
Nutcleic Acids Research, 1993, Vol. 21, No. 10 2409-2414

A micronucleus-specific sequence exists in the
5'-upstream region of calmodulin gene in Tetrahymena
thermophila

Mariko Katoh, Masafumi Hirono1, Tohru Takemasa, Masashi Kimura and Yoshio Watanabe*
Institute of Biological Sciences, University of Tsukuba, Tennoudai, Tsukuba, Ibaraki 305 and 1RIKEN
Cell Bank, Institute of Physical and Chemical Research, Koyadai, Tsukuba, Ibaraki 305, Japan

Received February 15, 1993; Revised and Accepted April 20, 1993

ABSTRACT

Tetrahymena thermophila possesses a transcriptionally
inactive micronucleus and an active macronucleus.
Both nuclei are developed from micronucleus-derived
germ nuclei during conjugation. Extensive DNA
rearrangement and transcriptional activation are known
to be involved in macronuclear development, but little
has been known about these processes in a particular
functional gene. Therefore the micro- and
macronuclear genomic DNAs for calmodulin gene were
analyzed. A 1,384 bp micronucleus-specific sequence
located about 3.5 kb upstream of calmodulin gene has
been found, suggesting DNA rearrangement during
macronuclear development. The micronucleus-specific
sequence had 85% A + T, no extensive ORF, ATTAs at
both ends, and two palindromic structures just outside
of both ends. Interestingly, the micronucleus-specific
sequence included a T-rich tract, T16CT5, in the
middle, and a nearly complementary A-rich tract,
A5TA10GA5, existed 7 bp upstream from the initiation
codon. In addition, there was a 20 bp repetitive
sequence TAAT(TAAC)4 about 100 bp upstream of the
micronucleus-specific sequence and also in the
promoter region of calmodulin gene. Although the
functional significance of the micronucleus-specific
sequence remains unclear, T16CT5 and TAAT(TAAC)4
elements might exert an influence on transcription of
the calmodulin gene. Stringent Southern hybridization
revealed that this micronucleus-specific sequence or
very similar sequence(s) were abundant in the
Tetrahymena micronuclear genome.

INTRODUCTION

Programmed DNA rearrangement is known to occur in a wide
variety of organisms (1 -6). The rearrangement often leads to

the activation or the diversification of a certain gene (7). Extensive

genome rearrangement is also known to occur in ciliates during

DDBJ accession nos D12772-D12774 (incl.)

macronuclear development (8, 9). Although this process is likely
to have a major role in the development, little is known about
its precise mechanism and function.
The ciliated protozoan Tetrahymena thermophila has two

different nuclei: a micronucleus and a macronucleus. The
micronucleus serves as the germ-line nucleus, but it is widely
accepted that it remains transcriptionally inactive during
vegetative growth. On the other hand, a macronucleus is
transcriptionally active and sustains vegetative growth of the cell.
During the sexual process of conjugation, a new macronucleus
develops from one of the micronucleus-derived germ nuclei,
while the old macronucleus is degraded. In the process of new
macronuclear development, extensive genome rearrangement
including partial elimination and rejoining of micronuclear DNA,
and amplification of the rearranged macronuclear genome to the
level of 45°C are known to occur (10). In Tetrahymena, it has
been estimated from the renaturation kinetics of the micro- and
macronuclear DNAs that 10 to 20% of the micronuclear DNA
is eliminated (11). Some of the sequences scattered in the
micronuclear genome appear to be completely eliminated during
macronuclear development, so that the developed macronucleus
does not include such sequences (12, 13).
However, little is known about the genome rearrangement in

functional genes of Tetrahymena, except for rRNA genes (14,
15) and an ol-tubulin gene (16). The rearrangement in rDNA is
associated with fragmentation of the micronuclear genome into
subchromosomal fragments to which the telomeric repeat is
added. The rearrangement in the flanking regions of ce-tubulin
gene involves elimination by breakage and rejoining of the
flanking sequences, namely interstitial deletion, but it has not
been analyzed in detail.
We have investigated the genomic DNA rearrangement in

Tetrahymena calmodulin gene including its flanking regions, as

an example of a functional gene. In this report, the existence and
the nucleotide sequence of a 1.4 kb micronucleus-specific (mic-
specific) sequence localized 3.5 kb upstream from the initiation
codon of calmodulin gene is described.
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MATERIALS AND METHODS
Cell culture
Cultiva,ition of Teti-u/h;vne;wn tIlniop/l(al (strain BI868-I1 or
-VII) wvas performed as preViously describedi (17).

