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ABSTRACT

The gene-sized macronuclear DNA of the hypotrichous ciliate Stylonychia
lemnae contains two size classes of DNA molecules (1.85 and T.

coding for e-tubulin. Each macronucleus contains about 55000 copies of
the 1.85 kbp molecules and about 17000 copies of the 1.73 kbp DNA mole-
cules. Five macronuclear molecules of these sequences were cloned and
sequenced, one, from the 1.85 kbp size class in its entirety. The 5 se-
quences fell into two classes suggesting that Stylonychia lemnae contains
at least two different «-tubulin genes. A1l 5 clones show the codon TAA
in the same nucleotide positions of the coding region. In this position
the TAA codon cannot function as a translational stop codon and we
suggest that this codon codes for the amino acid glutamine. The nucleotide
sequence of the coding region as well as the encoded amino acid sequence
is highly conserved compared to e-tubulin genes from vertebrates. The
noncoding regions show several putative transcription-regulatory sequ-
ences as well as sequences presumably functioning as replication origins.

INTRODUCTICN

Stylonychia lemnae shows the nuclear dualism typical for ciliated proto-

zoa. Cells contain two types of nuclei, small diploid micronuclei resem-
bling gametic nuclei of higher eukaryotes and the DNA-rich macronuclei

(1, 2). Micronuclei contain high molecular weight DNA (chromosome-sized
DNA) in form of about 150 chromosomes per haploid genome (2). Macronuclear
DNA is organized in short molecules, 0.4 to 20 kbp in size (2, 3). In the
course of sexual reproduction (conjugation) the new macronucleus is

formed from a micronucleus in a process which involves polytene chromosome
formation, degradation of these chromosomes accompanied by the loss of
over 90 % of the DNA sequences, and the specific fragmentation of the DNA
into gene-sized DNA molecules (2, 4, 5). Macronuclear DNA contains 10000 -
20000 different DNA molecules each present in average 15000 times per
macronucleus (2, 6, 7, 8). Hybridization experiments of total macronuclear
DNA with cloned macronuclear DNA fragments showed that the amplification
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differs from fragment to fragment. Copy numbers vary from 3000 to more than
100000 per nucleus (unpublished data). In contrast to micronuclei, macro-
nuclei do not divide by a mitotic process but the copy number of each frag-
ment are maintained constant through several subsequent cell divisions
(measured up to 200 cell division, unpublished). Thus each macronuclear DNA
fragment seems to be a replication unit with one or two replication origins
together with all essential control sequences. Preliminary electron micros-
copic observations suggest that replication origins are at or very close to
one or both ends of each DNA molecule (9, Steinbriick, unpublished).

Only macronuclei are transcriptionally active during vegetative cell growth
(1). Hybridization of specific gene probes (e. g. rDNA, histone-, actin-,
tubulin-genes) to macronuclear DNA revealed hybridization to defined macro-
nuclear DNA molecules (3, 6, 10). These results together with the ability
to obtain stable transformants of Stylonychia, when macronuclear DNA se-
quences were used as a vector (11) lead to the assumption, that each macro-
nuclear DNA molecule is a complete transcription and replication unit. Thus,
all signals and regulatory sequences involved in inititation of transcrip-
tion such as the "Hogness" box (12, 13) and the transcriptional termination
signals AATAAA (14,15) and TTTT (16) as well as the replication origins
and other essential regulatory sequences should be present on each macronuc-
lear DNA molecule.

Sequence analysis of total macronuclear DNA from several hypotrichous cili-
ates revealed the existence of terminal inverted repeats present at both
ends of each DNA molecule (17,18,19). The sequence of these terminal in-
verted repeats in Stylonychia is 5'-C4A4C4A4C4 with an additional single
strand extension of 3'-G4T464T4 (19,unpubl. data). Similar tandemly repea-
ted sequences have been found in other lower eukaryotes where they function
presumably as telomeric structures in the DNA replication process (20).
Since ciliates show a variety of microtubuli-containing structures, e. g.
ciliary axonemes, subpellicular microtubular systems and the spindle appa-
ratus of the dividing micronuclei, (21,22) we have chosen the macronuclear
DNA molecules containing the wx-tubulin genes for detailed analysis. Of par-
ticular interests are gene multiplicity, DNA replication and its regulation
on the nucleotide sequence level as well as regulatory sequences involved
in tubulin synthesis. Therefore macronuclear DNA molecules of Stylonychia
lemnae coding for et¢-tubulin were cloned and sequenced.
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MATERIAL AND METHODS

Cultivation of cells and isolation of macronuclear DNA, nuclear and poly-
somal RNA

Cells of Stylonychia lemnae were cultivated in Pringsheim solution with
the alga Chlorogonium elongatum as food (23), and after isolation of macro-
nuclei, DNA was purified as previously described (2, 7). Nuclear RNA was
isolated from vegetative cells as described by Nock (8), and purified by

cesium chloride gradient centrifugation (24). Polysomal RNA was isolated
from purified polysomes (25) following the procedure of Buell et al. (26).
Isolation of plasmid- and recombinant DNA

Plasmid- and recombinant DNA was extracted from bacterial cultures as des-
cribed previously (27), followed by CsCl/ethidium bromide density gradient
centrifugation.

