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The two domains of centrin have distinct basal

body functions in Tetrahymena
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ABSTRACT The basal body is a microtubule-organizing center responsible for organizing the
cilium, a structure important for cell locomotion and sensing of the surrounding environment.
A widely conserved basal body component is the Ca?*-binding protein centrin. Analyses of
centrin function suggest a role in basal body assembly and stability; however, its molecular
mechanisms remain unclear. Here we describe a mutagenic strategy to study the function and
essential nature of the various structural features of Cen1 in the ciliate Tetrahymena. We find
that the two domains of Cen1 are both essential, and examination of strains containing mu-
tant CEN1 alleles indicates that there are two predominant basal body phenotypes: misori-
entation of newly assembled basal bodies and stability defects. The results also show that the
two domains of Cen1 are able to bind Ca?* and that perturbation of Ca?* binding affects Cen1
function. In all, the data suggest that the two domains of Cen1 have distinct functions.
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INTRODUCTION

The basal bodly is a microtubule-organizing center (MTOC) respon-
sible for organizing and anchoring the cilium at the surface of the
cell. It is widely found in eukaryotes, except for yeast and higher
plants. The cilium is a microtubule-based structure that projects out-
ward from the surface of the cell (Basto et al., 2006; Marshall and
Nonaka, 2006). There are two classes of cilia: 1) motile cilia and 2)
primary cilia. Motile cilia generate a sweeping motion, which is im-
portant for cell locomotion or fluid flow (Marshall and Nonaka,
2006). The second class of cilia, primary cilia, is immotile and acts as
a sensory receptor for the cell. Primary cilia play key roles in mecha-
nosensory, chemical sensory, and photosensory functions (Marshall
and Nonaka, 2006). Dysfunction at the basal body or the cilium is
associated with several human diseases such as polycystic kidney
disease and Bardet-Bied| syndrome (Badano et al., 2006). The im-
portance of the basal body is further highlighted by its close rela-
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tionship to the centrioles found in the centrosome, a MTOC involved
in mitotic spindle formation (Bornens and Azimzadeh, 2007). Given
the requirement of basal bodies in the structure and function of cilia,
detailed molecular analyses of basal bodies are needed.

The basal body is a cylindrical structure consisting of an array of
nine microtubule triplets, giving it ninefold symmetry (Allen, 1969;
Wolfe, 1970; Dawe et al., 2007; Pearson and Winey, 2009). The
structure can be separated into three domains (Kilourn et al., 2007).
At the proximal end of the basal body is a structure called the cart-
wheel, which is comprised of nine spokes originating from a central
hub extending to the microtubule triplets (Gavin, 1984; Strnad and
Gonczy, 2008). At the distal end is a region called the transition
zone, which marks the transition from the microtubule triplets of the
basal body to the microtubule doublets of the axoneme (Marshall
and Nonaka, 2006). Between the cartwheel and the transition zone
is the cylindrical core of the basal body. Despite our understanding
of basal body morphology, the roles of its components in assem-
bling and maintaining the structure remain poorly understood.

Proteomic analyses of isolated centrioles or basal bodies from
various organisms show that the small Ca?-binding protein centrin
is a widely conserved component (Andersen et al., 2003; Keller
et al., 2005; Kilburn et al., 2007; Liu et al., 2007). Ultrastructural ex-
amination by immunoelectron microscopy in different organisms
show that centrins can be found at two key regions in the basal
body: 1) the distal region that is at or near the transition zone, and
2) sites of new basal body assembly (Sanders and Salisbury, 1994;
Laoukili et al., 2000; Geimer and Melkonian, 2005; Stemm-Wolf
et al., 2005; Kilburn et al., 2007). Structurally, centrins consist of two
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FIGURE 1: The C-terminal domain of Cen1 localizes to basal bodies.
(A) Schematic showing the general structural features in centrins.
Hatched box, N-terminal tail; white boxes, EF hands; gray boxes,
regions between EF hands; black box, C-terminal tail. (B) Localization
of GFP-tagged full-length WT Cen1, the NTD of Cen1, and the CTD
of Cen1. Bar, 10 pm. (C) Incorporation of full-length WT GFP-Cen1. At
2.5 h after release from cell cycle arrest, new basal bodies (white
arrowhead) are brighter than old basal bodies (blue arrowhead). At

7 h after release from cell cycle arrest, a more uniform labeling is
observed for new (white arrow) and old (blue arrow) basal bodies.

(D) The incorporation of Cen1’s C-terminal domain labeled with GFP is
similar to that of full-length WT Cen1. However, some basal bodies
were much brighter than others at both time points (red arrow). White
arrowhead, new basal body; blue arrowhead, old basal body. In C and
D, the width of the insets is 3.5 pm.

GFP-Cen1 CTD

independent domains connected by a short linker, with each do-
main containing a pair of EF hands, a Ca?*-binding motif (Figure 1A)
(Veeraraghavan et al., 2002; Hu and Chazin, 2003; Matei et al.,
2003; Yang et al., 2005; Li et al., 2006; Thompson et al., 2006). An
EF hand consists of an o-helix-loop-o-helix structural unit, with
Ca?* binding occurring within the loop region (Gifford et al., 2007).
The EF hands have been numbered, with one and two in the
N-terminal domain and three and four in the C-terminal domain
(Figure 1A). At the beginning of the N-terminal domain is a long tail
(containing up to 20 residues) of unknown function (Li et al., 2006).
Analyses of centrin function in humans, budding yeast, Chlamy-
domonas, Paramecium, and Tetrahymena suggest that it is involved
in MTOC assembly and/or stability (Spang et al., 1993; Salisbury
et al., 2002; Koblenz et al., 2003; Ruiz et al., 2005; Stemm-Wolf
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et al., 2005; Yang et al., 2010); however, its function and mode of
action have not been well characterized. The role of Ca?* is not
completely understood, but in vitro experiments suggest that it
regulates interactions with binding partners (Geier et al., 1996;
Hu et al., 2004; Martinez-Sanz et al., 2006, 2010).

The ciliate protist Tetrahymena thermophila is an ideal system in
which to study basal bodies, their composition, and the molecular
mechanisms of their components. Tetrahymena contains two major
basal body populations: 1) the cortical rows, which run along the
anterior—posterior axis of the cell, and 2) the oral apparatus, a feed-
ing structure at the anterior end of the cell (Frankel, 2000). We and
others previously identified Tetrahymena centrin 1 (Cen1), a human
centrin 2 homologue, as a component of basal bodies (Guerra et al.,
2003; Stemm-Wolf et al., 2005). A cen1 deletion allele is lethal due
to defects in basal body assembly and maintenance (Stemm-Wolf
et al., 2005). Immunoelectron microscopy shows that Cen1 localizes
to the site of new assembly, the transition zone, and the midzone of
the basal body (Stemm-Wolf et al., 2005; Kilburn et al., 2007).

We wanted to gain a better understanding of centrin function
and its mode of action by studying Tetrahymena Cen1 in more de-
tail. A mutagenic strategy was used to analyze the essential nature
of the various centrin structural features. Through this approach, we
found that the two domains of Cen1 have different functions, as well
as differing Ca?* affinities.

