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同遺伝子が存在していることが示された。このこと

から、以前に単離された cdk1 相同遺伝子（s1001）
は II 型細胞においてガモン 1 による接合誘導時にの

み機能する特別な cdk1 相同タンパク質をコードして

おり、B. japonicum ではいくつかの cdk1 相同タンパ

ク質が存在しはたらいていることが示唆された。同

様の発現パターンを示す cks、4-HPPD 相同遺伝子

（s1008、1007）についても、対数増殖期に他の

cks、4-HPPD 相同遺伝子が機能しているのかを調べ

るとともに、今後これら 3 つの遺伝子が接合誘導時

にどのように機能しているのかについて更なる研究

を行う必要がある。 
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SUMMARY 

 In Blepharisma, the universal stop codon UGA has been known to reassign to sense codon (Trp). The 
reassignment of the codon UGA implies that eRF1 (the stop codon-recognizing protein) may loses its binding specificity 
toward UGA. In this study, we examined the stop codon recognizing capacity of eRF1 domain 1, (the stop codon-binding 
domain), infrom Blepharisma musculus by an in vivo assay system in yeast. Unexpectedly, the chimeric eRF1, which 
containsg Blepharisma domain 1, was able to complement a defect in yeast eRF1, i.e. Blepharisma eRF1 and 
recognizeds all three stop codons (UAA, UAG and UGA). Our result leads to a speculation that the stop codon 
reassignment in Blepharisma has occurred by a mechanism that might require the appearance of new tRNA able to read 
the reassigned codon UGA. 

INTRODUCTION 
 The genetic code of nuclear genes in some ciliates 
has been known to deviate from the universal genetic 
code. There are two types of stop codon reassignment have 
been found in ciliates: 1) UAA/UAG reassigned to sense 
codons (Gln) and only UGA used as stop codon; 2) UAA/
UAG used as stop codons and UGA reassigned to sense 
codon (Cys in Euplotes). In Blepharisma, UAA has been 
found to be a stop codon (Liang and Heckmann, 1993), 
and the UGA codon is reassigned to tryptophan (Lozupone 
et al., 2001). Although the assignment of UAG codon is 
still unknown in Blepharisma, this genus was supposed to 
be in the same group with Euplotes. 
 Eukaryotic release factor (eRF1) is believed to play 
an  important  role  in  the  stop  codon  reassignment  in 
ciliates. In most eukaryotes, a single eRF1 recognizes all 
three stop codons. However, in ciliates, the specificity of 
the stop codon recognition by eRF1 has been altered. For 
examples, in Euplotes, eRF1 recognizes UAA and UAG as 
stop codons, but not UGA codon, which instead encodes 
cysteine (Kervestin et al., 2001). The crystal structure of 

human eRF1 has been determined, which is organized into 
three  domains  (Song  et  al.,  2000).  The  functional 
importance  of  the  three  domains  of  eRF1  has  been 
characterized  by  genetic  and  biochemical  studies. 
Especially, in vivo genetic analysis of yeast eRF1 and in 
vitro site-directed mutagenesis of human eRF1 revealed 
that stop codon-binding sites are localized in domain 1. To 
clarify  whether  the  reassignment  of  UGA  codon  in 
Blepharisma relates to the stop codon recognition of eRF1, 
we have examined the stop codon recognizing capacity of 
eRF1 from Blepharisma musculus whose sequence has 
been determined previously (Kim et al., 2005). This study 
is expected to enable us to understand the stop codon 
usage and the molecular basis of genetic code deviation in 
this species. 
 
MATERIALS AND METHODS 
Chimeric eRF1 construction 
 Domain 1 of eRF1 cDNA from B. musculus (amino 
acid sequence positions: 1-140, human eRF1 numbering) 
which was marked with restriction sites NdeI at 5’-end and 



 

 