Agarose gel electrophoresis and hybridization reactions

Native and restriction endonuclease digested macronuclear DNA as well as
recombinant DNA was subjected to electrophoresis on 1 % to 1.5 % vertical
agarose slab gels. Gels containing 1.5 % agarose with 50 % formaldehyde
were used for electrophoresis of small restriction fragments of recombi-
nant DNA (28). For denaturing gels RNA and DNA were treated with glyoxal
(29), and electrophoresed on 1.5 % agarose gels. After electrophoresis the
gels containing DNA were either dried (30), or the DNA was transferred to
nitrocellulose membrane filters (Schleicher & Schiill, BA 85) as described
by Southern (31). From denaturing gels RNA and DNA were transferred to
nitrocellulose membrane filters by the method of Thomas (32). The DNA
in the dried gels was denatured in 0.5 M NaOH and 150 mM NaCl and then
neutralized in 1.5 M TRIS-HC1 pH 8 and 150 mM NaCl for 2 x 15 min. Pre-
hybridization and hybridization was carried out at 62 ° C in 5 x SSC,

10 x Denhard"s solution (33) and 0.1 % SDS. For hybridization the labeled
probes were denatured in TE-buffer and mixed with prewarmed hybridization
solution. After hybridization for 24 - 48 hours the gels and filters were
rinsed down to 0.1 x SSC at 58 ° C and exposed to Agfa Curix RP1 X-ray
films with Dupont Quanta III intensifying screens at - 70 ° C.

Preparative agarose gel electrophoresis was carried out either on 1.5 %
low melting agarose gels (Seakam) or on 1 % and 1.5 % normal agarose

gels. DNA was eluted from low melting agarose gels as described previous-
1y (34), and from high melting agarose gels by the electrophoretical
method of Smith (35).
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The molecular weight marker of all gels was A-DNA (BRL) digested with Hind
IIT and Eco R I.
Restriction endonuclease digestions

Restriction endonucleases were purchased from Boehringer, Mannheim and
Bethesda Research Laboratories. Digestions were carried out as suggested
by the manufacturers.

Labeling of DNA for hybridization- and sequencing experiments

DNA was labeled by the nick-translation procedure (36) with e«-~“P dCTP
(spec. act. 2000 - 3000 Ci/mMol. Amersham), and used for hybridization ex-
periments. For sequencing the DNA fragments were isolated from agarose
gels by electrophoretic elution, phosphatase treated and labeled at the 5'
ends with x=32P ATP (5000 Ci/mMo1, Amersham) using T, polynucleotide
kinase or at the 3' ends with «-32p ddATP (3000 Ci/mMol, Amersham) and
terminal deoxynucleotide transferase. A1l enzymes were purchased from
Boehringer, Mannheim and reactions were carried out as recommended by the

32

manufacturers.

Construction of recombinant plasmids containing macronuclear DNA

Hybrid plasmids were constructed with pBR 322 and full length or restric-
tion enzyme fragmented macronuclear DNA. Plasmid DNA was linearized with
the restriction endonuclease Pst I and about 20 nucleotides of dG were
added to the 3'-ends by terminal deoxynucleotide transferase (Boehringer)
following the method of Roychoudhury (37). About the same number of dC resi-
dues was added to the macronuclear DNA molecules. Equimolar amounts of
tailed pBR 322 and macronuclear DNA were heated to 60 ° for 5 min, rean-
nealed by cooling to 42 ° C for 2 h and maintained at room temperature
overnight . Restriction fragments of Sal I-Pvu II digested macronuclear
DNA were cloned in the following way: pBR 322-DNA was digested with the
restriction enzymes Sal I and Pvu II. The larger fragment was ligated (T4-
Ligase, Boehringer, Mannheim) to the macronuclear DNA-fragments in a molar
relation 1 : 5, following the procedures suggested by the manufacturers.
Cells of E. coli HB 101 and SK 375 were used for transformation as descri-
bed by Mandel and Higa (38).

Colonies containing recombinant DNA with full length macronuclear DNA were

tetracycline resistant and ampicillin sensitive. Colonies consisting of
pBR 322 and Sal I-Pvu II restriction fragments of macronuclear DNA showed
resistance to ampicillin and sensitivity to tetracyclin. Both kinds of
colonies were screened for the desired sequences.
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Fig. 1: Detection of macronuclear DNA molecules coding for x-tubulin.

: Total macronuclear DNA was electrophoresed on a 1% agarose gel (12 ug
DNA per lane) and §§ained with ethidium bromide. B: The gel was dried and
hybridized with a ““P-labeled heterologous cloned e-tubulin cDNA probe from
chicken as described in the "Materials and Methods". Lane a: DNA molecular
weight marker ( Eco RI, Hind III digested A-DNA ) lane b: macronuclear DNA.