RESULTS

Only the C-terminal domain of Cen1 localizes to basal
bodies

We asked whether the Cen1 N- or C-terminal domain alone is suf-
ficient to rescue the lethal phenotype for the Tetrahymena cen null
allele (cenTA) (see Supplemental Figure S1 for mutations generated
in this study). Although the wild-type (WT) CENT allele would rescue
the cen1A, N- or C-terminal domain deletions of Cen1 were unable
to rescue the cenlA, indicating that neither domain alone is suffi-
cient to perform Cen1 function. To ascertain whether either domain
alone can localize to basal bodies, the domains of Cen1 were tagged
with green fluorescent protein (GFP) using an expression vector un-
der the control of the inducible metallothionein promoter. We found
that only the C-terminal domain (CTD) of Cen1 localizes to basal
bodies (Figure 1B).

The localization of Cen1’s CTD was further analyzed by examin-
ing its incorporation into basal bodies (Pearson et al., 2009). In this
assay, we used the inducible promoter to control the expression of
the GFP-tagged proteins. Cells were arrested in G1 by media star-
vation to inhibit the assembly of new basal bodies. On transfer into
growth media, new basal body assembly was initiated, and concur-
rent with release from arrest, expression of the GFP fusion protein
was induced. At 2.5 h, just before the cells had completed one full
cell cycle (Pearson et al., 2009; Pearson and Winey, 2009), bright
and dim GFP-Cen1 signals were observed at basal bodies
(Figure 1C, left, white and blue arrowheads, respectively). New
basal body assembly occurs anterior to the old basal body (Perlman,
1973; Kaczanowski, 1978; Frankel, 2000), and, in this case, the
bright and dim basal bodies are the new and old basal bodies, re-
spectively, as new basal bodies stably incorporate GFP-Cen1 once
it is expressed. The old basal body has some GFP-Cen1 signal be-
cause there is an exchangeable population at the basal body transi-
tion zone (Pearson et al., 2009). Cells were also examined 7 h after
release from starvation. At this time point, many basal bodies have
been assembled in the presence of GFP-Cen1, resulting in uniform
labeling of new and old basal bodies by GFP (Figure 1C, right,
white and blue arrows, respectively) (Pearson et al., 2009).
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This assay was performed to analyze the incorporation of Cen1’s
CTD into basal bodies. After 2.5 h from cell cycle release, the GFP-
CTD was present at new and old basal bodies (Figure 1D, left, white
and blue arrowheads, respectively). Because the old basal body
contained a GFP signal, it is likely that the CTD of Cen1 can ex-
change at basal bodies like the full-length protein. We observed
that some basal bodies were much brighter than the others
(Figure 1D, left, red arrow). Seven hours after cell cycle release, the
GFP signal from the CTD at new and old basal bodies was more
uniform (Figure 1D, right, white and blue arrows, respectively), al-
though there were some brighter basal bodies (Figure 1D, right, red
arrow). The overall labeling at basal bodies by the CTD appears
dimmer than those labeled by the full-length protein, suggesting
that the CTD has decreased localization efficiency. This assay shows
that Cen1’s CTD incorporates into basal bodies in a similar manner
as full-length Cen1 but with reduced efficiency.

Cen1 EF hand mutant alleles rescue the cen1A but exhibit
temperature-sensitive phenotypes

Because the domain deletions of Cen1 gave little information about
its function at basal bodies, we turned our efforts to mutating its EF
hands since they are defining motifs in centrins and evidence indi-
cates that they may have an important role in centrin function (Geier
et al., 1996; Middendorp et al., 2000). A point mutation was made
by site-directed mutagenesis within the loop regions of Cen1'’s four
EF hands. The loop region contains the residues needed for Ca?
binding, and the first residue, aspartate, is found in almost all EF
hands (Gifford et al., 2007). Mutating this residue into alanine has
been shown to perturb Ca?* binding at an EF hand (Figure 2A)
(Geiser et al., 1991). Seven CEN1 EF hand mutant alleles were
made: four consisted of only one of the EF hands mutated, two
consisted of both EF hands mutated within one domain (i.e., both
the first and second EF hands of the N-terminal domain), and one
consisted of all four EF hands mutated. All but two of the mutant
alleles rescued the cenTA. The apparent null alleles were the CTD
double EF hand mutant and the all-four EF hand mutant.

Cells rescued with EF hand mutant alleles were fixed and stained
with anti-Saséa and anti-centrin (20H5) antibodies for immunofluo-
rescence microscopy. The anti-Saséa antibody recognizes the basal
body protein Saséa, which is found at the cartwheel (Kilourn et al.,
2007, Culver et al., 2009). The antibody also labels the kinetodesmal
(KD) fibers (Culver et al., 2009), which are basal body accessory
structures composed of striated rootlets that extend from the basal
body, pointing toward the anterior of the cell (Allen, 1969). It should
be noted that it is now known that Saséa is not within the KD fibers
(B. P. Culver and M. Winey, personal communication). Thus, the anti-
Sasba antibody serves as a basal body and KD fiber marker. The
20H5 antibody recognizes centrins in various organisms, including
Tetrahymena Cen1 (Stemm-Wolf et al., 2005).

We examined the mutants grown at 30°C and observed that the
first EF hand, second EF hand, N-terminal domain (NTD) double EF
hand, and third EF hand mutants were morphologically similar to
the cen1A rescued with WT CEN1. Their cortical rows did not have
defects in basal body orientation, assembly, or stability (Figure 2B,
i—v). The majority of cells with the fourth EF hand mutant allele (70%)
were similar to WT; however, 30% had gaps within their cortical rows
(Figure 2B, vii, white arrow).

Cells were grown at 38°C to screen for temperature-sensitive EF
hand mutant alleles. Both the first EF hand and second EF hand
mutant strains remained morphologically similar to WT (Figure 2B,
viii—x). However, the NTD double EF hand, third EF hand, and fourth
EF hand mutant alleles gave basal body-associated phenotypes.
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These mutant alleles led to gaps within the cortical rows and basal
bodies orientated off from the cortical rows (Figure 2B, xi-xiii, white
and blue arrows, respectively). The fourth EF hand mutant allele
caused the most severe basal body phenotype. Growth at 38°C was
significantly slower for this mutant when compared with WT. The
other mutants had growth rates similar to WT (unpublished data).
We examined the levels of the Cen1 protein in cells with the EF
hand mutant alleles by Western blot with an anti-Cen1 antibody
(Figure 2C). All the mutants have similar levels of Cen1 as WT at 30
and 38°C, except for the third EF hand and fourth EF hand mutants,
which had higher levels. Through PCR analysis, we determined that
these strains had more copies of CENT than WT (Figure 2D). This
suggests that the higher levels of the Cen1 protein in the third and
fourth EF hand mutants are a result of higher gene copy numbers.

EF hand mutations perturb Ca?* binding in Cen1

We performed further analyses on the NTD double EF hand, third
EF hand, and fourth EF hand mutant alleles because they gave tem-
perature-sensitive basal body phenotypes. We included the CTD
double EF hand and all four EF hand mutant alleles with our analysis
because they were unable to rescue the cenTA.