Southern aiid Northern hvbridizations
Genomiic DNAs were prepared separIatelytfrOIm 1.Ttheioltpliila
mici-onuclei and mtact-onuclei which were isolated bv the miiethod
of Mita t(d . ( 1 8). Total RNA frtoIml T. therlr )hliiO Was11 pilepared
bh the ouanidine thiocyanate imiethod as described hv ChilrwinL
et (d. ( 19). Three jtt of Imlicr-o- alnd mnaciorionucleacr DNlAs which
were digested with resttriction endonucleases. or ten jg of total
RNA. were clectrophoresedl on a 0. 8 aCarosee'el and
transferred to a nylon memllbranLie (Gene Screen Plus: Do Pont-
New England Nuclear). Southerni and NIorthernl hvbridizations
were carried out under the samied conditions as described hx
Takemiasa. et a!. (20).

Cloning and sequencing ot a macronuclear 4.2 kb fragmenit
which corresponds to a niicronuclear- 5.6 kb fragment
including a mic-specific sequence
Macronuclear DNA wbas digested with tcoRI and fr-aLctionated
by electrophoresis on a 0.8%'( ac-Iarose eel. F(oRI-diestecd 4.2
kb fragmllents, including the sequence which hybridized with the
calmodulin cDNA pr-obe. were ligated with pUC 18. The
constructecd subeenom-nic librar-L\ was scr-eenled by colon
hybridization with 3' P-labeled 1hleIieniophil(l cailimoduliin cDNA
(2 1) as a probe. using the samne conditions a-s for- Southern
hybridization. Dual-dir-ectional deletions of each inserl werc done
using exonuclease III and miune, behan nIUCICISCe aind cleoCICtidC
sequences of the necessar-F pairts of the maLcronuclearl- 4.2 kb
fragment were deter-imined by the dideox\ chain ter-inlati(o
method (22. 2'3).

Cloning and sequencing of a micronuclear 2.2 kh) fragmiient
including mic-specific sequence
A micronuclear 2.2 kb fragment was amplified b\r the polvmnerase
chain reaction (PCR) imethod usine micr-onucleat eenomic DNA
as the template and synthesized ol igonucleotide primller-s
corresponding to nucleotide sequences of both terimlini of aL
macronuclear 0.8 kb E(-oRlIEcoRV fragment derived fromii the
macr-onuclear- 4.2 kb fragment. This PCR product was ligated
into pCR 1000 (Invitrogen) and then subeloned into plC 18
digested with Sialni. The entire nucleotide sequenice of the
micronuclear 2.2 kb fragment was determined by the method as
descr-ibed above.

Determination of transcription starting sites bh primer
extension method
Polv(A) RNA was prepared fi-om the total T therinophilai RNA
by oliaotex dT30. The 27-mier olieonucleotide complemnentary
to nucteotides tfioii -3 to + 24 of cfal-nmodulin cDNA was
synthesized. Primer- extension method was perfoi-rmiecd as
described by McKnight et tl. (24) with the following
modifications. The primr- was labeled with T4 polvnucleotide
kinase. The labeled primleI- (2 x 1()' cpmll) was added to S /ig of
poK(A)+ RNA. The Imlixturce was hybridized at 65C-(C for 2
hour-s and allowed to cool down slowly to 37CC. Reverse
transcription was carilled out with 100 units of Molonc\Mlurine
Leukemia Virus reverse transcriptase. and the prillmelr xtenision
products wer-e subjected to electrophoresis using a 6%e sequeLncineL
gel.