Screening for «-tubulin-gene sequences

Colonies containing recombinant plasmids with full length macronuclear DNA
(i. e. clones received by GC-tailing) were screened for the e-tubulin ge-
nes with a 32P-]abe]ed DNA probe of cloned cDNA of the «-tubulin mRNA
from chicken. The recombinant DNA containing the «-tubulin cDNA was kindly
given to us by D. Cleveland (39). Colony-hybridization (40) was used to
screen for the o«-tubulin genes.

Colonies containing recombinant plasmids with restriction fragments of

macronuclear DNA, were screened for «-tubulin gene containing sequences
with the 32P-labe]ed cloned «-tubulin gene form Stylonychia lemnae by the
same method.

DNA-sequencing

Sequencing was performed as described by Maxam and Gilbert (41) For the
majority of the fragments, sequences were determined on both strands.
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Fig. 2: Restriction fragments of both macronuclear DNA molecules containing
the «=tubulin genes. Total macronuclear DNA was digested with Pst I, Sal I,
Bgl I and Eco RI and electrophoresed on a 1.5% agarose gel (10 ug DNA per
lane). After gyA—transfer to nitrocellulose filters, the filters were hybri-
dized with a °¢P-labeled heterologous chicken a-tubulin gene probe.

A: autoradiograph; B: size of restriction fragments of both macronuclear
DNA molecules containing the «-tubulin genes. Fragments A - F are shown in
Fig. 4.

RESULTS

Identification and cloning of macronuclear DNA molecules coding for &-tubu-
Tin

To identify the macronuclear DNA molecules coding for «-tubulin, total
macronuclear DNA was separated according to size by gel electrophoresis and
hybridized with a heterologous «-tubulin gene probe. For this purpose a
cloned cDNA probe from chicken e&-tubulin mRNA was used (39). Fig. 1 shows
that two different size classes of macronuclear DNA molecules hybridize to
the chicken «-tubulin probe, one with a size of 1.85 kbp and one with

1.73 kbp.

In order to clone these fragments macronuclear DNA was electrophoresed on

a preparative low melting agarose gel. The region containing the DNA of

the corresponding molecular weight was then cut out and the DNA eluted.
These DNA molecules were cloned as described in the "Materials and Methods".
Bacterial colonies were screened by colony hybridization on nitrocellulose
filters with the radioactive labeled heterologous cDNA probe. One posi-
tive clone was found, pmac C9.The positive clone was identified by compari-
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Fig. 3: Restriction fragments of the cloned macronuclear DNA molecule con-
taining a «-tubulin gene. The recombinant DNA was linearized with Bam H I,
lane 4, and digested with Bgl I, Eco RI and Sal I, lane 1 - 3. In lane 8
the insert is cut off from the plasmid pBR 322 with a Pst I digestion and
further digested with Bgl I, Eco RI and Sal I, lane 5 - 7. A11 fragments
were separated on a 1.5% agarose, 50% formaldehyde gel. Each lane contains
2 ug of recombinant DNA. AgEer blotting to nitrocellulose filters, the fil-
ters were hybridized to a 4P- labeled heterologous chicken e-tubulin gene
probe. In all lanes the restriction fragments of the plasmid pBR 322 are
also seen. A: autoradiograph; B: size of restriction fragments. Fragments
consisting of plasmid DNA only are not listed and the fragments A - F are
shown in Fig. 4.

son of its restriction map with those of the uncloned genes in macronuclear
DNA. Fig. 2 and 3 show the autoradiographs of digested macronuclear DNA
and of digested DNA from clone pmac C9. Fig. 4 demonstrates the restric-
tion maps of both size classes containing the «-tubulin genes in the
macronuclear DNA and of the cloned DNA molecule. A1l 3 restriction maps do
not differ with respect to the tested restriction sites. The 1.73 kbp
macronuclear DNA molecules differ from the 1.85 kbp molecules by approxi-
mately 100 bp at one end and about 20 bp at the other.

Copy numbers per macronucleus of the 1.85 and 1.73 kbp w-tubulin genes
Hybridization experiments with macronuclear DNA and pmac C9 indicate

that about 1/100000 of total nuclear DNA codes for «-tubulin (Fig. 5).
From the measured radioactivity in the gel of Fig. 5 we can estimate the
copy number for the 1.85 kbp DNA molecule to be about 55000 and about
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Fig. 4: Restriction maps of both macronuclear x-tubulin genes and of the
cToned =-tubulin gene pmac C9. The restriction fragments of Fig. 2 and
Fig. 3 were used for constructing the map. The length of the fragments A -
F are given in base pairs.
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Fig. 5: Hybridization of macronuclear DNA with the cloned homologous e-tu-
ulin gene for copy number calculations. In lane 1 - 8 the insert of clone
pmac C9 is electrophoresed as reference on a 1.5% agarose gel (0.05; 0.1;
0.2; 0.4; 0.7; 1.0; 1.5; 2.5 ng DNA per lane). Pst I, which was used to re-
move the insert from the plasmid, creates two fragments with 860 bp and