We wanted to determine how Ca?* affinity in Cen1 was affected
by EF hand mutations. Recombinant forms of the mutant proteins
were purified from Escherichia coli along with the Tetrahymena
Ca?*-binding protein calmodulin to serve as a positive control
(Suzuki et al., 1981). The proteins were blotted onto nitrocellulose
membranes and stained with amido black to verify equal loading
(Figure 3A). Next the ability of the proteins to bind Ca?* was tested
using the radioisotope “*Ca?* (Figure 3B). The band intensities of
the autoradiograph, corrected for the amount of protein added to
the membrane (Figure 3C), suggest that Ca?* affinities are signifi-
cantly reduced in all of the Cen1 EF hand mutant proteins except for
the third EF hand mutant protein. Of interest, the reduction in Ca?*
affinity was greatest when Cen1 contained a mutated fourth EF
hand, suggesting that this EF hand has the highest affinity for Ca*.
Supporting this are electrophoretic mobility shifts of the Cen1 mu-
tant proteins in the presence or absence of Ca?* in native polyacryl-
amide gels (Geiser et al., 1991). The mobility shifts for Cen1 proteins
containing a mutated fourth EF hand were significantly reduced
when compared with the WT protein (Figure 3D). In all, our results
confirm that Cen1 is a Ca?*-binding protein and that mutations to
some of its EF hands perturb its Ca?*-binding affinity. Because muta-
tions to EF hands in the N- and C- terminal domains demonstrate a
decreased affinity for Ca?*, it is likely that both domains in WT Cen'
are able to bind Ca?* but with differing affinities.

The NTD double EF hand mutant allele causes
misorientation of newly assembled basal bodies

and causes basal body separation defects

To better understand the function of Cen1 at basal bodies, we per-
formed detailed analyses on the NTD double EF hand mutant allele.
Cells progressing through the cell cycle and assembling new basal
bodies at 38°C were examined using the anti-Saséa and 20H5 anti-
bodies (Figure 4A). As expected, cenTA rescued with the WT allele
had straight cortical rows of basal bodies (Figure 4A, i). Cells with
the NTD double EF hand mutant allele had basal bodies branching
off from the cortical rows, resulting in gaps within the cortical rows
(Figure 4A, ii, white arrow and arrowhead, respectively). We also saw
that the KD fibers of some basal bodies within straight cortical rows
were orientated improperly in that they no longer point toward the
anterior end of the cell (Figure 4A, compare blue arrows in i and ii),
suggesting that these basal bodies have been aberrantly rotated.
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(C) Western blots comparing the protein levels of Cen1 (aCen1) in the EF hand mutant strains at 30 and 38°C. Detection
of a-tubulin (0ATU) served as a loading control. (D) PCR analysis comparing CENT gene copy number in the EF hand
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basal bodies per uym? for a cell was calcu-
lated by counting the foci resulting from the
anti-Cen1 antibody. We are confident that
the anti-Cen1 antibody is labeling all basal
bodies in the mutant because we observed
that the 20H5 centrin antibody colocalized
with the anti-Saséa antibody at all basal
bodies within the cortical rows (Figure 4A,
i), indicating that all basal bodies in the mu-
tant have Cen1. The number of basal bod-
ies per pm? in the NTD double EF hand mu-
tant is similar to that in WT at 30 and 38°C
(Figure 4B), indicating that there is no loss of
basal bodies. Basal body angle was mea-
sured to determine whether there is a basal
body orientation defect for the NTD double
EF hand mutant allele. We found that the
mutant had more variation in basal body
angle, with an average angle of 143 £ 31°.
This was significantly different from WT,
which had an average angle of 164 + 21°
(Figure 4C) (P < 0.01%, N = 200 basal bod-
ies). Our data indicate that the main pheno-
type for the NTD double EF hand mutant
allele is a basal body orientation defect.
Next we asked whether the orientation
defects would arise in mutant cells not un-
dergoing new basal body assembly. Cells
were grown at 30°C, arrested at 30°C by
starvation to inhibit new basal body as-
sembly, and shifted to 38°C. After 24 h at
38°C, the cells were examined by immun-
ofluorescence microscopy. The NTD dou-
ble EF hand mutant had straight cortical
rows of basal bodies, which was similar to
cells with the WT allele (Figure 4D). This
suggests that the orientation defects arise
from the assembly of new basal bodies off
axis from the cortical rows. To test this,
cells were grown at 30°C, arrested at 30°C
to inhibit basal body assembly, shifted to
38°C for 24 h, and released into growth
media at 38°C to initiate new basal body
assembly at the restrictive temperature.
Four hours after release at 38°C, cells
were fixed and stained for K-antigen,
which labels only mature basal bodies
(Williams et al., 1990; Shang et al., 2005),
and Cen1, which labels all basal bodies
(Stemm-Wolf et al., 2005; Pearson et al.,
2009). Cells with the WT allele had new
basal bodies unlabeled by K-antigen that
assemble anterior to mature basal bodies
labeled by K-antigen (Figure 4E; arrow,
mature basal body; arrowhead, newly as-
sembled basal body). In contrast, the NTD
double EF hand mutant had new basal
bodies that assembled off axis from ma-
ture basal bodies in the cortical rows
(Figure 4E; arrow, mature basal body; ar-

The number of basal bodies in the NTD double EF hand mutant ~ rowhead, newly assembled basal body). Thus, the NTD double
was compared with that in WT to ascertain whether the mutant al-  EF hand mutant allele causes misorientation of newly assembled

lele affected basal body assembly and/or stability. The number of  basal bodies.

Volume 22 July 1, 2011

Cen1 domains have distinct functions | 2225



A wWT NTD double EF hand mutant |3 o= T
AT s T« N7 ATTATT T [T 21 B ——
n il v 7 ’ d » 035 f NTD double
= ) s “ Qo o U EF hand
(&] § g_ozs : : mutant
.g’l g g’_ovls 1 ‘
E— @© 01
g m 0.05 1
(&) 0
30°C 38°C
C = D WT NTD double EF hand mutant
o ] ol iz 1s L4 NZZALIA [3[T41
.2, ~NTDdouble EF =
D so ¢ hand mutant 8
3 40 [
(D 30 g
I ] -
2 5 I]J]J]ilili]ililil 8
1 @&;\\,0&@49 K \h@@ & &> éy@w \:\9,\:,«,\9”@ @cgw %099 @,c E
Basal Body Angle (Degrees)
E WT
A1 2 3[04l

Cen1

1112 3[4

GFP-Cen1 WT GFP-Cen1 NTD

double EF hand
mutant

Cycling Cells

NTD double EF hand mutant

ATTAL T3 111 G Release 2.5h
Cen

Release 7h

0

]

(&)

o)) |

=

©

>

(&)

