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ABSTRACT
We sequenced and corpared the telcueric regions of linear rDNAs fran

vegetative mcronuclei of several ciliates in the suborder Tetrahynnina. All
telcxres consisted of tandemly repeated C4A2-sequences, including the 5'
telomare of the 11 kb rDNA fran developing macronuclei of Tetrahyna therm-
phila. Our sequence of the 11 kb 5' teloneric region shows that each one of a
previously described pair of inverted repeats flanking the micronuclear rDNl
(Yao et al., Mol. Cell. Biol. 5: 1260-1267, 1985) is 29 bp away fram the
positions to which telcxmeric C4A2 repeats are joined to the ends of excised 11
kb rDNA. In general we found that the macronuclear rDNA sequences adjacent to
C4A2 repeats are not highly conserved. However, in the non-palindranic rDNA
of Glauocna, we identified a single copy of a conserved sequence, repeated in
inverted orientation in Tetrahyna s., which all form palindranic rDNAs. We
propose that this sequence is required for a step in rDAi excision ocan to
both Tetrahymena and Glaucana.

INTWDCTI(]N

Telcmeres are specialized structures required for the stabilization and

replication of chrcuoscne ends (reviewed in 1 and 2). The most distal por-

tions of all known teloreric regions consist of tandem repeats of sinple
G + C-rich DNA sequences (2-9). For example, the ternini of the subchromo-
sanal linear macronuclear DNA olecules in holotrichous ciliates such as

Tetrahymna thermcphila and Glauoana chattoni have '30 to '70 tandem repeats

of the hexanucleotide C4A2 (4, 5). In addition to these sinple sequence

repeats, in Physarum and Dictyostelium rDNAs, and in Trypanosnm brucei and

yeast chrcrmscmes, the regions inediately proximal to these terminal telo-

meric repeats (designated telcuere-associated regions (1)) include a variety
of more caxplex tandemly repeated sequences (6-10). By in situ hybridization,
repeated sequences have been localized to telaceric regions in a nrber of

other species (reviewed in 1). However, a systematic study of telauere-

associated sequences has not previously been done, in order to caupare these

regions in harologous mlecules fran a graop of related organisms.
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TABLE 1 Relationships between ciliates and rDNA telcmeres analyzed

rDNA
Suborder Family Genus Species Strain Telomere*

Tetrahymenina Glaucanidae Glaucana chattoni HZ-1 3'

gi is is n n

Tetrahyrenidae Tetrahymena thermrphila B1868 3'

1~n,I, Io 51

C3-368 3'

pigmentosa ALP15 3'

11n11060 3'
*51 and 3' refer to telcmares respectively upstream and dcwnstream of the rRNA
transcription unit.

In this paper, we analyze the sequences adjoining telcreric C4A2 repeats

in the ncronuclear riboscnal RMA gene (rDNA) mnlecules frao several species
of ciliates in the suborder Tetrahymenina. Table 1 lists the relationships
between the varicus tetrahymenids whose rDNP telciere-associated sequences we

examined in this study. The species acpared were chosen to reveal sequence

conservation resulting from functional constraints on telomere-associated

sequences. Tetrahyna and Glauccna are two evolutionarily distant genera;
thus any conservation of sequences between them is likely to reflect strong

functional constraints on those sequences. We expected that any such oon-

served sequences would be inportant for telcrere function in the vegetative
macronucleus (1, 11), for the specificity of rDNA excision during macronuclear

developuent (12-14), and/or for de novo formation of macronuclear telareres in

the developing macronucleus (14, 15). Conversely, sequences specifically in-

volved in the formation of the palindrcnic rDNA present in Tetrahymnena shauld
not be conserved in the rDNA of Glauccna, which is non-palindranic (5). We

also analyzed the rDNA telcmere-associated sequences of different strains
within the same species of Tetrahymena, to determine intraspecies rates of

sequence divergence, and thus to reveal functional dmnains in telacere-
associated sequences.

MATERIALS AND METODS

Preparation of r_NAs from Tetrahvrena thm&hila, Tetrahvmena viamentosa and

6300

Glaucana chattoni

Tetrahymena thennhila strains B1868(IV) and C3-368(V) and Glauca

chattoni strain HZ-1 were mintained and grown as described previaosly (5, 12,
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16). Tetrahymenapigmntosa strains ALP15(II8) and UM1060(II6) were kindly
provided by D. Nanney, University of Illinois, Urbana, and were maintained and

grown in the same way as T. therncphila as described previously (12, 16).
Macronuclear rDNA was prepared fran all ciliates as described previously (12,
16, 17).

