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Abstract We report here the cloning and the characterization
of the T. pyriformis CCTn gene (TpCCTn) and also a partial
sequence of the corresponding T. thermophila gene (TtCCTn).
The TpCCTn gene encodes a protein sharing a 60.3% identity
with the mouse CCTm. We have studied the expression of these
genes in Tetrahymena exponentially growing cells, cells regen-
erating their cilia for different periods and during different stages
of the cell sexual reproduction. These genes have similar patterns
of expression to those of the previously identified TpCCTy gene.
Indeed, the Tetrahymena CCTn and CCTy genes are up-
regulated at 60-120 min of cilia recovery, and in conjugation
when vegetative growth was resumed and cell division took place.
Our results seem to indicate that both CCT subunits play an
important role in the biogenesis of the newly synthesized cilia of
Tetrahymena and during its cell division.

Kkey words: CCTn-chaperonin gene; Ciliated protozoan;
(rene structure; Gene expression

1. Introduction

In the cell, as in vitro, the final conformation of a protein is
determined by its amino-acid sequence. However, whereas
some isolated proteins can be denatured and refolded in vitro
i the absence of other macromolecular cellular components,
folding in vivo, as well as other aspects of protein assembly,
involves interactions with pre-existing proteins that are gen-
erally designated as molecular chaperones [1]. One of the par-
ticularly well studied families of molecular chaperones is the
chaperonins [2,3]. Members of this protein family were first
identified in eubacteria (GroEL in Escherichia coli) [4] and in
certain organelles of eukaryotic cells, such as mitochondria
(iIsp60 in mitochondrial matrix) [5] and chloroplasts (Rubis-
co-subunit-binding protein, RBP) [6]. These proteins assemble
into large oligomeric complexes of 60 kDa subunits that are
usually arranged as two stacked heptameric rings with a cen-
tral cavity (for review [2,3]).

Recently a second group of chaperonins in archaebacteria
and in the cytosol of eukaryotic cells has been described (for
review {7-9]). Indeed, the eukaryotic cytosol contains an
abundant ring-shaped chaperonin that seems to be the cyto-
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solic counterpart of the GroEL chaperonin in eubacteria and
Hsp60 and RBP in symbiotic organelles. This chaperonin,
designated by Chaperonin Containing TCP1 (CCT) [10], is a
hetero-oligomeric complex that in mammalian cytosol has a
molecular mass of about 850-900 kDa. It is composed of
seven to nine distinct polypeptides in the 5265 kDa size range
[10-12]. In mouse, genes coding for eight of the CCT subunit
polypeptides have already been isolated and were designated
as CCTa (for the original TCP1), CCTB,... and CCT{ [10,13].
These proteins are ~ 30% identical to each other in all the
pairwise combinations, and weakly related to the traditional
chaperonins. Interestingly, a highly significant sequence simi-
larity was detected between the CCT subunits and the archae-
bacterial proteins TF55 [14] and thermosome [15,16]. The high
heteromeric nature of the CCT particle suggests that CCT
may function as a more elaborate folding machinery when
compared with the other chaperonins as the latter only have
one or two subunits species.

It has been shown that in vitro CCT is involved in the
folding of actin [17,18], tubulin [12,19] and firefly luciferase
{12,20]. In vivo studies indicate that newly synthesized o- and
B-tubulin and actin enter in a 900 kDa complex containing
TCP1 and that tubulin is released from this complex compe-
tent to form heterodimers [21]. In yeast, S. cerevisiae, the
mutations in CCT, CCT8 and CCTy cause abnormal micro-
tubular structures [22-24] and disruption of actin microfila-
ments [23].

Tetrahymena is a protozoan ciliate exhibiting highly differ-
entiated microtubule networks in combination with small tu-
bulin gene families [25,26]. In a previous paper, we have de-
scribed the characterization of the TpCCTy and its co-
expression with tubulin during cilia biogenesis [27]. Now, we
report the isolation and characterization of another member
of the Tetrahymena pyriformis and Tetrahymena thermophila
CCT subunit gene family CCTn (TpCCTn and TtCCTn, re-
spectively). The expression of these genes was studied during
Tetrahymena cilia recovery and during the complex process of
sexual reproduction (conjugation). Our results show that this
CCTn gene follows the same pattern of expression as the
CCTy gene, indicating a possible role of these subunits in
the biogenesis of new cilia and during cell division.