WT NTD double WT NTD double

EF hand EF hand
mutant mutant

NTD double EF hand mutant alleles cause defects in the orientation of newly assembled basal bodies.
(A) Immunofluorescence images of the NTD double EF hand mutant progressing through the cell cycle at 38°C. The
mutant cell has misorientated kinetodesmal fibers (compare blue arrows) and basal bodies branching away from
cortical rows (white arrow), causing gaps in the cortical rows (white arrowhead). Green, Saséa, and kinetodesmal
fibers; red, centrin. (B) Plot showing the number of basal bodies per micrometer squared for cells grown at 30 and
38°C. N =25 cells. (C) The inset shows how basal body angle is measured. Three consecutive basal bodies served as
the angle points, with basal bodies 1 and 2 considered to be in the cortical row and basal body 3 in or out of the
cortical row. The plot shows the basal body angle frequency for cells grown at 38°C. N = 200 basal bodies.
(D) Immunofluorescence images showing the NTD double EF hand mutant whose assembly of basal bodies has been
inhibited by cell cycle arrest at 38°C. Green, Saséa, and kinetodesmal fibers; red, centrin. (E) At 38°C, new basal
bodies (arrowhead) are assembled off axis from mature basal bodies (arrow) in the cortical rows in the NTD double
EF hand mutant. Red, anti-Cen1, which labels all basal bodies; green, K-antigen, which labels mature basal bodies.
(F) Localization of GFP-Cen1 with mutated NTD double EF hands is similar to GFP-Cen1 WT. (G) Incorporation assays
show that GFP-Cen1 with mutated NTD double EF hands behaves similarly to GFP-Cen1 WT. Blue arrowheads
indicate new basal bodies, and white arrowheads indicate old basal bodies. Bar, 10 pm. Width of insets, 5 um
(A, D, and E) or 3.9 pm (G). Percentages indicate the frequency of observed phenotype for 100 cells (A and D) or
100 basal bodies (E).
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EF hand mutant allele causes basal body rotation and separation
defects at 38°C. (A) Three basal bodies in a cortical row from a WT
cell are shown, with the topmost basal body being a newly assembled
basal body. (B, i, ii) Serial sections from a NTD double EF hand mutant
cell are shown, with (ii) being more proximal. The basal body toward
the bottom has been aberrantly rotated, as indicated by its
kinetodesmal fiber (KF) and postciliary microtubule (PC) structures.

(B, i) The aberrantly rotated basal body has a new basal body being
assembled away from the cortical row. (C) Immunoelectron
micrographs showing the basal body separation defect. The white
arrows and arrowheads indicate the mother and daughter basal
bodies, respectively. Note that the daughter basal body in the mutant
is close to its mother basal body, yet the density within the mutant
daughter basal body (blue arrow) indicates that it is more mature than
the WT daughter basal body (Allen, 1969). The postciliary
microtubules of the mutant’s daughter basal body (blue arrowhead)
appear to be impinging on the mother basal body. Particle labeling is
Cen1. Bar, 100 nm. BB, basal body; KF, kinetodesmal fiber; PC,
postciliary microtubules.

EM was used to examine basal bodies in the NTD double EF
hand mutant grown at 38°C. Serial sections from mutant and WT
were stained with the anti-Cen1 antibody, revealing that the local-
ization of Cen1 to basal body domains for the NTD double
EF hand mutant allele was similar to the WT allele (Supplemental
Figure S2A). We also observed a similar incorporation pattern for
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GFP-Cen1 with the NTD double EF hand mutations as WT, sug-
gesting that the mutant allele does not affect the localization and
incorporation of the mutant protein into basal bodies (Figure 4, F
and G). EM analysis of the mutant found cases of a new basal body
being assembled off axis from an aberrantly rotated mother basal
body in the cortical rows (Figure 5, A and B), confirming the phe-
notype we observed by immunofluorescence microscopy. It sug-
gests that the assembly orientation defect might be a result of
aberrantly rotated basal bodies. We also found many examples in
the mutant showing a mature daughter basal body closer to its
mother basal body than what is observed for WT (Figure 5C), indi-
cating that the NTD double EF hand mutant allele causes basal
body separation defects. In several of these examples, some ac-
cessory structures of the daughter basal body, such as the postcili-
ary microtubules, were impinging on the mother basal body
(Figure 5C, blue arrowhead). In all, the EM data suggest that Cen1
has a role in the separation of a daughter basal body from its
mother basal body.

Because of the domain nature of Cen1’s structure, we wondered
whether other mutations to the NTD of Cen1 would give similar
phenotypes as the NTD double EF hand mutant allele. Nine con-
structs containing NTD CENT mutant alleles were made (Supple-
mental Figure S1). One of these consisted of an N-terminal tail dele-
tion, and the rest were charged residues to alanine mutations. We
avoided making any mutations within the EF hand loop regions. Six
of the nine mutant alleles were able to rescue the cen1A. One of the
apparent null alleles was the N-terminal tail deletion, suggesting
that it has an important role in Cen function. Five of the six rescued
alleles displayed temperature-sensitive basal body orientation de-
fects that were similar to the NTD double EF hand mutant allele
(Supplemental Figure S3; CEN1-29 is a representative NTD mutant
allele). In all, our data suggest that the NTD of Cen1 has a role in the
orientation of newly assembled basal bodies.

The fourth EF hand mutant allele causes basal body stability
defects due to decreased localization efficiency of the
mutant protein

We performed similar analyses on the fourth EF hand mutant allele
as we did on the NTD double EF hand mutant allele. Cycling cells
with the fourth EF hand mutant allele at 38°C had many basal bod-
ies outside of the cortical rows, enlarged KD fibers, and large gaps
within the cortical rows (Figure 6A, ii, blue arrow, blue arrowhead,
and white arrowhead, respectively). Large gaps within cortical rows
are usually indicative of a loss of basal bodies due to assembly
and/or stability defects (Shang et al., 2002). The mutant strain had
~7 + 5% fewer basal bodies per pm? than WT at 30°C, and that dif-
ference increased to 14 + 13% at 38°C (Figure 6B), confirming that
the fourth EF hand mutant has a loss of basal bodies. Along with a
loss of basal bodies, cells with the fourth EF hand mutant allele were
significantly shorter than WT at 38°C (44 + 3 vs. 53 + 3 um, respec-
tively, P <0.001%, N = 25 cells).

Because the fourth EF hand mutant has a loss of basal bodies,
we wanted to determine whether it is due to an inability to assemble
new basal bodies. Cells were grown at 30°C, arrested at 30°C to
inhibit new basal body assembly, shifted to 38°C for 24 h, and re-
leased into growth media to initiate new basal body assembly at
38°C. Four hours after release at 38°C, cells were fixed and stained
for K-antigen, which labels only mature basal bodies (Williams et al.,
1990; Shang et al., 2005), and Cen1, which labels all basal bodies
(Stemm-Wolf et al., 2005, Pearson et al., 2009). This assay reveals
that at 38°C, the fourth EF hand mutant strain is able to assemble
new basal bodies from mature basal bodies (Figure 6C; arrow,
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Fourth EF hand mutant allele causes basal body stability defects due to poor localization of the
mutant protein. (A) Immunofluorescence images showing the fourth EF hand mutant progressing through the cell
cycle at 38°C. The mutant has gaps in the cortical rows (white arrowhead), misorientated basal bodies (blue
arrow), and enlarged kinetodesmal fibers (blue arrowhead). Green, Saséa and kinetodesmal fibers; red, centrin.
(B) Plot showing the number of basal bodies per micrometer squared for cells grown at 30 and 38°C. Asterisk,

P <1%; N = 25 cells. (C) Fourth EF hand mutant can assemble new basal bodies (arrowhead) from mature basal
bodies (arrow) at 38°C. Red, anti-Cen1, labels all basal bodies; green, K-antigen, which labels mature basal bodies;
white box, oral primordium, which is indicative of new basal body assembly. (D) Immunofluorescence images
showing gaps in the cortical rows (arrowhead) of the fourth EF hand mutant whose assembly of basal bodies has
been inhibited by cell cycle arrest at 38°C. Green, Saséa and kinetodesmal fibers; red, centrin. (E) Plot showing
the number of basal bodies per micrometer squared in arrested cells before (t = 0 h) and after 24 h (t = 24 h) at
38°C. Asterisk, P < 0.01%; N = 25 cells. (F) Quantification of anti-Cen1 staining shows that the fourth EF hand
mutant has less Cen1 at basal bodies than WT. Asterisk, P < 1%; N = 200 basal bodies. AU, arbitrary units.