Recxrbinant DNA Techniques and DNA Sequence Analysis

All plasmids containing inserts of rDNA telomeric regions were con-

structed as described for pTrel, pGre2 and pGre7 (16), except plasmid prE-Y3,
which was contructed as described previously (18). Plasmid preparations, DNA

sequencing and computer analysis of DNA sequences were all done as described
previously (15, 16).

RESULTS AND DISCUSSION

Cloning and sequence analysis of rDNA telcmere-associated sequences

The mcronuclear rDNA molecules of Tetrahymena are linear palindrcnic
dinrs. Early in develcpent of a new mcronucleus free, single RNA gene

molecules, called 11 kb rDNA molecules, are generated by excision of the

single micronuclear gene (12-14). The 11 kb rDNA is lost in subsequent

vegetative growth. However, in Glauccma chattoni, cnly single rRNA gene mle-

cules, 9.1 kb in length, are found in the acronucleus (5). The telcueric
regions of the rDNA molecules of Glaucona chattoni, Tetrahymena therrrcphila
and Tetrahymena pigmentosa were each cloned using a method which ensured that

the junction of the telcmeric C4A2 repeat block and the telacere-associated
region was included in the insert (8). Briefly, the macronuclear rDNA mole-

cules were isolated, digested with S1 nuclease to reduce the telaceres to

blunt ends, and subsequently digested with a restriction endonuclease. The

telcueric rDNA fragments were ligated into a pBR322 vector fragent produced

by double digestion with PvuII and the restriction enzyme used on the rDNA.

Recombinant clones were identified by hybridization to a repeated C4A2 probe.

Restriction maps of the macronuclear rDNA molecules and the reccsbinant plas-

mids containing their telomeric regions are shown in Fig. 1. Plasmids pTrel,
pGre2 and pGre7 have been described elsewhere (16). Restriction digestion
mapping and hybridization to rDNA probes oonfirmed that in all plasmids the

rDNA sequences were not rearranged by the cloning process. The DNA sequences

of the telcmere-associated regions, and of the C4A2 blocks theelves, were

determined by Maxam-Gilbert sequencing.
The only sequence ccmrn to all tetrahyEnid rDNA telaceres is repeated C4A2.

Hybridization with a repeated C4A2 sequence probe indicated that all the
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cloned rDNA telonreric regions contained this sequence in the expected rDNA-
vector junction restriction fragment. Sequence analysis showed that all

cloned rDNA telcreric regions terminated in C4A2 repeats: pTrel had 56 C4A2
repeats, pGre2 and pGre7 had 34 and 38 C4A2 repeats respectively, and pALP3
and pUM9 had 52 and 14 repeats respectively. In previous work (12), C4A2
repeats had not been detected by hybridization to the 5' telcmere of the 11 kb
rDNA molecule, possibly because of scae breakdown of the DNA sample analyzed,
but the cloned 11 kb rDNA 5' telcrere terminated in 40 C4A2 repeats. The only
deviation fram the canonical C4A2 hexanucleotide repeat in any of the clones
was a single C5A2 unit in pTrel (M.L. Budarf and E.H. Blackburn, manuscript in

preparation) .

To estimate the rmber of C4A2 repeats present in the original macro-

Tetrohymena thermophilo

rDNA (20.8kb) ? ,

pTre I

"11kb" rDNA (10.8kb) B f t v it

pllBlI-
G/oucomo chattoni

rDNA (9.lkb) _f

pGre7

pGre2

Tetrohymena pigmentoso UM1060

rDNA (23.5kb) - ?^ vq? ? ?

pUM9 i ? L

Tetrohymeno pigmentoso AL P 15

rDNA (21.5kb) t v,

pALP3
lkb

Fig. 1. Physical maps of plasmids with rDNA inserts.
The plasmids described in the text are shown aligned below the r1N nleoule
that was the source of the insert. All plasmid maps are presented as if
linearized at the PstI site at pBR322 position 3608, so that the single EooRI
site at position 0/4362 in the pBR322 portion cf the plasmids gives the rela-
tive orientation of the vector and insert. Thin line = pBR322; open bar =
rDNA; filled box = C4A2 repeats; arrowheads = dyad axis of syrmtry in palin-
drcnic rDNA molecules. All recognition sites for BamiI (A), EcoRI (O), and
HindIII (0) are shown. As G.chattoni rDNA has no HindIII sites, HpaI (O)
recognition sites are given for this nolecule and the plasmids pGre2 and pGre7
only. Cloned 5' and 3' telceres are located respectively toward the left and
right sides of their plasmid mps. The direction of rRNA transcription on the
single rRNA gene nolecules (G.chattoni 9.1 kb and T.thernphila 11 kb rDNAs),
and on the right halves of the piTHMdranic rDNA nlecules, is fran left to
right.
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nuclear rDNA molecules, the sizes of telcxric restriction fragments of rDNA

molecules isolated fran the respective ciliate ruclei were capared with the

lengths of their cloned terminal restriction fragments. These size neasure-

ments showed that the Tetahymena macronuclear rDNA telcmeres, which are vari-

able in length and form diffuse bands in gel electrcphoresis (4), contained
50 ± 15 C4A2 repeats. The Glauocna macronuclear rDNA telcmeres terminated in
30 ± 10 C4A2 repeats.

