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The ciliated protozoan Tetrahymena thermophila contains two distinct nuclei within a single cell—the mitotic
micronucleus and the amitotic macronucleus. Although microtubules are required for proper division of both
nuclei, macronuclear chromosomes lack centromeres and the role of microtubules in macronuclear division
has not been established. Here we describe nuclear division defects in cells expressing a mutant �-tubulin allele
that confers hypersensitivity to the microtubule-stabilizing drug paclitaxel. Macronuclear division is pro-
foundly affected by the btu1-1 (K350M) mutation, producing cells with widely variable DNA contents, including
cells that lack macronuclei entirely. Protein expressed by the btu1-1 allele is dominant over wild-type protein
expressed by the BTU2 locus. Normal macronuclear division is restored when the btu1-1 allele is inactivated
by targeted disruption or expressed as a truncated protein. Immunofluorescence studies reveal elongated
microtubular structures that surround macronuclei that fail to migrate to the cleavage furrows. In contrast,
other cytoplasmic microtubule-dependent processes, such as cytokinesis, cortical patterning, and oral appa-
ratus assembly, appear to be unaffected in the mutant. Micronuclear division is also perturbed in the K350M
mutant, producing nuclei with elongated early-anaphase spindle configurations that persist well after the
initiation of cytokinesis. The K350M mutation affects tubulin dynamics, as the macronuclear division defect is
exacerbated by three treatments that promote microtubule polymerization: (i) elevated temperatures, (ii)
sublethal concentrations of paclitaxel, and (iii) high concentrations of dimethyl sulfoxide. Inhibition of
phosphatidylinositol 3-kinase (PI 3-kinase) with 3-methyladenine or wortmannin also induces amacronucleate
cell formation in a btu1-1-dependent manner. Conversely, the myosin light chain kinase inhibitor ML-7 has no
effect on nuclear division in the btu1-1 mutant strain. These findings provide new insights into microtubule
dynamics and link the evolutionarily conserved PI 3-kinase signaling pathway to nuclear migration and/or
division in Tetrahymena.

Microtubules are multifunctional cellular structures that me-
diate intracellular transport, cell motility, chromosome segre-
gation, and cell division (40, 51). These polymers consist of
noncovalently linked heterodimers of �- and �-tubulin that are
decorated with microtubule-associated proteins that specify
different biochemical and cellular properties (reviewed in ref-
erence 35). A critical event in chromosome transmission is the
proper division and segregation of daughter nuclei. Astral mi-
crotubules that radiate from the spindle pole toward the cell
cortex direct the migration of the mitotic nucleus prior to
karyokinesis (reviewed in reference 32). This process is regu-
lated by the concerted action of microtubule-dependent mo-
tors (kinesins and dyneins) and microtubule growth and
shrinkage at the plus end. Actomyosin filaments generate the
contractile ring filament at the cleavage furrow, and microtu-
bules and septins complete cytokinesis (reference 43 and ref-
erences therein).

The ciliated protozoan Tetrahymena thermophila has been

used extensively as a model for studying microtubule-mediated
cellular processes and deciphering the role of posttranslational
modification of tubulin subunits (45). This research has been
facilitated by the presence of a single �-tubulin gene (ATU1)
and two �-tubulin genes (BTU1 and BTU2) that encode iden-
tical proteins (19, 31). DNA transformation methodologies
allow for the functional analysis of these genes by targeted
homologous recombination. Cytological and biochemical stud-
ies have thus far identified at least 17 distinct types of micro-
tubules with different subcellular localization patterns and/or
associated proteins (16).

The role of microtubules in Tetrahymena nuclear division is
likely to be complex, as Tetrahymena cells harbor two geneti-
cally related, but functionally distinct, nuclei—the germ line
micronucleus and the somatic macronucleus (reviewed in ref-
erence 25). The transcriptionally silent diploid micronucleus
serves as the reservoir of genetic information transmitted dur-
ing conjugation and is thus dispensable for vegetative growth.
The transcriptionally active polyploid macronucleus confers
the cellular phenotypes during vegetative division and devel-
opment. Microtubules play an essential role in mitotic and
meiotic chromosome segregation in the diploid micronucleus.
Furthermore, a meshlike microtubule network that forms at
the conjugal junction facilitates the reciprocal exchange of
pronuclei between mating cells (36).
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The contribution of microtubules to macronuclear division is
less clear. Although intramacronuclear microtubules appear
prior to karyokinesis, they are disordered (23). Since macro-
nuclear chromosomes lack centromeres, sister chromatids seg-
regate randomly (9) and spindle pole bodies do not form.
Instead, a nonconventional yet ordered array of cytoplasmic
microtubules assembles perpendicular to the division plane of
the replicated macronucleus. The temporal reorganization of
cytoplasmic microtubules suggests their involvement in macro-
nuclear division. In support of this idea, abnormal macro-
nuclear division can be induced with microtubule-destabilizing
drugs such as colchicine (23, 44). The blockage of cell division
in Tetrahymena by disruption of the kinesin-II gene (3) or by
mutations that eliminate �-tubulin polyglycylation (45, 51) also
implicates microtubules in cytokinesis.

