© 1992 Oxford University Press

Nucleic Acids Research, 1992, Vol. 20, No. 24

6621—-6629

Euplotes crassus has genes encoding telomere-binding
proteins and telomere-binding protein homologs

Wenlan Wang, Rose Skopp, Margaret Scofield' and Carolyn Price*
Department of Chemistry, University of Nebraska, Lincoln, NE 68588 and 'Department of
Pharmacology, Creighton University Medical School, Omaha, NE 68178, USA

Received August 31, 1992; Revised and Accepted October 19, 1992

GenBank accession nos M96818, M96819

ABSTRACT

We have identified two 1.6 kb macronuclear DNA
molecules from Euplotes crassus that hybridize to the
o subunit of the Oxytricha telomere protein. We have
shown that one of these molecules encodes the 51 kDa
Euplotes telomere protein while the other appears to
encode a homolog of the telomere protein. Although
this homolog clearly differs in sequence from the
Euplotes telomere protein, the two proteins share
extensive amino acid sequence identity with each other
and with the o subunit of the Oxytricha telomere
protein. In all three proteins 35-36% of the amino
acids are identical, while 54 — 56% are similar. The most
extended regions of sequence conservation map within
the N-terminal section; this section has been shown to
comprise the DNA-binding domain in the Euplotes
telomere protein. Our findings suggest that some of the
conserved amino acids may be involved in DNA
recognition and binding. The gene encoding the
telomere protein homolog contains two introns; one of
these introns is only 24 bp in length. This is the smallest
mRNA intron reported to date.

INTRODUCTION

Telomeres are the structures found at the termini of linear
eukaryotic chromosomes. They have several vital functions
including protection of chromosome ends from degradation or
fusion, and assisting in the complete replication of the most
terminal DNA sequences (reviewed in 1—3). They can also
influence the architecture of the nucleus (4), possibly via their
association with the nuclear matrix (4). Telomeres exist as
complexes of DNA and protein that differ both in structure and
composition from nucleosomes (6—11).

The DNA component of telomeres consists of tandem repeats
of a short 5 —9 base pair sequence. Although the exact sequence
of the telomeric DNA varies from species to species, clusters
of 3 or more G residues are usually found on the strand that runs
towards the 3’ end of the DNA (1—3, 12). For example, the
ciliates Fuplotes and Oxytricha both have telomeric DNA that
consists of the sequence C4A,.T,G, (13). Euplotes has 28 bp of

this sequence in addition to an extra 14 base T4G4T4G,
extension on the end of the 3’ strand. In Oxytricha the double-
stranded region of the telomere contains only 20 bp of the
C4A4.T4G4 sequence, while the extension on the 3’ strand is 16
bases in length and has the sequence T,G4T4G,. The extension
on the 3’ strand is a characteristic of telomeres from a number
of organisms and may be a feature of all telomeres (14).

Telomere-binding proteins have been isolated from Physarum,
yeast, Oxytricha, and Euplotes (1,15—23). Those from Physarum
(PPT) and yeast (TBP«a and RAP1) bind to internal stretches of
telomeric DNA. PPT is thought to coat the entire double-stranded
(T,AG3;) telomeric DNA (15) while TBP o may bind at the
junction between the G;_;T repeats and the subtelomeric X
sequence (16). RAP1 recognizes a consensus sequence which
occurs in upstream activator, silencer and telomeric DNA
sequences (1). Abnormal expression of RAP1 results in
chromosome instability and deregulation of telomere length
control (17-20).

The telomere proteins from Oxytricha nova and Euplotes
crassus bind to the extreme end of telomeric DNA rather than
to internal sequences (21 —23). In vivo they are thought to form
a protective cap over the ends of each macronuclear DNA
molecule. However, they may also participate in telomere length
regulation during DNA replication (12,22,23). Both the Oxytricha
and Euplotes telomere proteins bind very specifically to the
T4G4-containing extension on the 3’ strand and protect this
region of the telomere from nuclease digestion and chemical
modification (22,23). Although both proteins bind telomeric DNA
non-covalently, the association is tenacious as neither protein is
dissociated by high salt (2 M NaCl or 6 M CsCl) and removal
of the DNA has only been achieved by denaturing the proteins
or digesting away the DNA (23,24).

Characterization of the Oxytricha and Euplotes telomere
proteins has been facilitated by their relative abundance. In
hypotrichous ciliates such as Oxytricha and Euplotes, the
macronuclear genome is composed of ~ 2 X107 separate gene-
sized DNA molecules (reviewed in 25). These molecules contain
all the regulatory elements that are required for gene expression
and DNA replication. As each molecule has telomeres on either
end, a macronucleus contains ~ 4X107 telomeres and a
correspondingly large amount of telomere-binding protein.
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The Oxytricha telomere protein is a 97 kDa heterodimer
composed of a 56 kDa « and a 41 kDa 3 subunit (21,22,24,26).
The two subunits of the native protein are very tightly associated
and it has not been possible to separate them without destroying
the DNA-binding activity of the protein (24). Examination of
the DNA-binding properties of the individual subunits only
became possible when the genes encoding each subunit were
cloned and expressed in E. coli (26,27). In vitro studies with the
expressed subunits showed that the o subunit is the dominant
DNA-binding moiety. However, the 8 subunit is required to
achieve full in vivo binding activity (26). The genes encoding
the o and 3 subunits of the Oxytricha protein have been used
to clone the two equivalent genes from a closely related ciliate
Stylonychia mytilis (28). Although the Stylonychia telomere
protein has not yet been isolated, it is likely to be very similar
to the Oxytricha telomere protein as the peptides encoded by the
Stylonychia genes are 79% and 77% identical to the « and 3
subunits of the Oxytricha protein.

