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Abstract

We report here the cloning and the characterization of the Tetrahymena pyriformis chaperonin-containing-TCP1 theta
gene (TpCCTa), an orthologue of the mouse chaperonin gene CCTa. TpCCTa gene is interrupted by eight introns, ranging in
size between 91 and 419 nucleotides, and encodes a protein consisting of 540 amino acid residues (59.1 kDa), with a putative
pI of 5.73. The amino acid sequence of TpCCTa reveals 39.4^46.0% identity with the sequences of Candida albicans and
mouse CCTa subunits and 28.0^32.6% identity with the other TpCCT subunits known so far. We have studied the expression
of this gene in exponentially growing Tetrahymena cells and in cells treated with colchicine for different times. The steady-
state levels of CCTa mRNA rapidly decrease in the first 30 min of colchicine treatment. Interestingly, treatment for
subsequent 60 min gives expression levels higher than those found in exponentially growing cells. ß 1999 Elsevier Science
B.V. All rights reserved.
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Inside cells the majority of newly synthesized pro-
teins require a class of proteins, generally designated
as molecular chaperones, to achieve their correct
three-dimensional structure [1]. One of the most
studied classes of the molecular chaperones is the
chaperonins, which recognize and bind unfolded
polypeptides to prevent premature folding and aggre-
gation [2]. Based on sequence homology chaperonins
can be grouped in two subfamilies. The ¢rst, Hsp60
family, is represented by GroEL in the eubacterial
cytoplasm, Rubisco binding protein in chloroplast

and its mitochondrial homologue Hsp60 [3]. The sec-
ond family is represented by TF55, thermosome and
the CCT complex, being found in archaebacteria and
eukaryotic cytoplasm, respectively [4^6]. The eukary-
otic cytosolic chaperonin, named CCT (Chaperonin
Containing TCP-1 (t-complex polypeptide 1)) is a
large hetero-oligomeric complex of about 900 kDa,
composed of eight di¡erent but related polypeptides,
namely CCTK, CCTLTCCTh, of apparent molecular
mass ranging from 52 to 65 kDa, arranged in two
stacked rings. In mouse and yeast the genes encoding
the eight CCT-subunit polypeptides have been iso-
lated, whereas several CCT-subunit orthologues
were already identi¢ed in a variety of organisms
ranging from ciliates to human cells [7^9]. Together
with co-factors and possibly other components still
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remaining to be described, CCT mediates the folding
or refolding of tubulins [10,11] and actins [12], and
perhaps other unknown proteins. Studies of expres-
sion of some of the CCT-subunit genes show that the
CCTK is highly expressed in testis [13], embryos of
early stages and rapidly growing cells in tissue cul-
ture [9,14], suggesting that CCT is involved in cell-
cycle regulated events. Several studies indicate a re-
lationship between the chaperonin and the cyto-
skeleton. Analysis of temperature-sensitive mutants
of yeast CCT subunits shows abnormal microtubular
structures [15] and disruption of actin micro¢laments
[16]. In yeast, all the CCT-subunit genes are essential
and none of them when overexpressed rescues the
mutation in any of the other, suggesting that each
of the CCT subunits has distinct function. The as-
sumption that tubulin is one of the major substrates
of CCT raises the hypothesis that this chaperonin
could be a new factor involved in generating MT
function diversity. Indeed, microtubules are dynamic
polymers that participate in a wide variety of cellular
functions, such as cytoskeleton organization, intra-
cellular transport and cell division, as well as £agellar
and ciliary movement [17]. MTs are composed of K-
and L-tubulin heterodimers that constitute their basic
structural unit. Tubulins have binding sites for a va-
riety of antimitotic agents as, e.g., colchicine. This
agent is known to a¡ect the dynamics of microtubule
polymerization both in vitro and in vivo [18,19]. It
has been described that colchicine binds to the tubu-
lin heterodimer changing its conformation and in
consequence reduces the ability of the tubulin to dis-
sociate from the microtubule end, hence impairing
the capacity of the microtubule end to accept addi-
tional tubulin heterodimers [18].