Single amino acid substitutions in tubulin genes can dramat-
ically alter microtubule stability. For example, the polymeriza-
tion and stability of Chlamydomonas reinhardtii microtubules
are enhanced by the �-tubulin K350M mutation, which imparts
resistance to the microtubule-destabilizing drug vinblastine.
This same mutation confers hypersensitivity to the microtu-
bule-stabilizing drug paclitaxel (Taxol) (42). Similar drug sen-
sitivities are observed in connection with the T. thermophila
btu1-1 (K350M) allele (18).

The BTU1 locus has been exploited as a target site for
introducing native or foreign genes that do not impart a se-
lectable growth advantage on their own. Targeted disruption of
the btu1-1 (K350M) allele in strain CU522 confers resistance
to the microtubule-stabilizing drug paclitaxel (17), making pos-
itive selection for transformants possible. In the course of
experiments using the btu1-1 locus for gene targeting, we un-
covered cytogenetic evidence that microtubules are required
for macronuclear division in vegetatively dividing Tetrahymena.
We show that the btu1-1 (K350M) allele acts in a dominant-
negative manner to disrupt microtubule dynamics and de-
crease the fidelity of macronuclear transmission to daughter
cells. We also provide in vivo evidence for the involvement of
the signaling protein phosphatidylinositol 3-kinase (PI 3-ki-
nase) in microtubule-mediated macronuclear division.

MATERIALS AND METHODS

General methods. Molecular techniques were performed as described else-
where (1). T. thermophila genomic DNA was isolated by detergent lysis proce-
dures as previously described (53). Total RNA was isolated from vegetative and
conjugating cells by using RNeasy total RNA kits (QIAGEN, Valencia, Calif.).
[32P]-radiolabeled DNA probes were generated by PCR (30). Southern blotting
and reverse transcriptase PCR (RT-PCR) analyses were performed as previously
described (29).

T. thermophila strains and growth conditions. T. thermophila strains CU522,
CU725, and CU727 (Jacek Gaertig, University of Georgia) contain the mutant
�-tubulin allele btu1-1 (K350M), which confers hypersensitivity to paclitaxel.
CU428 and SB1969 are wild-type strains, and TC219 is a spontaneous paclitaxel-
resistant CU522 revertant. All strains were grown in 2% PPYS (PPYS is 2%
proteose peptone, 0.2% yeast extract, 0.1% sequestrene) at 25, 30, and 35°C on
a platform shaker as previously described (53). The potential role of microtu-
bules and the PI 3-kinase signaling pathway in amacronucleate cell formation
was examined by the addition of specific inhibitors to the culture media. Pacli-
taxel (1 mM stock in 100% ethanol; Sigma Chemicals) and vinblastine (0.5 mM
stock in 50% ethanol; Sigma Chemicals) inhibited cell growth by �50% at the
final concentrations used (1 �M for paclitaxel and 5 �M for vinblastine). When
used alone to study amacronucleate cell formation, dimethyl sulfoxide (DMSO)
was added to a final concentration of 2%. Concentrations of 1.0% or less had no
effect on amacronucleate cell formation. The PI 3-kinase inhibitor wortmannin

(250 �M stock in 100% DMSO; Calbiochem) was diluted to a final concentration
of 250 nM (the working concentration range in mammalian cell studies is 10 to
250 nM). The PI 3-kinase inhibitor 3-methyladenine (3-MA; 1 M stock in 100%
DMSO; Sigma) was diluted to a final concentration of 10 mM (the working
concentration in typical mammalian cell studies is 10 mM). The myosin light
chain kinase (MLCK) inhibitor ML-7 (10 mM stock in 100% DMSO; Calbio-
chem) was diluted to a final concentration of 1 to 10 �M (the 50% inhibitory
concentration is 300 nM for mammalian cells).

Transformation of T. thermophila. Strain CU522 was grown at 30°C in 100-ml
cultures (2% PPYS) to a density of 1 � 105 to 3 � 105 cells/ml and starved in an
equal volume of 10 mM Tris-HCl (pH 7.5) for 14 to 21 h. Cells were gently
pelleted and resuspended in 1 to 3 ml of 10 mM HEPES (pH 7.5) to a density of
approximately 107 cells/ml. The concentrated cells were transferred to a 100-
mm-diameter petri dish that contained a sterile Whatman 114 filter paper pre-
soaked with 2 ml of 10 mM HEPES (pH 7.5). The petri dish was placed in the
Bio-Rad gene gun sample chamber, and gold particles (1.0 �m in diameter)
coated with approximately 1.0 �g of a neomycin resistance cassette targeted to
the btu1-1 (K350M) locus (18) were introduced into cells biolistically as per the
instructions of the manufacturer (Bio-Rad). After transformation, cells were
incubated in 50 ml of prewarmed 2% PPYS at 30°C for 2 h. Paclitaxel was then
added to the culture to a final concentration of 20 �M. Cells were distributed
into 96-well plates (100-�l aliquots) and incubated in a dark humidity chamber
at 30°C for 4 to 7 days. Clonal paclitaxel-resistant cell lines were screened by
Southern blot analysis for disruption of the btu1-1 (K350M) locus (29). Contin-
uous selection in 20 to 40 �M paclitaxel was maintained until 100% phenotypic
assortment relative to the disrupted allele was achieved, as confirmed by RT-
PCR analysis of the targeted btu1-1 (K350M) allele.

Cell synchronization and flow cytometry. Cell cycle synchronization was
achieved by slight modification of a stationary-phase synchronization protocol
described previously (34). Briefly, saturated cultures were starved for 8 h prior to
dilution in growth media. Cells were stained with propidium iodide and moni-
tored for synchronization by flow cytometry as previously described (7).

