins separate into
two groups (Figure 1A). These two groups are annotated based
on sequence similarity to the human centrins, centrin 2 and centrin
3 (Middendorp et al., 1997; Laoukili et al., 2000; Bornens and
Azimzadeh, 2007). Despite this separation, the two groups share
high sequence similarity (74.4% for the human centrins 2 and 3).
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(Middendorp et al., 2000), but the nature
of its function remains unclear. Studies in
Paramecium (Ruiz et al., 2005; Aubusson-
Fleury et al., 2012) and Trypanosoma brucei
(Selvapandiyan et al., 2012) have shown that
knockdown of centrin isoforms yields differ-
ing effects on basal bodies, suggesting that
the two centrin groups may have nonredun-
dant functions; however, this hypothesis has
not been fully tested. Cdc31p, the only yeast
centrin, is the most-studied human centrin
3 homologue. It has been shown to be re-
quired for the duplication of the spindle
pole body (Hartwell etal., 1973; Byers, 1981;
Baum et al., 1986); however, since the yeast MTOC s structurally
different from a basal body or centriole (Jaspersen and Winey, 2004),
it remains to be seen whether the function of Cdc31p is conserved
throughout the human centrin 3 group.

The role of centrins at vertebrate centrioles has been exten-
sively studied, and the data suggest that centrins may play a role in
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regulating the rate of centriole assembly but are not required for
completing centriole assembly (Kleylein-Sohn et al., 2007; Strnad
etal., 2007; Yang et al., 2010; Dantas et al., 2011; Lukasiewicz et al.,
2011). Studies examining the role of centrins at vertebrate basal
bodies are sparse; however, it has been shown that the human cen-
trins are up-regulated during ciliogenesis in epithelial tissue cultures
(LeDizet et al., 1998). Furthermore, an RNA interference screen
identified human centrin 2 as important for ciliogenesis (Graser
et al., 2007). Morpholinos that target the human centrin 2 homo-
logue in zebra fish lead to defects commonly associated with cil-
iopathies (Delaval et al., 2011). This accumulating body of evidence
suggests that centrins function primarily at the basal body. The small
number of studies on the human centrin 3 group at basal bodies and
the fact that the two centrins share high sequence similarity raise
two major questions: what is the function of this group and are the
two centrin groups redundant, meaning do basal bodies need both
centrin isoforms? To answer these two questions, we used the ciliate
protist Tetrahymena thermophila as a model system for basal body
biology. Basal bodies in Tetrahymena are found within cortical rows,
which are rows of basal bodies that run along the posterior to ante-
rior axis of the cell, and within the oral apparatus, a feeding structure
at the anterior end of the cell (Frankel, 2000; Pearson and Winey,
2009). We have previously identified four centrins in Tetrahymena,
with centrin 1 (Cen1) and centrin 2 (Cen2) localizing only to
basal bodies (Stemm-Wolf et al., 2005). Like the human centrins,
Cen1 and Cen2 share high sequence similarity (78.4%). We have
shown that Cen1 is essential and is involved in basal body stability,
assembly, orientation of assembly, and separation (Stemm-Wolf
et al., 2005; Vonderfecht et al., 2011). We were unable to detect
the expression of Cen2 (Stemm-Wolf et al., 2005); however, our
Tetrahymena basal body proteome shows that Cen2 exists at basal
bodies (Kilburn et al., 2007), and a Tetrahymena microarray study
identified expression of the Cen2 gene, CEN2 (Miao et al., 2009).

We wished to gain a better understanding of the functions of the
two centrin groups by determining Cen2’s role at basal bodies and
whether Cen1 and Cen2 are redundant. We found that while Cen’
and Cen2 share similar functions, they are distinct from each other,
suggesting that basal bodies require a centrin from each group to
function correctly.

RESULTS

Cen2 is expressed and localizes to basal bodies

A Tetrahymena microarray study identified the expression of CEN2
(Miao et al., 2009), and our basal body proteome identified Cen2 as
a component (Kilburn et al., 2007). However, we have been unable
to detect expression of CEN2 by Northern blotting (Stemm-Wolf
et al., 2005). At the start of this study, the Tetrahymena genome un-
derwent an extensive reannotation, and the newly annotated CEN2
showed that the previously predicted start codon was an intron. We
performed reverse transcriptase PCR (RT-PCR) and were able to de-
tect product only by using a primer that anneals to the newly anno-
tated start codon (Figure 1B), confirming that CENZ2 is expressed.
The cDNA product was sequenced, and translation shows that it
encodes a centrin protein. The only differences between the correct
sequence and the misidentified sequence lie in the first 20 residues,
which make up the N-terminal tail of the protein (Supplemental
Figure S1). The new protein sequence of Cen2 indicates that it is still
a human centrin 3 homologue (Figures 1A and S1).