The Euplotes telomere protein differs from the Oxytricha
protein in that it has been isolated as a single subunit of 51 kDa
rather than as a heterodimer (23). It appears that the Euplotes
protein does not require a second subunit to bind telomeric DNA
in a sequence-specific and salt-stable manner (23,29). In fact,
the DNA-binding domain has been mapped to a specific region
of the protein (29). Trypsin digestion releases a ~35 kDa
protease resistant peptide from the N-terminus, this peptide retains
most of the DNA-binding characteristics of the native protein.
We have now cloned and sequenced the gene that encodes the
Euplotes 51 kDa telomere protein (previously referred to as the
50 kDa protein (23)). In this paper we present evidence that the
Euplotes telomere protein shares sequence identity with the o
subunit of the Oxytricha and Stylonychia telomere proteins. We
have also cloned a gene that appears to encode a homolog of
the Euplotes telomere protein. This protein shares striking
sequence identity with both the Euplotes telomere protein and
the « subunit of the Oxytricha and Stylonychia telomere proteins.
The regions that are most highly conserved between the four
proteins map to the DNA-binding domain in the Euplotes
telomere protein.

MATERIALS AND METHODS
Purification of the Euplotes telomere protein

Euplotes crassus were grown in septic culture using Dunaliella
salina as a food source and macronuclei were isolated as
previously described (23). The 51 kDa telomere protein was
isolated from macronuclei as a DNA-protein complex following
exposure to high salt (23). Macronuclei were incubated in 2 M
NaCl, 1 mM EDTA, 10 mM Tris (pH 8) for two hours, the
resultant nuclear extract was then loaded on a Bio-Gel A15M
gel filtration column (Bio-Rad) (23). The DNA-containing
fractions were collected, the NaCl removed by dialysis, and the
telomere protein released from the macronuclear DNA by
extensive digestion with micrococcal nuclease.

Preparation of the telomere protein for amino acid sequencing

Purified telomere protein was separated from any contaminating
histones and micrococcal nuclease by electrophoresis through a
12% SDS polyacrylamide gel. Approximately 1 nmol of protein
was electroblotted onto nitrocellulose membrane, the membrane
was stained with Ponceau S and the 51 kDa telomere protein band
was excised. The excised band was digested extensively with

chymotrypsin and the resulting peptide fragments were separated
by reverse phase HPLC (30). Seven fragments were then
sequenced by Edman degradation.

Southern blot hybridization

Macronuclear DNA was fractionated in 0.8% agarose gels,
transferred to nylon membrane (MCI) using a vacuum blot
apparatus (Pharmacia), and fixed to the membrane by baking at
80°C for two hours. For blots probed with the Oxytricha o and
(3 subunit genes, hybridization was performed overnight at 32°C
in 45% formamide, 4 X SSC, 5x Denhardt’s solution, 0.1%
SDS, 200 pg herring sperm DNA. The blots were washed at
52°C in4Xx SSC, 0.1% SDS. For blots probed with oligo #7,
hybridization was performed overnight at 47°C in 5X SSC, 5 X
Denhardt’s solution, 0.1% SDS, 200 ug herring sperm DNA.
The blots were washed at 52°C in 5x SSC, 0.1% SDS.

Library construction and gene cloning

Euplotes macronuclear DNA was fractionated in a 0.8% low
melting point agarose gel. The DNA in the 1.4—1.6 kb size range
was isolated from the gel, G-tailed using terminal transferase,
and annealed with C-tailed plasmid vector (pTZ19R, Pharmacia).
The resultant mixture was used to transform E.coli IM109. The
library was screened by colony hybridization (31) using a labeled
degenerate oligonucleotide probe that corresponded to a region
of the sequenced 51 kDa telomere protein. Positive colonies were
further characterized by restriction mapping and Southern blot
analysis (31). Double-stranded DNA sequencing was performed
by the dideoxy chain termination method using Sequenase (USB).

Computer analysis

Sequence analyses were performed using the GCG programs
(version 7.0) released from the Genetics Computer Group,
Madison, Wisconsin. Protein sequence searches were done
through the EMBL/Genbank nucleic acid sequence libraries and
other protein data banks. Secondary structure prediction and
amino acid composition analysis were done using the PROSIS
programs (Hitachi America, Ltd.).