Feulgen staining and cytophotometry. Cells were grown to a density of 1 � 105

to 2 � 105 cells/ml prior to being harvested by centrifugation for Feulgen staining
and dual-wavelength cytophotometry as previously described (28). Fifty individ-
ual micronuclei from conjugating pairs (CU428 � SB1969) were used as a
reliable diploid (2N, 4C [where N is the number of chromosomes and 1C is the
DNA content in a haploid nucleus]) standard to quantify the macronuclear DNA
contents of vegetative dividing cells (10). The DNA contents of 50 and 200
macronuclei from vegetative CU428 and CU522 cultures, respectively, were
determined for cells whose micronuclei were in early anaphase.

Confocal microscopy and immunofluorescence. One milliliter of a 105-cell/ml
log-phase culture was fixed with 0.5 ml of Schaudinn’s reagent as previously
described (28). A single drop of VectraShield with 6-diamidino-2-phenylindole
(DAPI; Vector Labs) was added to the cells prior to placement of 20 �l of the
fixed cell suspension onto microscope slides. To obtain vegetative dividing cells
for immunofluorescence analysis, 1 ml of a 105-cell/ml log-phase culture was
fixed by the Triton-ethanol procedure (48). Basal bodies were visualized with a
monoclonal primary antibody (FV4F9 diluted 1:20 in 1.0% bovine serum albu-
min [BSA] in Tris-buffered saline [TBS]) raised against a Tetrahymena basal body
protein and fluorescein isothiocyanate-conjugated goat anti-mouse secondary
antibody (diluted 1:100 in 1.0% BSA in TBS; Sigma Chemicals). Following
fixation in paraformaldehyde (6), microtubules associated with Tetrahymena nu-
clei were visualized by using cross-reactivity with a monoclonal antibody specific
for chicken �-tubulin (CPO6 diluted 1:100 in 1.0% BSA in TBS; Oncogene) as
described previously (15). Nuclei were counterstained with Sytox (Molecular
Probes) as previously described (6). Cells were examined either with conven-
tional fluorescence microscopy with an Olympus B-Max fluorescence microscope
at a magnification of �320 by using a 40� oil immersion lens objective, a
1.6-optivar setting, and a 5� ocular lens objective or with a Bio-Rad MRC1000/
1024 laser confocal microscope (University of Minnesota Imaging Center). Mi-
crographs were recorded and images were overlaid using a SPOT camera and
imaging software.

Acridine orange and Hoechst 33342 staining. Approximately 0.1 ml of cul-
tured cells was doubly stained with Apofluor (0.001% acridine orange and 5 �g
of Hoechst 33342/ml). Stained cells were immediately observed by fluorescence
microscopy as described above.

Cell division and nuclear segregation analysis. Cells were fixed and stained
with DAPI and visualized as previously described (28). Micrographs were re-
corded digitally using a SPOT camera and imaging software to create the neg-
ative images. Six micrograph images of each strain were captured, and the
percentage of cells lacking macronuclei was recorded. Each strain was measured
in three independent experiments when grown at 25, 30, or 35°C.
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RESULTS

Targeting of the btu1-1 (K350M) allele reveals a role for
�-tubulin in macronuclear division. Drugs such as vinblastine
and paclitaxel alter normal microtubule dynamics and are com-
monly used to block mitosis. A previous study of wild-type
strains demonstrated that microtubule-inhibitory drugs inter-
fere with amitotic macronuclear division in T. thermophila (20).
In an effort to better understand the role of microtubules in
both mitotic and amitotic nuclear division, we examined the
fate of micro- and macronuclei in strains expressing either the
wild-type (CU428) or paclitaxel-hypersensitive (CU522) �-tu-
bulin allele btu1-1 (K350M). In contrast to that in wild-type
cells, macronuclear morphology in CU522 (btu1-1) cultures
grown in the absence of paclitaxel showed significant variabil-
ity, the most obvious differences being cells that had diminutive
macronuclei or that lacked macronuclei entirely (Fig. 1A and
B). Inactivation of the macronuclear btu1-1 locus by targeted
disruption with several unrelated transgenes restored wild-type
macronuclear morphology and division (data not shown; see
below), suggesting that the btu1-1 mutation is responsible for
the macronuclear division defect. Other btu1-1 strains (CU725
and CU727) were similarly defective in macronuclear division.

Exacerbation of the btu1-1 (K350M) amacronucleate phe-
notype at elevated temperatures. The btu1-1 allele confers
hypersensitivity to the microtubule-stabilizing drug paclitaxel.
Since microtubules are also stabilized by elevated tempera-
tures, we tested the effect of temperature on amacronucleate
cell formation. Under standard culture conditions (30°C),
�6% of CU522 cells lacked macronuclei (Fig. 1B). The fre-
quency of amacronucleate cell formation increased to �12%
when growing cultures were maintained at 35°C. In contrast,
almost no amacronucleate cells were detected at 25°C. Irre-
spective of growth temperature, the amacronucleate pheno-
type was not detected in wild-type strain CU428, indicating
that the temperature-sensitive effect is linked to the btu1-1
allele.