We generated a polyclonal peptide antibody that specifically
recognizes the N-terminal extension of Cen2 (Figures S1, S2A, and
S2B). With the a.Cen2 antibody, we were able to detect Cen2 at all
basal bodies in the cortical rows and oral apparatus (Figure 1C),
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confirming that Cen2 is a basal body component. Immuno-electron
microscopy (immuno-EM) was performed to determine Cen2’s local-
ization within the basal body. The oiCen2 antibody predominantly
labeled regions at the site of new assembly at the proximal end of
the basal body (Figure S2C). This was surprising because centrins
generally localize to both the site of new assembly and the distal
end of the basal body (Sanders and Salisbury, 1994; Laoukili et al.,
2000; Geimer and Melkonian, 2005; Stemm-Wolf et al., 2005;
Kilburn et al., 2007). We reasoned that the aCen2 antibody is not
sensitive enough to label the distal end and generated a cell line
expressing Cen2 tagged with green fluorescent protein (GFP), which
localizes to basal bodies (Figure 1D). We observed labeling by a
oGFP antibody at the distal end of the basal body, at or near the
transition zone, with most of the labeling concentrated at the site of
new assembly (Figure 1E). This localization slightly differs from Cen1,
which also localizes to the midzone of the basal body (Stemm-Wolf
et al., 2005; Kilburn et al., 2007). In all, our results show that Cen2 is
expressed in Tetrahymena and localizes to the site of new assembly
and the distal end of the basal body. Our results also indicate that
Tetrahymena basal bodies have a centrin isoform from the two cen-
trin groups, a characteristic that appears to be conserved at basal
bodies throughout evolution.

Cen2 is required for basal body maintenance

and orientation

Because the function of the human centrin 3 group at basal
bodies is not well known, we wished determine the role of Cen2 at
Tetrahymena basal bodies. To answer this question, we created a
cen2null allele (cen2A) strain (Figures S2A and S3A). Unlike the cen
null allele, which is lethal, cen2A cells are viable and are able to di-
vide for many generations, indicating that CENZ is not essential. We
found that the levels of Cen1 remained unchanged in the cen2A
compared with wild-type cells (Figure S3B), suggesting that Cen1 is
not compensating for the loss of Cen2 in the cen2A.

We examined cen2A cells by light microscopy and observed that
they swim significantly slower than wild-type cells (Figure 2A), sug-
gesting that the loss of Cen2 leads to a basal body or ciliary defect.
This led us to perform immunofluorescence microscopy on cycling
cells using aCen1 and anti-kinetodesmal (KD) fiber antibodies as
basal body markers (Figure 2B). The KD fiber is a basal body acces-
sory structure composed of striated rootlets that extend from the
basal body, oriented toward the anterior of the cell (Allen, 1969). We
observed that cen2A cycling cells have basal body defects (Figure
2B). The same basal body defects were observed using the Saséa
antibody, which labels basal bodies and has a background signal
from the KD fibers (Figure S3C; Culver et al., 2009). The cen2A cells
had gaps between basal bodies in their cortical rows (Figure 2B,
arrow), suggesting that deletion of CEN2 leads to a loss of basal
bodies. Quantification showed that there is almost a 27% reduction
in the number of cortical row basal bodies per cell in the cen2A
(461 £ 54) compared with wild-type cells (630 + 86; p < 0.01,
n =25 cells). The loss of basal bodies is not likely due to the inability
to assemble new basal bodies because of the existence of the oral
primordium (Figure 2B, white boxes), which is indicative of new basal
body assembly (Wolfe, 1970; Kaczanowski, 1978; Frankel, 2000).

Next we asked whether the loss of basal bodies is due to main-
tenance defects. Cells were arrested by starvation to inhibit new
basal body assembly (Pearson et al., 2009), and we examined their
ability to maintain their existing basal bodies by quantifying the
number of cortical row basal bodies per cell after 24 and 48 h of cell
arrest (Figure 2, C and D). The cen2A showed a 31% reduction in the
number of basal bodies per cell between the two time points,

Molecular Biology of the Cell



rows (Figure 3A). The KD fibers and postcili-
ary microtubules of these basal bodies were
not aligned with those of correctly posi-
tioned basal bodies. This suggests that the
orientation defect in the cen2A might be a
result of aberrantly rotated basal bodies.
We also observed what appeared to be
basal body separation defects in the cen2A.
Cells were stained with aCen1, which labels

all basal bodies (Stemm-Wolf et al., 2005;
Pearson et al., 2009), and K-like antigen,
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Deletion of CENZ2 leads to swimming defects and basal body maintenance defects.
(A) Images showing the swimming speed of wild-type and cen2A cells. Scale bar: 100 pm.
(B) Immunofluorescence images showing gaps (arrow) in the cen2A. White box, oral primordium,
which is indicative of new basal body assembly. (C) Cells arrested by starvation and fixed 24 and
48 h after cell arrest. (B and C) Green, Cen1; red, KD fibers. Scale bar: 10 um. Width of insets:
10 pm. Percentages indicate the frequency of observed phenotype for 100 cells. (D) Plot showing
the number of basal bodies per cell at the two different time points. *, p < 0.01; n =25 cells.

whereas wild-type cells displayed no significant reduction in the
number of basal bodies per cell (Figure 2D; p < 0.01, n = 25 cells),
showing that deletion of CEN2 causes a loss of basal bodies due to
maintenance defects.

We also observed basal bodies branching off within the cortical
rows in the cen2A, suggesting that there is a basal body orientation
defect. Basal body angle was measured to confirm the orientation
defect (Figure 3A). We found that the cen2A had a large variation in
basal body angle, with an average angle SD of 36 + 3 degrees
(Figure 3A). This was significantly different from wild type, which
had an average angle SD of 7.8 + 0.6 degrees (Figure 3A), confirm-
ing that Cen2 has a role in basal body orientation. EM analysis of the
cenZA found examples of basal bodies branching off from cortical
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which labels only mature basal bodies
(Williams et al., 1990; Shang et al., 2002).
Some mature basal body pairs in the cen2A
were able to separate (Figure 3B, white ar-
rows); however, some did not show proper
separation (Figure 3B, blue arrows). This de-
fect was observed on average a little more
than three times per cell in the cen2A but
less than one time per cell in wild-type cells
(n = 20 cells). EM analysis of the cen2A
showed two cilia sharing a single ciliary
pocket (Figure 3C), which may be a result of
the separation defect. In all, the analysis of
the cen2A shows that deletion of CEN2
leads to basal body maintenance, orienta-
tion, and separation defects.