RESULTS

Identification of genes encoding Euplotes telomere-binding
proteins

Genes encoding Euplotes telomere-binding proteins were
identified by screening Southern blots of Euplotes macronuclear
DNA with the genes encoding the « and 8 subunits of the
Oxytricha telomere protein. As illustrated by Fig. 1, the gene
encoding the « subunit of the Oxytricha protein appeared to
hybridize to a single band of 1.6 kb while the gene encoding
the 3 subunit hybridized to bands of 1.2 and 1.0 kb respectively.
To determine which of these DNA molecules encode the Euplotes
51 kDa telomere protein, we sequenced peptide fragments from
the purified telomere protein and used the sequence of the three
longest fragments to design hybridization probes for the
corresponding gene. When the degenerate probes were used to
screen Southern blots of Euplotes macronuclear DNA, the probe
corresponding to fragment # 7 (oligo #7) hybridized to a single
band of 1.6 kb (shown in Fig. 2a lane 2). The probe
corresponding to fragment # 1 hybridized to the same 1.6 kb band
in addition to several others, while the probe corresponding to
fragment #5 hybridized to many different bands (data not
shown). As the Oxytricha o subunit probe and two of the



oligonucleotide probes all hybridized to a DNA molecule of
1.6kb, this molecule was thought to encode the Euplotes telomere
protein.

Subsequent restriction mapping of the 1.6 kb molecule with
Hind IIT and Xho I revealed that the Oxytricha o subunit probe
was in fact hybridizing to two separate species of DNA, both
of which were 1.6 kb in size. One of the 1.6 kb DNAs was
cleaved with Hind III but not Xho I, while the other was cleaved
with Xho I but not Hind III (Fig. 2b). The oligo #7 probe
hybridized most strongly to the DNA that was cleaved by Xho
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Figure 1. Southern blots showing hybridization of the Oxytricha o and 8 subunit
genes to Euplotes macronuclear DNA. Panel A, Euplotes macronuclear DNA
probed with the o subunit gene. Panel B, Euplotes macronuclear DNA probed
with the 3 subunit gene. Lane 1, Euplotes macronuclear DNA; Lane 2, marker
DNA. The sizes (in kb) of the markers are indicated at the right.
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I (1.6 kb-Xho) (Fig.2a). Thus, this DNA was presumed to encode
the 51 kDa telomere protein. Note that the Oxytricha a subunit
probe and the oligo # 7 probe hybridized to opposite ends of the
1.6 kb-Xho molecule. The Oxytricha probe recognized a 0.9 kb
fragment that was later shown to map to the 5’ end of the gene,
while the oligo # 7 probe hybridized to a 0.7 kb fragment from
the 3’ end of the gene. Although the identity of the DNA cleaved
by Hind III (1.6 kb-Hind) was unknown, the apparent similarity
in sequence between this DNA molecule and the Oxytricha o
subunit gene suggested that it might encode a telomere protein
homolog.

Clones containing either the 1.6 kb-Xho molecule or the 1.6
kb-Hind molecule were isolated from a Euplotes macronuclear
DNA library and sequenced. When the cloned 1.6 kb molecules
were used to probe Southern blots of restriction digested Euplotes
macronuclear DNA, under high stringency conditions each
molecule hybridized to a different subset of the DNAs identified
by the Oxytricha o subunit probe. The 1.6 kb-Xho clone
hybridized only to the DNA identified by the oligo #7 probe
(data not shown) while the 1.6 kb-Hind clone hybridized to the
rest of the DNA identified by the Oxytricha probe (Fig 2c).

The gene encoding the 51 kDa telomere protein

The cloned 1.6 kb-Xho DNA molecule had one long open reading
frame of 438 amino acids that terminated in UAA, the standard
termination codon for Euplotes (32 —36). This open reading frame
appeared to encode the telomere protein because the predicted
amino acid sequence matched the partial sequences obtained from
the purified telomere protein very closely; 48 out of 50 residues
were identical (shown in Fig. 3). The two sites where the
sequence of the open reading frame and the peptide fragments
did not match probably reflect errors in the protein sequencing
as the amino acid sequence was rather indistinct in several places.
While ciliates genomes frequently contain several versions of a
gene (26,27,37,38), we have been unable to detect any other
versions of the telomere protein gene by sequencing PCR
amplified RNA.

Although the 438 amino acid open reading frame would encode
a protein of 50.5 kd, there was no obvious AUG initiation codon.
Upon closer examination of the gene sequence, we detected a
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Figure 2. Southern blots showing hybridization of the degenerate oligonucleotide probe #7 (panel A), the Oxytricha a subunit gene (panel B), and the 1.6 kb-Hind
molecule (panel C), to restriction digested Euplotes macronuclear DNA. Lane 1, undigested Oxytricha macronuclear DNA (15 pg) ; Lane 2, undigested Euplotes
macronuclear DNA (15 ug); Lane 3, Euplotes macronuclear DNA (15 pg) digested with 28 units of Hind III; Lane 4, Euplotes macronuclear DNA (15 ug) digested
with 56 units of Hind III; Lane 5, Euplotes macronuclear DNA (15 pug) digested with 40 units of Xho I; Lane 6, Euplotes macronuclear DNA (15 pg) digested
with 80 units of Xho I. All restriction digests were performed at 37°C for two hours. The positions and sizes (in kb) of marker DNAs are indicated at the right.
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4
: MAACCCCMMCCCCAAMCCCCMAACCCCMAACCCCMMCCCCTAGT'I'CTGMTTTTGAATTGAACTATACATTTM‘I‘TTCMATGCCAMGCAAMGGCCGCTMGAMGTMG
K A A KR