Figure 1. I nmparlison hetv.. nniim a.itIl allcrnutllcavr[DNAs h\ SouthtCer
h%ht-hitzl,tzii inusinIeclaitodui0lln cDN- \a,d i, 5s ad IV igancnts as priohes
(\) NIttio id niacl eaLrLt- [)NAs \wtciv distiWt with I,o()RI, clecrti-opho-rsed.
.ind blottc tot h\ hridilatioln Pirobc is i tLil tcntgth cilutmodulin cDNA. Piobecs
2 -Indl S .and 3'-HfindIll ft-ae,menits ot licilkdodtLlliri LDNA, -espectivcly.
I'lc kh-maitKi-kc-s arc rcprscitcr in th. ICIt LaSiL'finlvidlIl-tdicstecd DNA. Njli.
aicronucciLa cenomic DN\A- MI c. al1tcII. uclcaie enoatlc DNA. Notc tht
it iI.tntICCC teeCn t Itic rntIC .IILIC C kh t trlnt and the nllICrIo11LtIClear 4.2
kh raLmicnt (itrirowhelads. (B) Rcsti-rCtlot tllallps oa htil almiodulin cDNA .and
the thirec pi-ohcs ulscd for- SoLitthern-l hhridKi,ations in A). In probc thc pr-otein
coding iCioni is indicated h! at opcel ho( ylad untirtailnslated IrCeiotlns arc inditedd
h\ stippled Cars. wo sOlitidCrs (ip-ohcC 2 .ind 3 indicate 5f'- atid 3 -HindIII
IlltYraeaents aCtthLe atdodltiln DNA. r-cscctl\cl\ . A o!)RSiteC: H. Hind!! I sitc.

RESULTS
Comparison of micro- and macronuclear calmodulin genes
by Southern h0bridization
MIicIron1clar and imacl-onLiclear D)NAs were dieested wvith sevcral
restriction enzv mes andl alnalyzed h\ Souther-ni hybridization using
calmodulin cDNA as a probe. When both DNAs were digested
with EcoRI. fou-r fra(emncts were d1etectecl in each nuclear- DNA
(Figr. IA. probeC ). OnlC of m11iCron0uclear fraemnents was 5.6 kb
lone aindt it wcas 1.4 kb longer thain its miacronuclear coutnterlpar-t
14.2 kb). [he remnainine three f'ragments diid not show any
difference in ni]Obil ities hbetweeni respective ico- and
macronuLele-ar hanids. Tlhe simipicst interplretation of this r-esult is
that a .4 kh long seqltence is prIesent in the mnicronuclear
calmllodulini e,ene or its tlankin r-eWions.

Locationi of the putatixe 1.4 kIb sequentce
To investianite the locationl of the .4 kh sequence. LcoRI-dieested
mic Io- tand nacronuclcalr DNAs wcrce anarlNzed usine 5'- or
3 -reuions Of calmodulin cDNA ais pro)hes (Fi(. IB). As shown
tn the cxpei-iments tusill proes 2 alld in Fig. A. onln

eoiona prhobe hybridized to the f'ragmients which had differient
itTobilities hetween micrio- and micr(onuclear DNAs (Fio. IA.
piobe 2). This suggtJests thcat the possible ilmic-specific sequenice
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Figure 2. Southern hybridization patterns and restriction maps of the 5'-upstream regions of micro- and macronuclear genomic DNAs for calmodulin gene. (A)
Southern hybridizations using calmodulin cDNA (probe 1), macronuclear 4.2 kb (probe 2) and 0.8 kb fragments (probe 3) as probes (see B). Micronuclear genomic
DNA (Mic) and macronuclear genomic DNA (Mac) were digested with EcoRV or EcoRIlEcoRV, as indicated, electrophoresed and blotted for hybridization. The
Kb-markers are represented in the left. Note that 1.4 kb-long differences between micronuclear and macronuclear fragments (3.5 kb and 2.1 kb, 2.2 kb and 0.8
kb) are seen in the middle and left lanes, respectively (arrowheads). (B) Restriction maps of Mic and Mac of 5'-upstream region of calmodulin gene. They are
based on the restriction map of the macronuclear 4.2 kb fragment and results obtained in Figs. lA and 2A. Macronuclear 4.2 kb (probe 2) and 0.8 kb fragments
(probe 3) used as probes are indicated by solid bars and a part of calmodulin cDNA (probe 1) is also indicated. E[number], EcoRI site; V[number], EcoRV site;
H, Hindlll site; S, Sacl site. Restriction sites are numbered (in brackets) for convenience.