2. Material and methods

2.1. Cells and Culture Conditions

T. pyriformis amicronucleated CGL strain was grown axenically in
enriched proteose/peptone/yeast extract medium (PPY) at 28°C [28].
Cells were harvested in the stationary phase at a density of 1.5x10°
cells/ml for DNA extraction. For RNA extraction, cells were collected
in the exponential phase at 2x10° ceils/ml. Cell suspensions were
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deciliated essentially as described by Guttman and Gorovsky [29],
except that PPY medium was always used. Cells recovered normal
motility after 90-min reciliation and then maintained their normal
generation time of about 3 h. Conjugation was performed according
to Martindale et al. [30] using the micronucleated 7. thermophila.
Cells were grown, starved and mated at 30°C. Cultures were starved
in 10 mM Tris-HCI pH 7.5 for at least 24 h. To begin conjugation
equal numbers of cells from the two starved cultures of different
mating types (strain B4 and strain SB1918) were gently mixed and
then subdivided into samples of 25 ml each (2 10° cells). The sam-
ples were maintained at 30°C without shaking and at each time point
the total cytoplasmic RNA from one sample was prepared. The cyto-
logical stages were followed using the Giemsa method described by
Burns and Brussard [31].

2.2. Cloning of Tetrahymena CCTn genes

Degenerated primers (CCTnd — 5-GCCTCTAGAAAY-
GAYGGTGCYACYATY-3' and CCTcc — 5'-GCCGGATCCRG-
CACCACCACCRGSRAC-3") designed taking into account the con-
served regions among all the CCT subunits so far known and
Tetrahymena codon usage, were used to amplify T. pyriformis and
T. thermophila genomic DNA. The PCR cycling conditions were as
follows: 5 cycles of 92°C for 30 s, 45°C for 30 s and 72°C for 2 min,
followed by 35 cycles of 92°C for 30 s, 45°C for 30 s and 72°C for
2 min and finally 72°C for 10 min. The reaction products (1.4, 1.55
and 1.7 kb fragments for 7. pyriformis and 1.55 and 1.2 kb fragments
for T. thermophila) were cloned into pUC19 plasmid and sequenced.
One of the clones, named pTtM1, containing the T. thermophila 1.2 kb
amplified fragment encodes a protein related to mouse CCTn. This
fragment was used to screen a Sau3Al genomic library, constructed
with macronuclear DNA isolated from T. pyriformis and A Dash II as
a vector [27). Filters were prehybridized and hybridized at 40°C with
6XSSC (1xX8SC=0.15 M NaCl, 15 mM trisodium citrate, pH 7.0),
5% Denhardt’s solution, 0.1% SDS (mass/vol), 100 pg/ml sonicated
salmon sperm DNA and 20 mM sodium phosphate pH 6.5, and
washed for 10 min at 50°C with 2XSSC followed by a 10 min with
2XSSC, 0.1% (mass/vol) SDS at 55°C. One of the positive clones,
named TpCCTn11.3, was analysed by restriction mapping. Restriction
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fragments were subcloned in pUCI9 plasmid. Sequential deletions
were made using the double-stranded Nested Deletion kit (Pharma-
cia). Sequencing in both strands was performed on denaturated plas-
mid DNA with the T7 sequencing kit (Pharmacia) according to the
supplier’s instructions. Nucleotide sequence analysis was carried out
using the GCG package (1991) (Genetics Computer Group, Inc., Wis-
consin, USA) and DNASIS 5.0 program obtained from Hitachi-LKB.