1% JICTCGACTCAGGAATACACTAAACAATCCGAGTTTGGTTCCCAATTTAAATCTCCAGCTACCCCTAGCAACCGCAACGCTAACTCGCCGTGTATAGGATCACTACCAGTACTCCGACTTG
QY S DL

241 AGCAGCATCAAGAAGGAAGGTGAGGAAGACCAATACCACTTCTACGGAGTTGTCATTGATGCTTCCTTCCCATACAAAGGTGAGAAAAGATATGTCGTCACTTGCAAAGT TGCCGACCCT

18s s 1 K K E G E ED Q@Y HFYGVVIDASTFETPYTIKSEGEHK Yy vy CKVADFP

361 TCATCCGTGGCTAAGGGAGGAAAGCTCAACACTGTCAACGTAGTGTTCTTCTCACAAAACT TCGAAGATCTTCCAATCATTCAGAGAGTCGGAGACATCGTCAGAGTCCACAGAGCCAGA
8S S VA K GG K LNTVNVVFFSQNTFEDLPTITIQRVGDTIVRVHRAR

481 CTCCAGCACTACAATGATGCTAAGCAACTCAACGTGAACATGTACTACAGATCTTCTTGGTGCTTGTTCATTGGAAACGACAAGGAGGCCCCTCTCGAACCCAAGGT TGAAAACGAAGAC
98L @ HY NDAK Q@LNVNMYYRSSWOCLTF ]I GNDIKTEA AEPLTETZPIKVENTET D
<1> F
601 GGAACCAACAACTATTTCAGCTACACCCCCTACAACTTCTCCGGAAAGAGTTTCACCCAAGAAGGCCATGAAACTAAGATCCTCAAGGATCTCAAGAAGTGGAGCAAAGACTACTTCTCA
138G'I‘NNYFSY;PYMFSG§SFTOEGHETK!LKDLKKHSKDYFS
<2> <35>
721 AACAATGATGTTGTCGAACAAGTCAAGAAAGCTGACATCGAGACTGCTATGAAAAACAAGACTGACTTCGATCTGTTGGCCAAGGTCACCGAGATCTCCGACAACGATCAGTACACAAAC
178 N N D VVEQV K KAD I ETAMKNKTDTFDLLAKVTETILISDNDQYTHN

841 ACTGTGTCCCTCAACGACTCCACCGGTCAAACCTGGACTGGCCACTTGTTCAAGAGAAAGTTCCCGCATTTAGTTAAGGGCGACGTTTTAAGAATTAAGTCGGT TAGCGCTAAGGAAGAC

28T V. S L N D S T G Q T W I G H L FKRKTFPHLVKSGDVLRIIKSVSAKTET?D
<4>

961 AACTCATTGATCTTCTCGAGCCACTCCAACATTTTGAAGTTCTTCAGCTTCTCATCCATCCACAAGAAGCTGAAGTCCTCGATCTCCTCAGACACCCACATTAAGACTTGCGTGACCAAG

258N S L I F S S H S NTITLKTFTFSFSSIHKIKLIKST ST SIS SDTWHIKTCVTHK

1081 ATAGACAAGGCTGCTCACAACAAAATGGACATCACTCCACTCAAGAAGCTGTTCTTCAACCCAAAGAAGTCTGAGAAGCTGTTCAGATCTCAGTTCTCAGTGCTCAAGGTTGACACCAAG
2981 D K A A HNKMDTITPLIKTIKTLTFTFNPIKIKT SEIKTLTFRSQ@EFSVLKVDTHK
<5>
1201 AACTTGGAAGACTACGTTGGTGCATTCGATGGCAAGAAGTGGCACTCTTACAAAGGTAAGAAGACCCCTAAGGATGCCGAACTTAGATGGAACATCAAGCTCATCGTCACTGACTACAAG
33N L EDY VGAFDGIKTIKUWHSYKGKIKTPKDAETLRUWNIEIKTLTIVTIDYK
<6> F <7>
1321 AACCAGCAAGACGACAAAGCCTACATGATCCACTTGGACGACAACTCGTTCTTCAAGGGAATCAACCCAGCCAACTGGAGCAACGCCGCCACCAAGAAGAAGGCCGAGAAAGCCTTCTCC
378N @ @ D D K AY M I HLDODANKS ST FTFIKGTINPANWWSNAATIKTIKTKATETIKATFS

1441 G'I'TTTGACTMCMCMGGTCMC'MTGTTGACGCMTTTTGGAMGAGACMGMGAACTACCACATCAGACATACCCMTTCMGTMGCGGACAGCTTMGMTTGGATMTTCATC
Al L ERD

M8V LT NN K VWYV

Y H1T R H T Q@ F K stop

1561 AATTCAAATTCAC @g GTCTTAATTCAAAAAAGGGGT TTTGGGGTTTTGGGGTTTTGGGGTTTTGGGGTTTT

Figure 3. Nucleotide sequence of the 1.6 kb-Xho molecule that encodes the Euplotes telomere protein. The derived amino acid sequence is shown below the nucleotide
sequence. The amino acids corresponding to the sequenced chymotryptic peptides are underlined and numbered <1>— <7>. The two sequence discrepancies
are shown as letters below the peptide sequence in fragment #1 (EP—F) and fragment #6 (P—F). The two ends of fragment #5 match separate regions of the
protein sequence. This is because the sample applied to the sequencer contained two peptides, so a composite sequence was obtained. The double underlines mark
the regions that match the eukaryotic consensus sequence for the 5' and the 3’ splice sites and the putative branch site. The vertical arrows mark the beginning

and the end of the intron. A putative polyadenylation signal is boxed.