990 bp. In lane 9 - 12 total macronuclear DNA is separated with respect to
size in the same gel (5; 10; 15; 20 ug DNA per lane). After drying the gel,
it was hybridized with the §2P-1abe1ed cloned a-tubulin gene (insert of
clone pmac C9). For copy number calculations of both «-tubulin genes, the
radioactivity of each band was meassured by liquid scintillation counting.
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Fig. 6: Sequencing strategy of the cloned macronuclear DNA molecule con-
Taining a «-tubulin gene. Nine different restriction sites, separated by
some 200 bp were used for the chemical sequencing method of Maxam and Gil-
bert (41). Restriction fragments of Sal I and Eco RI were labeled on the
5'-end by kinase reactions and restriction fragments of Hinc I], Kpn I,
Pst I and Pvu II were labeled on the 3'-end with ddATP and terminal deoxy-
nucleotide transferase.

17000 for the smaller one in each macronucleus, assuming a DNA content of
788 pg/macronucleus (2).

Nucleotide‘sequence of coding and noncoding regions

The cloned «-tubulin gene was sequenced by the chemical method of Maxam
and Gilbert (41) following the strategy shown in Fig. 6. Nine different
restriction sites separated by some 200 bp were employed. In most parts of
the gene both strands were sequenced. Fig. 7 shows the nucleotide sequence
of the total cloned macronuclear DNA molecule with the predicted amino acid
sequence of the protein. The coding region starts 192 bp behind the termi-
nal structure (repeats) on the 5'-end and is terminated 242 bp before the
repeats on the 3'-end. It includes 1338 bp (incl. TGA = stop codon) and
contains no intervening sequences.

Nucleotide sequences of restriction fragments from the 1.85 and the 1.73
kbp macronuclear «-tubulin genes

For a more exact comparison of both size classes of macronuclear «-tubu-
lin genes 4 further independently obtained restriction fragments (341 bp)
from macronuclear DNA in the molecular weight range of 1.7 to 1.9 kbp were
cloned and sequenced. For this purpose macronuclear DNA molecules contai-
ning both size-classes of «-tubulin genes were digested with Sal I and

Pvu IT (Fig. 6) and the fragments containing Sal I and Pvu II restriction
sites were cloned in pBR 322 as described in the "Materials and Methods".
By screening the colonies with the cloned e-tubulin gene pmac C9, 48
positive clones were obtained. Four of them (pE3, pC2, pC10, pC12) were
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sequenced as before (41). The sequences of the 4 &-tubulin gene fragments
(Fig. 8) and the sequence of the total «-tubulin gene, pmac C9 (Fig. 7a),
show two types of nucleotide sequences. The clones pC2, pC10 and pC12 are
identical in respect to their nucleotide sequences but differ from those of
the clones pE3 and pmac C9 in nucleotide position 516 and 522. This implies
the existence of at least two different o-tubulin genes in the macro-
nucleus of Stylonychia.
Codon usage
The most surprising feature in the codon usage is the existence of the co-
don TAA, beginning at nucleotide pos. 526 in all 5 clones of the «-tubulin
gene sequences (Fig. 7 , 8). This implies that TAA, which is known to be a
stop codon in all organisms investigated so far does not terminate the trans-
lation in the a-tubulin genes of Stylonychia lemnae. Since the cloned «-tu-
bulin gene sequence, pmac C9, beginning at the putative initiation point
+ 1 to the termination point + 1338 is highly homologous with other known

o -tubulin gene sequences (42, 43) it is highly improbable that termina-
tion occurs at position 526. Table 1 shows that the nucleotide sequence of
the cloned «x-tubulin gene, pmac C9, contains a remarkably low number of
codons with G in the 3rd position. OQut of 15 such codons only 6 are

used for the amino acids Leu, Met, Gln, Lys and Trp. For nearly all other
amino acids codons with C in the 3rd position are preferred. The codon TTT
for Phe, which has never been found in lower eukaryotes (44, 45)is not pre-
sent in the Stylonychia lemnae ec-tubulin gene,too.

G + C content of coding and noncoding region

A considerable difference is found in the G + C content of coding and
noncoding regions in the cloned macronuclear DNA molecule. The coding re-
gion consist of 49 % G + C residues. However the noncoding regions have
only G + C contents of 25 % in the 5'-region and 28 % on the 3'-side.
Putative control signals for transcription and translation

At nucleotide positions -164, -139 and -40 (Fig. 7a) sequences are located
which are identical or very similar to the "Hogness"-box TATAAAA, which is
generally believed to be a transcriptional promotor (12, 13). Four other
sequences at positions -112, -81, -76 and -17 (Fig. 7a) resemble the penta-
nucleotide CCAAA, a sequence presumably involved in the control of trans-
cription (46). As well as the 5'-end, the 3'-noncoding region contain se-
veral possible control signals. Three sequences similar to the hexanucleo-
tide AATAAA, which may function in eukaryotes as a polyadenylation signal
(14, 15), have been found at nucleotide positions 1403, 1425, 1474. Down-
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5=
CCCCAAAACCCCAAA ACAGTGG AT AATC AMM‘ TCMACGA*A_ATTA TMME&}MHAG
=192 -168 =153 =138 -123