To confirm that the observed basal body
defects in the cen2A were due to deletion of
CEN2, we introduced CEN2 under control
of the metallothionein (MTT) promoter into
the cen2A genome by integration at the
RPL29 locus. The introduction of MTT-CEN2
rescues the basal body maintenance and
separation defects in the cen2A (Figures S3,
D and E, and S4), confirming that Cen2 is
required for basal body maintenance and
orientation.

[24h *
d48h T

cen2A

Cen2 behaves differently from Cen1

The analysis of the cen2A strain suggests
that Cen2 has a similar function to Cen1,
leading to the question of whether the two
proteins behave similarly at basal bodies. It
was previously shown that all basal bodies,
new and old, have the same levels of Cen1
(Figure 4A; Pearson et al., 2009). With the
oCen2 antibody, we observed that mature
(old) basal bodies have brighter signals
than immature (new) basal bodies (Figure 4A). The fluorescence of
Cen1 or Cen2 labeling of new and old basal bodies was measured
to calculate the new:old basal body fluorescence ratio (Figure 4A).
The ratio was ~1 (0.96 £ 0.14) for Cen1, which is expected, since all
basal bodies have equal amounts of Cen1 (Pearson et al., 2009).
As for Cen2, the ratio was 0.78 + 0.28, and a Student’s t test indi-
cated that the two ratios are significantly different from each other
(p < 0.01, n = 50 basal body pairs), showing that the old basal
bodies have more Cen2 than the new basal bodies. To confirm this,
we examined the labeling of Cen2 in arrested cells that were not
undergoing new basal body assembly and whose basal bodies
were all fully mature (Figure 4B; Pearson et al., 2009). We observed
equal labeling by the aCen2 antibody, with a fluorescence ratio
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FIGURE 3: Deletion of CEN2 leads to basal body orientation and separation defects. (A) Left
panels show the basal body angle distribution for wild type and the cen2A. Green, Cen1; red,
KD fibers. Scale bar: 5 ym. X, average angle; o, SD. In the circular plots, each point corresponds
to five measurements in wild type and two measurements in the cen2A. n = 200 measurements.
Right panels show electron micrographs of the basal body orientation defect. Basal bodies
(white arrow) and their accessory structures (KD fiber, white arrowhead; postciliary
microtubules, blue arrow) are rotated in cen2A cells. Scale bar: 500 or 100 nm (cen2A).

(B) Close proximity of mature basal bodies suggests that there is a basal body separation
defect in the cen2A (blue arrows). The average distance between a pair of old basal bodies is
1.5+ 0.3 pm in wild type and 1.2 £ 0.4 um in the cen2A, a significant difference (n = 150 basal
body pairs). Green, Cen1; red, K-like antigen (mature basal body marker); white arrowhead,
immature basal body; white arrow, mature basal body. Scale bar: 1 pm. (C) Electron
micrographs showing that cilia in the cen2A share a ciliary pocket (arrow), whereas cilia in

wild type do not. Scale bar: 500 nm.

near 1(1.01 £0.21). The data show that Cen2 continues to accumu-
late at the basal body as it fully matures, suggesting Cen2 may
have a role in basal body maturation. This is in contrast to Cen1,
whose protein levels remain constant throughout the basal body’s
life cycle.

Next we wanted to determine whether the two domains of
Cen2 behave in a manner similar to the domains of Cen1. We have
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previously shown that only the C-terminal
domain (CTD) of Cen1 localizes to basal
bodies (Vonderfecht et al.,, 2011). Cen2's
CTD and N-terminal domain (NTD) were
tagged with GFP and expressed in a wild-
type background containing endogenous
wild-type Cen1 and Cen2. We found that,
like Cen1, only the CTDs of Cen2 localize to
basal bodies (Figure 4C). This suggests that
the two centrin groups have similar modes
of action, with the CTD involved in localiza-
tion to basal bodies. In all, the data suggest
that Cen1 and Cen2 have similar localization
mechanisms but behave differently.

The two centrin groups are distinct
from each other

Because Cen1 and Cen2 have similar func-
tions, we wanted to determine whether the
two proteins have redundant functions at
the basal body. If the two proteins are re-
dundant, then overexpression of Cen1 in
the cen2A should rescue the basal body
phenotypes by compensating for the loss of
Cen2. CENT under control of the MTT pro-
moter was introduced into cen2A, and it was
observed that CENT is overexpressed upon
induction with Cd?* (Figure 5A). The cen2A
MTT-CENT1 cell line was examined by immu-
nofluorescence, and we found that overex-
pression of CEN1 is unable to compensate
for the deletion of CEN2, as it was not ca-
pable of rescuing the loss of basal bodies
and the orientation defects in the cen2A
(Figures 5B and S4). The CEN1 overexpres-
sion data suggest the two Tetrahymena
basal body centrins are distinct.