2.3. Northern blot hybridization

Total cytoplasmic RNAs from exponentially growing cells, reciliat-
ing cells at different times after deciliation and conjugating cells were
extracted from 7. pyriformis and T. thermophila cells essentially as
reported by Soares et al. [32]. Total cytoplasmic RNAs were subjected
to Northern blot analysis as described by Sambrook et al. [33]. When
hybridizations were performed using BTT1 as probe [25], the condi-
tions were the same as described by Cbias et al. [34]. Hybridizations
were carried out using probes from T. pyriformis TpCCTn and
TpCCTy genes and also T. thermophila TtCCTn genes and performed
as previously described [27].

2.4. Radioactive probes

T. thermophila TtCCTn gene DNA probe was prepared from
pTtM1 plasmid DNA hydrolised with BamH]1, to generate a 1.2 kb
fragment, that contain two introns and 63.3% of the coding region.
T. pyriformis TpCCTn gene DNA probe was prepared from pTpH2.3
plasmid DNA hydrolysed with Sful to generate a 0.37 kb fragment
containing part of the 5th exon of this gene. The homologous DNA
probes encoding T. pyriformis TpCCTy subunit and BTT1 tubulin
were prepared from pTpE3 and IB1 plasmids, respectively as de-
scribed by Soares et al. [27]. Fragments were labelled using the Mega-
prime DNA labelling system (Amersham) and [a-*2P}JdATP (3000 Ci/
mmol) (Amersham Inter. plc.).

2.5. Densitometric analysis

Densitometric analysis of autoradiograms from Northern blots was
carried out using the LKB 2222-020 UltraScan XL laser densitometer.
The scan data were collected and processed using the LKB 2400
GelScan XL software.
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Fig. 1. Nucleotide sequence of the Tetrahymena CCTn genes. The complete nucleotide sequence of the TtCCTn (A, left) and the partial nucleo-
tide sequence of the TpCCTn gene (B, right) are shown in uppercase letters whereas introns are indicated in lower case letters. The predicted
amino acid sequences of the CCTn gene are shown below the respective nucleotide sequence. The stop codon is indicated by asterisks. Purine-
rich sequences with an axis of symetry in the 5’-non-coding-region of the TpCCTn are double underlined. These sequences might be non-cano-
nical TATA boxes in Tetrahymena [40). The codons TAA and TAG coding for Gln are single underlined.
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Fig. 1 (continued)
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Results

3 1. Cloning and structure of the CCTn gene in Tetrahymena

In order to clone the different members of the CCT gene
family, we have synthesized several degenerate primers based
on conserved regions among CCT subunits. Using these prim-
ers and PCR techniques several genomic DNA fragments
from T. thermophila have been cloned and sequenced. Fig.
1A shows the nucleotide sequence corresponding to the clone

pTtM1 containing a DNA insert with 1.244 kb. This DNA
insert is part of a gene encoding a protein related to the
mouse CCTn subunit. The sequenced coding region is inter-
rupted by two introns with 58 and 125 bp, respectively. Using
the 1.244 kb fragment from pTtM1 plasmid as probe we were
able to isolate several positive phage plaques from a genomic
library of T. pyriformis. These clones were analysed by restric-
tion mapping and Southern blotting (results not shown). One
of the positive clones, named TpCCTn11.3, contains the com-
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plete sequence of the TpCCTn subunit gene coding region as
well as 5'- and 3'-non-coding regions. In Fig. 1B the nucleo-
tide sequence of 7. pyriformis CCTn subunit gene is dis-
played. The coding region of this gene is interrupted by five
introns that range in size from 82 to 419 bp. The intron
positions were deduced in both genes as already described
for the TpCCTy [27] and also by comparison of the coding
region of mouse CCTn [10]. Interestingly, the two introns of
the TtCCTn gene occur in positions corresponding to those of
the third and fourth introns of the TpCCTn gene, suggesting
that the intron positions are conserved between the two genes
of the two species. Thus it might be possible that at least these
introns were fixed in the CCTn subunit gene before the split
of the two Tetrahymena species. However, no sequence simi-
larity was found between introns from the two organisms. The
TpCCTn subunit gene encodes a protein consisting of 558
amino acid residues with a calculated molecular mass of
60.9 kDa and a putative pl of 6.44.