putative 101 bp intron near the 5’ end of the gene (marked in
Fig. 3). Removal of this intron would generate an open reading
frame that started with a methionine and contained 446 amino
acids. To verify the existence of the intron, we determined the
sequence of the mRNA transcript of the telomere protein gene
in the vicinity of the putative splice junction. cDNA was
synthesized from total Euplotes RNA and the cDNA from the
telomere protein gene was amplified by PCR using primers that
flanked the putative intron. The product from the PCR amplified
RNA was 100 bp smaller than the corresponding product from
PCR amplified macronuclear DNA. When the product from the
PCR amplified RNA was further amplified by asymmetric PCR
and then sequenced, the sequence (Fig. 4a) was found to match
the predicted sequence of the ligated exons.

The telomere protein encoded by the cloned 1.6 kb-Xho DNA
is 51.5 kDa, this is very close to the molecular mass of 50 kDa
that was measured for the purified telomere protein using SDS
polyacrylamide gel electrophoresis (23). From the predicted
amino acid sequence, the telomere protein has an isoelectric point
of 10.2 and is very lysine rich (14% lys, 3% arg). Hydropathy
analysis revealed that the N-terminal third of the protein is
composed of alternating hydrophobic and hydrophilic sections,
while the C-terminal two thirds is predominantly hydrophilic (data
not shown)

The gene encoding the telomere protein homolog

The cloned 1.6 kb-Hind DNA had one long open reading frame
of 362 amino acids that terminated in two UAG codons (Fig. 5).
This DNA resembled the 1.6 kb-Xho DNA in that there was no
obvious AUG initiation codon at the start of the long open reading
frame but there appeared to be an intron near the 5’ end of the
molecule. Removal of this intron would extend the open reading
frame by 18 amino acids and provide an AUG initiation codon.
The codon UAG is not normally used as a termination codon
in Euplotes, instead it has been found to code for cysteine
(32—36,39). Thus, if the gene encoded by the 1.6 kb-Hind DNA
followed the paradigm set by other Euplotes genes, the 3’ end
of the open reading frame would extend 88 amino acids beyond
the two UAG codons to end at a standard UAA termination
codon.

To verify the existence of the intron at the 5’ end of the gene,
and at the same time show that the gene was transcribed, we
attempted to copy any mRNA transcripts into cDNA and then
sequence across the putative splice junction. As before, the cDNA
was synthesized from total Euplotes RNA (isolated from whole
cells) and amplified by asymmetric PCR, the PCR product was
then sequenced. The sequence of the PCR product (Fig. 4b)
matched the predicted sequence of the ligated exons exactly,
demonstrating that the gene was transcribed and the intron



A A C G T
. PR P
- / T
—————— C
. I
———— . . T
e snm—— e T‘__
— — (&
T
R T
T T
S5 C
T
e g
el c
s T
C
— -
— R — A
I D
— —— T
iy —— /T
— | S— ::% '(1;‘_
R ———~ A
— s G
— G
_—— T

Figure 4. Sequence of cDNA in the vicinity of the putative splice sites. Panel
A, the 1.6 kb-Xho molecule. Panel B, the 1.6 kb-Hind molecule (the 5’ intron).
Panel C, the 1.6 kb-Hind molecule (the 3’ intron). The cDNA sequence shown
in all three panels corresponds to the strand that is complimentary to both the
mRNA and the DNA sequences shown in Figures 3 and 5. The arrowheads indicate
the splice junctions.

removed. We also sequenced the amplified cDNA in the vicinity
of the two UAG codons to check for RNA editing or other
unusual phenomenon. To our surprise we found that the two UAG
codons comprised part of a 24 nucleotide intron. The cDNA
sequence (Fig 4c) matched the sequence of the gene 5’ and 3’
of the region containing the UAG codons, but a section of 24
bases that spanned the two UAG codons was completely absent.
The 24 nucleotide in-frame intron appeared to be spliced out with
high efficiency as the intron was removed in all the RNA
preparations examined and the sequence across the splice junction
was always extremely clear. Closer examination of the intron
sequence revealed both 5’ and 3’ splice sites that closely match
the eukaryotic consensus sequences (40); 8 out of 9 nucleotides
matched at the 5’ splice site and S out of 5 nucleotides at the
3’ splice site (marked in Fig. 5). There is also a UUAAC
sequence within the intron that resembles the branch sequences
found in higher eukaryotes (41). The distance between the
putative branch sequence and the AG at the 3’ end of the intron
is 5 nucleotides. This is longer than the minimum distance of
3 nucleotides that has been found in Schizosaccharomyces pombe
42).