Next we wanted to test whether that the
two centrin groups are truly distinct by de-
termining whether the human centrins can
function similarly to their Tetrahymena cen-
trin counterparts. To ensure that the human
centrins 2 and 3 (hsCETNZ2 and hsCETNS3,
respectively) localize to basal bodies, we
tagged them with GFP and observed their
localization to basal bodies in a wild-type
background (Figure 5C). Next hsCETNZ2
and hsCETN3 under control of the MTT pro-
moter were introduced into the cen2A. We
found that only hsCETN3 (the Tetrahymena
CEN2 homologue) rescues the loss of basal
bodies and the orientation defects caused
by the deletion of CEN2, whereas hsCETN2
(the Tetrahymena CENT homologue) could
not (Figures 5D and S4). The cen2A

MTT-hsCETN3 cell line does not display complete rescue for some
minor disorganization of the basal body cortical rows remains; how-
ever, the basal body orientation defect is not as severe as seen in
cen2A (Figure S4). An examination of cells grown at elevated tem-
peratures (38°C) showed that the increase in temperature exacer-
bated the loss of basal bodies and orientation defects in the cen2A
whereas the cen2A MTT-hsCETN3 cell line did not display any
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Cen2 behaves differently from Cen1. (A) Immunofluorescence images of cycling cells, showing that new
(arrowhead) and old (arrow) basal bodies have equal levels of Cen1, while old basal bodies have higher levels of Cen2
than do new basal bodies. The plot shows the fluorescence ratio for the new and old basal body pairs vs. their distance.
(B) Basal bodies in cells arrested by starvation have equal levels of Cen1 and Cen2, because all basal bodies are old (or
mature). (A and B) Width of insets: 2.5 pm. Red, Cen1 (labels all basal bodies); green, K-like antigen (labels old basal
bodies); AU, arbitrary units. (C) The CTD, but not the NTD, of Cen1 and Cen2 localize to basal bodies. Scale bars: 10 pm.

temperature-sensitive basal body phenotypes (Figures 5E and S4).  suggesting that the NTD distinguishes between the two groups. To
In all, the data show that human centrin 3 functions similarly to  test this hypothesis, we introduced centrin chimeras composed of
Tetrahymena Cen2, confirming distinct functions for the two centrin either Cen1’s NTD with Cen2's CTD (the Cen1-Cen2 chimera) or

groups. Cen2's NTD with Cen1’s CTD (the Cen2-Cen1 chimera) into the

cen2A to determine which chimera would rescue the cen2A basal
The domains between the two centrin groups body phenotypes. Based on the alignments, it was expected that
are also distinct from one another only the Cen2-Cen1 chimera would rescue the cen2A, since it con-
Because the two centrin groups have distinct functions at basal  tains Cen2's NTD. However, it was the Cen1-Cen2 chimera that un-

bodies despite a high degree of similarity, we wondered whether  expectedly rescued the loss of basal bodies and orientation defects
the NTD or the CTD was responsible for the separation of the two  in the cen2A at 30°C (Figures 6A and S4). For confirming that the
groups. An alignment the Cen1 and Cen2 domains showed that =~ Cen1-Cen2 chimera completely rescues the cen2A, cells were
their CTDs were 91% similar, but their NTDs were 69% similar,  grown at 38°C to check for any temperature-sensitive basal body
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centrins have distinct functions at the basal
body. Mutations in either CENT or CEN2 re-
veal similar functions in basal body orienta-
tion and maintenance (Stemm-Wolf et al.,
2005; Vonderfecht et al., 2011); however,
our rescue experiments and other analyses
demonstrate that the two genes are not re-
dundant. This separation is deeply rooted in
the evolutionary history of these genes,
since the distinct functions are maintained
from Tetrahymena to humans, as shown by
the specificity of rescue of the cen2A by hu-
man CENT3, but not CENTZ. In all, our data
indicate that the two Tetrahymena centrins
have similar, but not redundant, functions at
basal bodies and that Tetrahymena basal
bodies require both centrins to perform
properly. The human centrin 3 can function
similarly to Cen2, suggesting that the same
conclusions may hold for vertebrate centrins
at basal bodies.

The fact that the two centrins are distinct
raises the question of what is responsible for
their differences. An alignment of the two
Tetrahymena centrins shows that the degree
of sequence conservation is much lower for
the NTD than the CTD. This is also true for
the human centrins. This suggests that the
NTDs of centrins may be responsible for the
separation and distinctness of the two
groups. We tested this hypothesis, utilizing
chimeric proteins, and discovered that it did
not hold true. Our findings from this experi-
ment suggest a mechanism for Cen2 func-
tion (Figure 6C). The data showing that the

38°C 30°C

The two centrin groups are functionally distinct. (A) A Western blot showing Cen1
overexpression. o-Tubulin served as a loading control. (B) Immunofluorescence images showing
that overexpression of CENT is unable to rescue the cen2A. (C) Both GFP-hsCen2 and GFP-
hsCen3 localize to basal bodies in Tetrahymena. (D and E) Immunofluorescence images showing
that only hsCEN3, not hsCENZ, can rescue the cen2A basal body phenotypes at 30°C (D) and
38°C (E). Green, Cen1; red, KD fibers. Scale bar: 10 um; width of insets: 10 ym; Percentages

indicate the frequency of observed phenotype for 100 cells.

phenotypes. At this elevated temperature, we observed basal bod-
ies branching from the cortical rows in the cen2A strain rescued by
the Cen1-Cen2 chimera (Figure 6B, arrow). Quantification of the
number of basal bodies per micrometer showed that there was no
significant difference from wild type (Figure S4); however, there was
more basal body angle variation in the cen2A strain rescued by the
Cen1-Cen2 than in wild type (Figure S4). This indicates that the
Cen1-Cen2 chimera in the cen2A is able to rescue the basal body
loss defect but is unable to completely rescue the basal body orien-
tation defect.