Cytophotometric analysis revealed that the macronuclear
DNA contents of cells expressing the btu1-1 allele varied con-
siderably compared to those of wild-type cells (Fig. 1C). When
normalized to the postmeiotic 4C micronucleus, the average
macronuclear DNA content of CU522 cells cultured at 35°C
was 117C (standard error, �66C; range, 31C to 546C). In
contrast, the macronuclear DNA contents of wild-type CU428
cells grown under the same conditions were much more mod-
erate (mean, 93C; standard error, �13C; range, 64C to 132C),
with values similar to those reported previously for wild-type T.
thermophila strains (11). The wide range in macronuclear DNA
contents in CU522 populations indicates that asymmetric ma-
cronuclear division occurs frequently. These events not only
generate amacronucleate cells but also produce the reciprocal
product of asymmetric macronuclear division—cells with an
overabundance of macronuclear DNA.

The microtubule-stabilizing drugs paclitaxel and DMSO
promote amacronucleate cell formation. The dominant btu1-1
allele causes hypersensitivity to the microtubule-stabilizing
agent paclitaxel. Since the nuclear division defect in the mutant
is exacerbated at elevated temperatures, it seemed likely that
microtubule dynamics were being affected at the higher tem-
peratures. To test this hypothesis, we treated cells with increas-

ing concentrations of drugs that stabilize (paclitaxel) or desta-
bilize (vinblastine) microtubules. Titration curves were first
generated for paclitaxel and vinblastine to identify drug con-
centrations that slowed down, but did not completely inhibit,
cell growth (Fig. 2A and B). Drug concentrations that reduced
the growth rate by �50% were then tested for their effects on
macronuclear division. Paclitaxel (1 �M) caused a sixfold in-
crease in the frequency of amacronucleate CU522 cells (20%
of the treated population), but 5 �M vinblastine had no effect
(Fig. 2C).

DMSO has been shown to inhibit the polymerization of
astral microtubules in Xenopus laevis egg extracts (41, 47).
Two-percent DMSO produced a dramatic effect on amacro-

FIG. 1. btu1-1 (K350M) expression is coincident with an amacro-
nucleate phenotype. (A) Conventional fluorescent micrographs of
Apofluor-stained wild-type BTU1 and mutant btu1-1 (K350M) strains
(CU428 and CU522, respectively) grown at 35°C. Bar, 20 �m. (B) Per-
centages of amacronucleate cells in CU428 and CU522 cultures grown
at 25, 30, and 35°C. Amacronucleate cells of each strain were quanti-
fied independently on three separate occasions, with an average of 600
cells scored for the amacronucleate phenotype per experiment. T,
temperature. (C) Histograms showing the DNA contents for CU428
and CU522 cells. DNA contents were quantified cytophotometrically
as previously described (10). Mac, macronuclear.
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nucleate cell formation: more than one-third of the CU522 cell
population lacked a macronucleus (Fig. 2C). The titration
curve for DMSO was steep, as 1% DMSO had virtually no
effect on amacronucleate cell formation and 4% DMSO was
toxic (data not shown). Remarkably, cells with two macronu-
clei were not detected in all populations treated with regimens
that enhanced amacronucleate cell formation (exposure to el-
evated temperatures, paclitaxel, and DMSO). Similar to ele-
vated temperatures, microtubule-stabilizing drugs had no ef-
fect on macronuclear division in cells expressing just the full-
length wild-type �-tubulin gene (Fig. 2D shows data for TC219,
a CU522 revertant; see below). The allele-specific effect of
DMSO and paclitaxel suggests that both drugs target Tetrahy-
mena microtubules in vivo.

Paclitaxel resistance correlates with the loss of the amacro-
nucleate phenotype. As noted above, disruption of the btu1-1
(K350M) allele by insertion of a foreign gene confers paclitaxel
resistance. During the selection for targeted btu1-1 transfor-
mants, nontransformed clonal lines resistant to paclitaxel were
also isolated. RT-PCR analysis of mRNA from one of these
spontaneous mutant strains (TC219) revealed wild-type levels
of btu1-1 mRNA expression (Fig. 3A). TC219 and an indepen-
dently isolated btu1-1::Neo transformant failed to produce the
amacronucleate phenotype at all tested growth temperatures
(Fig. 3B). Sequence analysis of btu1-1 cDNA from TC219
revealed a 4-bp deletion at the �-tubulin codon corresponding
to S339, resulting in missense translation of btu1-1 until a
nonsense codon was encountered 76 codons beyond the S339
codon (Fig. 3C). Thus, the loss of the amacronucleate pheno-
type when the btu1-1 allele is either disrupted or mutated
demonstrates that expression of the �-tubulin K350M muta-
tion is responsible for the macronuclear division defect. Since
the CU522 strain also expresses wild-type �-tubulin from the
BTU2 locus, the mutant btu1-1 (K350M) allele must be dom-
inant over the wild type.

btu1-1 (K350M) nuclear phenotypes. CU522 and TC219
strains were examined by conventional and confocal micros-
copy to assess the organization of microtubules at various
stages of cell division. A panel of confocal images clearly illus-
trates that the amacronucleate phenotype in CU522 results
from a delay or failure in macronuclear elongation and division
(Fig. 4A). Although the micronuclei in dividing CU522 cells
often exhibit the normal round and condensed shape seen in
wild-type cells during cytokinesis, a large percentage of cells
possessed micronuclei with an elongated spindle shape char-
acteristic of micronuclear anaphase (Fig. 4B). This apparent
delay in micronuclear division was detected only in cells ex-
pressing the btu1-1 (K350M) allele.