(G) Localization efficiency of GFP-tagged Cen1 with a mutated fourth EF hand or mutated CTD double EF hands
is less than that of GFP-Cen1 WT. Bar, 10 um. Width of insets, 5 pm. Percentages indicate the frequency of
observed phenotype for 100 cells.
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mature basal body; arrowhead, newly assembled basal body). Fur-
ther confirmation that the fourth EF hand mutant can assemble new
basal bodies is the observation of oral primordia (Figure 6C, box).
The appearance of the oral primordium is indicative of new basal
body assembly, for it is a cellular structure that results from new
basal body assembly, which then develops into an oral apparatus as
a cell undergoes cell division (Wolfe, 1970; Kaczanowski, 1978;
Frankel, 2000).

Because the fourth EF hand mutant strain can assemble new
basal bodies at 38°C, we hypothesize that the loss of basal bodies
in this mutant at 38°C is due to basal body stability defects. To test
this, cells were grown at 30°C, arrested at 30°C to inhibit new basal
body assembly, and shifted to 38°C. After 24 h at 38°C in an ar-
rested state, cells were examined by immunofluorescence micros-
copy. The majority of cells with the fourth EF hand mutant allele
(75%) had gaps within the cortical rows (Figure 6D, white arrow-
head), suggesting a loss of basal bodies. The mutant had about the
same number of basal bodies per pm? as WT before the shift to
38°C (Figure 6E, t = 0 h). However, after 24 h at 38°C, the mutant
had a 19 +15% decrease in basal bodies per pm? (Figure 6E,
t = 24 h). This demonstrates that the fourth EF hand mutant loses
basal bodies due to stability defects and confirms the role for Cen’
in basal body maintenance (Stemm-Wolf et al., 2005).

Similar analyses on the third EF hand mutant allele showed that
cycling cells at 38°C had the same phenotypes as the fourth EF
hand mutant strain, including gaps that are indicative of a loss of
basal bodies (Supplemental Figure S4A). However, the number of
cells observed with basal body-related phenotypes was much
smaller for the third EF hand mutant strain (54%) compared with
the fourth EF hand mutant strain (100%). Because new oral primor-
dia were observed in the third EF hand mutant (Supplemental
Figure S4A), we expect that they are able to assemble new basal
bodies at 38°C. When the mutant strain was arrested to inhibit new
basal body assembly, a large fraction (68%) was morphologically
similar to WT; however, 32% displayed gaps within the cortical rows
of basal bodies (Supplemental Figure S4B). Our data suggest that
the third EF hand mutant allele results in a loss of basal bodies due
to a slight defect in basal body stability, although it is not nearly as
severe as the fourth EF hand mutant allele.

We noticed that basal bodies in the fourth EF hand mutant strain
had varying intensity when labeled with anti-Cen1 antibodies com-
pared with WT (see Figure 6C). Quantification of fluorescence inten-
sity showed that the Cen1 signal at basal bodies was significantly
reduced by almost 10% for the fourth EF hand mutant strain when
compared with WT (Figure 6F). The percentage of reduction under-
reports the localization efficiency of the mutant protein since WT
and mutant cells have unequal levels of Cen1 (Figure 2C). Further-
more, the localization efficiency of GFP-Cen1 with a mutated fourth
EF hand was reduced when compared with WT GFP-Cenf
(Figure 6G). Even with a decrease in localization efficiency, GFP-
Cen1 with a mutated fourth EF hand shows an incorporation pattern
into basal bodies that is similar to the WT protein (Supplemental
Figure S5). Of interest, GFP-Cen1 with a mutated third EF hand
shows a slight decrease in localization efficiency, which is not nearly
as severe as the fourth EF hand mutant protein (Supplemental
Figure S4, C-F). Imnmunoelectron microscopic analysis on basal
bodies in the mutant strain determined that the mutant protein lo-
calized to the same basal body domains as the WT protein but with
a significant reduction in the labeling (Supplemental Figure S2A). In
addition, the mutant protein mislocalized to regions other than the
site of new assembly at the proximal end of the basal body (Supple-
mental Figure S2, A and B). In all, our data suggest that the basal
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body stability defects in the fourth EF hand mutant are due to poor
and defective localization of the mutant Cen1 protein. Consistent
with our conclusion that CTD EF hand mutations decrease Cen'
localization was our finding that GFP-Cen1 with CTD double EF
hand mutations has decreased localization compared with WT GFP-
Cen1 (Figure 6G). Examination of the mutant protein’s incorporation
into basal bodies shows that it does not incorporate bimodally into
basal bodies like the WT protein (Supplemental Figure S5), suggest-
ing that the ability to incorporate bimodally is necessary for correct
Cen1 function.

To further test the domain nature of Cen1, we generated 10 al-
leles containing mutations to Cen1’s CTD or the linker region be-
tween the two domains (Supplemental Figure S1). Three of the al-
leles contained deletions within CENT: the first four residues of the
linker region, the last four residues of the linker region, and the
three-residue C-terminal tail. The rest of the mutant alleles con-
tained charged residues to alanine mutations. Of the deletions, only
the C-terminal tail deletion allele rescued the cen1A. This mutant
allele caused a basal body stability defect, similar to the fourth EF
hand mutant allele (Supplemental Figure S3). Four charged residues
to alanine mutant alleles rescued the cenlA, and they all caused
temperature-sensitive basal body stability defects similar to the
fourth EF hand mutant allele (Supplemental Figure S3; CEN1-126 is
a representative CTD mutant allele). In all, the data suggest that the
CTD of Cen1 has a role in basal body stability.