XhoI at 3’-end was cloned using a TOPO TA Cloning Kit 
(Invitrogen).  Domain  2-3  of  eRF1  cDNA  from 
Saccharomyces  cerevisiae  which  was  marked  with 
restriction sites XhoI at 5’-end and SalI at 3’-end was 
separately cloned using pT7Blue vector (Novagen). MCS 
of pT7Blue vector also contains NdeI restriction site at 
upstream of the insert.  
 Purified plasmid DNAs of TOPO vector containing 
domain  1  of  Blepharisma  eRF1,  and  pT7Blue  vector 
containing domain 2-3 of yeast eRF1 were treated with 
NdeI  and  XhoI.  Chimeric  eRF1  was  constructed  by 
inserting domain1 of Blepharisma eRF1 into the pT7Blue 
vector containing domain 2-3 of yeast eRF1. 
In vivo complementary tests 
 Three  low-copy-number  CEN/ARS  vectors 
containing marker gene URA3 (p416CYC1, p416ADH 
and p416GPD which are composed of a weak CYC1 
promoter, a medium ADH promoter and a strong GPD 
promoter,  respectively)  were  used  in  this  study.  The 
chimeric eRF1 was cloned in the SpeI-SalI site of the 
vectors. 
 Two S. cerevisiae strains were used in this study: 
temperature sensitive eRF1 mutant (SUP45 ts) strain, and 
tetracycline-regulated eRF1 (PtetSUP45) strain. The wild-
type yeast eRF1 (SUP45+) and the chimeric eRF1 were 
transformed  into  these  S.  cerevisiae  strains  by  using 
Frozen_EZ yeast transformation kit (ZYMO Research). 
The transformed yeasts were screened by cell growth on 
plates  lacking  uracil.  In  vivo  complementary  test  of 
transformants of SUP45 ts strain were monitored by cell 
growth at permissive (30oC) and non-permissive (37oC) 
temperatures. In vivo complementary test of transformants 
of PtetSUP45 (tet-OFF system) strain were monitored by 
cell growth on plates with and without Doxycyclin (10 
μg/ml), a tetracycline derivative.  
 
RESULTS AND DISCUSSION 
Domain  swapping  between  B.  musculus  and  S. 
cerevisiae eRF1 
 The functions of the three domains of eRF1 have 
been characterized:  domain 1 recognizes  stop codons, 
domain 2 takes part in peptidyl-tRNA hydrolysis, and 
domain  3  has  been  known  to  interact  with  eRF3. 
Moreover, eRF1 domain 2 was supposed to interact with 
ribosome  since  mutations  in  domain  2  reduced  the 
ribosome binding ability of human eRF1. Taking these 
findings into consideration, we constructed the chimeric 
eRF1 containing Blepharisma eRF1 domain 1 to examine 
the stop codon recognizing capacity of the Blepharisma 
eRF1. The restriction site XhoI was introduced into the 
linker between domain 1 and domain 2, which do not 
change any conserved amino acid, as well as topologies of 
the domains.  
In vivo complementation activity of the chimeric eRF1 

 The wild-type S. cerevisae eRF1 (SUP45+) and the 
chimeric eRF1 were cloned into yeast expression vectors 
(p416CYC1, p416ADH and p416GPD), and transformed 
into  SUP45  ts  strain  and  PtetSUP45  strain.  URA+ 
transformants  were  selected  at  permissive  temperature 
30oC. The in vivo complementation test of transformants 
of SUP45 ts strain was examined for their growth at non-
permissive  temperature  37oC,  while  that  of  PtetSUP45 
strain was examined for their growth in the presence of 
Doxycyclin (10μg/ml). 
 If the eRF1 expressed from the plasmid (yeast eRF1 
and chimeric eRF1s) can recognize all three stop codons 
correctly and terminate translations normally,  i.  e.  the 
chimera  is  able  to  complement  the  defect  in  the 
endogenous  yeast  eRF1,  the  transformants  (SUP45  ts 
strain and PtetSUP45 strain) maintain their growth in non-
permissive conditions (at 37oC and in the presence of 
Doxycyclin,  respectively),  otherwise  the  transformants 
will fail to grow. 
 Our  results  showed  that  the  chimeric  eRF1 
expressing transformants grew normally at 37oC (SUP45 
ts  strain)  and  also  in  the  presence  of  Doxycyclin 
(PtetSUP45  strain)  as  well  as  the  wild-type  SUP45+  
transformants.  These  two  lines  of  genetic  analyses 
consistently  showed that  the  hybrid  eRF1s containing 
Blepharisma domain 1 retained omnipotent stop codon 
decoding activity and could substitute the endogenous 
yeast eRF1.  
 The  stop  codon  reassignment  is  surprisingly 
frequent in ciliates.  The key phenomena to give such 
permissibility to ciliates have been proposed to be the 
altered specificity of stop codon recognition by eRF1 and/
or the appearance of new tRNA able to read the reassigned 
codons.  Euplotes  octocarinatus  has  only  one copy of 
cysteine tRNA gene, which codes for normal cysteine 
tRNA  (tRNAGCA