is included in the 5' side or 5 '-flanking region of the micronuclear
calmodulin gene.
To obtain more details about the localization of the mic-specific

sequence, we isolated the EcoRI-digested 4.2 kb macronuclear
fragment which has a different mobility from that of its
micronuclear counterpart (5.6 kb). A subgenomic library was
constructed with the 4.2 kb EcoRI fragments of macronuclear
DNA, which was screened by colony hybridization using
calmodulin cDNA as a probe. Of about 8,000 recombinant clones
in the library, one positive clone was isolated. The restriction
map of this clone was constructed (Fig. 2B, probe 2: 4.2 kb
macronuclear fragment in which two EcoRV sites exist).
Then the 4.2 kb macronuclear fragment was used as a probe

to hybridize to EcoRV-digested micro- and macronuclear DNAs
(Fig. 2A, probe 2). Three fragments were detected in each
nuclear DNA. The longest fragment (8.0 kb) corresponded to
the fragment including the coding region shown in Fig. 2B,
because the fragment hybridized with the calmodulin cDNA probe
(Fig. 2A, probe 1). The shortest fragment was the 0.9 kb EcoRV
fragment (EcoRV[2]!EcoRV[ 1]) which was situated immediately
at the 5' side of the 8.0 kb fragment in Fig. 2B. The mobilities
of these bands from micro- and macronuclear DNA were
identical, namely, downstream from EcoRV[2] site, no difference
between micro- and macronuclear DNA was detected (Fig. 2B).
The 3.5 kb and 2.1 kb fragments (micro- and macronuclear ones,
respectively) corresponded to the most 5'-side EcoRV fragments
(EcoRV[3]1EcoRV[2]) in Fig. 2B and the difference of 1.4 kb
length detected in Fig. LA was shared. Moreover, when we used
the EcoRI[2]1EcoRV[2] fragment (0.8 kb) of macronuclear DNA
as a probe (Fig. 2A, probe 3) to hybridize with EcoRl/EcoRV-
double digested micro- and macronuclear DNAs, the hybridized
micro- and macronuclear fragments were 2.2 kb and 0.8 kb in
length, respectively, also the 1.4 kb difference. Therefore, the
mic-specific sequence appeared to be included in the micronuclear
2.2 kb fragment between EcoRI[2] and EcoRV[2] sites.

Existence of the 1.4 kb mic-specific sequence
In order to substantiate the existence of mic-specific sequence,
we sequenced the macronuclear 0.8 kb and micronuclear 2.2 kb
EcoRl[2]1EcoRV[2] fragments. First the 0.8 kb and 2.2 kb
EcoRI[2]1EcoRV[2] fragments were subcloned, then sequenced.
As shown in Fig. 3, comparison between the 0.8 kb macronuclear
DNA sequence and the corresponding 2.2 kb micronuclear DNA
sequence indicated that the only difference was a mic-specific
sequence of 1,384 bp existing 3.5 kb upstream from the initiation
codon. The micronuclear nucleotide sequence other than the mic-
specific sequence was exactly the same as the macronuclear
nucleotide sequence. This strongly suggests that the macronuclear
genomic DNA is rejoined after eliminating the 1,384 bp mic-
specific sequence from the micronuclear genomic DNA.

Characterization of the mic-specific sequence and its flanking
regions
The mic-specific sequence and its flanking regions were very rich
in A +T (85 % and 83 %, respectively). The junction parts of both
ends contained the 4 bp sequence 5'-ATTA-3' (Fig. 3, small
boxes). Two kinds of palindromic structures were found just
outside of both junctions: A 20 bp palindrome laid adjacent to
the 5'-junction, and an unrelated palindrome of 23 bp laid adjacent
to the 3'junction (bidirectional arrows in Fig. 3). Three ARS
consensus sequences were found in the mic-specific sequence
(dashed lines in Fig. 3). This might reflect the phase difference
in DNA replication between micro- and macronucleus.
No extensive ORF was detected in the mic-specific sequence.