DISCUSSION
We have used a mutagenic strategy to study the function of centrin
at Tetrahymena basal bodies. Two predominant basal body—associ-
ated phenotypes were observed. One encompasses defects in basal
body stability, further supporting the hypothesis that Cen1 is impor-
tant for basal body maintenance (Stemm-Wolf et al., 2005). The
other observed phenotype is misorientation of newly assembled
basal bodies. Centrins have been suggested to be involved in the
assembly of MTOCs in various species (Spang et al., 1993; Salisbury
etal., 2002; Koblenz et al., 2003; Ruiz et al., 2005; Yang et al., 2010),
including Tetrahymena (Stemm-Wolf et al., 2005), and our data fur-
ther suggest that one role centrins have in the assembly of MTOCs
is the orientation of the newly assembled MTOC. It may appear that
none of the mutant alleles give basal body assembly defects; how-
ever, we observed that the frequency of new basal body assembly is
reduced for the fourth EF hand mutant allele compared with WT
(unpublished data). Therefore, it is possible that this mutant allele
causes basal body assembly defects in addition to stability defects.
The results from our mutagenic approach give key information
about the structure—function relationship of centrins and suggest
distinct functions for the two domains (Figure 7). Neither domain
alone is sufficient to rescue the cenTA, indicating that both domains
are required to carry out Cen1 function. CTD mutant alleles cause
basal body stability defects, and further examination of CTD EF
hand mutant alleles shows that the localization of the mutant pro-
teins to basal bodies is reduced. We also found that only the CTD of
Cen1 localizes to basal bodies, suggesting that the CTD is respon-
sible for basal body localization. This hypothesis is further supported
by the crystal structure showing the interaction between the bud-
ding yeast centrin (Cdc31p) and Sfi1p, which contains multiple cen-
trin-binding sites (Kilmartin, 2003; Li et al., 2006). The structure
shows that the CTD of Cdc31p makes the bulk of contacts with
Sfilp. Furthermore, a screen for CDC31 temperature-sensitive mu-
tant alleles showed that the majority of CTD mutant alleles resulted
in protein mislocalization (lvanovska and Rose, 2001). It has also
been shown that only the CTD of human centrin 2 localizes to
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FIGURE 7: Working model showing the function of Cen1’s two
domains. Mutations to the NTD of Cen1 cause basal body orientation
and separation defects, suggesting that the NTD has a role in those
processes. Mutations to the CTD of Cen1 lead to decreased
localization efficiency of the mutant Cen protein, which then causes
defects in basal body stability.

centrioles (Gavet et al.,, 2003) and interacts with the human Sfi1
(Martinez-Sanz et al., 2010). Taken together, it appears that the pri-
mary function of centrin’s CTD is to localize and incorporate the
protein into MTOCs and that the basal body stability defects in the
Cen1 CTD mutants are likely due to reduced levels of Cen1 at basal
bodies.

CENT NTD mutant alleles alter basal body orientation, suggest-
ing that the NTD has a role in this process. None of the NTD mutant
alleles affect the localization of the mutant protein, indicating that
the observed basal body defect is a direct result of Cen1 dysfunc-
tion. How the NTD of centrin accomplishes its function remains to
be determined. However, the NTD of Cdc31p, although largely un-
bound, does make some contacts with Sfilp and the CTD of a
neighboring centrin protein (Li et al., 2006). Furthermore, it has
been observed that the NTD for the human centrin 2 forms oligo-
mers (Tourbez et al., 2004; Yang et al., 2005). This may have a role in
the NTD's function in regulating the orientation of new basal body
assembly.

We also examined the Ca?*-binding properties of Cen1. The
decreased Ca?*-binding affinities observed in the mutant proteins
might be the cause of the phenotypes observed in the mutant
strains, suggesting that Ca?* is necessary for proper function. The
CTD—more specifically, the fourth EF hand—has the higher Ca?*-
binding affinity. The CTDs of the human centrin 2 and Chlamy-
domonas centrin also have higher affinity for Ca?* than their NTDs
(Veeraraghavan et al., 2002; Matei et al., 2003; Yang et al., 2005),
suggesting that this specificity is evolutionarily conserved. On the
basis of the Ca?* affinities in the Chlamydomonas centrin, it has
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been postulated that the two domains of centrin have different
functions (Veeraraghavan et al., 2002). The ability of the CTD to
bind Ca? at low concentrations suggests that Ca®" acts as a struc-
tural component that shifts the CTD into a conformation that favors
interactions with a binding partner. The lower Ca?* affinity in the
NTD indicates that it behaves as a Ca?" sensor. Our data further
support this hypothesis and suggest that the NTD regulates MTOC
orientation of assembly by acting as a Ca?* sensor. How Ca?* bind-
ing in the NTD of centrins regulates its function remains to be
determined.

The majority of basal bodies in cells containing the NTD double
EF hand mutant allele have separation defects, suggesting that
Cen1 also has a role in the separation of a daughter basal body from
its mother. Cen1 localization by immunoelectron microscopy has
been observed between a mother and a daughter basal body, mak-
ing it plausible that it regulates the separation of the two basal bod-
ies. It is possible that a pair of basal bodies too close to one another
due to a separation defect can lead to an orientation defect. The
close proximity may cause an accessory structure of one basal bodly,
such as postciliary microtubules, to impinge on the other basal
body, subsequently leading a basal body to aberrantly rotate. When
a new basal body begins to assemble from an aberrantly rotated
basal body, the new basal body will be off axis from the cortical
rows. Thus, the primary defect observed for the NTD mutant alleles
may be the failure of basal bodies to separate correctly. There are
reports of centrin involved in basal body or centriole separation
(Lutz et al., 2001; Koblenz et al., 2003; Ruiz et al., 2005). Our data
suggest that the ability to separate correctly may be necessary to
ensure proper basal body orientation.

Correct basal body orientation in vertebrate multiciliated cells is
critical for driving the flow of fluid in the proper direction across the
surface of epithelial tissue (Marshall and Kintner, 2008). For exam-
ple, basal bodies in the multiciliated cells of the oviduct are specifi-
cally orientated to produce directional fluid flow that transports the
egg to the uterus (Marshall and Kintner, 2008). The planar cell polar-
ity pathway is a key regulator of basal body positioning within the
cell (Mitchell et al., 2009), but there are likely more components in-
volved in this process. The fact that we observed basal body orien-
tation defects for the CENT mutant alleles suggests that centrin may
also be a key regulator of basal body positioning in vertebrate mul-
ticiliated cells. Our data also suggest that centrins are involved in
the stability of basal bodies. The ability to maintain stable basal
bodies is likely critical for vertebrate multiciliated cells to perform
their essential functions. However, the role for centrins at basal bod-
ies in vertebrate cells is not well understood.

We have shown distinct functions for the two domains of Cen1.
How the domains are involved in their respective functions remains
to be discovered. Several Sfi1 homologues have been identified in
Tetrahymena, and their functions are unknown (A. J. Stemm-Wolf
and M. Winey, personal communication). It will be key to elucidate
how the mutant Cen1 proteins interact with these Sfi1 homologues
in order to fully understand centrin’s mode of action at basal bodies.

MATERIALS AND METHODS

Strains and culture conditions

The CENT knockout heterokaryon T. thermophila strains UCB8 and
UCB9 were used to generate the cen null allele (cen1A) (see later
discussion). The wild-type B2086 strain (Tetrahymena Stock Center,
Cornell University, Ithaca, NY) was also used in this study. Cultures
were grown in SPP media (2% proteose peptone, 0.1% yeast ex-
tract, 0.2% glucose, 0.003% FeEDTA) at 24, 30, or 38°C, depending
on the experiment. For starvation experiments, cells were grown in
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SPP to mid-log phase, washed, and resuspended in 10 mM Tris,
pH 7.5, at 24, 30, or 38°C. Macronuclear biolistic transformation
was performed to introduce constructs into Tetrahymena cells by
homologous recombination (Cassidy-Hanley et al., 1997).