DISCUSSION

Centriole and basal body structures consisting of triplet microtu-
bules have two distinct centrins, one each similar to human CENT2
and CENT3 (Andersen et al., 2003; Carvalho-Santos et al., 2011;
Hodges et al., 2010; Keller et al., 2005; Kilburn et al., 2007; Liu et al.,
2007). We have used the ciliate Tetrahymena to show that the two
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Cen1-Cen2 chimera was able to rescue the
basal body maintenance defect in the cen2A
and that only the CTD of Cen2 localizes to
basal bodies suggest that the CTDs of all
centrins are involved in basal body localiza-
tion and maintenance. However, this chi-
mera was unable to completely rescue the
orientation defect in the cen2A, suggesting
that basal bodies require Cen2’s distinctive
NTD for proper basal body orientation. Thus
it appears that both the NTD and CTD contribute to the distinct re-
quirements for the two centrin groups.

Work with vertebrate centrins suggests that they are important
for controlling the rate of centriole assembly (Yang et al., 2010;
Lukasiewicz et al., 2011). We did not observe a change in basal body
assembly rates but did see defects in basal body separation after
assembly. It therefore may be possible that centrins do not function
in the rate of assembly per se. Instead, defects in centriole separa-
tion may lead to defects in the rate of assembly. A centriole must
first be able to properly separate from its paired centriole and un-
dergo licensing before assembly occurs (Brownlee and Rogers,
2012). If a daughter centriole has difficulty separating from its
mother in the absence of centrins, then the delay caused by this dif-
ficulty can lead to a delay in the licensing and the assembly of a new
centriole. The cumulative effect would be a delay in the rate of cen-
triole assembly. To test this notion, the rate of separation could be
analyzed in vertebrate cells that contain centrin phospho-mutants
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Cen1-Cen2 chimera

Cen2-Cen1 chimera

MATERIALS AND METHODS

Strains and culture conditions

The wild-type Tetrahymena thermophila
strain B2086 (Tetrahymena Stock Center,
Cornell University, Ithaca, NY) was used in
this study as the wild-type control strain. All
cell lines were grown in 2% super-peptose
(2% SPP) media (2% proteose peptone,
0.1% yeast extract, 0.2% glucose, and
0.003% Fe-EDTA) at 30°C or 38°C depend-
ing on the experiment. For cell-arrest ex-
periments, cells were grown to mid-log
phase in 2% SPP media, washed twice with
10 mM Tris-HCI (pH 7.4), and resuspended
in 10 mM Tris-HCI (pH 7.4) at 30°C. For all
experiments involving the inducible MTT

cen2A

38°C

The Cen1-Cen2 chimera can rescue the loss of basal bodies in the cen2A.
(A) Immunofluorescence images showing that only the Cen1-Cen2 chimera, not the Cen2-Cen1
chimera, can rescue the cen2A basal body phenotypes at 30°C. (B) Immunofluorescence images
showing that the Cen1-Cen2 chimera does not rescue the basal body orientation defects (arrow)
in the cen2A at 38°C. (A and B) Green, Cen1; red, KD fibers. Scale bar: 10 um; width of insets:
10 pm. Percentages indicate the frequency of observed phenotype for 100 cells. (C) Cen2's

domains have separate functions.

(Yang et al., 2010; Lukasiewicz et al., 2011) or in cells depleted of
centrins.

The next step in fully understanding centrin’s role in basal
body biogenesis will require analyzing the function of its binding
partners. One of the centrin binding partners that exist at basal
bodies or centrioles belongs to the Sfi1 family (Kilmartin, 2003;
Li et al., 2006; Azimzadeh et al., 2009). The Sfi1 family consists of
o-helical proteins that may contain 20 or more repeats that serve
as centrin binding sites (Kilmartin, 2003; Li et al., 2006). The
yeast Sfi1p has been shown to bind the human centrins 2 and 3
equally (Kilmartin, 2003; Martinez-Sanz et al., 2006, 2010), and
the human Poc5, a small protein with only three centrin binding
repeats, is able to bind both human centrins, but the affinity for
each is not known (Azimzadeh et al., 2009). Thus the relationship
of the two centrins at Sfi1 proteins is unclear. Careful studies on
the interplay that occurs between the two domains of centrins
and Sfi1 proteins will bring us much closer to truly understanding
the functions and mechanisms of centrins and Sfi1 proteins at
MTOCs.
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promoter, induction was performed by add-
ing CdCl; to media to 0.25 pg/ml and incu-
bating the cells at 30°C or 38°C for 8 h be-
fore fixing or live imaging of the cells.