The teloere-associated sequences which adjoin the C4A2 repeats are shown

in Fig. 2. Each telcxere-associated sequence was ocupared with all others to

locate regions of hamology, using the omputer programs Matrix and Align (see
Materials and Methods). When corresponding 3' telcurere-associated regions of

the rDNAs were catpared among the different tetrahymenid species, no long
harologies apart fran the C4A2 repeats were found. Even the telcmeres at each

end of rDNA mlecules in the sane species (the Glaucoana 9.3 kb ncronuclear
rENA and the T. themrophila 11 kb rDNA) had no sequences in ooraan besides the

C4A2 repeats. Thus, the first general finding to emerge is that extensive oo-

50 100
1 ..-.-----------------CTAGTGATrTGATATAAACTCTTATATTTTGAAGATTGATTATCACAATCATTTTTMTATAAMTATAAAATGTTACATTTTGATTMTTM

50 100
2 .A.A.ACCCCAACceAMCCTCMTATAATAmTcATATCATTTTAGTMTATAAMTAmcATmcATTATCTAT

50 100
3 ...AA CC MT?TC?O ACA MAATATrTT CTT ACTTT ¶TTAMTTATT TCAOMTGTTCAAVTTMMTGCMATACTATMTArrrrGMTAGT

50 81
4 ...AC--TrTCCTM ACATTGACAAGCTAAMAMATT-AMATTMTACTTTGATTTTTACTTATTTATGAATATM -* Not Determinedi -

50 100
5 . . .A cTATAcTcTATCTAc ATTCATGCAAATGAATGGA ATATATTATGCTGTTTGACCTATATCTAAGTCTAGACTCGATACTACAATATAAGAAT

50 100
6 ... 5TAAATA GTCTGGCGTCTTAcrTrTGCTTAG AACTTCACTTGATTACCTTCGAATCACTTAATTCACTATA

50 100
7 ... CCTTGTCGGAATTGTTATTGAGACCATAGAG

150 200 226
1 TCCTTAMTACTGTATAAAACTAGAAAATGATTTMCTAAGGGTGAATATTTCCTTATTTATAGTATTATAcTTATTATCATcATrTTTArCTATCATMACCTATATTAAATMT...

150 200 242
2 TccATAMTAcATAAAGTMAGAAAGA mAACAAGAGAATAT TcATAATTTATTATTATcATTTATTctcc-TAATCTATTAAMTAA...

150 200 244
3 TtATATA _ TAACTACCT^CAGTTGAACTTC ...
- 150 200 244
5 ATAAAATAcTTCTTAcTTCAATTATCTccTC0GMGAAAAAATcArrrcATTTTATGAAcTAcTTcATTGAAATGcGATMATATTrTcTCTTcTTAACTTCATTTTTTArrTCMA...

150 200 244
6 TrGGmAAAmrrwAcTACATAArrTACAATAc c T TGACCTATAGCATTACATTAGCTATATA...

150 200 244
7 CA0&CT0CATTAATCGMTrACGTATGCTACTCCTTTAGTATCATGACTCGATCG0GTCGMACACGGATTTACTCr?TTCAATTTTCATTCAAGTGMATGAAGGATAAAATGGTA...

Fig. 2. WNA sequences of the terminal -220-250 bp of the telamere-associated
regions of tetrahymnid mcronuclear rDNAs.

Numbering begins at the left at the first rucleotide of the innennost C4A2
repeats shown and proceeds in the 5'+3' direction toward the interior of the
rDNA mlecule. 5' and 3' telcaneres are as defined in Table 1. C4A2 repeats
are boxed. Sequences with harology to the yeast ARS consensus sequence are
underlined. Dashes are inserted to nximize aligrent between the sequences
fran different strains of the sane species. 1 = T.pigmentosa ALP15 3' (fran
plasmid pALP3); 2 = Tpigmntosa U1060 3' (plasmid pU49); 3 = T.thermpphila
B1868 3' (plasmid prrel); 4 = T. thenphila C3-368 3' (plasmid prE-Y3, ref.
18); 5 = G. chattoni HZ-1 3' (plasmid pGre7); 6 = T.thenrophila B1868 5'
(plasmid pllbl); 7 = G.chattoni HZ-1 5' (plasmid pGre2). Bases 9-33 and
62-103 in the T.ther4 ph`laB1868 5' telcmree associated sequence are inverted
M repeats (ref. I see text).
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linear regions are found only between analogous teloferes of strains within
the same species.