From the above sequence data it appears that the 1.6 kb-Hind
DNA encodes a 460 amino acid protein of 53 kDa. The protein
is much less basic than the 51 kDa telomere protein as it has
an isoelectric point of 6.2. Hydropathy analysis showed that the
protein is generally quite hydrophilic but revealed no other
striking features.
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Structure of the genes encoding the telomere protein and
telomere protein homolog

The two 1.6 kb molecules have various structural features that
are characteristic of genes from hypotrichous ciliates
(26,27,32,33, 35—37,39). The S’ and 3’ noncoding regions are
extremely short (35—64 bp), are very AT rich (69—82%) and
lack conventional DNA and RNA regulatory signals such as
TATA boxes, CAAT boxes, or canonical AATAAA
polyadenylation signals (Figs. 3 & 5). The 3’ noncoding regions
do contain the sequence TC/TAAC which fits the TYAAC
consensus sequence that has been proposed to signal
polyadenylation in hypotrichs (37).

The 5’ and 3’ splice sites from all three introns follow the GT-
AG rule for intron boundary sequences (40). The 5’ splice sites
match the general eukaryotic consensus sequence at all positions
except one. However, the single base change of G — A at
position —1 generates the consensus sequence for viral 5’ splice
sites (43). While the 3’ splice sites match the general eukaryotic
consensus sequence exactly, as in many ciliate genes, the
polypyrimidine tract preceding the splice site is missing
(26,27,35,37,39,44).

The length of telomeric DNA at each end of the 1.6 kb-Xho
molecule is different. At the 3’ end there are five repeats of
T4G, which, given the cloning strategy followed, reflects the
standard length of a macronuclear telomere (13). However, at
the 5’ end there are 6 repeats of T,G,4. Although telomere length
is usually very tightly controlled in Euplotes, some variability
is occasionally observed (45).

Sequence conservation between the Euplotes, Oxytricha and
Stylonychia telomere proteins and the Euplotes telomere
protein homolog

‘When the sequence of the Euplotes telomere protein, the o subunit
of the Oxytricha telomere protein and the Euplotes telomere
protein homolog were compared, it was immediately apparent
that many amino acids were conserved between the three proteins
(Fig. 6). The amino acid sequence identity between all three
proteins is between 35% and 36% while the level of similarity
is between 54% and 56%. For example, the Oxytricha and
Euplotes telomere proteins are 36% identical, the two Euplotes
proteins are 35% identical, while the Oxytricha telomere protein
and the Euplotes telomere protein homolog are 35% identical.
Very similar levels of sequence identity (36—37 %) and sequence
similarity (56%) were observed when the comparison was
extended to the proposed « subunit of the Stylonychia telomere
protein (Fig. 6). There are multiple regions where at least three
or more contiguous amino acids are identical in all the proteins.
Many other amino acids are identical in two or three of the
proteins while the other protein(s) displays a conservative
substitution (eg. ile—leu, lys—arg etc.). A high proportion of
the identical amino acids are either aromatic or hydrophobic (26 %
aromatic, 46% aromatic or hydrophobic).

It is striking that nearly all the extended regions of amino acid
sequence identity are within the N-terminal two thirds of the
Euplotes and Oxytricha proteins. It is precisely this portion of
the Euplotes telomere protein that comprises a distinct structural
domain which contains the DNA-binding site (29). Since the
Euplotes and Oxytricha telomere proteins bind similar telomeric
DNA sequences, and the resultant DNA-protein complexes yield
similar footprints with dimethylsulfate, it is to be expected that
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} AAAACCCCAAAACCCCAAAACCCCAAAACCCCAAAACCCCGGTTAAAAAAT TAAAAATAGAAATAAAT TAAAACTTTTACGCGAAATAACCATAATGAAACGAAGGACTGACCTCGAC
M KRRTDLD

] ]
119 ACCAAGAGCTCCAGAAAGGTCTACAAGAAAGTAAGTTCATGCTCTTCCATTGTCTTCATTACTCACATGTGTTTTGTAGTACGAATACACTGAAATCGGAAGCATCGAAGAAGAGAAT
9 T KSSRKVYK YEYTETIGSTIETESTEHN

237 WGCCTCCATTMCTYTTACGCGGTAGYCA'I"l'GATGCCTGC'I’TCCCA‘I’ACMAGI’TGACGAGAAAMGTACATGTGCTATT'I'AMAGTGATCGACACTACCCACMCGTTMAGAAGGC
32E A 1 YAV VIDACFPYKVDEIKTIKYMECYLKVIDTTUHNVIKTESEG

357 GATGACAACTTTGCCATAGTGGCGTTGCAGTCCAGGAAATTCGAAGATCTCCCGATCATCCAGCGGTGTGGAGACATCATCAGAGTGCACAGAGCTGAATACAACTACAAAGACGACCAG
72D D N F A1l VALQSRKTFEDLTPITIAQRCGDTITIRVHRAETYNYKDTDNOa

477 MCTM’TTWACTCMCATGTCTTATTMTCA'I'CTTGGGC‘I’TTGTTCAGTGCGGACGMGAAGTGGCACCCGAAGTCATCAMGATGAAGGCGATGACTTCACATACAGATCTTACGCT
1128 Y F KL NMSY SSSWALSTF ADEEVAPEVIKDEGDDTFTYRSYA

597 TATTCTGGAAAGCAGTACAACTTCGACACTCAGGACCAGAAACTGCTGAAGAACACCAGGGCCTGGAACAAAAGCTACT TCGCCAAGAACGATGTCATCATCGATGAAATGTACACTCCA
152Y $ 6 K @ Y N FDTQDQKLULIKNTRAMWNIKSYTFAKNDVIIDEMYTS®P