DNA constructs and strain construction
Strains containing GFP-tagged full-length
Cen1 or Cen2 were generated by cloning
CENT or CEN2 cDNA into the pENTR-D

Basal body  Basalbody  Gateway Entry Vector (Invitrogen, Carls-
orientation  localization  bad, CA). The coding sequence was then

and ~and cloned into pBSmttGFPgtw (Doug Chalker,
separation ~ maintenance Washington University, St. Louis, MO) using

the Gateway cloning system (Invitrogen).
The resulting construct adds the GFP tag to
the N-terminus of Cen1 or Cen2, is under
control of a MTT-inducible promoter, targets
for integration into the rpl29 locus, and pro-
vides cycloheximide resistance. The first 276
bases of CENT were cloned into pENTR to
make the Cen1 NTD, and the last 228 bases
of CENT were cloned into pENTR to make
the Cen1 CTD. The first 270 and last 228
bases of CEN2 were cloned into pENTR
to make the Cen2 NTD and CTD, respec-
tively. The constructs pECE-GFP-Cetn2 and
pECE-GFP-Cetn3 (generous donations from
H. Fisk, Ohio State University, Columbus, OH) were used to clone
the human centrins into pENTR. The pENTR genes were then
Gateway-cloned into pBSmttGFPgtw.

The expression of centrin genes without a tag was performed by
cloning the desired gene into pBSmtt, which is under control of a
MTT-inducible promoter, targets for integration into the rpl29 locus,
and provides cycloheximide resistance. The Cen1-Cen2 chimera
was created by PCR-stitching to create a nucleotide sequence that
contained the first 276 bases of Cen1 and the last 228 bases of
Cen2. Similarly, the Cen2-Cen1 chimera was created by PCR-stitch-
ing to create a nucleotide sequence with the first 270 bases of Cen2
and the last 228 bases of Cen1. The chimeras, CEN1, CEN2, and
human centrin genes were all cloned into pBSmtt.

All DNA constructs were confirmed by sequencing (Macrogen
USA, Rockville, MD) and were introduced into cells by biolistics
and integrated into the Tetrahymena genome by homologous re-
combination (Cassidy-Hanley et al., 1997). Tetrahymena transfor-
mants were selected by growth in SPP containing cycloheximide
(15 pg/ml).
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Generation of cen2A

The cen2A was generated by creating a drug-selectable strain that
has no functional CEN2 (Hai and Gorovsky, 1997). Briefly, p4T21-
CEN2del, a construct containing the NEO2 cassette, which pro-
vides paromomycin resistance (Weide et al., 2007), flanked by
1.5 kb of the regions upstream and downstream of CEN2, was in-
tegrated at the CENZ2 locus in the micronucleus of mating wild-type
Tetrahymena strains, B2068 or CU428 (Tetrahymena Stock Center)
by biolistics. Strains of different mating types were made homozy-
gous for the NEO2 cassette at the micronucleus by mating to
strains with defective micronuclei (B*VI and B*VII; Tetrahymena
Stock Center). The resulting strains homozygous for the NEO2
cassette at the CEN2 locus were mated to each other to generate
a new macronucleus with the NEO2 cassette replacing CEN2 at
the CEN2 locus. The cen2A was selected for resistance to paromo-
mycin (100 pg/ml). Total genomic DNA was isolated by
phenol:choloroform:isoamyl alcohol extraction and isopropyl al-
cohol precipitation (Gaertig et al., 1994). PCR confirmed proper
integration of the NEOZ cassette at the CEN2 locus and deletion
of CEN2 (Figure S3A).

Purification of recombinant Cen2

Because Tetrahymena stop codon usage differs from canonical stop
codons, the CEN2 gene was resynthesized for expression in Escheri-
chia coli by GenScript (Piscataway, NJ). The optimized CEN2 se-
quence was cloned into the E. coli expression vector pQE10 that
adds an N-terminal 6xHis-tag to the protein. The resulting vector,
pQE10-Cen2, was transformed into the E. coli strain M15.

The E. coli strain M15 containing pQE10-Cen2 was grown over-
night at 37°C in Luria broth + 0.2% glucose with 50 pg/ml kanamy-
cin and 100 pg/ml ampicillin. This culture was used to inoculate
500 ml of Luria broth, and cells were incubated at 37°C for 4 h, and
then shifted to room temperature for 1 h. Expression of Cen2 was
induced with 300 uM isopropyl B-b-1-thiogalactopyranoside. After
3 h, cells were pelleted, washed once with phosphate-buffered
saline (PBS), and stored frozen.

Recombinant Cen2 was isolated on a nickel affinity column, as
described by Stemm-Wolf et al. (2005). Briefly, pellets were resus-
pended in PBS with protease inhibitors (phenylmethylsulfonyl fluo-
ride, leupeptin, aprotinin, and pepstatin) and lysozyme. Cells were
sonicated and pelleted. The supernatant was loaded onto a Talon
resin column (BD Biosciences Clontech, Palo Alto, CA), and elutions
using PBS + 200 mM imidazole were collected. Fractions with Cen2
were pooled together and stored frozen in 10% glycerol. Recombi-
nant Cen1 was purified in a similar manner, and the plasmid used to
express Cen1 is described in Stemm-Wolf et al. (2005).

Generation of aCen2 peptide antibody

The rabbit 0aCen2 peptide antibody was developed by YenZym
Antibodies (San Francisco, CA). The antibody epitope consisted
of a peptide containing the first 17 amino acids of the N-terminal
tail of Cen2 (MNYSPKANKMKRKLKQEC). The antibody was affin-
ity-purified using an affinity column containing recombinant Cen2
chemically ligated to AminolLink gel (Pierce Biotechnologies,
Rockford, IL). The column was washed by alternating between
0.2 M glycine (pH 2.8) and 0.1 M NaHCO3 (pH 8.5) + 0.5 M NaCl.
The crude antibody was prepared by adding 10x TBS (Tris-buff-
ered saline; 50 mM Tris, pH 7.5, 150 mM NaCl), 0.05% Tween,
and 4 M NaCl and centrifuging the preparation. The crude prep-
aration was incubated for 48 h in the affinity column at 4°C. Elu-
tions using 0.2 M glycine (pH 2.8) + 0.02% NaN, were collected.
Fractions containing the antibody were detected by absorbance
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at 280 nm and were pooled and dialyzed against PBS-azide at
4°C for 16 h.