We next searched for any shared sequence motifs or short homologies in

the rDNA telomnre-associated sequences. No internally repeated sequences that
were statistically significant (see 15) were found in the telomere-associated
regions. In this way the rDNA telaceres of these ciliated protozoa differ

fran those of the rDNA molecules in the slime irmlds Physarum or Dictyostelium,
which contain subtelaoeric repeated sequences with repeat unit lengths of 140
and 29 bp respectively (6, 7). Likewise, no telorre-associated repeats have

been found in the macronuclear DNA moleules of the hypotrichous ciliate

Oxytricha (19, 20). However, macronuclear DNA molecules of the hypotrich

Euplotes share a owmron 5 bp sequence separated fran the telaceric C4A2

repeats by 17 bp of non-conserved sequence (19). We could detect no such
sequence notif in the tetrahymenid rDN telomere-associated sequences, al-

though a short sequence of this kind might not be apparent in the A + T-rich
telcuere associated sequences of Tetrahynna and Glaucoma. The sequence

TrATT, located 0-3 bp away fran the C4A2 repeats, has been noted in three

sequenced non-rDNA macronuclear telczeres of T.thermopila strain B (21).
However, out of four other non-rDNA macronuclear telaneres, the corresponding

sequence near the C4A2 repeats was found in only two (E. Spangler and E.

Blackburn, unpublished data). Thus, its statistical or functional signifi-
cance is unclear.

Each telorere-associated sequence, with the exception of the T. thenrw-
phila 11 kb 5' sequence, included an 11 bp yeast ARS consensus sequence within

150 bp of the C4A2 repeats (underlined in Fig. 2). ARS function in yeast has

been demonstrated for the 5' and 3' telarere-associated sequences of the T.

thenriophila rDNA (22, 23), although the corresponding regions of Glaucana rDNA

do not have a similar activity in yeast (R. Pearlman, pers. cxen.). Thus, a

function cannot be assigned to the ARS sequences in the ciliate rDNA mole-

cules, although it is interesting that the telarere-associated sequences of

yeast chramosomes contain ARS activity (10).
Since even within the same species there is no onrn telcere-associated

sequence adjacent to the C4A2-G4T2 repeats, these repeats alone must be both

necessary and sufficient for telacere function. The telarric G4T2 repeat
sequence is recognized ty a recently identified enzymatic activity, which adds
G4T2 repeats to the 3' ends of telareric sequence DNA primers in vitro (11).
This activity most likely is required to stabilize and allow coplete replica-
tion of teloreres (1, 11). Functional analysis of C4A2 repeats in vivo in
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yeast has also shcwn that C4A2-G4T2 repeats alone are sufficient to specify
telonere function in this heterologous system (24, J. Szostak, pers. orn.).
Carparison of the 3' telcaere-associated regions of the rDNA of two T. Piamen-
tosa strains.

The occurrence of subtelaoeric repeated sequences in a runber of organ-
isms (6-10) suggests that while telomere-associated sequences are not strictly
required for telcmere function, tfiey may still be subject to selective pres-
sure. Accordingly, we determined and ocmpared more extensive lengths of
telcrere-associated sequences fran two T. pigmentosa strains, to search for
evidence of differential sequence oonservation.

Restriction mapping of the rDNAs of T.pigmentosa strains UM1060 and ALP15
had indicated that the terminal restriction fragment in UM1060 rDNA is 600-700
bp longer than in ALP15 rDNA (17). The sequences of the terminal EcoRI
restriction fragments of the rDNAs of these two T. pigentosa strains were

determined and cxrpared (Fig. 3). The ocarparison shcws that the length
difference can be accounted for ty a 625 bp "insertion" in UM1060 rDNA, rela-
tive to ALP15, that begins about 330 bp in fran the C4A2 repeats. At each end
of the inserted region there is a 21 bp hcmologous sequence, repeated in
direct orientation, that is also present once in the ALP15 sequence. While
the two 21 bp sequences in the UM1060 rDNA and the single 21 bp sequence in
the ALP15 rDNA are not perfectly conserved, the 3' 10 bases, AAAAATEAAA, are
identical in the two UM1060 exanples, and differ by one base fran the ALP15
sequence (Fig. 3b). This sequence arrangement is reminiscent of the target
site duplication which ocxnonly occurs upon the insertion of a Ibile genetic
element; thus, the "inserted" sequence in UM1060 could be a nbile genetic
element. Although it does not have other structural features characteristic
of sare classes of nbile elements (15), several different types of apparently
mobile but structurally diverse segments of IDA have been found in other lawer
eukaryotes (25, 26). Alternatively, we note that in the hypotrichous ciliate
Oxytricha, sequences eliminated during mcronuclear developuent fran internal
sites in macronuclear DNA molecules are also flanked ty short direct repeats,
and that the macronuclear DNA which is generated fran such a region contains
only one of the repeats (20). The "insertion" in the UM1060 strain could
therefore be a sequence which is excised during ncronuclear developnent in
ALP15 but not in UM1060.