Strains containing GFP-tagged Cen1 were generated by clon-
ing CENT into the pENTR-D Gateway Entry Vector (Invitrogen,
Carlsbad, CA). The coding sequence was then cloned into pBSmt-
tGFPgtw (Doug Chalker, Washington University, St. Louis, MO) us-
ing the Gateway cloning system (Invitrogen). The resulting con-
struct adds the GFP tag to the N-terminus of Cen1, is under control
of a metallothionein-inducible promoter, targets for integration into
the rpl29 locus, and provides cycloheximide resistance. Site-
directed mutagenesis was performed to pENTR-D-Cen1 to gener
ate the mutant forms of GFP-Cen1. All mutations were confirmed
by sequencing (Macrogen USA, Rockville, MD), and were cloned
into pBSMttGFPgtw. Tetrahymena transformants were selected by
growth in SPP containing cycloheximide (15 pg/ml).

The expression of GFP-Cen1 and its mutants was induced by
adding CdCl; (0.5 pg/ml) to cells grown to mid-log phase at 30°C.
To determine the localization of the protein, cells were examined 7 h
after induction. The GFP-Cen1 incorporation assay was performed
as described previously (Pearson et al., 2009). Briefly, cells were
grown to mid-log phase at 30°C and arrested by starvation. After
overnight arrest at 30°C, cells were washed into fresh SPP contain-
ing CdCl; (0.5 pg/ml) to induce expression of GFP-Cen1. Cells were
examined 2.5 and 7 h after cell cycle release at 30°C.

cen1A rescue

The cenTA rescue constructs consisted of the CENT locus (1038
and 981 base pairs upstream and downstream from the start and
stop codons of CENT, respectively) cloned into pUC18. The plas-
mid pUC18-CEN1 targets the CENT locus, and the expression of
CEN1 is under control of its endogenous promoter. Mutations and
deletions to pUC18-CEN1 were generated by site-directed muta-
genesis and confirmed by sequencing. Supplemental Figure S1
shows all of the CENT mutant alleles that were generated in this
study.

The cenlA was generated as described in Stemm-Wolf et al.
(2005). Briefly, UCB 8 and 9 have both copies encoding CENT re-
placed by the NEOZ cassette in their micronuclei. On mating of the
two strains, their micronuclei form new macronuclei that have the
NEQO2 cassette at the CEN1 locus instead of the coding regions of
CEN1. The cen1A is selected for resistance to paromomycin, which
is provided by the NEOZ2 cassette (Weide et al., 2007). The cent
deletion allele eventually causes cells to die due to basal body sta-
bility and assembly defects (Stemm-Wolf et al., 2005).

The cen1A was rescued by introducing pUC18-CEN1T plasmids
containing WT CENT or mutant alleles into cells by biolistics 10.5 h
after mating UCB 8 to UCB 9 (Cassidy-Hanley et al., 1997). Rescue
was selected by resistance to paromomycin (100 pg/ml) in SPP and
viability after seven days at 30°C. Once rescued strains were identi-
fied, genomic DNA was isolated by phenol:chloroform:isoamyl al-
cohol extraction followed by precipitation with isopropanol as de-
scribed in Gaertig et al. (1994). The CENT locus was sequenced to
confirm the presence of CENT and any mutant alleles. Alleles that
did not rescue the cenA in three transformations were considered
to be lethal.

Fluorescence microscopy

Live-cell imaging was performed to examine cells expressing GFP-
Cen. Cells were washed with 10 mM Tris, pH 7.5, concentrated by
pelleting, and placed on microscope slides (VWR, Radnor, PA). For
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immunofluorescence, cells were chemically fixed with paraformalde-
hyde and ethanol as described in Stuart and Cole (2000). Fixed cells
were added to poly-L-lysine coated antibody slides (Bellco Glass,
Vineland, NJ). All primary antibodies were diluted in phosphate-
buffered saline (PBS) plus 1% bovine serum albumin (BSA). The rab-
bit polyclonal Tetrahymena Cen1 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 rabbit polyclonal
Tetrahymena Saséa antibody (Culver et al., 2009) was diluted 1:2500.
The mouse monoclonal K-antigen antibody 10D12 (provided by
J. Frankel, University of lowa, lowa City, 1A) was diluted 1:50. The
mouse monoclonal KD fiber antibody F1-5D8 (provided by J. Frankel)
was diluted 1:250. For experiments using the K-antigen antibody,
cells were chemically fixed only with 70% ethanol as described in
Pearson et al. (2009). All primary antibody incubations were carried
out overnight at 4°C, except for the K-antigen antibody, which was
incubated at 4°C for 3 d. After primary antibody incubations, cells
were washed five times with PBS plus 0.1% BSA. The secondary
antibodies used were anti-rabbit FITC, anti-mouse Texas Red, anti-
rabbit Texas Red, anti-mouse FITC (Jackson ImmunoResearch Labs,
West Grove, PA), and anti-mouse Alexa 488 (Invitrogen/Molecular
Probes, Carlsbad, CA). All secondary antibodies were diluted 1:1000
in PBS plus 1% BSA and incubated with cells at room temperature
for 1 h. Cells were washed five times with PBS plus 0.1% BSA and
mounted in Citifluor (Citifluor, London, United Kingdom).

Allimaging was performed at room temperature using an Eclipse
Ti inverted microscope (Nikon, Tokyo, Japan) fitted with a CFI Plan
Apo VC 60x H numerical aperture—1.4 objective (Nikon) and a Cool-
SNAP hg2 charge-coupled device camera (Photometrics, Tucson,
AZ). The MetaMorph Imaging software (Molecular Devices, Sunny-
vale, CA) was used to collect and analyze images. For live-cell imag-
ing, an exposure time of 800 ms was used. For immunofluorescence,
an exposure time of 250 ms was used. Images were subjected to the
nearest-neighbors deconvolution algorithm using the MetaMorph
Imaging software.

Basal body fluorescence intensities were measured as described
in Pearson et al. (2009). Briefly, 5 x 5 (inner fluorescence, F) and 9 x
9 (outer fluorescence, F,) pixel regions were placed around a basal
body, and MetaMorph measured the integrated fluorescence in-
tensity for each region. Background fluorescence (Fpyqq) was calcu-
lated by subtracting F; from F, to get the fluorescence of the sur-
rounding region not contained in the 5 x 5 region. The value was
then corrected for area (Fpigq = [Fo — Fi] X [25/56]). Basal body fluo-
rescence intensity was calculated by subtracting Fpgq from F;. For
experiments involving the Cen1 antibody, 200 basal bodies were
analyzed for each condition. To measure all statistical differences,
a Student’s t test was performed using the Excel spreadsheet
software (Microsoft, Redmond, WA).

Cen1 mutant strain analysis

Number of basal bodies per pm?. Images of cells whose basal
bodies were labeled by the Cen1 antibody were collected. For
growing cells, cells in oral primordium stages 1-2 (Bakowska et al.,
1982) were analyzed to ensure that the quantification was done at
a consistent cell cycle stage. ImageJ (National Institutes of Health,
Bethesda, MD) was used to measure cell length and cell surface
area. The Count Particles feature in ImageJ was used to count the
basal bodies within the cell surface area. The number of basal
bodies per pm? was calculated by dividing the basal body count
by the cell surface area. A total of 25 cells were analyzed for each
condition.
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Basal body angle. ImageJ was used to measure basal body angle.
Three consecutive basal bodies in a cortical row were used as the
points for angle measurements. The first two basal bodies were
considered to be within the cortical row, and the third basal body
was either in or out of the cortical row (Figure 4C). For each condition,
200 basal bodies were measured.