Nuclear microtubules were visualized directly with a mono-
clonal antibody that cross-reacts with Tetrahymena �-tubulin.
Confocal immunofluorescence images of dividing CU522 and
TC219 cells are shown in Fig. 5. Three observations were
immediately apparent. First, abnormally long microtubule
bundles were detected early in cell division as spiraling whorls
that encircled macronuclei in CU522 cells but not in TC219
cells (Fig. 5B, C, and E). These structures were reminiscent of
those described by Fujiu and Numata (15) for wild-type Tet-
rahymena cells whose macronuclear microtubules had been
stabilized artificially with high concentrations of paclitaxel.
Second, immediately preceding cytokinesis, unusually robust

FIG. 2. Effect of paclitaxel, vinblastine, and DMSO on CU522
(btu1-1) and TC219 revertant cells. (A and B) Dose-dependent effects
of paclitaxel (PX) and vinblastine (VB) on growth of CU522 and
TC219 cells. Vegetative cells were cultured overnight in different con-
centrations of microtubule polymerization (paclitaxel) or depolymer-
ization (vinblastine) inhibitors, and cell densities were determined with
a hemocytometer. (C and D) Effects of microtubule inhibitors on
amacronucleate cell formation. Vegetative cells (CU522 and TC219)
were treated for 9 h with 1 �M paclitaxel, 5 �M vinblastine, or 2%
DMSO. The percentages of amacronucleate cells were determined by
fluorescence microcopy of DAPI-treated cells. Data are the means �
standard deviations of results from three experiments in which 200
cells per sample were counted. ND, no amacronucleate cells detected.
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bundles of microtubules were associated with the macronuclei.
The abnormally elongated macronuclei often failed to form
macronuclear constrictions (compare Fig. 5D and F). The mi-
crotubule bundles occasionally wrapped around inside one of
the two daughters in cells that failed to undergo macronuclear
division (Fig. 5H). A third, less conspicuous phenotype was the
persistence of micronuclei in an elongate, early-anaphase spin-
dle configuration (Fig. 5). These structures were present long

after micronuclear division was completed in strain TC219
(data not shown). The micronuclei often segregated wholly
with one or the other future daughter (Fig. 5H) and as a result
would be expected to generate both multimicronucleate and
amicronucleate cells.

For the three paclitaxel-sensitive strains tested (CU522,
CU725, and CU727), careful cytological examination failed to
uncover any defects in cytokinesis, such as mislocalization of
the cleavage furrow (data not shown). To more completely
assess whether the btu1-1 (K350M) mutation affects non-
nuclear microtubule-mediated processes, we examined the
structure and propagation of the oral apparatus and cortical
patterning in paclitaxel-resistant (TC219) and -sensitive
(CU522) strains (Fig. 6). Representative images of TC219
were indistinguishable from those of CU522. Immunocyto-
chemical staining with polyclonal antisera specific for Tetrahy-
mena basal bodies (5) revealed normal oral and cortical devel-
opment during cell division (Fig. 6F to K). Fission furrows and
oral primordia were evident in cells that contained small ma-
cronuclei or no macronuclei at all. Cortical development was
similarly unaffected. Consistent with the observed defect in
macronuclear transmission (Fig. 1A and Fig. 4), the macronu-
clei were unequally positioned across the cleavage furrows
during cytokinesis in many CU522 cells (Fig. 6F to J). In
contrast, the elongated macronuclei were evenly distributed
across the cleavage furrows in TC219 revertants (Fig. 6A to D).
Thus, asymmetric positioning of the replicated macronuclei

FIG. 3. A spontaneous mutation at the btu1-1 locus leads to pacli-
taxel resistance. (A) RT-PCR analysis of total RNA (2 �g) from
CU522 (paclitaxel sensitive), TC219 (paclitaxel resistant), and
btu1-1::Neo (a paclitaxel-resistant transformant whose btu1-1 locus has
been disrupted by the neomycin resistance cassette) with primers spe-
cific for the btu1-1 locus. An ethidium bromide-stained agarose gel of
the RT-PCR products (with [�] or without [�] avian myeloblastosis
virus RT [AMV-RT]) is shown. cds, coding sequence. (B) The per-
centages of amacronucleate cells at 25, 30, and 35°C for CU522 (pac-
litaxel sensitive), TC219 (paclitaxel resistant), and btu1-1::Neo (pacli-
taxel resistant) were quantified as described for Fig. 1B. T,
temperature. (C) Partial open reading frames for the btu1-1 alleles
from the paclitaxel-sensitive strain CU522 and the paclitaxel-resistant
strain TC219 are shown. The shaded area for the TC219 btu1-1 allele
represents the region downstream of codon 340 that is frame shifted
due to a spontaneous 4-bp deletion. B and H, recognition sites for
BamHI and HindIII, respectively.

FIG. 4. Abnormal nuclear morphologies of dividing cells that ex-
press �-tubulin K350M. (A) Confocal images of representative CU522
and TC219 cells stained with DAPI at different stages of the cell cycle.
The asterisks mark the unequal segregation of the macronucleus dur-
ing cytokinesis in strain CU522. (B) Conventional fluorescence micros-
copy of DAPI-stained CU522 cells grown at 35°C. In the more highly
magnified images (lower panels, corresponding to the boxed regions in
the upper panels), micronuclei with elongated mitotic spindles that
persist well beyond the initiation of cytokinesis are evident. Bars, 20
�m.
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may possibly account for the wide variation in macronuclear
DNA contents in CU522 cell populations (Fig. 1C).