Regardless of the origin of the extra segment in the UM1060 rDNA, its
presence shows that it is in a telcmere-associated region of the rDNA spacer
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(AACCCC),

CI C2
:j:lUM

wr* *~~~~~~~~~~~~ R~~~UMIN
(AACCCC), EcoRI

100 bp

b
AACCCCAAC AAACCTCATATACTATATGATTTTC&TACAAAGTCTTATATTTTGATATTGATTTATTACTATCATTTTTGAGTTAATMTATAAAATATTTCATT
------ --G------G--T--------------AG-------G-A--------T-A-AT-A-------G-A---

TTGATTATCTATTCCATAAATACTGTATAAAAGTCAGACAmAAGGATTT TAGAGGAAAATGATTTCCTTATTTTAAGT-TATACTTATTATTATCATTTTATTCf
-------AT--A---T-----------------------T---------Al:-T----------------------T--------------------------At

cl*-t*c2
TAAATCTATTTTAATAAM.CAAAT:CAATTAGTGCATCTTGACAATAAAAGGAcCAA.TA(Tr.AGTcAC.AcTCT.AATGACTrrTTGC=ACAT
----C---A------T-G-----A-GC-C-T-T-A-A--------T-A-TA----GG-AAT-TT---A- -A-T-TCC-C-----A-AA-TATT

c2--
AATAGACAAATGTATTTTGAGTATrA'AC TMATTAATGAAYATCCAGCATCAAATTAATTAATTAAAATAC-TTAACCATCTTTATTGTTAATTATTGCCTTTATA
-GA-AT-A----- -A-C-C-A-----

-GCA---AATTCATTCAAATCCACTATGGCTTTGAGGATCCCATT-GTATATTCT --TTTTACCAATTTTAGGATG-GTGGT AGTATATCCC
------------------------------------------------T-G-----A-----CT---- GA--CT---- ------- -----+-A--
AACTTATTGATTTTATTTCATTCCTAGGCAGTGvGTCCTGTTCCACCAAAMTAATATGTTGCCTTAAACAGATAATATAGCTAAACTAMTATATATTTTATATATA

ATAATTTTCTTAGAAATGMTGACACCACTTTGAATTTGAGAATATTTACGGGATCAATTAGAATTC 1388
-A A-----------------------------------

Fig. 3. Cuoparison of the rDNA 3' telcirere-associated sequences of two
strains of T.pigmntosa.

a) Relationship between the T.pigWntosa ALP15 and UM1060 telcmere-
associated regions. The ends of the rDNA nlecules are on the left. Open
bars = telcmric C4A2 repeats. Arrowhead in the ALP15 sequence is a 21 bp
sequence, duplicated as shawn by the two arrowheads in the UM1060 sequence.
Regions mrked cl, c2 and c3 are described in the text.

b) Optimal aligrnent of hasologous sequences of the rDNk 3' telaiere-
associated regions of UM1060 (tcp) and ALP15 (bottan). Identical bases are
shwon by dashes. Bases which differ between the two strains are shown by the
base in the ALP15 sequence. Gaps introduced to maximize the aligritent are
shon as spaces. Telcoeric C4A2 repeats are boxed. The 21 bp duplicaticn of
the UM1060 sequence relative to the ALP15 sequence (see Fig. 3a) is shown by
thick arrows. The boundaries of the cl, c2 and c3 subregions described in the
text are indicated. Nunrering of nucleotides is as in Fig. 2. Sequences were
obtained fran plasmids pUM9 and pALP3 described in Figure 1.

where the oolinearity with respect to ALP15 rDNA can be disrupted without im-
pairing rDNA function. To analyse further any constraints of this region of
the rDNA, as a function of position along the telcuere-associated sequence,
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the two sequences were aligned as shown in Fig. 3b. The colinear segments of

the terminal EcoRl fragments are divisible into subregions, shown as cl, c2

and c3 in Fig. 3, based on differences in the rates of sequence divergence.