TTAAGATTCCCCTAT TCAAAAATTAAGAGG GTCCTTCATATCCAT TCAAATATATCTTAA ATACTTAAACTTAAC TAGTAATTATAATTA
-108 -93 -78 -63 -48 -33

TTTCATTTTTTCAAA CAAATCAACTCTTCA TCATGAGAGAAGTTA TTTCAATTCACGTTG GTCAAGCCGGTATTC AGATCGGTAACGCTT

-18 1 13 28 43 58
G A cC C G G C CT

TCT GCCT TTCA C AAATGCCATCAGACA AGACCATTGGTGGTG GTGATGATGCCTTCA

s 88 103 18 133 148

C AG G G CGC G CC TG C TG G CC G C G C GC C
ACACPTTCTTCTCCG AGACTGGAGCTGAAA AGCACGTCCCAAGAT GCGTCTTCCTCGATT TAGAGCCAACCGTCA TTGATGAGGTCAGAA
163 178 193 208 223 238

G G G CG G c C G G AG C G A C G G Cc
CCGGTACCTACAGAC AACTCTTCCATCCAG AGCAACTCATCTCAG GAAAGGAGGATGCCG CCAACAACTTCGCCA GAGGTCACTATACCA

253 268 283 298 313 328
C C G G A C _GGTG G cC CC G C G G G G C TCG G C A
TTGGTAAAGAAATCG TCGATCTCTGCCTTG ACAGAATCAGAAAGC ATGCA CTGGT AGGTT TCAACT
343 358 373 388 403 418
Ger G C C C C C CPCACC G G GAG C C GICG G c c G G AG T
TG GT AGAAAT CCA TTCA
433 448 463 478 493 508
A GG C G C G G G C CA A C C ACACG G G TC CT
CCG2CTACCCATCAC 'CTCAACTG CCGTCGT ACA CCTCT CA TTGA
523 538 553 568 583 598
GC CTC GG C G A c TCC G G C C cc ¢ G
ATAACGA A 'ATTG AGAGACCAACCTACA CCAACCTCAACAGAC
613 628 643 658 673 688
G AGG GACG G C CAC A GC C G T G CCG G G C
TCATCGCTCAAGTTA TCG AACG T TCCAAACCAACTTGG
703 1718 33 748 163 178
G C C TCC CACTTC AT T G C GPATGCG  GGTGATCTCT [ G G G G
b AGT A A AGAAGGCTTACCACG AGCAACTCTCAGTCG
793 808 814 820 835 850
G GT6 G CAA CA TG GC G C G C G C GC
ACT CAGCCT AGAC ACGGTAAATATATGG CTTGTTGCCTTATGT
865 880 895 910 925 940
CC G C G G A C A c C A
TCCCCA CCATCAAGACCAAGA GAACCATTCAGTTCG TCGACTGGTGCCCAA
955 970 985 1000 1015 1030
T GrG  C c G T G G CG G C G GCA C C G C GA
CTGGCTTCAAGTGTG GTATCAACTATCAAC TC CCAAGGTTATGAGAG CCGTCTGCATGATCT
1045 1060 1075 1090 1105 1120
G AC G C C C C6 GGG GC CT G C T C G cC G T
CCAACTCAACTGCTA CAAGA CTTATGT ACGCCAAGAGAGCCT TCGTTCACTGGTACG
1135 1150 1165 1180 1195 1210
G G G C G G G G A CIC G G A G G G G G GGG TT
TCGGAGAAGGTATGG AAGAAGGAGAATTCT AGAAG ATCT 'CG AAAAGGATTACGAAG AGGTCGGTATTGAGA
1225 1240 1255 1270 1285 1300

cG G G T G G AG A TAC
TCGTCGAAGGTGAGG GAGAAGAAGAAGGTA TGGAA~==TGAGCAT ACATTCGCCCACACA GGCCTAAACCAAACT AGAACCAACGCTAAG
1315 1330 1338 1357 1372 1387

TTTAATTCGTAACAA ACTAAAACAAAAAAT TTCITITATTAAAAT CTATGTCTTTATACA AACAAGCCTATTTAA AAGCCTATTAGAATA

1402 1417 1432 1447 1462 17
GAATTOTCZITTAAT AZIZTTTGAGTCCAT GATATTTITTTCCTC TGGATTTTCTCAATT CCCCATTATTTAATC
1492 1507 1522 1537 1552 1567

GATTCTATCICAAMG GGOTTTTCGGOTTIT GGGGTTTTGGCTTT T0GGG
1582 1597 1612

425



Nucleic Acids Research

b M.T Arg Glu Val Ile Ser Ile llis Val Gly Gln Ala Gly Ile Gln Ile Gly Asn Ala ys Trp

leu Glu His Gly Ile Gln Pro Asp Gly Gln UsT Pro Ser Asp [Lys|Thr Ile Gly Gly Gly

Thr Phe Phe Ser Glu Thr Gly Alal.ys His Val Pro Arg Val Phe Asp Leu Glu

Th
Asp Glu Val Arg Thr Gly Thr Tyr Arg Gln Leu Bhe His Pro Glu Gln Leu Ile [Ser|Gly Lys