Cys).  The  deviated  codon  UGA  was 
translated  by  the  normal  tRNAGCA

Cys  despite  of  G:A 
mispairing at the first anticodon position (Grimm et al., 
1998)  Euplotes  eRF1  had  lost  its  binding  specificity 
toward UGA, resulting in the reassignment of universal 
stop codon UGA in this species (Kervestin et al., 2001). In 
Tetrahymena, in addition to the normal glutamine tRNA, 
two  unusual  glutamine  tRNAs  (tRNAUUA

Gln  and 
tRNACUA

Gln)  which  recognize  UAA  and  UAG  were 
isolated (Hanyu et al., 1986). For Tetrahymena eRF1, the 
data are controversial.  Tetrahymena eRF1 was shown to 
be UGA-specific in vitro, but omnipotent in vivo. The 
codon reassignment in Tetrahymena might not require an 
UGA-specific eRF1 because the new tRNAsGln seems to 
be able to win efficiently the competition with eRF1. In 
this study, our result clearly showed that Blepharisma 
eRF1 recognizes all three stop codons. We suggest that the 
reassignment  of  UGA  codon  in  Blepharisma  would 
become possible if the new tRNAUCA

Trp is existed and 
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quite abundant. Even with the same type of stop codon 
reassignment,  the  genetic  code  in  Blepharisma  has 
changed  by  a  mechanism  that  is  different  from  the 
mechanism occurred in Euplotes. Further studies of tRNA 
in Blepharisma will be required to test this hypothesis. 
 This study has been carried out under collaboration 
with Dr. Koichi Ito (Department of Basic Medical Sciences, 
Institute of Medical Science, The University of Tokyo).  
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Observations of cell division in living cells of Tetrahymena and Paramecium 

—a comparison  
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SUMMARY 
 Morphological studies of cell divisions in ciliates have previously been done using fixed cells. In this study, we 
describe our observations of cell divisions in living cells of Tetrahymena and Paramecium. In a dividing T. thermophila 
cell, the micronucleus (MIC) that has just completed mitosis on the cell cortex pulls the macronucleus (MAC). The MIC 
and MAC are in direct contact, after that, the MIC detaches from the cell cortex. In dividing P. caudatum and P. aurelia 
cells, the ellipsoidal MAC moves from the oral apparatus to the anterior contractile vacuole, transforms to a round shape 
and moves close to the division furrow. The round MAC then changes to a sausage shape and divides. The MIC is 
attached to MAC until the anaphase, but then detaches from the MAC and becomes randomly located in the cytoplasm. 
The MIC keep elongating and forms a very long separation spindle, which lies parallel to the elongated MAC. The MIC 
completes mitosis before the MAC has completed its division. Free cytoplasmic organelles usually move by cyclosis in 
Paramecium. However, when the number of organelles decreases, the organelles are mainly located in the posterior half 
of the cell. During cell division, the organelles move to the cell center, become located in a columnar space and show 
saltatory movement. After the cell division, the organelles are almost equally partitioned to the two daughter cells. Our 
research shows that Tetrahymena  and Paramecium  have different mechanisms to partition their  DNA and free 
cytoplasmic organelles during cell division.  

[目的] 繊毛虫の細胞分裂の過程は、固定した細胞で

主に研究されてきた。我々は、テトラヒメナで、細

胞を透明にする方法を開発し、細胞分裂の生細胞の

経時観察を行ってきた。その結果、①大核内に球状

クロマチン（大核ゲノム）が出現し、DNA 分配の単

位となっていること、②細胞質の遊離のオルガネラ

が、大核に一時的に付着することによって娘細胞へ

均等に分配されること、③小核の分裂過程での正確

な位置決め等を見いだした。今回、テトラヒメナに

ついて、これまで未観察だった小核の分裂の最後の

時期を調べ、小核分裂の全過程をまとめた。また、

同様の生細胞観察を２種のゾウリムシ（Paramecium 

caudatum と P. aurelia）の分裂細胞について行った。

理由は、テトラヒメナでは、大核は細胞の中央で分

裂し、小核は細胞表層に付着して分裂するのに対

し、ゾウリムシでは、大核が細胞表層に付着して分

裂し、小核が細胞中央で分裂するという全く反対の

位置をとるので、異なった現象があると予想される

からである。P.aurelia では,テトラヒメナとゾウリム

シの細胞分裂を比較し、相違点や共通点を調べる。 

 
[材料と方法] Tetrahymena thermophila B 株を使用し

た。対数増殖期初期の細胞を饑餓状態にし、異なる

接合型を混合して分裂を誘導した。本実験で使用し
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