Western blot. 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 for4 min. Approximately
2250 cells were added to each lane in 4-20% Precise Protein
precast gels (Pierce, Rockford, IL). Proteins were transferred to
Immobilon membranes (Millipore, Billerica, MA) using a transfer
apparatus (Bio-Rad Labs, Hercules, CA). Membranes were blotted
in Tris-buffered saline (TBS) containing 0.05% Tween and 2% BSA.
Primary antibodies (rabbit polyclonal Cen1 antibody and mouse
monoclonal B-5-1-2 a-tubulin antibody [Sigma-Aldrich, St. Louis,
MQ]) were diluted 1:1000 into TBS containing 0.05% Tween and
2% BSA. Primary antibody incubations were carried overnight at
4°C, and then the membrane was washed three times with TBS
containing 0.05% Tween. Secondary antibodies (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 performed at room
temperature for 1 h, and then the membrane was washed three
times with TBS containing 0.05% Tween. Blots were visualized on a
LI-COR Odyssey scanner.

CEN1 copy number. Genomic DNA was isolated from Tetrahymena
cells by phenol:chloroform:isoamyl alcohol extraction, followed by
precipitation with isopropanol as described previously. PCR with
Phusion polymerase (New England Biolabs, lpswich, MA) was
performed with 0.25 pg of genomic DNA and primers for o-tubulin
and Cen1. PCR was carried out according to the manufacturer’s
instructions, except that 20 cycles were performed. Cenl
forward primer: TGTCAGAATCATGAATTCAG. Cenl reverse
primer: TACGAGTAACGTTAATTAGC. a-Tubulin forward primer:
AGAGAAGTTATTTCAATTCACGTC. a-Tubulin reverse primer:
CTAAATTTTTAATCGCAGGCACA. PCR samples were run in a 1%
Tris-acetate-EDTA agarose gel. The gel was stained with ethidium
bromide and viewed through a PHOTO/Analyst Investigator
Eclipse workstation (FOTODYNE, Hartland, WI).

Electron microscopy

Tetrahymena cells were prepared for ultrastructural analysis and im-
munolocalization of Cen1 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-electron microscopy 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 Cen1 antibody diluted 1:200. The 10- or 15-nm gold-
conjugated anti-rabbit secondary antibody was applied to the grids
(Ted Pella, Redding, CA). Grids were poststained with 2% uranyl
acetate and lead citrate. Samples were imaged using a Philips CM
10 (FEI, Hillsboro, OR) equipped with a Gatan BioScan digital cam-
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era (Gatan, Pleasanton, CA) or a Philips CM 100 transmission elec-
tron microscope equipped with an AMT V600 digital camera
(Advanced Microscopy Techniques, Danvers MA). Six Cen1-contain-
ing basal body domains were identified by morphological criteria
(Allen, 1969; Kilourn et al., 2007). Gold particles on each serial cross
section through the basal bodies were counted and assigned to
these domains. To measure statistical differences, a chi-square test
was performed using the Excel spreadsheet software.

In vitro Ca?*-binding assays

The E. coli plasmid expressing recombinant 6x-histidine-Cen1,
pQE10-Cen1, was generated in a previous study (Stemm-Wolf et al.,
2005). EF hand mutations were made to the plasmid by site-directed
mutagenesis and confirmed by sequencing. The Tetrahymena calm-
odulin gene was cloned into pQE10 (Qiagen, Valencia, CA). Recom-
binant proteins were purified as described in Stemm-Wolf et al.
(2005). E. coli strain M15 was grown in 500 ml of Luria broth plus
0.2% glucose for 4 h at 37°C. Cultures were equilibrated to room
temperature, and isopropyl B-p-thiogalactoside was added to
0.3 mM to induce expression of recombinant proteins. Induction
was carried out for 3 h at room temperature. Cells were pelleted and
washed once with PBS. The pellets were resuspended in PBS plus
protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 0.5 pg/ml
leupeptin, 1 pg/ml aprotinin, and 1 pug/ml pepstatin A). Lysozyme
was added to 200 pug/ml, and samples were incubated for 20 min at
room temperature. Samples were then sonicated five times for 15 s
with 1-min cooldowns on ice. Lysates were pelleted by centrifuga-
tion at 10,000 x g at 4°C for 15 min. The supernatant was loaded
onto a column containing Talon resin (BD Biosciences Clontech,
Palo Alto, CA) washed with PBS plus protease inhibitors. Proteins
were eluted from the column in PBS plus 200 mM imidazole. All
purified proteins were dialyzed into 10 mM 3-(N-morpholino)pro-
panesulfonicacid (MOPS), 50 MM KCl, pH 8, treated with Chelex-100
(Bio-Rad) to remove Ca?* contaminants.

Nitrocellulose membranes (Amersham Biosciences, GE Health-
care, Piscataway, NJ) were prewetted in MOPS buffer (10 mM MOPS,
50 mM KCl, pH 8). Proteins (100 pmol) were blotted onto the nitro-
cellulose membrane using a Hybri-Slot Manifold (Whatman
Biometra, Gottingen, Germany). The membrane was stained with
amido black (Sigma-Aldrich) according to standard protocols
(Hombeck et al., 2001). Images of stained membranes were taken
using a CanoScan 8400F scanner (Canon, Lake Success, NY). To test
for Ca?* binding, the membranes were incubated in a Ca?* solution
containing 100 mM CaCl, buffered to ~100 pM free Ca?" with
100 mM ethylene glycol tetraacetic acid (EGTA). A total of 10 pCi of
45Ca2* (PerkinElmer, Waltham, MA) was added to the Ca?* solution,
and incubations were carried out for 20 min at room temperature.
Membranes were then washed three times with distilled H,O and
allowed to dry. Dried membranes were exposed overnight to Phos-
phor Screens (Molecular Dynamics, Piscataway, NJ). Screens were
visualized on a Storm 860 Phosphorimager scanner (Molecular Dy-
namics). Band intensities from the amido black staining and the au-
toradiograph were quantified using the Gels analytical tool in Im-
ageJ. For sample comparisons, the band intensities from the
autoradiographs were corrected for protein amount by dividing the
autoradiograph intensity by the amido black intensity. The experi-
ment was performed in triplicate at room temperature.

Electrophoretic mobility shift assays were performed by incubat-
ing Cen1 proteins (500 pg/ml) in MOPS buffer (10 mM MOPS, 50 mM
KCl, pH 8) containing 1 mM CaCl, or EGTA overnight at 4°C. Protein
samples were diluted in 2x native sample buffer (125 mM Tris, pH
6.8, 20% glycerol). Samples were run on 12% Laemmli acrylamide

Molecular Biology of the Cell



gels (Ausubel et al., 1997) minus SDS in the gels and running buffer.
Gels were washed three times in distilled H,O and stained in Gel
Code Blue Stain Reagent (ThermoFisher Scientific, Waltham, MA).
Gels were scanned on a Canon CanoScan 8400F scanner. The mo-
bility shift for Ca?* versus EGTA samples was measured using ImageJ
software. The experiment was performed five times.
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