3.2. The TtCCTn and TpCCTn amino acid predicted sequences
A comparison of the predicted amino acid sequence of the
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Fig. 2. Alignment and comparison of Tetrahymena CCTn deduced
amino-acid sequence with CCTn from mouse. The deduced amino-
acid sequences for the T. pyriformis and T. thermophila CCTn poly-
peptides were aligned and compared with mouse CCTn [10], the
only CCTn subunit from which the amino acid sequence is available
so far. Gaps were inserted when required to maximize the alignment
and are represented by points. Dashed line indicates the missing se-
quence of T. thermophila CCTn subunit. Asterisks indicate the end
of the open-reading-frames.
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TtCCTn gene with the corresponding partial sequence of the
TpCCTn gene shows 92.6% identity. When this type of anal-
ysis is extended to the distinct CCT subunits from mouse
[10,13], an identity of 60.3% with the CCTn subunit was
found while values ranging from 27% (CCT6) to 35.1%
(CCTa) were obtained with the other 7 proteins. These results
led us to conclude that the TpCCTn and the TtCCTn encode
the homologue proteins of mouse CCTn. An identity of 36.4%
was also obtained with the TpCCTy subunit, a value similar
to that found when the comparison is performed with mouse
CCTy subunits (32.5% and 33.6%) [10].

The alignment of the predicted amino acid sequences of the
Tetrahymena TtCCTn, TpCCTn and mouse CCTn subunit
protein is shown in Fig. 2. The TpCCTn protein contains
14 amino acid residues more than its mouse counterpart
from which 11 are located in the carboxyl terminus. This
feature was also revealed for the TpCCTy. This alignment
shows 6 regions (positions 3-37, 98-213, 258-290, 316-371,
415-439 and 474 until the carboxyl terminus) of variable
length where the majority of the amino acid substitutions
occurs between the TpCCTn and its mouse counterpart. In-
terestingly, the amino acid substitutions existing between the
two Tetrahymena proteins, although in a small number, are
also clustered in these regions. On the other hand, the con-
served regions located between the non-conserved regions
show a more similar size than the divergent ones. Among
these conserved regions some contain highly conserved motifs
that are present in all CCT subunit polypeptides so far de-
scribed and also in traditional chaperonins (for review [9]).
The motif V(P/AYGGG (positions 407-411) has a weak simi-
larity to ATP synthase subunit B and to members of the
valosin-containing protein (VCP)/Cdc48p family [9]. Both
proteins constitute oligomeric ATPase complexes. Interest-
ingly enough, this motif also occurs in the imperfect repeats
present in the C-terminal region of Microtubule Associated
Proteins (MAPs) already described as the microtubule binding
domain [35]. The last glycine residue in the motif -VP/AGGG-
seems to play an important role in CCT function since the
change G*!! = D creates yeast mutants that developed abnor-
mal microtubules after incubation at 37°C [36). It is therefore
possible that the mutation alters affinity of TCP1/CCTa to
the tubulins.

3.3. Expression of the CCTn subunit genes during
Tetrahymena cilia regeneration and cell conjugation

We have previously shown that the TpCCTYy gene presents
dramatic changes in its expression pattern during cilia regen-
eration, suggesting that the product of this gene is most prob-
ably related to the cilia biogenesis. In order to investigate
whether the TpCCTn gene expression is also altered during
Tetrahymena cilia recovery, we performed Northern blot hy-
bridization. Total cytoplasmic RNAs were obtained from
T. pyriformis cells under normal physiological conditions
and cells recovering their cilia for different periods. As can
be seen from Fig. 3A, the TpCCTn gene produces a unique
mRNA of about 2.1 kb in exponentially growing cells and
cells regenerating their cilia. As for TpCCTy and tubulin
(BTT1), the amount of the steady-state population of
TpCCTny mRNAs decreases rapidly until 30 min of cilia re-
covery as compared to control cells (see Fig. 3B and C).
Afterwards one sees that the levels of these three different
steady-state populations of mRNAs present a rapid increase.
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21kb,