Homology search using the EMBL data bank failed to detect any
highly homologous sequence with the mic-specific sequence.
Moreover, when the total T thermophila RNA was analyzed by
Northern hybridization using the mic-specific sequence as a
probe, no hybridizing transcript was detected (data not shown).
These results show that there is no protein-coding region in the
mic-specific sequence.
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Figure 3. Nucleotndc squCrnCCr ol tlliC-SpCCitic sequcnlcc and its 0lankim-,iicuIcOfls.
The imiain inucleotide srqLuncled of thlC 2_2 kb (E( oRI['1 Fc RN 21 ii ir-onLucIlea
fiaurnent (sclee,cend ot Fit. 2B) is ShOW1,ii nmtribic-ldiorn) tihe 5 -cnd-1IThe bl(ock
Ot'secluc(t c eircloscd by lincs iS m1ic-sp,S Ciir SCttjCIrCi 1.34 hp). MNIirlmlnucllcl
DNA sCqunICrlCC CpiCtcd with bolcl Icttris is shiiii 1 S liC SCC]lUCIInc which
completcly tIiictides with the sequenlzc Oithic rmacirionurlr ii 0 8 kh h-iclenci-t (scc
legend ot Hju 2B) Opein boxes which cnclost AlTTA r-epi-cscrit a possiblC jlunctioln
consensus miotil Palindromic stmcturs .llC Lldci-lncd \ th bidt-tctional airows
The 20 hp ircpetitt\ct rotil. T DAAT(TAAC)14 Llrd T ti.h t itct. i\(,.. arl-c
underlinicd in hold. Dashed lines Cepr-CscnIt ARS conseCInSL sCCLIciICcs As thc
nuclCotidc scquIcIlCes oltIiclo- and nialtCron_Ocleari DNA Iramncnts lr-iim iio 48(
nd nio.2 101 -2157 wrci comIpletely identic.l thesc sccluertees aIrc iniited from

thc FinreC (rcfetr to thc ENIBL diata haik).

The possibilitN thaLt the mic-speccitfic sequenzc mlight havxe somle
stel ic cf't'ets on thecoormal ninif . -promote euion o'f
catlmodutilin cene(}C as69 con)lsideiredl. 1h'C LIleCotidle sequcnc of the

'-pl'OlllOtCIr-eioIl detetrietdc] as shown in Fro. 4A and it
\w'tas compacd \vith the iniic-specit-ic seqttenlc to look for possihlc
comipletlmenta,\ sequecie(s) IFlu. and 4A I. As LI i-csult. we
fo-nld t\o kinids ()f possible candlidatte sequences. O)nc is 2'(
hp repetitivc sequence TAAT(TAAC0 ihiis sequencc existed
98 hp UpsteCamlll froim the 5'-junction of the irnic-specific scquIenCIe
(Fie. 3). Inter-estinel\x the samic 2(1 bp sCeIqCu C a11so existed 1 16
hp upstreaclill tt oil tthe initiation coldonm of thie calmodUtlinl g-enle
iin a direct orientation hUt On the opposite stralnd (Fie. 4A). [hle
other One is a T-I-rich trCact. Tl,,CTF. Ill the miidldile re,gionl ()f the
tolic-specitic scquce'cc FligT. 3). andti at nearl\ compleicentitatrN A-
ricl traict. AJ'A 1GA1. ait 7 hp UpstrleC"Am1 thom01 the in1itialtion
codoni of catlilodulill (gCenC (FiLe. 4A).

Since the ATTA(ATTG)4 and( thte A;TA1i,GA, existed 116 hp
and 7 b-)p Lipstreamtl frotti the in'itiation(codon. respectively. wC
thieni investig-'atcd tthe traniscriptiolt st.artinlg site)(s) aiid thie positionl
otf putati\ce TATA bx(es). The trLinscription starting sites of
calmodUlin gTene were deteriinied(i hy the primiler' cxtenlsion
imcthod. As shown in Fi(g 4B. the were t(oui strontg starting1
sitcs (-88S.-6C1-1832 bp Lipstream front ATG. Carrowhe-ads
in Fi. 4A a-nd B). aInd several weaker- mins within the region
between -49 and -88 hp (FigT. 43). In addition. about ten

putati'e J ATA hboxes i sequences diferin in no m e thanIl onei
nucleotildc frmomi- tec 1 ATA b\ox lonsenIsuLs sequciecs (.5).
TATAt \AI were ftounid in --49 to 30( bp upstreamil t'fromi
ATG (dCashed lines in Fig. 4A) hehcomplementary sequence
()f TAAT(TAAC)4 overlapped is ith mie otf the putatixe TATA
hox cIuLStClSr aLnd the A-rich tralt existed downsv-st-etream f'roi the
tran1-1s1Cripttion starting sites.