Tl al]
Asn Asn E Ala Arg Gly His Tyr Thr Ile Gly Lys Glu Ile A!p Leu Leu Asp
Gln Gly Pho val Fhe Ser Gly Gly Gly Thr Gly

>

re

£

Ala Asp Gln Cys Thr Gly Le

Ser Leu Leu| Glu Arg Leu Ser Val Asp Tyr Gly Lys lLys Ser Lys Jeu

Glu leu rhe Cys
25

Pro Thr val Ile
1

Glu Asp Ala Ala
100

Ile Arg Lys Leu
125

Phe Thr
Ser Gly [Leu Gl
0

Ala Arg
Ser Pro

Val Ser Thr Ala Val Va.

1

er
Glu Pro Tyr Asn Seru\l’l‘hr Huuu Glu Hup
Aum@up Asn Glu Al.’l‘yr Asp Ile Cys Arg Arg Asn Leu Asp Ile Glu Arg Pro Thr Tyr Thr

225
Asn Leu Asn Arg lLeu noG!n Ser Scr‘l‘hr Ala Ser leu Arg Phe Asp Gly Ala Leu Asn Val
250
His Phe Teu Ala Tyr Ala
Asp)| Thr Glu Phe Gln Thr Asn Leu Val Pro Tyr Pro Ile|Ile Arg|¥ro|Ser =-=|Thr|=== -- - |Pro
272
Val Ile Ser Ala Cys
eee === ==={Ala Glu Lys Ala Tyr His Glu Gln Leu Ser Val Ala Glu Ile Thr Asn|Ser Ala|Phe Glu Pro Ala
' ) 294
Asn Gln
Ser MET |MET Lys Cys Asp Pro Arg His Gly Lys Tyr M.T Ala Cys Cys Leu Tyr Arg Gly Asp Val Val
319

la Thr Ile Lys Thr lys Arg Thr Ile Gln Phe Val Asp Trp Cys Pro Thr
344

Gly Asp Leu Ala Lys Val Arg Ala

369

Pro Lys Asp Val Asn

Gly Phe Lys Ile Asn Tyr Gln Pro Pro Thr Val Val Pro

Ala Trp Ala)
val Cys ME? er Thr Ala Ile Ala Glu|Val Phe Ser| Arg

Ala Lys Arg Ala Phe Val His Trp Tyr Val Gly Glu Gly M#T Glu Glu Gly Glu Phe Ser Glu

Lys Phe Asp Leu MET Tyr
394

Arg Glu Asp
419

Glu

Ala Ala Leu Glu Lys Asp Tyr Glu Glu Val Gly Vval Glu Gly Glu Gly Glu Glu Glu Gly
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stream of these putative signals a sequence, TTTT, known to be a transcrip-
tional termination signal (16), is localized at positions 1421, 1486, 1494,
1512 (Fig. 7a).

The first five nucleotides just upstream of the coding region show pyrimi-
dines in position -5, -4, -2, -1 and a A in pos. -3. Sequences similar to
this seem to act together with the codon ATG as a eukaryotic initiation
site for translation (47).

Transcription of the «-tubulin genes

Nuclear and polysomal RNAs were separated according to size on denaturing
gels as described in the "Materials and Methods". The «-tubulin gene trans-
cription products were localized by hybridization with the homologous cloned
o -tubulin gene. In the nuclear RNA one transcript of 1.7 kb was found
which is slightly smaller than both macronuclear DNA molecules (Fig. 9).
Polysomal RNA contains a transcription product with a length of 1.63 kb
(Fig. 9).

DISCUSSION

The existence of two size classes of macronuclear DNA molecules coding for
e«-tubulin (Fig. 1b) raises the question of their function within the cell.
The similarity of their restriction maps(Fig. 4) together with the known
sequence of the coding region of a cloned e-tubulin gene from the larger
(1.85 kbp) DNA molecules (Fig. 7a) show that both genes do not contain in-
trons and do not differ by multiple additions or deletions as reported

for pseudogenes in the human (48) and rat (49) ec-tubulin gene families.
The differences in length of the two macronuclear genes consist of additio-
nal nucleotides only in the terminal restriction fragments of the noncoding
regions of the 1.85 kbp molecules (Fig. 4, 7a). However, comparison of the
nucleotide sequences of the cloned e-tubulin gene, pmac C9, and the 4 Pvu

Fig.7a: The complete nucleotide sequence of the 1.85 kbp macronuclear DNA
insert from clone pmac C9. The sequence shown is that of the antisense
strand. Directions are assigned with respect to the orientation of the
a-tubulin coding sequence on the DNA molecule. Bases are numbered starting
with the first base of the coding sequence and terminating with the last
base of the noncoding region immediately before the terminal repeat. Puta-
tive regulatory signals are underlined, presumptive replication origins and
the codon TAA are boxed. Bases differing in homology from the cDNA of the
#-tubulin mRNA from chicken are shown in the upper lanes.