Fluorescence microscopy

All cell imaging, both live cell and immunofluorescence, was con-
ducted at room temperature using an Eclipse Ti inverted micro-
scope (Nikon, Japan) fitted with a CFl Plan-Apo VC 60x/H 1.4 nu-
merical aperture objective (Nikon, Japan) and a CoolSNAP HQ2
charge-coupled device camera (Photometrics, Tuscon, AZ). Meta-
Morph Imaging software (Molecular Devices, Sunnyvale, CA) was
used to collect images. The imaging software was used to analyze
images by subjecting them to the nearest neighbors’ deconvolution
algorithm. Live-cell imaging was conducted to examine cells ex-
pressing GFP-tagged proteins. Cells were washed once with 10 mM
Tris-HCI (pH 7.4), pelleted, and placed on microscope slides (VWR,
Radnor, PA).

Cells examined by immunofluorescence were chemically fixed in
paraformaldehyde for 10 min (Stuart and Cole, 2000). Cells were
placed onto antibody slides coated with poly-L-lysine (Bellco Glass,
Vineland, NJ). All primary antibodies were diluted in PBS + 1%
bovine serum albumin (BSA). The affinity purified rabbit polyclonal
Tetrahymena Centrin 2 antibody (this study) was diluted 1:100; the
rabbit polyclonal Tetrahymena Centrin1 antibody (Stemm-Wolf et al.,
2005) was diluted 1:1000; the mouse monoclonal 20H5 antibody
raised against the Chlamydomonas centrin (provided by J. Salisbury,
Mayo Clinic, Rochester, MN) was diluted 1:1000; the mouse mono-
clonal KD fiber antibody, F1-5D8, (provided by J. Frankel, University
of lowa, lowa City, 1A) was diluted 1:250; the mouse monoclonal
K-like antigen antibody, 10D12 (provided by J. Frankel) was diluted
1:50; and the rabbit polyclonal Tetrahymena Saséa antibody (Culver
etal., 2009) was diluted 1:2500. Primary incubations were carried out
overnight at 4°C, except for the K-like antigen antibody, which was
incubated at 4°C over three nights. Following the primary incuba-
tion, cells were washed five times with PBS + 0.1% BSA. Cells were
then incubated at room temperature for 1 h with secondary antibod-
ies diluted 1:1000 in PBS + 1% BSA. The secondary antibodies
used were anti-rabbit fluorescein isothiocyanate (FITC), anti-rabbit
Texas Red, anti-mouse FITC, and anti-mouse Texas Red (Jackson
ImmunoResearch Labs, West Grove, PA). After secondary antibody
incubation, cells were washed five times with PBS + 0.1% BSA and
mounted with Citifluor (Citfluor, London, United Kingdom).

Swimming analysis

Cells were grown to mid-log phase, washed in 10 mM Tris-HCI
(pH 7.4), and incubated at 30°C for 30 min. Cells were diluted to
1 x 10% cells/ml, and 5 pl of cell solution was added to standard mi-
croscope slides (VWR). Images of the cells were taken for 0.16 s at
0.02-s intervals. The distance the cells swam was measured using
ImageJ (National Institutes of Health, Bethesda, MD), and the speed
was calculated by dividing the distance by the time (0.168 s). Twenty
cells were measured for each condition.

Basal body new:old fluorescence ratio
Cells were grown to mid-log phase and washed in 10 mM Tris-HClI
(pH 7.4). Cell arrest was carried out overnight at 30°C, and a portion
of the cells was fixed. The remaining cells were released from arrest
by washing them into fresh media, and after 4 h of release from ar-
rest, cells were fixed. Fixed cells were stained with anti-Cen or anti-
Cen2 antibodies.

The average fluorescence background signal (Fyygq) was mea-
sured by placing 5 x 5 pixel regions around the cell at areas without
basal bodies and measuring the integrated fluorescence intensity
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for each region with MetaMorph. Then, a basal body pair was se-
lected, with the anterior basal body considered to be “new"” and the
posterior basal body “old.” The integrated fluorescence intensity
for each basal body (Fj) was measured by placing a 5 x 5 pixel region
around the basal body, and the corrected integrated fluorescence
intensity for each basal body was calculated (F; — Fyigq)- The dis-
tance between the two basal bodies was also measured. The basal
body new:old fluorescence ratio was calculated by dividing the new
basal body fluorescence by the old basal body fluorescence. For
each condition, 50 basal body pairs were analyzed. For measuring
all statistical differences, a Student’s t test was performed using the
Excel spreadsheet software (Microsoft, Redmond, WA).

Quantification of basal bodies per cell

Cells progressing through the cell cycle and cells arrested in starva-
tion media (10 mM Tris-HCI, pH 7.4) were analyzed. Cells were
stained with the anti-Cen1 antibody to label basal bodies. For cells
progressing through the cell cycle, cells in oral primordium stages
1-2 were analyzed to ensure that the quantification was done at a
consistent cell cycle stage (Bakowska et al., 1982). The Count Parti-
cles function of the program ImageJ was used to count the basal
bodies across the entire cell surface area. A total of 25 cells were
analyzed for each condition.