In the ciliate Tetrahymena three members of the
CCT-subunit gene family, namely TpCCTK [20],
TpCCTQ [8] and TpCCTR [21], have already been
cloned and characterized. These genes exhibit a co-

ordinate response and are up-regulated with the tu-
bulin genes during cilia regeneration and during ac-
tive cell division, indicating a possible role of these
subunits in these processes.

In the present work another member of the Tetra-
hymena CCT gene family, TpCCTa, was character-
ized, and its expression was studied in reciliating cells
and cells treated with colchicine at di¡erent times.

Degenerate primers were designed taking into ac-
count the sequence corresponding to the amino acid
sequence conserved among all CCT subunits NGATI
(CCTnd) and the speci¢c sequence DDIERAV/IV
(CCT8c) present in all CCTa subunits so far known
(CCTnd: 5P-GCCTCTAGAAAYGAYGGTGCYA-
CYATY-3P and CCT8c: 5P-CRAYRGCTCTTTC-
RATRTCRTC-3P). These primers were used to am-
plify Tetrahymena pyriformis genomic DNA
usingpolymerase chain reaction (PCR) cycling de-
scribed previously [21]. The PCR products with
0.75 and 1.5 kb were cloned into pUC19 and se-
quenced. Given that the 1.5 kb product encodes the
predicted amino acid sequence sharing a signi¢cant
similarity with its mouse counterpart [22], the re-
combinant plasmid was named pCCTa5. The frag-
ment cloned in pCCTa5 was labelled using the
Megaprimer DNA labelling system and [K-32P]dATP
(3000 Ci/mmol) (Amersham) following the manufac-
turer's instructions, and then used to screen a T.
pyriformis Sau 3AI genomic library and followed as
essentially described in [8]. The DNA of one of the
positive phage, named TpV6CCTa, was analysed by
restriction mapping following by subcloning the re-
striction fragments into pUC19. In order to sequence
these fragments, sequential deletions were generated
using a double-stranded Nested Detection kit (Phar-
macia). Sequencing was performed on denatured
plasmid DNA using a T7 sequencing kit (Pharmacia)
according to the supplier's instructions. Sequence
analysis was carried out using the GCG package

Fig. 1. Gene structure of the Tetrahymena CCTa subunit. Schematic representation of the structure of the TpCCTa gene. The boxes
indicate exons and introns are shown by lines. ATG and TGA represent the ¢rst codon of the coding region and the stop codon, re-
spectively.
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(1991) (Genetics Computer Group) and the program
DNASIS 5.0 (Hitachi-LKB).

Sequence analysis of the TpCCTa subunit gene has
shown that the coding region of this gene is inter-
rupted by eight introns, as shown in Fig. 1. The
introns are always £anked by the invariant dinucleo-
tides GT and AG. TpCCTa introns range in size
between 91 and 419 nucleotides, which is similar to
that found for the other TpCCT genes so far char-
acterized. However, this gene contains one or two
additional introns when compared to those of
TpCCTR, TpCCTK and TpCCTQ genes, respectively
[20]. The TpCCTa gene encodes a protein consisting
of 540 amino acid residues, with a predicted molec-
ular mass of about 59.1 kDa and a putative pI of
5.73. The predicted TpCCTa polypeptide has an
identical size to CCTa subunits from distinct organ-
isms so far studied (Tp 540, Sc 568, Sp 546, Ca 546,
Mm 548 and Hh 548) with the exception for Saccha-
romyces cerevisiae CCTa subunit, which has 28 extra
amino acid residues. The amino acid sequence com-
parison among CCTa subunits from di¡erent species
reveals a high degree of sequence similarity: 68.7%
with S. cerevisiae (P47079), 68.8% with Schizosac-
charomyces pombe (P78921), 63.8% with Candida al-
bicans (P47828) and 69.9% with mouse and humans
[22] ; and a lower degree of sequence identity, with
41.9%, 42.3%, 39.4% and 46.0%, respectively. When
this type of analysis is limited to Tetrahymena CCT
subunits the degree of sequence identity and similar-
ity decreases. Indeed a similarity of 56.9%, 55.3%
and 53.2% was obtained when compared with the
CCTK, CCTQ and CCTR subunits, whereas the iden-
tity values were 32.6%, 28.0% and 29.1%, respec-
tively. These results support the idea that although
the di¡erent CCT subunits are structurally related,
they are more conserved interspecies than between
intraspecies. Fig. 2 shows the alignment of the pre-
dicted amino acid sequence of Tetrahymena TpCCTa
and those of known CCTa subunits from other or-
ganisms. This alignment reveals three conserved re-
gions between all CCT subunits, as well as with other
members of the chaperonin family [14]: the motifs
TNDGATIL (TSDAATIM) (positions 64^71),
GDGTTSV (GDATNLV) (positions 95^102) and
V(P/A)GGG (AAGAG) (positions 408^412). Inter-
estingly, a highly conserved region DDIER-
AIDDGVN (positions 385^396) that is not shared