Applying the fornula of Kinura (27) to these sequences to derive K, the evo-

lutionary distance per nucleotide site between the two strains, c3 (K=0.04)

and cl (K=0.14) are seen to be nuch more highly conserved in sequence than c2

(K=0.57), which is distal to the "insert" in UM1060 (Fig. 3b). These findings

strongly suggest that cl and c3 are under greater selective pressure than c2,

and that despite the general lack of conservation of telcmere-associated se-

quences of different species, these regions may play as yet unknown roles in

macronuclear rDNA function or formation.

The role of telcmre-associated sequences in de novo telacere formation

during macronuclear develcpment.

The lack of conserved sequences next to the terminal C4A2 repeats of the

tetrahymenid rDNAs argues that there cannot be a strongly sequence-dependent

target for the addition of C4A2 repeats during macronuclear development.
Furthernore, we found that the exact points to which the C4A2 repeats are

joined to the otherwise oolinear 3' teloere-associated sequences differ in

the rDNAs of different strains fran the same species. These C4A2 repeat

junction points differ by 3 bp in strain C3-368 versus strain B-1868 of T.

thersrhila (Fig. 2), and ty 18 bp in the corresponding junctions of the

UM1060 and ALP15 strains of T. pigmentosa (Fig. 2).

Excision of rDNA fran the micronuclear gencre may be specified ty

sequence elements located outside the region which is retained as macronuclear

rDNA. Sequences designated A-C occur in inverted orientation at each end of

the chrcosanally integrated micronuclear rDNA, in flanking micronuclear DNA

which is eliminated fran the macronucleus (14). The sequence of the 5' telo-

mere of the 11 kb rDNA of T. thersqohila strain B-1868 reported here allowed

us to define precisely the positional relationship of the A-C sequence ele-

ments to both rDNA telcreres, as shown in Fig. 4. Each -37 bp A-C element is

29 bp away fran the position to which the C4A2 repeats beocc joined to form

the 3' and 5' telocmeres of the 11 kb rDNA.

These findings suggest that the A-C sequences specify the positions of

breaks which excise the rDNA fran the micronuclear locus (12-14), and hence

specify the positions of C4A2.G4T2 addition to rDNA telcueres. We have pre-

viously prcposed that a mchanism of telarere addition (11) acts during macro-

nuclear developmnt (15). Our results strongly suggest that the telcarere-

associated sequence to which the C4A2.G4T2 repeats are attached, to "heal"
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...CCCCAACCCCAACCCCAA TTCAACAACATAGTGCTGA 5' MAC TELOMERE

...AAATTAAAMATATTAAAGAAAGAGGTTGGMA-TTAATATTAAAAGCGATTTTCGAAGGTAAAA TTCAACAACATAGTGCTGA 5' MIC JUNCTION

...AAATTATAMAAA-TAAACAAAGAGGTTGGMAATTTTTAAAAATAAGTTAAAACCCCAATTTAA TAATTTCTTTGACATTGAG 3' MIC JUNCTION

. . CCCCAACCCCAACCCCAA TAATTTCTTTGACATTGAG 3' MAC TELOMERE

Fig. 4. Alignment of the ends of the single integrated micronuclear rRNA gene
copy with 11 kb rDNA telcmeres.

Top and bottan sequences = the 11 kb rDNA 5' and 3' telareric C4A2 repeats and
adjoining sequences. Only the innermost C4A2 repeats (boxed) are shown. 5'
mic junction and 3' mic junction = the micronuclear rDNA end regions and their
flanking micronuclear sequences, fran (14). * = identical base in the aligned
sequences; arraws = A-C repeats (14); vertical line = position to which C4A2
repeats are joined to the macronuclear 11 kb rDNA. Note that for both
teloreres the exact point of joining nay differ ty up to two bases, because
two A residues in the micronuclear flanking sequence could be part of a C4A2
repeat unit. All sequences were determined fran micronuclear or nacronuclear
rDNAs of T.thernophila inbred strain B.

such breaks in nacronuclear developnent, does not itself provide any speci-
ficity for that process.

A 5' telanere-associated sequence is conserved between Glaucoma and Tetra-

hynna rDNAs.