717 CTGAGTCAGGCTCGCCAAGAAGAAGGAGACTTCAACGTTGTCGGTAAAGTCACCCAGATCGTCCACAGAGACTACTACACTTCCGACCTCAGAGTGAAGGACACTTCTAAGGCAACCTGG
192L S @ AR QEEGDF NVVGEKVTQIVHRDYYTSDLRVYVKDTSIKATHUW

837 TTCTTGACTGTGTCAAGGAGGAAGTTCCCTCGACTCTATGAAGGTGTCATCATCAAGATTAGGTCTGTCAACATTGACAGCGAAACCGAAAGAGAAAGGTGTCTTGAACTGGCGCCTCAC
232F L T VS RRKTFPRLYEGVIIKTIRSVYNTIDSETETRTERTCLTETLATPHW

957 TCCMCATCATGACTTTCGTGCCATTCTCTCGTCTGGCCMGAGTCTGGACTCACAGMTTC|’C'I‘TAGTCCAGACAMGTCGACMAGAACTCATCMMGTGATCCTGACCGAGCCT
272 N 1 M T F VP F S LAKSLDSAQTI SLSPDKVDIKETLTIKIKVILTTESFP

1077 GTGCTGGCTACAACCACATTCGGAGACTACTCAGAGCTGCCACTGACTGAACTGAGCGAGATCTTCGAAGATGTCACTGACAAAGATGCGGTGTTCAGAGCCAGATTCTCGATCTTGAAG
312VLATTTFGDYSELPLTELSE1FEDVTDKDAVFIARFSILK

1]
1197 A'I'CACTCCAGACAGAGTCGAAGACTACGTTGAAGAGTACACTCCGMGGGAGCACCCAGGAGCMGCCTGTGTATAMGTMGTGTGTAGG_MGCT TCCAATTTCTMTCAM
3521 T P DRV ED T PRSKPVYTR 1 K

1317 GACCCATCGACTGCACTCAACGATAATCTGTACAAGATCTACCTGTACTCTCACGGAGACCTGGGCAAAGAGTTCTTCCCTGGAGTCGACCCCAGT TCAGCTCAGACACCATCTGGCCAC
3840 P ST ALNDNLYIKTIYLYSHGDLGKETFTFPGVDPS SAQTPSGH

1437 AGCAAGCTTAGAAAATACGCTTCAACACTAATGAAGTTCAACGTACACATTGACGCAGT TCTGGAGAAGGTGGGAGGAGCCTTCTTCATTAGAGACACAGAAATGAAGTTTTAAATGCTG
426 K L R K YA ST LMKEFNVHIDAVLEIKYGGATFTFTIRDTEMKF stop

1557 AAAAATTTCAATTAACCTTAATTTTTTAGGGGTTTTGGGGTTTTGGGGTTTTGGGGTTTTGGGGTTTT

Figure 5. Nucleotide sequence of the 1.6 kb-Hind molecule that encodes the Euplotes telomere protein homolog. The derived amino acid sequence is shown below
the nucleotide sequence. The double underlines mark the regions that match the eukaryotic consensus sequence for the 5’ and the 3’ splice sites and the putative
branch sites for each intron. The vertical arrows mark the beginning and the end of the introns. A putative polyadenylation signal is underlined.

the two proteins might have a similar DNA-binding motif
(21-23). The extensive sequence conservation between the o
subunit of the Oxytricha telomere protein and the DNA-binding
domain of the Euplotes telomere protein lends credence to this
idea.

The computer program ‘Motifs’ was used to search for possible
DNA-binding motifs within the Euplotes telomere protein and
the telomere protein homolog. Although both proteins contain
many leucines within the conserved regions, as well as three or
four cysteines and multiple histidines, no leucine zipper or zinc
finger binding motifs were found. Computer searches of
EMBL/Genbank and other protein data banks revealed no obvious
sequence similarity between the Euplotes telomere protein or the
Euplotes telomere protein homolog and any proteins other than
the o subunits of the Oxytricha and Stylonychia telomere proteins.
Proteins that were scrutinized particularly carefully include those
known to bind telomeric DNA such as the 8 subunit of the
Oxytricha and Stylonychia telomere proteins, yeast RAP1, and
various intermediate filament proteins including lamins A, B and
C (46).

DISCUSSION

The telomere protein sequence

We have shown that Euplotes crassus has two 1.6 kb
macronuclear DNA molecules that hybridize to the gene encoding
the o subunit of the Oxytricha telomere protein. Only one of these

molecules encodes the 51 kDa telomere protein (the 1.6 kb-Xho
molecule) while the other appears to encode a homolog to the

telomere protein (the 1.6 kb-Hind molecule). From the sequence
of the 1.6 kb-Xho DNA, we have been able to predict the
sequence of the entire 51 kDa telomere protein. This amino acid
sequence information should be extremely useful for future studies
of telomere protein structure and function. Although both the
Oxytricha and Euplotes telomere proteins have some very unusual
DNA-binding characteristics, very little is known about how
either protein recognizes and binds the terminus of telomeric
DNA sequences. Now that the DNA-binding domain of the
Euplotes protein has been isolated and highly conserved amino
acids have been identified within this domain, it will be possible
to devise rational experiments that test the contribution of specific
amino acids to DNA binding.