F:g. 3. CCTn, CCTy and tubulin mRNA levels in Tetrahymena cells
recovering their cilia. Poly(A)-lacking RNA (lanes 1); total cytoplas-
mic RNA (30 pg) from exponentially growing cells (lanes 2) and
from reciliating cells for 15 min (lanes 3), 30 min (lanes 4), 60 min
(lanes 5), 90 min (lanes 6) and 120 min (lanes 7), was analyzed in
1 5% agarose formaldehyde gels, transferred onto nitrocellulose fil-
ters, and hybridized with the following probes: (A) a 0.37-kb Sful
DNA fragment from pTpH2.3 plasmid containing part of the 5th
eron of the TpCCTn gene; (B) a 0.98-kb Kpnl-EcoRI DNA frag-
ment from pTpE3 plasmid containing part of the coding region of
the TpCCTy gene; (C) a 3-kb HindIll fragment from IB1 plasmid
containing the B-tubulin gene (BTT1).

TpCCTn mRNAs reach levels higher than those found in
exponentially growing cells from 60 min to 120 min of cilia
regeneration. The amount of TpCCTy and tubulin mRNAs
rcaches the highest levels at about 90 min of reciliation tend-
ing toward control levels at 120 min of cilia recovery (see Fig.
3 lanes 6 and 7).

To further understand the role of the CCTn and CCTy
subunits in Tetrahymena cells we have studied the expression
of the TtCCTn and TtCCTy genes during T. thermophila con-
jugation. Total cytoplasmic RNAs were extracted from con-
jugating cells at different periods and immediately after having
refed the cells. The vegetative growth resumes under these
crcumstances (see legend of Fig. 4). Densitometric analysis
shows that TtCCTn, TtCCTy and B-tubulin mRNAs present
similar patterns of expression during the conjugation process
(I7ig. 4). The levels of the three types of transcripts revealed an
accentuated decrease until about 300-400 min of conjugation,
where the lowest level for each mRNA species is reached.
After this period of conjugation the amount of these mRNAs
tended to increase slightly to levels that are still lower than
those found in control cells. On the contrary, the levels of the
1.8 kb ubiquitin mRNA decrease in the first 135 min to values
about 50% of those found in control cells. These levels are
maintained during all the studied conjugation stages and may
suggest the need for the presence of ubiquitin during the com-
plex process of conjugation. When the starved cells are refed
and the vegetative growth is re-initializated, the levels of
TtCCTn and TtCCTy rapidly increase up to about 200%,
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whereas the tubulin and ubiquitin levels are only 50% of those
found in exponentially growing cells.

4, Discussion

The present work reports the structural analysis and expres-
sion of the TpCCTn and TtCCTn genes of T. pyriformis and
T. thermophila, respectively. These two genes encode homo-
logue proteins of the mouse CCTn subunit, one of the sub-
units of the chaperonin-containing TCP1. The identification
of these two genes in this ciliate, together with the previously
characterized TpCCTy, strongly support the hypothesis pro-
posed by Kubota et al. [10] that the distinct CCT subunits
described in mouse are ubiquitous in all eukaryotes. The pre-
dicted amino acid sequence of the TpCCTn gene contains 14
amino acid residues more than its mouse counterpart, a fea-
ture also detected in the predicted amino acid sequence of
TpCCTy subunit when compared with the mouse CCTy. In
both Tetrahymena CCT subunits, 11 of these extra amino acid
residues lie together at the carboxyl terminus. The C-terminus
of the CCT subunits is one of the most divergent regions
between these proteins and is most likely solvent-exposed
parts of the molecule. Indeed monoclonal antibodies against
the C-terminus of TCP1/CCTa are able to immunoprecipitate
the CCT complex [9-11]. In yeast the CCTa and CCTP can
be C-terminally tagged with additional residues without dis-
ordering the CCT complex or affecting viability [22].