Figure 4. Nuclcotide sequeCnlCe Otf thIC i51m-Ilking rc!ionR ot calillod inil encrlC. IA) t sinL thec lllianr IL ii 4 DitiiaWrl-Clt. t1 lkILU oiCdL sLqrCC ncC o ttil . kbSocl E(oRI l1] tfraoment wvas cleterminucd (scc Ft'l 2B). thec tirailslatiii initiation iodon (AT i) is boxed. aild dcs inaitd i Hl-lr. inL ILoticle s ceILICrlzC ru-On
tio. 39 uIp to no. --300 is shown (For thc sequencc of the r-cmtainlinoh Ll)stlealrl i'C InI rI to) It 1-.NIBL dlit. haillk)i Thc 9Ibp If tlt\i,ii Iinntif ATTA(AIATTG.)
and A-r-ich tr-act, AJTA GGA. arc undcIi-inred in holl. Airowvheadsmrlicittestrom iint iiiitt 4 tiii sitcs detiilcd h\ ii i-ir I lrsioiii Isc B). The se ies
of the ncair-cst iLitchl to thec TATA conlsCrIsLIs drC indidcatcr bi dashedLll-dtcinllr-lircI 13) 1Tiia-sr iolpti s.im tsits tiI .inlllodli lii ce CI e rletectrl hlhI ltierlc-
cxtensloit as descr-ibecd in MNaterials and Mrthids i-irner exien)siiiniirdlr its i1hiosC i in ihr Irits1 I hi oniitnrliiiilit siji ii sites areshiiwnCititt
botlh arrToWheICIs anId nIulelCotidc nurniri-s. ind1 ii k staitincl site u, tshcllwil \ itli d its ti IL xILIlflrc 5Lqlor i llt laddl- \ G(( i tl ITpi LCselteLl h\ didleix\
sequencine usine the sairie -P-labelel pinici ii l 4 tines1
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Analysis of micro- and macronuclear DNAs by Southern
hybridization using mic-specific sequence as a probe
Micro- and macronuclear DNAs were analyzed by Southern
hybridization using the mic-specific sequence and macronuclear
fragment (control) as probes (Fig. 5) to look for sequence(s)

Figure 5. Southern hybridization of micro- and macronuclear DNAs probed with
the mic-specific sequence. Almost all of the mic-specific sequence (1,359 bp,
nucleotide no.647 to 2006 in Fig. 3) was synthesized by PCR and used as a probe.
As a control probe a macronuclear 2.7 kb EcoRlISacI fragment (see Fig. 2) was

used. The kb-markers are represented in the left. Micronuclear (Mic) and
macronuclear (Mac) genomic DNAs were digested with EcoRI or EcoRIlEcoRV
and Southern hybridization in each lane was carried out under the ordinary high
stringency condition. Note that many positive bands are seen in Mic lanes but
no significant band is seen in Mac lanes in the case of using mic-specific sequence,

while the micronuclear 5.6 kb EcoRI fragment and the macronuclear 4.2 kb EcoRI
fragment strongly hybridized with the 2.7 kb mac fragment. Weak hybridizations
are seen with the Mic 4.2 kb and Mac 5.6 kb bands, owing to the contamination
of macronuclei in the micronuclear fraction and that of micronuclei in the
macronuclear fraction, respectively.

homologous to the mic-specific sequence. Southern hybridization
was carried out under the same conditions, namely high
stringency conditions. The EcoRI- or EcoRI!EcoRV-digested
micronuclear DNA fragments gave rise to many positive bands
which hybridized with the mic-specific sequence. This result
indicates that many sequences homologous to the mic-specific
sequence are scattered in the micronuclear genome. In contrast,
no significant hybridizing band was detected in the macronuclear
DNA under the same conditions.