PI 3-kinase inhibitors exacerbate the macronuclear division
defect in the btu1-1 mutant. PI 3-kinase activates intracellular
signaling cascades that are important for the regulation of
many metabolic events in the cell cycle (4). The p55 and p85
regulatory subunits of mammalian PI 3-kinase bind to �-tubu-
lin in vitro and exhibit perinuclear staining in vivo (22, 24).
Although enzymatic evidence for PI 3-kinase has not yet been
obtained for Tetrahymena, biochemical studies have identified
the substrate for PI 3-kinase, PIP2 (phosphatidylinositol 4,5
diphosphate) (26, 27, 52). In addition, the PI 3-kinase inhibi-
tors wortmannin and 3-MA inhibit caspase-induced autophagy
(52), similar to their well-documented effects on mammalian
cells and the slime mold Dictyostelium discoideum (38).

BLAST analysis of the unannotated T. thermophila genome
database (http://www.tigr.org/tdb/e2k1/ttg/) revealed several
strong candidate orthologues of the PI 3-kinase catalytic sub-
unit. The most conserved homology was found in a 357-kb
Tetrahymena genome scaffold (no. 8254435) within six pre-
dicted exons that span �60% of the human catalytic subunit

coding region. When the combined exons were used to query
the National Center for Biotechnology Information nonredun-
dant sequence database, strong homology was observed with
the PI 3-kinase catalytic subunits from a wide variety of eu-
karyotes, including the slime mold D. discoideum (expected [E]
value, 2�76) and vertebrates (Homo sapiens; E value, 3�63)
(Fig. 7A). Similar searches identified a strong Tetrahymena
candidate for the phosphatase and tensin homologue (PTEN),
the enzyme that reverses the reaction catalyzed by PI 3-kinase
(Fig. 7B). These data indicate that Tetrahymena encodes the
key components of the classical PI 3-kinase pathway.

Since mammalian PI 3-kinase associates with �-tubulin, we
asked whether Tetrahymena PI 3-kinase was involved in micro-
tubule-mediated macronuclear division. Tetrahymena strains
CU428 (BTU1) and CU522 (btu1-1) and the spontaneous re-
vertant TC219 were treated with the PI 3-kinase inhibitors
wortmannin and 3-MA at concentrations similar to those used

FIG. 5. Immunocytological analysis of microtubules associated
with nuclei in strains CU522 and TC219. Confocal fluorescent images
of paclitaxel-resistant TC219 cells (A, D, and G) and paclitaxel-hyper-
sensitive CU522 cells (B, C, E, F, H, and I) are shown. Vegetatively
dividing cells were maintained at 35°C prior to fixation and labeling
with an antibody specific for �-tubulin (CPO6; Oncogene). (A to C)
Cells in the first row are representative of those in the early stages of
cell division, just prior to macronuclear division stage 1 (15) and at oral
development stages 2 to 4 (14). (D to F) Cells in the second row
represent those that have initiated cytokinesis and macronuclear divi-
sion stages 2 to 3. (G to I) The third row represents cells near the
completion of cytokinesis and macronuclear development stages 5 to 6
(15). Large arrows indicate the developing cleavage furrows, whereas
small arrows point to micronuclear spindles. Bar, 20 �m.

FIG. 6. Immunocytological analysis of cell membrane-associated
microtubule-containing compartments in vegetatively dividing strains
CU522 and TC219. Shown are fluorescent images of cells grown as
described for Fig. 5 prior to fixation and labeling with FV4F9, a
polyclonal antibody specific for basal body antigens (fluorescein iso-
thiocyanate), and counterstained with DAPI (blue). Images in panels
A to D are of TC219 cells, which do not express full-length K350M
�-tubulin. Images in panels E to K are of CU522 cells, which express
K350M �-tubulin and are hypersensitive to paclitaxel. The fission fur-
rows formed during the initiation of cytokinesis are marked with ar-
rows. Note the pattern of membrane-associated microtubule struc-
tures: basal bodies are along ciliary rows, apical (parental) oral
apparatus, and medial (daughter) oral primordia. The indistinguish-
able pattern in these two strains suggests that the K350M mutation has
no effect on basal body- or oral apparatus-associated microtubules (see
the text for discussion). Bar, 20 �m.
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in mammalian cell studies (13, 33, 39). When these drugs were
added to synchronized cells at various times following release
from G0/G1 arrest, a significant increase in the frequency of
amacronucleate cell formation was observed (Fig. 8A). This
effect was limited to the �-tubulin K350M mutant alone and
was most pronounced when inhibitors were added to S/G2-
phase cells. Thus, the effect of PI 3-kinase inhibitors on ma-
cronuclear division was dependent on expression of the btu1-1
(K350M) allele.

Since high concentrations of wortmannin inhibit mammalian
MLCK (46) and an unusual myosin-like protein is required for
macronuclear elongation in Tetrahymena (50), we asked
whether the highly specific MLCK inhibitor ML-7 could also
induce amacronucleate cell formation. ML-7 at concentrations
of 1 to 10 �M (50% inhibitory concentration for mammalian

cells, 300 nM) had no effect on macronuclear division (data not
shown). Higher concentrations of ML-7 (50 to 100 �M) were
toxic and therefore uninformative.