by the other CCT subunits and seems to be exclu-
sively present in CCTa subunits. It is possible that
this sequence may be associated to a speci¢c function
of the CCTa subunits inside the hetero-oligomeric
complex of the chaperonins.

Previously we were able to show that T. pyriformis
contains the hetero-oligomeric complex CCT and to
assign in the two-dimensional (2-D) gel, using a set
of polyclonal antibodies, the protein spots to the
CCTK, CCTL, CCTQ and CCTR [20]. In order to
identify the CCTa subunit in the 2-D gel, we have
compared the putative pI values of the distinct
TpCCT subunits so far known (see Table 1). Taking
into account these results it is plausible to propose
that spot P6 in the 2-D gel of Tetrahymena CCT (see
Fig. 3) corresponds to TpCCTa and CCTO is P5 as it
has the most acidic pI. Moreover, Soares et al. [24]
have observed that UM-1 antibody strongly recog-
nize Hsp60, TpCCTL, TpCCTQ, TpCCTR and P5,
whereas TpCCTK, P6 and P7 spots were weakly rec-
ognized. In fact, UM-1 antibody was prepared
against the chaperonin consensus motif which is
highly conserved between all chaperonin sequences,
that seems to be involved in ATP binding and hy-
drolysis [23]. When a comparison between the amino
acid sequence used to produce the UM-1 antibody
(QDDEVGDGTTSVV) and the corresponding se-
quence in TpCCTa (QENECGDATNLVI) was
done, we observe that these sequences only share
six identical amino acids residues out of 13. This
poor similarity can explain the weak signal for spot
P6 (only visible after longer exposures) obtained
when UM-1 antibody is used. It is worthwhile noting
that CCTa from mouse testis is also weakly recog-
nized by UM-1 antibody [23], a fact that reinforces
the idea that the UM1 antibody has di¡erent a¤n-
ities for the distinct CCT subunits.

Total cytoplasmic RNAs from exponentially grow-
ing cells, cells recovering their cilia and cells treated
with colchicine (4 mg/ml) at di¡erent times were ex-

Table 1
pI values predicted from the sequence analysis

TpCCTK TpCCTR TpCCTQ TpCCTa TpCCTO

pI 6.90 6.44 6.38 5.73 5.11

Data sources: TpCCTK [20], TpCCTR [22], TpCCTQ [22],
TpCCTO (unpublished results).
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tracted from T. pyriformis cells as reported by Soares
et al. [24]. RNAs were subjected to Northern blot
analysis as described by Sambrook et al. [25] and
the membranes were incubated with pCCTa5 1.5
kb fragment as probe in RNA hybridization bu¡er
at 35³C [21]. The results show that TpCCTa is ex-
pressed coordinately with the other TpCCT subunit
genes (TpCCTK, TpCCTQ and TpCCTR) as well as