The existence of a palindrcmnic linear form of rDNA in the mature macro-

nucleus of all Tetrahymena species is enigmatic. First, this palindranic
rDNA must be accurately synthesized fran the single, non-palindromic, chrcum-

scmally integrated rDNA copy at the micronuclear locus. Second, the non-

palindrcxnic 11 kb rDNA generated during macronuclear development in Tetra-

hynna includes the entire rRNA transcription unit, together with 5' and 3'

non-transcribed spacers, and is able to self-replicate (12). That such a

non-palindromic form of the rDNA is also capable of providing all the func-
tions necessary for long term vegetative grcoth is evident frcan the fact that
the only rDNA in the macronucleus of vegetatively graoing Glaucona is non-

palindramic (5) . Similarly, the acronuclear rDNA in hypotrichous ciliates

also consists of non-palindranic linear single rRNA gene molecules (28).
Fran these observations, we reasoned that the ability to make palindromic
rDNA may not be intrinsically required for excision of rDNA fran the Tetra-

hynena micronuclear genare.
A c(xrparison of the 5' telaoere-associated sequences of Tetrahyrna and

Glaucoma supports this view. First, T.thermophila rDNA has an inverted pair

of 42 bp conserved sequences (M sequences) on each side of the sequence which
becores the non-palindronic central 29 bp of the palindromic rDNA (29, 30).
These two inverted 42 bp sequences are both present in the micronuclear gene
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copy (14), and are highly conserved between different Tetrahymena species, al-

though the non-palindranic central sequence is variable (30). Based on these
sequence properties, a mechanism for generating palindrcnic rDNA from the
single micronuclear rDNA oopy via intranolecular reccrbination between the M

repeats has been proposed (14). As shaon diagramatically in Fig. 5, the 5'

telomere region of T.therncphila 11 kb rDNA contains all 42 bp of one M

sequence, the non-palindranic 29 bp sequence, and 25 bp of the other M

sequence adjacent to the C4A2 repeats (see Fig. 2). It is not known whether
the 11 kb rDNA is an intenrediate in the formation of palindranic rDNA (12).
Hawever, this sequence analysis shows that 11 kb rDNA does include the two

inverted M repeats that would be required to form palindranic rDNA through
intramolecular recacbination.

Second, we found that the 5' telcmre-associated sequence of the Glaucona
rDNA has significant homology to part of the M sequence (Fig. 5). This hamol-
ogy is striking because it is the only significant stretch of hology between
Glaucoma and Tetrahymena rDNAs in the 5' spacer until rRNA prarrter elements

1Obp

_- _______ - -- ---T. thermophild 11 kb
--- --rT. thermophiad

-- -__________ __-. -- - r. pyriformis

--- r. pigmentosa
-~~~-_______ --- T. hyperangularis
_-- ---6. chattoni

...C C A A C C C C A A C C C C A AT T - C AA C A A C A T A...

...A T T T T C G A A C G T A A A A T T - C AA C A A C A T A...

...A T T T G C - - A G G T A A A A T T - C A A C A A C A T A...

...C T T T T - - A A G G T G A A A T T - G AA C A A C A T A...

...A T T T T - - A A G G T G A A A T T - G A A C A A C A T A...

-A T T T T C C - T T G T A A A A T A A C A A CA A A A A A...

Fig. 5. A conserved sequence next to the 5' telaieres of Glaucmna and
Tetrahymena.

Schematic maps and sequence aligrments of (tcp to bottan): Tetrahymena ther-
mnphila 11 kb rDNA 5' telcmere-associated region; centers of palindranic rLtAs
of T.thern phila, T.pyrifonnis, T.pigmentosa and T.hyperangularis; G.chattoni
9.1 kb rDNA 5' telouere-associated region. Thick arrows = inverted M repeats
(14, 30) or M-haurlogous sequence in Glaucana; thin lines = non-conserved rDNA
5' spacer sequences (16, 30); open bar or boxed sequence = innernnst bases of
telcmeric C4A2 repeats. Dashes are included to maximize aligriment between
sequences shown in the lower portion of the Figure. Sequence data fran Fig. 2
and 29, 30.
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are reached, over 700 bp away (16). Hcwever, in contrast to the pair of in-

verted M sequences in the Tetrahymena 11 kb and micronuclear rDNA, the M-

hcmologous sequence is present only once in Glaucana. This result provides

the first evidence that the M sequence functions in a step of rDNA processing

and/or amplification oouon to both species. We propose that during the evo-

lution of Tetrahymena, a single M sequence underwent a duplication-inversion

event, resulting in its conversion into a pair of inverted M repeats separated

by the non-palindrcnic sequence. We suggest that this sinple rearrangennt
produced a structure which allowed the generation of palindranic rDNA fran the

single micronuclear rRNA gene. The structure and formation of 11 kb rDNA in

Tetrahymena, and the M sequence harology in Glaucana, strongly suggest that

the more "primitive" pathway of rDNA maturation, resulting in excision of a

single gene copy, operates in both Tetrahymna and Glauocna. In addition in

Tetrahynena the pathway leading to palindrafe formation operates, possibly but

not necessarily via 11 kb rDNA.