We have previously reported that the TpCCTy subunit gene
is co-expressed with tubulin genes and up-regulated during
Tetrahymena cilia recovery [27]. These results led us to inves-
tigate whether the TpCCTn gene is also able to change its
pattern of expression in response to the biosynthesis of new
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Fig. 4. CCTn, CCTy and tubulin mRNA levels in T. thermophila
conjugating cells. CCTn (Q), CCTy () tubulin (a) and 1.8 kb
ubiquitin (X) mRNA levels from exponentially growing cells and
conjugating cells for different times were determined by Northern
blot analysis. Shown is the quantification of linear range autoradio-
grams performed by densitometric analysis followed by integration.
The data represent a standard experiment and the values are ex-
pressed in relative units as percentages of the value corresponding
to the amounts of thess mRNAS in exponentially growing cells.
The upper line shows the timing of cytological stages that were fol-
lowed as described in Material and methods. Each stage is shown
to begin at the time by which 50% of the pairs have entered the in-
dicated stages: MP, meiotic prophase; PZ, prezygotic division; PoZ,
postzygotic division; M, macronuclear development; and CD, first
cellular division. The arrow indicates when the culture was refed.
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cilia. Our results show that the TpCCTn gene expression ex-
hibits a similar pattern to that of TpCCTYy gene. In the first 30
min of cilia regeneration we found a decrease of their nRNA
levels (see Fig. 3) followed by an increase of their transcripts
until 90~120 min. The decline of the TpCCTn and TpCCTy
steady-state mRNA population in the first minutes of recilia-
tion seems to be a general effect to the stress response in this
ciliate [32]. The fact that after 30 min of reciliation the levels
of TpCCTn and TpCCTy mRNAs are increased suggests that
at least these two CCT subunits might be involved in the
biogenesis of the new cilia. This involvement could be related
to the folding of newly synthesized tubulin, and/or other cili-
ary proteins, and/or proteins necessary for cilia assembly. This
idea is reinforced by the fact that the abundance of the CCT
subunits of the Tetrahymena CCT complex already character-
ized seems to vary under reciliation conditions (unpublished
results).

Conjugation of the ciliate protozoan T. thermophila is a
complex and easily induced synchronous developmental proc-
ess. When starved cells with different mating types are mixed,
then formation of pairs, the process of meiosis, cross-fertiliza-
tion, and nuclear differentiation of somatic (macronuclei) and
germinal nuclei (micronuclei) occur [37]. This also constitutes
a unique physiological condition where the transcriptional
activity of the micronucleus takes place. As shown in Fig. 4,
we observe that the levels of the TtCCTn, TtCCTy and tubu-
lin transcripts decrease markedly between growing and con-
jugating cells until 300400 min. We can assume that this
decrease could be the result of the negative transcription reg-
ulation of the genes under study. Indeed, Stargell et al. [38]
performing run-on transcription assays observed that the ap-
parent rate of transcription of the T. thermophila o-tubulin
gene is abolished at 240 min after mixing the cells. They also
observed that the decrease of transcription levels in nuclei
coincides with the absence of messages. Assuming that these
genes are not transcribed during this process the assembly/
disassembly of microtubules, such as those involved in the
exchange of the migratory pronucleus, occurs. In this case it
seems that the biosynthesis of the new tubulin and chaperonin
subunits is not required for the assembly of these microtubu-
lar structures. After the macronucleus differentiation, the
marked increase in the amount of TtCCTn and TtCCTy sub-
unit transcripts could be explained by the entrance of the cells
into the phase of vegetative growth and that, in consequence,
their active division takes place. Our results give support to
the data obtained by Kubota et al. [39] showing that TCP1/
CCTa is highly expressed in rapidly growing cells in tissue
culture. CCT subunit genes are probably required to be highly
expressed during rapid growth in order to maintain enough
CCT compilex to fold cellular components being newly synthe-
sized in dividing cells [9].

Experiments are in progress in order to establish a func-
tional relationship between CCT complex and the biosynthesis
of distinct microtubule structures in protozoa.
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