b: The amino acid sequence encoded by the cloned 1.85 kbp macronuclear
«-tubulin gene. Regions differing in homolgy from the chicken «-tubulin se-
quence are boxed, with the chicken residues given in the upper half of each
box. Positions of deleted amino acids are indicated by broken lines.
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Fi?. 8: Nucleotide sequences of fragments from four other macronuclear DNA-
molecules coding for e-tubulin. A1l sequences cloned by Sal I - Pvu II re-
striction enzyme digestion from total macronuclear DNA contain the «-tubu-
lin gene sequences from nucleotide 476 to 817, which include the TAA at
position 526. Sequencing was done after labeling the 3'-end on the Pst I
site by the method of Maxam and Gilbert (41). The arrows indicate the
differences in nucleotide sequences between the 4 DNA molecules. The sequen-
ce ;p la;e 1 is identical with that of the cloned x-tubulin gene pmac C9

in Fig. 7 a.

II - Sal I restriction fragments (Fig. 7a, 8), which were derived from both
the 1.85 and the 1.73 kbp macronuclear o-tubulin genes, reveals some sequ-
ence variation. Two groups of sequences were found differing in position

516 and 522 (Fig. 7a, 8). The clones pC2, pC10 and pC12 show a T in pos.

516 and a C in pos. 522, whereas the clones pE3 and pmac C9 show a C in
pos. 516 and a A in pos. 522. These variations affect the 3rd position of
codons in both cases (Fig. 7a) and do not alter the encoded amino acid se-
quence. Therefore these data strongly suggest that both macronuclear sequen-
ces code for =-tubulin and consequently that the macronucleus of Stylony-
chia lemnae contains at least two types of &-tubulin genes.

The existence of codon TAA in position 526 - 528 (Fig. 7a, 8) in all a-tu-
bulin gene sequences examined is a strong evidence that TAA is not a stop
codon in Stylonychia lemnae. We suggest that it codes for the amino acid
glutamine (GIn) which is encoded by CAG in the same position in rat as well
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Table 1: Comparison of codon usage in «-tubulin genes from Stylonychia lem-
nae and chicken (42). The numbers indicate the frequency w1fE which indi-
Vvidual codons are used in the coding region of the cloned &-tubulin gene

from Stylonychia and of the mRNA from chicken, which is shown by Valenzuela

et al. (4Z2). St. = Stylonychia, Ch = chicken.

St.Ch. St.Ch. St.Ch. St.Ch.

0 2/TTT/Phe 1 1/TCT/Ser 5 2/TAT/Tyr 2 1/TGT/Cys
19 18/TTC/Phe 5 9/TCC/Ser 10 17/TAC/Tyr 10 7/TGC/Cys
1 O/TTA/Leu 18 2/TCA/Ser 1 O/TAA 1 1/TGA

2 2/TT6/Leu O 5/TCG/Ser O O/TAG 3/16G/Trp

3
8 0/CTT/Leu 3 2/CCT/Pro 1 O/CAT/His O 2/CGT/Arg
23 3/CTC/Leu 2 9/CCC/Pro 10 11/CAC/His 1 13/CGC/Arg
0 O/CcTA/Leu 15 2/CCA/Pro 11 O/CAA/GIn O O/CGA/Arg
0 24/CTG/Leu O 4/CCG/Pro 2 12/CAG/Gln O 4/CGG/Arg

11 1/ATT/Ile 12 1/ACT/Thr O O/AAT/Asn 3 O/AGT/Ser
14 21/ATC/Ile 14 18/ACC/Thr 16 15/AAC/Asn 1 3/AGC/Ser
1 1/ATA/Ile O 1/ACA/Thr 3 1/AAA/Lys 20 O/AGA/Arg
12 8/ATG/MET 0 10/ACG/Thr 16 17/AAG/Lys 0 2/AGG/Arg

11 0/GTT/val 14 6/GCT/Ala 20 7/GAT/Asp 28 3/GGT/Gly
28 3/GTC/Val 17 22/GCC/Ala 6 18/GAC/Asp 1 13/GGC/Gly
0 1/GTA/Val O O0/GCA/Ala 16 1/GAA/Glu 7 1/GGA/Gly
0 28/GTG/val 0 6/GCG/Ala 21 33/GAG/Glu 0 15/GGG/Gly

as in chicken «-tubulin genes (Fig. 7a) (42,43). Indication that this
assumption may be valid for other ciliates also, comes from other recently
sequenced genes-of the ciliates Tetrahymena and Paramecium. The immobili-
zation antigen A gene of Paramecium tetraurelia possesses 4 interruptions
of the open reading frame by TAA codons, which also code very likely for
glutamine(J. Preer, pers. comm). In addition two histone H3 genes from
Tetrahymena thermophila have both been shown to possess 2 TAA codons coding
for glutamine (M. Gorovsky, pers. comm.). We can speculate that TGA which
terminates the o-tubulin gene of Stylonychia and all other ciliate genes
investigated so far (44, 50) is the only termination codon in ciliates.