Flow cytometry was used to examine the effect of 3-MA on
cell cycle progression in CU522 cells. A partial block in the cell
cycle was observed when the drug was added to G0-arrested
and refed cells (Fig. 8B; compare panels for 3 h after refeed-
ing). There was significant accumulation of cells with lower
than normal DNA contents 6 h after drug treatment (sub-G0

peak), most likely due to the asymmetric macronuclear division
documented for this strain. The sub-G0 peak was more pro-
nounced when 3-MA was added to cultures that were predom-
inantly in the S/G2 stage of the cell cycle (Fig. 8B, lower
panels). This observation is consistent with the increased fre-
quency of amacronucleate cell formation documented micro-

FIG. 7. Candidate Tetrahymena orthologues of the PI 3-kinase catalytic subunit and PTEN. Shown are MULTALIN multiple sequence
alignments of human (H.s.) PI 3-kinase (A) and PTEN (B) with conserved protein domains in the translated D. discoideum (D.d.) and T.
thermophila (T.t.) genome databases. Boldfaced amino acids are shared between at least two of the depicted species. The strongest Tetrahymena
PI 3-kinase catalytic subunit and PTEN candidate genes reside on Tetrahymena sequence scaffolds 8254435 and 8254807, respectively (http:
//www.tigr.org/tdb/e2k1/ttg/). BLAST analysis E values obtained using the Tetrahymena PI 3-kinase catalytic subunit candidate gene as the query
were 2�76 for the D. discoideum PI 3-kinase subunit gene (GenBank accession no. U23477.1) and 3�63 for the human PI 3-kinase subunit gene
(GenBank accession no. U57843.1). E values obtained with the Tetrahymena PTEN candidate gene query were 2�43 for the D. discoideum PTEN
gene (GenBank accession no. AF467431.1) and 8�42 for the human PTEN gene (GenBank accession no. U92436.1).
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scopically (Fig. 8A). Since the PI 3-kinase inhibitors produced
the same effect on macronuclear segregation as three known
treatments that stabilize microtubules, we conclude that the PI
3-kinase pathway is required for proper macronuclear division.
The dependence of PI 3-kinase inhibitors on the btu1-1
(K350M) mutation suggests that this kinase regulates micro-
tubule-mediated processes that are dedicated to nuclear divi-
sion.

DISCUSSION

Previous cytological studies provide a framework for the
events associated with macronuclear division (23, 44). Upon
completion of micronuclear mitosis, the macronucleus aligns at
the cleavage furrow and divides more or less equally prior to
cytokinesis. Cytoplasmic microtubules associate with the ma-
cronucleus in large numbers at this time, often forming bun-
dles at the beginning of the elongation phase. These bundles
ultimately localize to the constricted center of the bilobed
dividing macronucleus. Macronuclear division and segregation
typically precede the formation of a pronounced cytoplasmic
cleavage furrow. Colchicine and other microtubule polymer-
ization inhibitors block macronuclear constriction and disrupt
the temporal relationship between macronuclear division and

cytokinesis, often resulting in two daughter cells that receive
grossly unequal quantities of nuclear material. It has been
suggested that macronuclear division under these circum-
stances is mediated by pressure exerted by the cleavage furrow
(23, 49). Since the macronuclear division defect observed in
the btu1-1 mutant is strikingly similar to that described for
colchicine-treated wild-type cells, this process must be regu-
lated by dynamic changes in microtubule polymerization and
depolymerization. This prediction is borne out by our obser-
vation that three regimens that stabilize microtubule polymer-
ization (elevated temperatures, high DMSO concentrations,
and sublethal concentrations of paclitaxel) increase amacro-
nucleate cell formation in the btu1-1 mutant.

Since amitotic macronuclear division is inherently imprecise,
variation in macronuclear DNA contents occurs naturally in
wild-type Tetrahymena populations. Unconventional mecha-
nisms have evolved to maintain genic balance. For example,
excess macronuclear DNA is eliminated from the macronu-
cleus in the form of chromosome extrusion bodies (2). When
DNA content drops below a threshold, the macronucleus un-
dergoes an endoreplication cycle prior to cell division (10). The
broadened macronuclear DNA content profile of CU522 cells
is best explained by a failure in macronuclear division rather

FIG. 8. PI 3-kinase inhibitors exacerbate the amacronucleate phenotype in CU522 cells and partially arrest cells at the G1/S boundary.
Ten-micromolar 3-MA or 250 nM wortmannin was added to synchronized vegetative cultures (strains CU522, TC219, and CU428) during G0/G1
or S/G2. (A) The percentages of amacronucleate cells were determined by fluorescence microscopy following a 6-h incubation with or without drug
treatment. (B) Results of flow cytometry analysis of synchronized CU522 cultures 0, 3, 6, and 9 h after addition of 3-MA. A measure of the relative
DNA contents (abscissas) indicates arrest of a subpopulation at the G1/S boundary and formation of a sub-G0 peak (indicative of asymmetric
macronuclear division) when 3-MA was added during G0/G1. The sub-G0 peak was more pronounced when 3-MA was added during S/G2.
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than replication, since cells with higher and lower than normal
DNA contents were observed. Thus, the two extremes in the
population (cells with abnormally high DNA contents and
those with no macronuclei at all) represent failures in macro-
nuclear migration and/or division.