It is especially interesting that so many of the amino acids which
are conserved between the Euplotes and Oxytricha telomere
proteins are hydrophobic (33%) and/or aromatic (18%). The
capacity of both proteins to remain bound to telomeric DNA in
the presence of high salt suggests that there is a large non-
electrostatic component to the DNA-protein interactions. The
composition of the conserved amino acids fits well with this idea.
In particular, the large number of aromatic amino acids suggests
that one component of the binding reaction could be stacking of
phe, trp or tyr with bases in the 3’ single-stranded extension on
the telomeric DNA. This type of interaction has been observed
with other single-strand DNA-binding proteins such as Gene 5
protein, Gene 32 protein, and E. coli single-strand binding protein
(47—-50). The interactions between the E.coli single-strand
binding protein and DNA are very salt stable as the protein is
not dissociated from poly dT by 5 M NaCl (51).
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Figure 6. Amino acid sequence alignment of the Euplotes telomere protein, the o subunit of the Oxytricha and Stylonychia telomere proteins, and the Euplotes telomere
protein homolog. Identical residues are highlighted. The gaps marked by dots were introduced to optimize the alignment. The alignment was performed using the

GCG program ‘Pileup’.

Although certain regions within the N-terminus of the Euplotes
and Oxytricha telomere proteins are very highly conserved, the
overall level of sequence conservation (36% identical amino
acids) is not particularly high compared to other structural
proteins from the same ciliates. For example, the amino acid
sequence of actin from Euplotes and Oxytricha is 61% identical
while those regions of histone H4 that have been sequences are

95% identical (38). The significant sequence divergence between
the two telomere proteins may explain their structural differences.
For example, the tight association of the o and 8 subunits in the
Oxytricha protein as compared to the apparent lack of association
of the Euplotes protein with a 8 subunit (23,24,29).

Fairly extensive efforts to isolate additional subunits of the
Euplotes telomere protein have proved unsuccessful (C.Price



6628 Nucleic Acids Research, 1992, Vol. 20, No. 24

unpublished results) indicating that a 8 subunit is unlikely to be
permanently associated with the 51 kDa « subunit. However,
we have shown that the Euplotes macronucleus contains genes
with homology to the Oxytricha (3 subunit (see Figure 1b). Thus,
Euplotes may well have 3 subunit homologs, but they are likely
to differ significantly from the 3 subunit of the Oxytricha protein.

The telomere protein homolog

The discovery that Euplotes has two genes which are similar to
the Oxytricha o subunit gene was quite unexpected as only one
gene had previously been identified in either Oxytricha or
Stylonychia. The second Euplotes gene (1.6 kb-Hind) does not
appear to be a pseudogene as it is transcribed and the resultant
transcript has a long open reading frame with normal translation
start and stop signals. Detection of the 1.6 kb-Hind DNA required
careful manipulation of the hybridization stringency during
Southern blot analysis. Thus, it is possible that equivalent genes
exist in Oxytricha and Stylonychia but they have not yet been
detected.

The 1.6 kb-Hind DNA clearly encodes a homolog of the
telomere protein as there is extensive sequence homology between
the proposed protein sequence and the sequence of the bona fide
telomere proteins from both Oxytricha and Euplotes. 1t is
particularly striking that so many of the conserved amino acids
are identical in all three proteins and that all the extended regions
of conservation map within the DNA-binding domain of the
Euplotes telomere protein (29). These observations strongly
suggest that the telomere protein homolog may also bind telomeric
T4G, sequences.

At present it is not clear why Euplotes should have several
different proteins that bind telomeric DNA. A possible reason
is that one protein binds macronuclear telomeres while the other
binds either micronuclear telomeres or the telomeres from
developing macronuclei. The telomeres from micronuclei and
developing macronuclei have longer stretches of C;A,.T,G,
repeats than telomeres from mature macronuclei. If the length
of the telomeric DNA is recognized by (or even determined by)
telomere-binding proteins, it may be necessary to have a set of
proteins that all recognize the C,;A4.T,G, sequence via a
conserved DNA-binding site, but which differ in the regions that
detect DNA length.

The 24 nucleotide intron

The size range of pre-mRNA introns varies from species to
species and it is well established that certain organisms have an
abundance of very small introns. For example, >60% of introns
from Schizosaccharomyces pombe are less than 100 nucleotides
in length, about 50% of the introns from Tetrahymena
thermophila, and 62% (five out of eight) in Euplotes species
(35,39,42,44). However, for most organisms the lower limit on
intron size appears to be in the 35—50 nucleotide range, although
introns as short as 31 nucleotides have been found in Drosophila
(42,43,52). Given the large number of snRNPs that are thought
to pair simultaneously with an intron and with each other, it has
generally been assumed that a length of 31 nucleotides is the
minimum that can include all the sequences necessary for
spliceosome assembly. Thus, the discovery of an efficiently
spliced intron that is only 24 nucleotides in length is extremely
surprising. It will be interesting to determine whether all of the
snRNPs and other proteins that are thought to interact directly
with larger introns are needed to splice the 24 nucleotide intron.
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