Quantification of basal bodies per micrometer

Cells progressing through the cell cycle at oral primordium stages
1-2 were stained with the anti-Cen1 antibody to label basal bodies.
The number of basal bodies along a 10-um length of a ciliary row
was counted and subsequently divided by 10 um to get the number
of basal bodies per 1 pm. The mean cell length was measured to
ensure that changes in basal body frequency were not a result of
changes in cell length. A total of five measurements in 10 cells was
analyzed to get 50 measurements for each condition.

Basal body angle

Cells were stained with the anti-Cen1 and KD fiber antibodies to
label basal bodies and their orientation in the cell. Basal body angle
was calculated by measuring the angle of two basal bodies from the
anterior—posterior axis of the cell using the ImageJ program. A total
of 100 measurements were made for each condition. Circular plots
were constructed using the Oriana program (Kovach Computing
Services, Pentraeth, Wales, UK).

EM

Tetrahymena cells were prepared for ultrastructural analysis and im-
munolocalization of Cen2 by high-pressure freezing followed by
freeze substitution (Giddings et al., 2010; Meehl et al., 2010). Briefly,
cells were centrifuged into a cryoprotectant solution consisting of
15% dextran (9-11 kDa; Sigma-Aldrich) and 5% BSA in 10 mM Tris-
HCI (pH 7.4). The resulting loose pellet was high-pressure frozen in
a Bal-Tec HPM-010 (Leica Microsystems, Wetzlar, Germany), then
freeze-substituted in 0.25% glutaraldehyde and 0.1% uranyl acetate
in acetone and embedded in Lowicryl HM20.

Nickel grids containing ribbons of 15-20 serial 60-nm-thick sec-
tions were prepared for immuno-EM by incubating them in blocking
solution (1% nonfat dry milk dissolved in PBS-Tween 20 [0.1%]) and
then in blocking solution containing the rabbit polyclonal Cen2 an-
tibody (diluted 1:5) or the rabbit polyclonal anti-GFP antibody (di-
luted 1:200; provided by C. Pearson, University of Colorado-Denver,
Denver, CO). The 10- or 15-nm gold-conjugated anti-rabbit second-
ary antibody was applied to the grids (Ted Pella, Redding, CA).
Grids were poststained with 2% uranyl acetate and lead citrate.
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Samples were imaged using a Philips CM 10 (FEI, Hillsboro, OR)
equipped with a Gatan BioScan digital camera (Gatan, Pleasanton,
CA) or a Philips CM 100 transmission electron microscope equipped
with an AMT V600 digital camera (Advanced Microscopy Tech-
niques, Danvers, MA). Six basal body domains were identified by
morphological criteria (Kilburn et al., 2007). Gold particles on each
serial cross-section through the basal bodies were counted and as-
signed to these domains.

PCR/RT-PCR

Genomic DNA was isolated from Tetrahymena cells by
phenol:chloroform:isoamyl alcohol extraction, which was followed
by precipitation with isopropanol, as described previously. PCR with
Phusion polymerase (New England Biolabs, Ipswich, MA) was per-
formed with 0.25 pg of genomic DNA. PCR was carried out accord-
ing to the manufacturer’s instructions. RT-PCR was performed using
the SuperScript Il One-Step RT-PCR System with Platinum Taqg High
Fidelity kit (Invitrogen).

Samples were run in a 1% Tris-acetate-EDTA agarose gel. The
gel was stained with ethidium bromide and viewed through a FOTO/
Analyst Investigator Eclipse workstation (FOTODYNE, Hartland,
WI).

Western blot analysis

Whole-cell extracts were prepared by lysing ~30,000 cells in sample
buffer (20% glycerol, 2% SDS, 125 mM Tris, pH 6.8, 5% B-
mercaptoethanol) and heating to 80°C for 4 min. Approximately
2250 cell equivalents were loaded in lanes in 4-20% Precise Protein
precast gels (Pierce, Rockford, IL). For recombinant proteins,
~0.5 mg/ml was added to each lane of the gel. Proteins were trans-
ferred to Immobilon membranes (Millipore, Billerica, MA) using a
transfer apparatus (Bio-Rad Labs, Hercules, CA). Membranes were
blotted in TBS containing 0.05% Tween and 2% BSA. Primary anti-
bodies (rabbit polyclonal anti-Cen1 antibody, rabbit polyclonal
Cen2 antibody, mouse polyclonal anti-6x histidine ascites [Babco
International, Inc., Tucson, AZ], and mouse monoclonal B-5-1-2
anti—o-tubulin antibody [Sigma-Aldrich, St. Louis, MO]) were diluted
1:1000 into TBS containing 0.05% Tween and 2% BSA. Primary anti-
body was incubated overnight at 4°C, and membranes were washed
three times with TBS containing 0.05% Tween. Secondary antibod-
ies (anti-rabbit IR800 and anti-mouse IR680 [LI-COR Biosciences,
Lincoln, NE]) were diluted 1:10,000 into TBS containing 0.05%
Tween and 2% BSA. Secondary antibody incubations were per-
formed at room temperature for 1 h and were followed by three
washes with TBS containing 0.05% Tween. Blots were visualized on
a LI-COR Odyssey scanner.
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