Despite the fundamental differences in micro- and macro-
nuclear division (mitotic versus amitotic), expression of btu1-1
(K350M) impacts both processes. Since cytokinesis, cortical
patterning, and oral apparatus assembly appear to be unaf-
fected, the btu1-1 allele behaves like a separation-of-function
mutation. Microtubule stability is enhanced by this mutation,
resulting in hypersensitivity to paclitaxel and distinct aberra-
tions in nuclear-associated microtubules. During the early
stages of cell division, CU522 cells grown at 35°C exhibit pro-
nounced macronuclear microtubules in a spiral array (Fig. 5)
that closely resemble those detected in wild-type cells treated
with paclitaxel (15). Coincident with the first stages of cytoki-
nesis, macronuclear microtubules accumulate in strange and
persistent bipolar spindles. The appearance of these unusually
robust microtubule bundles correlates with the failure in ma-
cronuclear division. In contrast, persistent microtubule spin-
dles are associated with the mitotic micronuclear chromo-
somes during anaphase. These spindles are normally absent
well before macronuclear elongation and the initiation of cy-
tokinesis (Fig. 5). Taken together, it is likely that the enhanced
stability of microtubules that have incorporated �-tubulin
K350M alters normal microtubule dynamics, leading to the
nuclear phenotypes described in this study.

In Saccharomyces cerevisiae and fungi, astral microtubules
that emanate from the spindle pole body scan the mother cell
cortex and direct the migration of the mitotic nucleus to the
cleavage furrow. When nuclear migration is blocked, the nu-
cleus still divides, thereby generating a binucleate and an
anucleate daughter (reference 1a and references therein). Re-
markably, cells with two (or more) macronuclei were not ob-
served, suggesting that macronuclear division does not occur in
missegregation mutants. Since the Tetrahymena macronucleus
lacks a spindle pole body, the mechanism for macronuclear
segregation must be inherently unique. Whether macronuclear
migration is required for division is not known. Current data
cannot rule out the possibility that the macronuclear division
defect in the btu1-1 mutant is due solely to a defect in nuclear
migration.

Recent studies have demonstrated a role for structural (ac-
tin and tubulin) and motor (myosin and kinesin) proteins in
macronuclear division and cytokinesis in Tetrahymena. In con-
trast to the btu1-1 (K350M) allele described here, mutations
documented for these proteins affect nuclear and cytoskeletal
processes. For example, deletion of the MYO1 gene, which
encodes an unusual myosin-like protein, causes defects in en-
docytosis and macronuclear division (50). Similarly, expression
of green fluorescent protein-tagged actin blocks macronuclear
division and cytokinesis (20). Thus, both actomyosin filaments
(20, 50) and cytoplasmic microtubules (this work) are required
for proper macronuclear division. Whether the �-tubulin
K350M mutation disrupts an interaction between cytoplasmic
microtubules and actomyosin filaments remains to be deter-
mined.

It is also possible that the increase in microtubule stability
and the associated macronuclear division defect may be medi-

ated by the net loss of a positive charge in �-tubulin K350M.
Alternatively, the K350M substitution may block posttransla-
tional modification of K350 or nearby residues. Since the
K350M mutation is dominant over the wild type, this mutation
may affect the integrity of mixed microtubule polymers. Con-
sistent with this prediction, the deduced �-tubulin product in
the TC219 revertant strain lacks the domain(s) at the �-tubulin
C terminus required for microtubule assembly (12). Conse-
quently, the truncated protein would not be expected to con-
tribute to microtubule-related functions. The simultaneous
loss of the amacronucleate phenotype and reacquisition of
paclitaxel resistance support this contention.

The pharmacological studies presented here suggest a novel
role for the PI signaling pathway in macronuclear division.
Specific inhibitors of PI 3-kinase induce asymmetric macro-
nuclear division and amacronucleate cell formation. These
agents effectively amplify the nuclear division defect of the
�-tubulin K350M mutant in a manner analogous to those of
previously established treatments that enhance microtubule
stability (elevated temperatures, high DMSO concentrations,
and sublethal concentrations of paclitaxel). Furthermore, the
PI 3-kinase inhibitors showed no evidence of general cytotox-
icity at the concentrations used, and other cytotoxic drugs that
target microtubules or actomyosin filaments showed no effect
on macronuclear division. Additional studies are needed to
determine the exact relationship of the PI 3-kinase signaling
pathway to macronuclear division. In vitro mammalian studies
have demonstrated interactions between the regulatory sub-
units of PI 3-kinase and �-, �-, and 	-tubulins (24), and PI
3-kinase inhibitors increase the efficacy of paclitaxel in ovarian
cancer models (21). Since several distinct point mutations in
the �-tubulin gene (not the K350M mutation) can lead to
clinical drug resistance (reviewed in reference 37), a better
understanding of how PI 3-kinase regulates microtubule dy-
namics in the genetically tractable eukaryote Tetrahymena may
provide new insights. Recent studies in plants have identified
another phospholipid signaling enzyme, phospholipase D, that
interacts with microtubules in vivo and mediates stress-induced
microtubule reorganization (8). Our demonstration of a func-
tional in vivo link between �-tubulin and PI 3-kinase in Tetra-
hymena suggests a concerted role for these proteins in the
regulation of nuclear division.
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