with tubulin genes during cilia regeneration (results
not shown) [8,20,21]. These results indicate that at
least these four subunits are required for the function
of the chaperonin during the biogenesis of the new
cilia. We have also studied the expression of
TpCCTa in cells treated with a microtubule depoly-
merizing agent, colchicine (4 mg/ml). Results in Fig.
4a illustrate the hybridization pattern of the mRNA
levels from exponentially growing cells and cells
treated for di¡erent times with colchicine. As one
can observe, TpCCTa produces a unique transcript
with about 2.1 kb during the whole period of colchi-

Fig. 4. TpCCTa mRNA levels in Tetrahymena cells treated with
colchicine. Total cytoplasmic RNA (30 Wg) from exponentially
growing cells (lane 1) and from cells treated with colchicine (¢-
nal concentration 4 mg/ml) after 15 min (lane 2), 30 min (lane
3), 60 min (lane 4) and 90 min (lane 5), was analysed in 1.5%
agarose formaldehyde gels, transferred onto nitrocellulose ¢lters
and hybridized (a) with pCCTa5 1.5 kb fragment as probe and
(b) with the 239 bp PstI^SphI DNA fragment from pTU11
[26].

Fig. 3. Two-dimensional isoelectric focusing (IEF) and SDS^
PAGE analysis of Tetrahymena CCT from exponentially grow-
ing cells. Protein extracts containing CCT particles isolated
from exponentially growing Tetrahymena cells by sucrose-gra-
dient fractionation followed by ATP-a¤nity column chromatog-
raphy were resolved by two-dimensional electrophoresis and de-
tected by silver staining. The subunits TpCCTK, TpCCTR,
TpCCTQ and TpCCTL where identi¢ed as described in [20].

Fig. 2. Alignment and comparison of Tetrahymena TpCCTa deduced amino acid sequence with CCTa from other species. The de-
duced amino acid sequence of the T. pyriformis CCTa polypeptide was aligned and compared with those of CCTa from other organ-
isms (accession numbers in the EMBL database are indicated): Saccharomyces cerevisiae (ScCCTa ^ P47079), Schizosaccharomyces
pombe (SpCCTa ^ P78921), Candida albicans (CaCCTa ^ P47828), Mus musculus (MmCCCa ^ P42932) and Homo sapiens (HsCCTa ^
P50990). Gaps have been inserted when required to maximize the alignment and are represented by dots. Sequences conserved be-
tween almost all chaperonins, including the traditional chaperonins, are underlined. Sequence exclusively conserved between CCTa
subunit is double-underlined.
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cine treatment, as well as in control cells. The
amount of the steady-state population of the CCTa
mRNA decreases rapidly until 30 min of colchicine
treatment as compared to control cells. However, the
amount of the steady-state population of this tran-
script signi¢cantly increases after 60 min, reaching
levels higher than those found in exponentially grow-
ing cells for up to 90 min of drug treatment. Densi-
tometric quanti¢cation of the relevant bands indi-
cates a 1.3- and 3.5-fold increase of the levels at 60
and 90 min of treated cells, respectively, compared to
exponentially growing cells. As a loading and hybrid-
ization control we used the 239 bp PstI^SphI DNA
fragment isolated from the ubiquitin fusion gene as
probe in the same RNA blot [26]. The results ob-
tained (Fig. 4b) show that the respective mRNA lev-
els do not change during colchicine treatment.

The fact that colchicine binds speci¢cally to the
tubulin heterodimer, modifying the exchange rate
of tubulin at microtubule ends, suggests that the
TpCCTa gene is able to change its pattern of expres-
sion in response to an alteration of microtubule
polymerization. Experiments are in progress with
the aim of elucidating the potential meaning of the
colchicine e¡ect.

This work was supported by grants from Calouste
Gulbenkian Foundation to C.R.-P. and from
PRAXIS/PCNA/BIO/67/96.
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