DISCUSSION

From the present experimental results (Figs. 1 - 3), we reached
the conclusion that DNA rearrangement should occur at the
5'-flanking region of the calmodulin gene, since the 1,384 bp
mic-specific sequence exists about 3.5kb upstream of the
micronuclear calmodulin gene but does not in the macronuclear
one.
To know sequence motifs common to mic-specific sequences

in Tetrahymena, the mic-specific sequence described here was

compared with the two mic-specific sequences previously
described by Yao et al. (M region and R region)(26, 27). All
three mic-specific sequences and their flanking sequences are very
rich in A+T. Therefore, it seems unlikely that the elimination
of mic-specific sequence leads to create or destroy protein-coding
regions. All junctions of three mic-specific sequences contain the
direct repeats. Short repeats, such as, 5'-ATTA-3',
5 '-TAATT-3', 5 '-TAAACA-3' and 5 '-AATAATTG-3' appear

to be one of features typical of the DNA deletion junctions in

T. thennophila. However, these three mic-specific sequences only
share some common structures. The R region and the mic-specific
sequence described here have different palindromic structures
near each of the junctions, but the M region does not. An unusual
polypurine tract (5'-A5G5-3') required for the splicing of the M
region (28) is found only in the M flanking region. On the other
hand, the 20 bp repetitive sequence, TAAT(TAAC)4 and the T-
rich tract, T16CT5, described here are not found in or near the

cmmm
, mic-specific sequence

I

I, ,~~~~~~~~~~~~~~~~~~
I"

TAI

I_mm T-rich tract

I / TATA box . ,

T( TTTTT / TTTTTTTTTTCTTTTT )

20bp
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two mic-specific sequences known so far (M and R regions). Until
now, mic-specific sequences called internal eliminated sequences
(IESs) have been sequenced and analyzed in hypotrichous ciliates,
such as Oxytricha (29, 30). The Tetrahvmena mic-specific
sequence described here and the hypotrichous ciliates IESs appear
to be dissimilar in size and the primary sequence, except that
both include 2 -6 bp direct repeats in general at the ends of each
sequence and one copy of terminal repeat is retained in the
macronuclear DNA.
As for the mic-specific sequence we found, a schematic

summary of the data in Figs. 1-4 is in Fig. 6. The 20 bp
repetitive sequence exists about 100 bp upstream of the mic-
specific sequence and about 120 bp upstream from the initiation
codon (Figs. 3 and 4A). The latter region presumably contains
promoters of calmodulin gene, although we can not yet exclude
a possibility that an intron might be present in the 5' untranslated
region. As a matter of fact, the region has some characters of
the promoter regions of Tetrahvtnena genes previously reported
by Brunk and Sadler (3 1). Concerning the TATA box of
calmodulin gene, we could not determine authentic TATA boxes
from many TATA box consensus sequences. But, the 20 bp
repetitive sequence, TAAT(TAAC)4, overlaps with one of the
putative TATA box clusters (Figs. 4A and 6). Another
complementary sequence was a T-rich tract, T 6CTs in the
middle region of the mic-specific sequence and in the untranslated
region of calmodulin gene (Figs. 3, 4, and 6). Although we have
not yet ascertained whether these complementary sequences are
able to interact, we are tempted to speculate that these sequences
might play important roles in the regulation of transcriptional
activity of the calmodulin gene, in other words, presence and
absence of these sequences might be responsible for the different
transcriptional activities observed in micro- and macronucleus.
The hybridization patterns of the mic-specific sequence with

restriction enzyme-digested micro- and macronuclear DNA
fragments are very interesting. The mic-specific sequence found
in the calmodulin gene hybridizes with many DNA fragments
from micronuclear genome, but not with any fragment from
macronuclear genome (Fig. 5). In contrast, a control probe which
has a high A + T content like the mic-specific sequence (a
macronuclear 2.7 kb fragment, mac fragment in Fig. 2)
hybridizes with single fragments in micro- and macronuclear
genomes. A high A + T content in a fragments used as a probe
does not bring about an unusual hybridization pattern. Therefore,
we can conclude that the mic-specific sequence found in the
present study is not unique to the calmodulin gene, but the
sequence itself or very similar sequence(s) are scattered in many
parts of the micronuclear genome of T thermnophila. Since these
sequences appear to be eliminated from the micronuclear genome
in the process of DNA rearrangement during macronuclear
development, they might affect transcription of other functional
genes which include such sequences in their flanking regions.

In order to determine the significance of the mic-specific
sequence, we are now attempting further functional
characterization of this sequence using an i.n iitro transcription
assay system.
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