The differences in codon usage between Stylonychia and higher eukaryotes
(42, 43) which are characterized by a clear reduction in the usage of co-
dons with a G in the 3rd position and no usage of the codon TTT (table 1),
result in a slight deviation in the nucleotide sequence, e. g. from that
of chicken (42) and rat (43), but do not s.ignificantly affect the amino
acid encoded. Between Stylonychia and rat there is a nucleotide homology of
74,4 % and a homology of the predicted amino acid sequence of 86,7 %,

which is e. g. even higher than the nucleotide homologies (60 - 65 %) of
the highly conserved histone H4 genes from Tetrahymena and vertebrates
(44).
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Fig. 9: Detection of transcription products of the «-tubulin genes. Total
nucTear and polysomal RNA were denatured with glyoxal, electrophoresed on
a 1% agarose gel and transferred to a nitrocellulose filter. Hybridization
was done with the 32P-labeled cloned «-tubulin gene in 5 x SSC, 10 x Den-
hard's solution, 0.1% SDS and 100 pg/ml tRNA at 58°C. Washings were done
in 4 x SSC at 53°C.

The finding that the nuclear and polysomal transcription products of the
o-tubulin genes are smaller than both size classes of the macronuclear
DNA molecules (Fig. 9 , 1) supports the assumption, that both the 1.73 kbp
and the 1.85 kbp molecules are transcribed. The total length of the polyso-
mal RNA with 1630 b corresponds very well with that of the mRNA from
chicken e&-tubulin (42), which contains about 100 nucleotides in front of

A B
6
c-G
T-A
AT
AT
A-T
T G-C 3
5 T > e Mees GATTOTRTOTCALG, T,
CaA,C AGTTRTARTAATAGTTCAAACG. GAA O FR Y- B ""c'rMGATAcAcMc:A"'"
+eeeghndcgeee 25 N ..« “TCAATATTATTATCAAGTTTGOTA OO o~ AGATAGA
E3 T-A
A-T T-A
T T-A
AT -

Fig. 10: Sequences possibly involved in DNA replication.
K 5'-noncoding region of the cloned e-tubulin gene

B: 3'-noncoding region of the same cloned DNA molecule

Both noncoding regions contain A + T rich sequences capable of forming self
complementary hairpin loops and also A + T rich palindromic sequences, in-
dicated by solid lines. The boxed sequence in the 5'-hairpin loop is very
similar to those of ARS known from yeast and other eukaryotes.

430



Nucleic Acids Research

and about 200 nucleotides behind the translated sequence.

The cloned macronuclear DNA molecule containing the a-tubulin gene, pmac
C9, shows several signals and regulatory sequences functioning in trans-
cription initiation and termination as well as in RNA polyadenylation
(Fig. 7a).

It is possible that the 8 bp containing sequence of alternating purines and
pyrimidines starting immediately behind the coding region at position 1339
(Fig. 7a), which is capable of forming left handed Z-DNA (51), may be in-
volved in regulation of gene expression. Lipps et al. have shown that Z-DNA
occurs in the macronucleus of Stylonychia (52).

Both 5'- and 3'-noncoding regions contain sequences presumably involved

in DNA replication. On the 5'-side an A + T rich 14 base sequence,
AAATTATAAMATTT ,beginning at nucleotide -143 (Fig. 7a), which is capable of
forming a self-complementary hairpin loop, is found (Fig.10A). 20 bp up-
stream between nucleotides -163 and -155 another A + T rich palindromic
sequence is localized (Fig. 7a,10A). The same combination of an A + T rich
15 nucleotides containing hairpin loop and an A + T rich palindromic se-
quence has also been found in the 3'-noncoding region at pos. 1523 and

1571 (Fig. 7a,10B). These structures resemble those found at the replica-
tion origin in the polyoma virus chromosome (53). The sequence beginning

at nucleotide -144 in the 5'-hairpin loop (Fig. 7a,10A) is very similar to
autonomously replicating sequences known from yeast and other eukaryotes
(54). These similarities together with the detection of the same structures
in a comparable distance of about 50 bp from the terminal C4A4-sequences

of two other cloned and sequenced macronuclear DNA molecules (data not
shown) suggest that these A + T rich sequences may function as replication
origins in macronuclear DNA molecules. This assumption is supported by
electron microscopic observations .. They show linear molecules containing
replication forks or bubbles close to one or both ends (Steinbriick, unpub-
lished, 9). Experiments to test the hypothesis of possible replication ori-
gins are in progress.

Finally the results discussed above are further evidence that each macronuc-
lear DNA molecule in the hypotrichous ciliate Stylonychia is a complete
replication and transcription unit. Basic control and regulatory sequences
for both replication and transcription processes are present on the cloned
macronuclear DNA molecule containing a e-tubulin gene. But the most impor-
tant finding is the abnormal codon usage of TAA in the «-tubulin gene,
which seems to be a feature of other ciliates also.
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