Although during macronuclear developnent in Tetrahymena both 11 kb and

palindranic rDNAs are forned and self replicate, after several vegetative

generations the 11 kb mlecules are lost (12). One explanation is that 11 kb

rDNA is converted to palindrcnic rDNA. Alternatively, the palindranic form of

the rDNA may have an advantage in replication over the 11 kb form in

vegetative mcronucleus. Ccupetition between different allelic fonrm of

palindranic rINA molecules in the oourse of vegetative growth has been

observed, and fram sequence analysis of these alleles there is evidence that

rINA molecules ccupete for limiting replication factors (31). Hence,

palindranic rDNA molecules, where every sequence is present twice, are

expected to cowpete sre effectively for such factors than single gene rDNA

molecules. This sodel predicts that once the ability to form palindranic rMA

was evolutionarily established in Tetrahymna, selection for this slecular
form would have occurred.

ACKNOLEDGMENTS
We thank Janis Shanpay for sequencing the rDNA of T. thermcphila strain

C3-368 (V). This work was supported by grants fran the N.I.H. (@1 32565 and

GM 26259) to EHB.

'Present address: Fred Hutchinson Cancer Research Center, 1124 Columbia Street, Seattle,
WA 98104, USA

6310



Nucleic Acids Research

REFERENCES
1. Blackburn, E.H. and Szostak, J.W. (1984) Ann. Rev. Biochem. 53,

163-194.
2. Blackburn, E.H. (1984) Cell 37, 7-8.
3. Ponzi, M., Pace, T., Dore, E. and Frontali, C. (1985) EMBO J. 4, 2991-

2996.
4. Blackburn, E.H. and Gall, J.G. (1978) J. Mol. Biol. 120, 33-53.
5. Katzen, A.L., Cann, G.M. and Blackburn, E.H. (1981) Cell 24, 313-320.
6. Johnson, E.M. (1980) Cell 22, 875-886.
7. Emery, H.S. and Weiner, A.M. (1981) Cell 26, 411-419.
8. Blackburn, E.H. and Challoner, P.B. (1984) Cell 36, 447-457.
9. Van der Ploeg, L.H.T., Liu, A.Y.C. and Borst, P. (1984) Cell 36,

459-468.
10. Chan, C.S.M. and Tye, B.-K. (1983) Cell 33, 563-573.
11. Greider, C.W. and Blackburn, E.H. (1985) -ell 43, 405-413.
12. Pan, W.-C. and Blackburn, E.H. (1981) Cell 23, 459-466.
13. Pan, W.-C., Orias, E., Flacks, M. and Blackburn, E.H. (1982) Cell 28,

595-604.
14. Yao, M.-C., Zhu, S.-G. and Yao, C.-H. (1985) Mol. Cell. Biol. 5,

1260-1267.
15. Cherry, J.M. and Blackburn, E.H. (1985) Cell 43, 747-758.
16. Challoner, P.B., Amin, A.A., Pearlman, R.E. and Blackburn, E.H. (1985)

Nucl. Acids Res. 13, 2661-2680.
17. Wild, M.A. and Gall, J.G. (1979) Cell 16, 565-573.
18. Shampay, J., Szostak, J. and Blackburn, E. (1984). Nature 310, 154-157.
19. Klobutcher, L.A., Swanton, M.T., D)nini, P. and Prescott, D.M. (1981)

Proc. Natl. Acad. Sci. USA 78, 3015-3019.
20. Klobutcher, L.A., Jahn, C.L. and Prescott, D.M. (1984) Cell 36,

1045-1055.
21. Yokoyama, R. and Yao, M.-C. (1986). Nucl. Acids Res. 14, 2109-2122.
22. Amin, A.A. and Pearlman, R.E. (1985) Nucl. Acids Res. 13, 2647-2659.
23. Amin, A.A. and Pearlman, R.E. (1986) Nucl. Acids Res. T1, 2749-2762.
24. Szostak, J.W. and Blackburn, E.H. (1982) Cell 29, 245-255.
25. Hasan, G., Turner, M.J. and Cordingley, J.S. (1984) Cell 37, 333-341.
26. Cappello, J., Cohen, S.M. and Lodish, H.F. (1984) Mol. Cell. Biol. 4,

2207-2213.
27. Kimura, M. (1980) J. Mol. Evol. 16, 111-120.
28. Swanton, M.A., Greslin, A.F. and Prescott, D.M. (1980) Chrcuosana 77,

203-215.
29. Kiss, G.B. and Pearlman, R.E. (1981). Gene 13, 281-287.
30. Engberg, J. (1983) Nucl. Acids Res. 11, 4939-4946.
31. Larson, D.D., Blackburn, E.H., Yeager, P.C. and Orias, E. (1986),

submitted for publication.

6311


